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Synopsis

Managed Aquifer Recharge solutions are assessed in the European Water JPI EViBAN project
through two case study sites in South Africa and in France. The hydrosystem of each site is described
and several MAR tool are applied and detailed.

The South African case study is investigating whether MAR could be a potential option for water
diversification in the Goukou catchment. The point of departure is to better understand the Goukou
system and to use hydrological modelling techniques to investigate potential environmental impacts
and benefits of MAR under different circumstances. The aim is to apply a combination of methods to
understand potential impacts of aquifer recharge on the Goukou River system and estuary.

The French case study concerns a Soil Aquifer Treatment scheme implemented on the coastal area
of Agon-Coutainville since more than 20years that infiltrate in the sand dune aquifer the secondary
treated wastewater coming through the main WasteWater Treatment Plant. The objective is to
guantify the variations in residence time and dilution of infiltrated water (STWW) as a function of
natural (natural recharge and runoff) and anthropogenic (controlled recharge) hydrodynamic forcing,
and then to deduce their effects on Trace Organic Compounds concentrations in the aquifer at the
spatial scale of the aquifer (kilometer scale) and at the multi-year temporal scale.
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1. MAR in South Africa

1.1 INTRODUCTION

The South African case study is investigating whether managed aquifer recharge (MAR) could be a
potential option for water diversification in the Goukou catchment. The point of departure is to better
understand the Goukou system and to use hydrological modelling techniques to investigate potential
environmental impacts and benefits of MAR under different circumstances.

The aim is to apply a combination of methods to understand potential impacts of aquifer recharge on
the Goukou River system and estuary. This will be achieved through the following sub-aims:

e Determine the water balance of the catchment in terms of availability and demand.

e Better understand the surface-groundwater interaction of the system — how important is
groundwater for maintenance of the river and estuary vs the importance of surface water.

o Determine the potential environmental impact on the estuary under different aquifer recharge
options.

o Explore the best potential site for recharge.

1.2. CATCHMENT DESCRIPTION

The Goukou catchment is situated in the Southern Cape of South Africa. The river flows from the
Langeberg Mountains in the north, southwards to Stilbaai at the coast. The river is only approximately
64km long. The catchment comprises of five quaternary catchments. Figure 1 shows the catchment
delineation. The last 19km of the river is an estuary of high ecological importance (CSIR, 2011).

Figures 1 and 2 depicts the Goukou basin and it is clear from the catchment delineation the coastal
zones East and West of Stilbaai, is not part of the catchment and in no way contribute to the water in
the Goukou river. In fact, the Goukou river reaches see level about 18 km inland, where it meets the
estuary.
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Figure 1. The Goukou catchment, outlined with the solid white line. The catchment (H90) is divided into
five quaternary catchments, outlined by the broken white lines. The Goukou River originates in
catchment H90A. The Korinte River originates in catchment HO0B

Hydrological Response Unit (HRU) mapping with the Soil and Water Assessment Tool (SWAT)
divided the catchment into three (Figure 2). The process, as can be seen in Figure 2, based the sub-
catchment delineation on second order streams. This segmented the catchment in three catchment
areas. The upper Goukou, including the mountain region is therefore represented in sub-catchment
1, while most of the coastal system is represented in sub-catchments 2 and 3. It is important the see
the from this result the fact that the Goukou catchment makes a point contribution to the estuary while
HRU 3 has a multitude of small streams connecting to the estuary.



Figure 2.  Hydrological response units as mapped with the Soil and Water Assessment Tool (SWAT) in
QGIS.

1.3. CATCHMENT CHARACTERISTICS

1.3.1. Geology and aquifers

Figures 3 and 4 below shows the detailed geology of the catchment. Quaternary catchment H90E,
situated at the coast, is the estuarine part of the river and where the coastal aquifers are located.
Figure 3 shows aquifer types of the catchment. The coastal aquifers to the West of the Goukou River
are situated on an aquiclude, above sea level and there are numerous springs that flow from the
aquifers where the river cuts through the water-bearing rock (Ravenscroft, 2019). It is estimated that
these aquifers are only approximately 5m thick and while they have a high yield, they will empty
quickly if overused (Ravenscroft, 2019). The aquifers recharge through rain that percolates through
the top sandy layer.

To the north of Riversdale, around the Korentepoort dam (Langeberg Mountains), groundwater
potential is high due to the presence of large, deep aquifers that form part of the Table Mountain
Group of aquifers (DWS, 2014). It has been recommended that this aquifer be developed and water
pumped into the dam for distribution to Riversdale (DWS, 2014).
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Figure 3. The geology of the Hessequa Municipal district (Geosciences database)



The Bredasdorp Group is elevated and underlain by the Enon Formation (of the Uitenhage Group)
and forms the perched aquifer underlain by the Bokkeveld Group as an aquiclude. This perched
aquifer as a water source provides fresh water to the estuary as this layer dips toward the south and
is therefore also a direct contributor of water to the coastal sand aquifer system.
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Figure 4. The geology of the Hessequa Municipal district (SU database)

Just below the mountain slopes, the geology is predominantly the Bokkeveld Group, with aquifers that
are low yielding and have high salt contents. This is the predominant formation up to approximately
15km south of Riversdale. From here all the way to Stilbaai, there are outcrops of the Bredasdorp
Group — De Hoopvlei formation overlain by Wankoe formation. The Wankoe formation is highly
permeable calcarenite and calcareous sandstone, allowing a recharge of between 10% and 20% of
MAP to the aquifer below in the De Hoopvlei formation. The De Hoopvlei formation is also mostly
calcarenite and calcareous sandstone, with a bottom layer of pebbles that forms high-yielding,
constant-flowing aquifers that discharge as springs where the river cuts through the outcrops. In this
formation the aquifer with the highest groundwater potential in the catchment is around the village of
Melkhoutfontein, which lies just north of Stilbaai in quaternary catchment H90E (see Figure 5). It has
been recommended that the Melkhoutfontein be developed and utilised (Hough & Rudolph, 2017).
The springs in this area provide all the farmers with water for household use and irrigation, as well as
the towns of Stilbaai and Jongensfontein.

See Figure 4 for a geological map of the southern Hessequa municipal district. In summary, the
aquifers in the north of the catchment are not connected to the coastal aquifers in the south. The
aquifers with highest potential in terms of sustainable yield and quality are situated to the north of
Riversdale around close to the mountains, and in the village of Melkhoutfontein just north-east of
Stilbaai, and the higher region just north of Stilbaai West, indicated in Figure 12.

Figure 5 provides a regional summary of aquifer systems as was detected and mapped from the

South African national borehole database. Similarly Figure 6 indicates the results of a more recent
groundwater survey, taken from Hough & Rudolph, 2017.
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Figure 5.  Aquifer types of the Gouritz Water Management Area (taken from Western Cape Integrated
Water Resources Plan, 2011). The high-yielding coastal aquifers are situated in quaternary
catchments H90D and H90E. The map also shows how numerous springs originat
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Figure 6. Groundwater potential in the Goukou and surrounding catchments. The highest potential is
around the settlement of Melkhoutfontein just north of Stilbaai, where the yield and water quality are
good (taken from Hough & Rudolph, 2017).

1.3.2. Topography and morphon mapping

Terrain and morphon mapping was done for the Goukou catchment by Stellenbosch University researchers as
part of an earlier project in the region. These results are available for further modelling efforts. Figures 6 and 7
show the modelled topography and land types of the region. What is important to see is that the Goukou River
System is carved into the landscape and that considerable landmasses occur above the river system. This
makes coastal aquifer recharge along the coastal system from inland water sources quite difficult.

Figure 7 indicates the soils map developed for this project. The occurrence in soils also shows a marked
difference between the soils towards the north (green) compared to the soils of the south (pink). The green soils
are generally soils with lower infiltration capacity and therefore larger overland flow that generally causes floods
to occur. The soils of the south (pink) on the other hand has higher infiltration capacity and more water is stored
in the system. This GIS map (Figure 7) contains all the soil physical information needed for modelling.
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Figure 7. The inflated topography of the Riversdale region

Figure 8. Soils and Terrain map of the Hessequa region, with terrain classes as indicated, linked to the
South African Land Type classification system. This is used as the basis for soils mapping and
vegetation distribution. (developed in the project)

1.3.3. Climate

Figure 8 indicates the average rainfall distribution in the catchment. For us to develop a model for the
catchment, taking this distribution into consideration, we added 3 recording devices to the catchment

13



as can be seen in Figure 12. The central weather station can be accessed online at:
www.avitrack.co.za/aws/showmodels3 . The login is stellen and the password soil.
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Figure 9. The average yearly rainfall distribution of the Hessequa region.

1.3.4. Interpretation of the results

Published information

From the published information, we did generate a full picture of the existing information base, but we
lacked information that could help solve the logistical dilemma related to the different aquifers, the
groundwater connections, undetected water flow paths, and therefore the feasibility of supporting the
coastal aquifers with inland fresh water.

The geology of the region indicated a total dislocation of the geological strata going from the coast to
the inland mountain range. A topographical analysis also indicated a separation between the Enon
based aquifer (Figure 4) and the mountain aquifer. We are also still unsure about the deep
groundwater, which is an ancient system. For this reason an isotope study is currently being
conducted. The latter is however not being considered as a renewable water resource and is therefore
not part of the study. We do however need to see where the water in the coastal aquifer originates
from.

Topographical analysis.
A topographical analysis looked at the feasibility of using a high-flow water decanting system in

support of the coastal aquifer system, utilizing gravitational flows. Since the central inland region is
almost at sea level, the elevation of the Goukou River is a problem. We did however found the result

14
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presented in Figures 10 and 11 to provide a starting point towards a solution to the problem. The 90 m
and 100 m contour lines south of Riversdale, indicate the spot in the green circle as a possible site
for setting up a structure to aid managed coastal aquifer recharge. The site is indicated between the
Riversdale golf course and the N2 highway. The analysis also highlighted the Ourivier as a prospect
for supporting MCAR in the Stilbaai region. The Ourivier is joining to the Goukou from the East just
south of the N2 highway. Figure 11 also indicates the position of Melkhoutsfontein. At this town, the
runoff from the town is collected and treated and the current planning by the municipality is to use this
as a source of water for MCAR.

Riversdale . 2z

> Melkhoutfontein

7 ,,_, ! ~.
v h(f::‘;_ . ——— :
== " stilbaai
= & -
= : _ 23
0 7.5 15 km
I 0

Figure 10. Elevation contours 90 m (Red) and 100 m (Blue) indicating the differences in elevation
between Riversdale and the Stilbaai coastal region

Figure 11 indicates the zone where a structure to capture high flows could be built. This is close to
the town Riversdale golf course.

Our preliminary field survey indicates that the perched aquifer meets the coastal aquifer system in the

zone indicated in Figure 12, which is the source of water for Stilbaai West and Jongensfontein. This
will be substantiated by the isotope study currently under way.
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Figure 11. The 90 m(red) and 100 m (blue) contour lines south of Riversdale, indicating the spot in the
green circle as a possible site for setting up a structure to aid managed coastal acquifer recharge. The
site indicated is between the riversdale golf caurse and the N2 highway.(also see the Ourivier joining
to the Goukou from the East)

Figure 12. The 90 m (red) and 100 m (blue) contour lines at Stillbaai, also indicating the contact zone
(black line) between the perched aquifer with the coastal aquifer system. The aimed recharge zone is
the region between the red line and the sea.
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1.4. HYDROLOGICAL MODELLING

1.4.1. WR2012 information and WRSM/Pitman model

A significant amount of information has been collected for hydrological modelling for the entire South
Africa. All data are freely available on the WR2012 website (waterresourceswr2012.co.za). These
data include geology, land-use, rainfall, streamflow, water quality, as well as high-quality maps.

Also available on this website is a locally produced hydrological model, the WRSM/Pitman model,
which has been used by local water authorities since the 1970s. It was last updated in 2012 with the
WR2012 information outline above, and is still widely used locally. The WRSM/Pitman model
‘simulates the movement of water through an interlinked system of catchments, river reaches,
reservoirs, irrigation areas and mines. It has five modules, namely runoff, reservoir, irrigation, channel
and mining, linked by means of routes. The routes represent lines along which water flows between
the different modules’ (Bailey & Pitman, 2012). The model and data were used to determine capacity
and environmental flow levels for streams in South Africa.

The following data are available on WR2012 (https://waterresourceswr2012.co.za/):

GIS Maps

WRSM/Pitman and Data Sets
Reports

Quaternary data spreadsheets
Patched Observed Streamflow Data
Catchment Rainfall Groups
Catchment based rainfall datafiles
Rainfall stations

Naturalised flow datafiles

Water Quality

Monitoring

Land/ Water Use

Present Day Flows

Reservoir records/ Dam balances

A GIS database is also available with high-quality maps for the following:

rainfall

evaporation

runoff

land-use

the Pitman model parameters
geology

soils

sediment

vegetation

EWR

water quality (TDS)
population

present day streamflow
combined map of all the above (except land-use)
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Maps from other sources that are also available on WR2012 are the following

Groundwater Regions

Average Groundwater Resource Potential
Exploitation Factor

Average Groundwater Exploitation Potential
Potable Groundwater Exploitation Potential
Sectoral WMA Groundwater Use

Mean Water Level Depth

Average Saturated Thickness of Weathered Aquifer Zone
Average Thickness of Fractured Aquifer Zone
Groundwater Volume in Weathered Zone
Groundwater Volume in Fractured Zone
Groundwater Volume in Aquifers

Utilisable Groundwater Exploitation Potential
Recharge Depth Grid

Relative Variation in Transmissivity

Average Transmissivity

Transmissivity and NGDB T Data

Electrical Conductivity

Boreholes with Nitrate > 10mg/I

Boreholes with Fluoride > 1.5 mg/l
Boreholes with Iron > 0.2 mg/l

Catchments Over-Exploited

Geology Detailed

Apart from the above, we also have access to both monthly and daily time step climate data.

1.4.2. WRSM/Pitman model: Goukou

A locally produced hydrological model, the WRSM/Pitman model, has been used by local water
authorities since the 1970s. It was last updated in 2012 with the WR2012 information outline above,
and is still widely used locally. The WRSM/Pitman model ‘simulates the movement of water through
an interlinked system of catchments, river reaches, reservoirs, irrigation areas and mines. It has five
modules, namely runoff, reservoir, irrigation, channel and mining, linked by means of routes. The
routes represent lines along which water flows between the different modules’ (Bailey & Pitman,
2012). The model and data were used to determine capacity and environmental flow levels for
streams in South Africa.

The South African project team has run the model for the Goukou catchment and is in the process of
refining it with data collected through interviews with local farmers and stakeholders. The model
provides the mean annual runoff at different sections of the catchment. It will be used to see the
impact on the mean annual runoff when water is removed at different points for managed aquifer
recharge.

The WRSM/Pitman model contains two network diagrams for the Goukou catchment. The first (Figure
13) is for catchment H90B — the Korente River. Figure 14 is the network diagram for the remainder of
the catchment (H90 A, C ,D and E). Figure 14 has been edited to contain the names of the rivers
associated with the channel reach modules.

Figure key:
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Figure 13. The network diagram for quaternary catchment H90B of the Goukou catchment. Triangle RV6

is the Korentepoort Dam. RU11 represents alien invasives and RU111 represents forestry.

(https://waterresourceswr2012.co.za/)
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Figure 14. Network diagram for the remainder of the Goukou catchment. The river names have been
added to the figure. All triangles are farm dams. RU111 is forestry. RU11, RU211,RU411 and RU511
are invasives. (https://waterresourceswr2012.co.za/)

Two gauging stations in catchments H90A and H90B have been used for calibration in the
WRSM/Pitman model (Figure 15). HO9H004 is situated in the Kruis River, in the mountains north-east
of Riversdale and HOR0O01 is at the Korentepoort Dam. Data is also available on the DWS Hydrology
website for an additional gauging station, namely HO9HO005, situated in the Goukou River just east of
Riversdale (added to Figure 15 in red). This data can be used for further calibration of the model once
additional information has been added to the model, as will be described in section 3.2 below.
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Figure 15. 1Gauging stations used in the WRSM/Pitman model are HO9R001 at the Korentepoort Dam in
catchment H90B, and HO9HO004 in the Kruis River in catchment H90A. Data for gauging station
H9HOO05 just outside of Riversdale is available on the DWS website
(https://waterresourceswr2012.co.za/) .

1.4.3. Further information gathering

Further information to be gathered to refine the model include:

More detailed land-use information and information on farm dams in the system will be obtained
through the interview process and Google Earth will be used to cross-check this (especially the
farm dams). The interview process will also provide more detail on crops planted in the area and
the Cape Farm Mapper website of the Western Cape Government will be used to cross-check
and validate this. All this information will be used to update the network diagram and various
modules in the model.

The Gouritz Cluster Biosphere Reserve will be asked for more detail on invasive species in the
catchment, as they have a more recent grasp on the spread of invasives, and this will be used to
update the invasives module in the model.

Efforts will be made to obtain more detail on the plantation by the Korentepoort dam to update
the afforestation module.

The irrigation information of the network diagram will be checked with the manager of the Korente-
Vette irrigation scheme and revised where necessary.

SANBI has indicated that they will share their modelling work on the wetland, which will allow us
to check and refine the wetlands information in the Pitman model.

The weir information has been downloaded from the DWS website and will be used to calibrate
the model once the above-mentioned refinements have been made.
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o Climate data will be collected from existing climate and weather stations. The project team
installed three new stations for data gathering — one in the mountains, one by the town of
Riversdale, and one close to the coast (see Figure 16).

LR

Figure 16. The red dots show the position of climate stations in the municipal district. The three larger
dots are stations that were installed by the project team (developed by team).

1.5. FURTHER HYDROLOGICAL MODELLING

1.5.1. PITMAN

It is important for this study to present an analysis of the Pitman modelled data that was used as a
directive for water planning of this region. This information forms the backdrop for this study, as the
planning information is still used for this region to allocate water for the different sectors. Even if we
find with further modelling that the volumes of water in the system was slightly miscalculated or
modelled, the water used practices for the Hessequa region was designed with the Pitman modelled
information.

In our quest for this research, it is therefore necessary to specifically look at sporadic high flows and

some longer periods of high flows. It is also necessary to look at the seasons in which these higher
flows occurred.

Sporadic high flows
The Pitman simulated flow results of the Goukou that reaches the estuary, is indicated in Table 1.

The yearly total flows are indicated and it is easy to see the peaks within years. These peaks occur
generally between 0 and 3 times per year, as can also be observed in Figure 17.
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Table 1.

Pitman simulated flow results of the Goukou that reaches the estuary

J F M A M J J A S (6] N D TOT
1920 5.17 2.29 7.02 168 | 4.9 6.61 8.39 3.81 6 416 | 458 334 | 5794
1921 1.38 0.12 3.19 17.19 | 5.78 17.15 | 7.17 3.11 3.32 6.18 | 4.66 254 | 71.78
1922 5.62 11.18 3.09 1.74 | 0.96 0.09 12.46 | 1455 | 11.01 | 6.54 | 5.67 3.98 76.89
1923 6.8 6.69 0.68 0.98 2.83 1.64 1.31 2.66 5.2 4.85 16.96 | 7.97 58.57
1924 405 | 418 2.83 0.37 0.1 12.81 | 4.54 1.27 539 | 422 3.52 6.22 49.48
1925 8.69 6.91 1.88 2.69 1.95 3.59 6.13 2.46 1.89 7.79 6.8 6.23 57
1926 22.35 | 13.59 1.82 0.13 3.64 | 498 3.56 6.31 3.79 2.01 7.98 3.55 73.7
1927 1.84 7.67 271 0.95 0.1 20.1 6.07 194 | 314 | 226 | 451 9.83 61.11
1928 4.23 81.21 37.11 | 342 3.26 504 | 361 8.71 6.4 19.09 | 17.29 | 9.27 198.64
1929 6.54 1.77 5.34 3.13 | 42.66 | 20.66 | 4.38 1191 | 5.83 344 | 6.81 5.82 118.3
1930 15.59 | 4.95 0.19 2.59 0.55 26.23 | 30.07 | 9.58 2.99 8.21 6.66 6.44 114.05
1931 22.83 | 7.37 2339 | 6.26 | 479 | 45 1.22 131 2.62 3.28 2.57 81.8 161.96
1932 29.67 | 3.87 1.03 0.18 2.63 3.66 15 7.2 4.68 3.37 17.5 6.65 81.94
1933 1.03 23.24 5.55 9.16 7.57 14.02 | 4.08 0.86 0.65 1175 [ 1374 | 71 98.76
1934 52.21 | 29.09 3.97 0.2 0.17 | 467 | 432 19.35 | 17.09 | 746 | 4.08 8.63 151.23
1935 7.09 12.27 5.26 024 | 254 111 0.33 6.82 2.96 551 | 401 11.37 | 59.5
1936 9.9 54.21 22.64 | 3.45 0.17 16.02 | 5 0.71 1.7 4.2 2.48 6.17 126.65
1937 2.4 3.9 1142 | 6.13 0.17 744 | 952 | 415 322 | 479 3.93 5.61 62.69
1938 8.07 25.32 1154 | 2.79 7.48 24.15 | 8.36 2.08 1.13 7.48 30.62 | 14.38 | 143.38
1939 5 3.57 0.22 3.66 30.61 | 12.85 | 8.36 | 4.01 3.09 2.73 1.41 6.28 81.79
1940 3 16.23 3.33 1.56 034 | 021 19.92 | 94 8.86 6.81 7.45 8.62 85.73
1941 1312 | 6 2.34 7.12 1.41 2.73 3.79 743 | 474 | 3.07 312 | 483 59.7
1942 5.08 1.75 8.35 29.7 10.59 | 4.31 3.36 1.5 0.89 094 | 416 19.96 | 90.59
1943 9.12 28.84 7.99 024 | 013 10.75 | 4.38 13.28 | 7.98 7.09 9.6 17.52 | 116.92
1944 12.72 | 2.67 0.23 0.11 0.1 0.1 1.26 17.86 | 13.95 | 7.97 12.18 | 7.59 76.73
1945 15.86 | 4.55 0.31 0.15 0.13 28.35 | 8.81 1.05 154 | 375 | 454 | 3.07 72.09
1946 321 1.75 0.14 0.09 2.22 34.71 | 14.65 | 8.67 5.68 11.65 | 543 10.01 | 98.2
1947 6.13 7.17 0.75 6.87 1.01 9.96 13.87 | 4.62 2.7 3.35 1.79 5.38 63.59
1948 31.6 10.47 0.36 2.75 0.16 013 | 422 8.06 3.55 2.63 2.17 1.84 | 67.94
1949 1.05 | 32.37 7.75 0.2 0.13 0.1 417 | 458 1.66 5.12 6.65 | 449 68.28
1950 13.67 | 21.02 | 4.56 28.01 | 7.09 5.8 2.83 | 447 6.82 17.16 | 9.26 18.43 | 139.11
1951 7.31 0.66 0.22 3.55 1.47 0.18 2.38 1.7 1.64 | 2.08 5.77 24.01 | 50.98
1952 9.97 1412 | 4.73 1.01 1.45 015 | 435 1.62 3.43 20.43 | 10.46 | 12.03 | 83.75
1953 14.62 | 10.06 0.97 0.18 0.15 2.46 15.44 | 25.72 | 10.96 | 7.57 27.31 | 11.14 | 126.57
1954 3.18 6.74 0.74 5.98 26.19 | 6.1 1.26 1.63 3.1 6.4 8.19 8.51 78.03
1955 7.02 351 0.28 0.17 0.15 9 5.46 20.64 | 8.96 6.23 8.14 | 577 75.34
1956 18.08 | 4.16 9.91 1.27 7.99 571 2.85 10.61 | 22.09 | 12.45 | 13.9 18.72 | 127.73
1957 10.48 | 1.47 0.25 0.16 0.15 1179 | 7.8 46.64 | 18.78 | 4.25 16.96 | 8.12 126.83
1958 4.57 1.92 0.32 8.07 13.26 | 16.82 | 28.28 | 20.34 | 74 26.7 23.04 | 991 160.61
1959 25.58 | 6.99 0.43 2.03 0.35 7.93 6.93 7.88 10.06 | 7.27 | 4.63 7.18 87.26
1960 3.14 13.62 1335 | 9 1.76 3.42 374 | 882 | 496 7.1 1054 | 8.2 87.65
1961 12.78 | 4.3 0.24 1.21 6.8 13.12 | 10.88 | 4.71 | 4.06 3.53 76.14 | 24.23 | 162.01
1962 12.29 | 20.28 3.35 3.03 0.21 18.46 | 8.54 11.31 | 493 756 | 464 1.4 96.01
1963 6.92 4.12 5.84 10.67 | 3.11 12.06 | 4.29 2.09 15.39 | 6.64 11.77 | 18.43 | 101.32
1964 10.12 | 7.55 0.46 016 | 412 7.65 7.31 13 5.81 504 | 597 2.57 69.76
1965 32.09 | 27.07 9.39 5.82 0.19 297 | 43 13.83 | 6.64 | 3.57 22.98 | 185 147.33
1966 435 | 049 0.18 0.14 1.42 10.3 70.61 | 3554 | 15 12.92 | 11.71 | 16.36 | 179.03
1967 5.58 8.41 0.73 0.2 0.17 224 | 6.28 11.17 | 15.16 | 5.64 14.82 | 8.73 79.13
1968 3.78 12.48 1.28 0.17 0.15 1.06 | 4.42 2.38 11.21 | 6.38 7.02 | 404 | 54.37
1969 215 | 03 0.15 244 | 6.98 0.58 0.13 0.53 2.03 3.11 12.77 | 4.29 35.47
1970 6.09 1.32 2.67 0.22 11.89 | 1065 | 174 17.38 | 9.25 2555 | 27.93 | 10.65 | 141
1971 4.62 12.92 24 024 | 6.98 7.19 9.97 9.53 5.46 5.62 15.16 | 15.93 | 96.02
1972 4.17 4.12 0.6 0.2 0.16 015 | 432 3.72 6.55 6.74 | 822 6.11 45.06
1973 2.74 2.97 3.04 10.33 | 16.18 | 16.39 | 3.86 2199 | 924 | 24 16.64 | 11.27 | 117.05
1974 4.65 2.59 0.26 2.26 014 | 0.78 1.89 7.71 9.19 9.76 18.68 | 21.01 | 78.92
1975 725 | 894 3.52 0.9 8.5 11.83 | 8.16 9.08 18.85 | 14.58 | 8.22 6.93 106.76
1976 30.76 | 18.12 7.11 0.49 17.64 | 7.55 8.51 3252 | 15.07 | 7.12 714 | 748 159.52
1977 6.22 1092 | 4.42 0.25 0.19 0.82 7.96 391 3.27 5.72 10.25 | 6.23 60.16
1978 4.62 2.05 4.47 1.5 8.51 1.77 0.2 783 | 45 19.25 | 17.54 | 13.97 | 86.2
1979 10.73 | 2.38 433 | 436 0.89 0.18 2.46 1.41 591 3.06 504 | 7.09 47.84
1980 8.08 28.69 793 | 4481 | 30.05 | 28.16 | 49.84 | 26.33 | 9.59 10.6 33.31 | 14.45 | 291.82
1981 411 1.32 9.04 111 1.86 6.02 7449 | 23.04 | 9.27 12.03 | 11.29 | 235 177.08
1982 10.98 | 2.08 0.41 0.3 1.62 0.31 2.78 10.68 | 13.46 | 15.34 | 7.68 17.88 | 83.51
1983 8.84 10.95 1.64 0.31 0.5 7.8 3.61 2.08 1.9 5.93 3.08 0.95 47.59
1984 6.12 0.8 0.31 21.08 | 143 2.05 11.83 | 4.72 6.41 21.1 8.88 2.08 99.68
1985 31.72 | 18.65 9.84 0.4 0.28 1.45 2.72 1.22 1.19 2.26 96.27 | 32.48 | 198.48
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1986 16.13 | 5.44 0.47 0.23 0.19 0.18 30.93 | 10.84 | 5.92 4.61 10.88 | 13.29 | 99.12
1987 3.25 0.5 1.63 0.2 0.16 3.03 17.15 | 6.65 7.05 6.14 8.83 5.73 60.33
1988 4.84 0.54 4,73 2.22 0.23 5.45 2353 | 7.3 4.1 4.16 6.15 2.95 66.2
1989 35.87 | 21.16 0.64 0.22 143 0.61 30.67 | 14.74 | 15.36 | 6.93 4.53 2.94 135.12
1990 3.23 0.83 1.82 4.24 6.33 0.44 0.28 1.91 2.33 3.12 1.53 0.52 26.58
1991 48.19 | 11.8 1.88 0.29 2.43 3.94 2.99 3.61 10.03 | 12 7.68 5.62 110.46
1992 32.34 | 22.34 2.04 0.28 0.25 0.24 4117 | 19.19 | 6.4 5.83 6.61 11.97 | 148.67
1993 3.5 0.6 14.61 | 2.53 4.17 6.04 7.8 4.69 4.31 5.47 17.93 | 9.03 80.66
1994 8.73 0.73 22.15 | 5.23 5.9 10.53 | 14.2 15 6.22 3.96 4.54 5.95 103.14
1995 3.08 31.28 35.5 7.67 0.24 5.28 2.1 0.75 0.75 5.85 2.65 4.1 99.25
1996 21.5 52.6 13.48 | 0.31 1.04 8.28 6.84 11.87 | 8.11 14,02 | 13.42 | 5.48 156.96
1997 2.11 2.34 0.2 2.08 1.78 19.08 | 17.33 | 9.96 4.45 5.45 4.64 2.75 72.18
1998 1.09 8.26 9.12 6.2 10.76 | 9.24 7.2 4.15 2.41 4.25 3.38 5.5 71.56
1999 10.23 | 1.97 0.15 12.81 | 3.8 35.52 | 10.36 | 9.62 4.04 2.17 2.29 1.96 94.92
2000 3.76 9.3 5.26 0.56 0.11 3.52 16.02 | 5.62 1.46 1.56 12.07 | 6.53 65.77
2001 3.01 7.11 0.93 2.99 2.55 0.13 3.73 6.64 4.67 5.51 10.96 | 10.92 | 59.15
2002 2.57 1.39 2.82 2.6 1.1 61.64 | 21.09 | 21.54 | 9.47 4.64 8.04 3.82 140.75
2003 12.11 | 2.46 0.24 0.18 4.14 2.69 15.75 | 6.62 4.18 5.563 3.59 4.08 61.57
2004 38.77 | 10.19 7172 | 26.41 | 1.61 6.23 18.75 | 12.13 | 10.15 | 4.52 4.81 2.95 208.24
2005 0.54 0.31 0.15 3.06 2.33 1.23 14,99 | 13.42 | 7.36 26.73 | 54.42 | 20.11 | 144.64
2006 17.58 | 5.79 1.13 0.27 0.24 2.01 12,17 | 13.85 | 7.67 9.82 6.35 2.54 79.42
2007 3.1 131.12 | 48.94 | 5.08 419 1.87 1.88 0.97 5.65 2.71 4.02 3.29 212.83
2008 5.7 61.29 15.42 | 0.29 1.16 0.17 2.35 1.2 8.19 5.23 2.08 1.77 104.86
2009 11.66 | 4.24 0.25 0.1 0.09 0.18 1.84 1.68 6.6 5.24 3.43 1.59 36.91
AVERAGE | 10.82 | 12.3 6.19 4,15 4.42 8.08 10.42 | 9.12 6.65 7.4 11.43 | 9.56 100.55
Table 2. Validation results for the Pitman modelled Goukou flow.

INDEX UNITS OBSERVED SIMULATED

MEAN ANNUAL RUNOFF (M AR) m3 x 106 14.5 14.65

STANDARD DEVIATION OF ANNUAL FLOWS (S) m3 x 106 6.28 6.28

COEFFICIENT OF VARIABILITY (S/MAR) PERCENT 43.27 42.88

COEFF. OF SKEWNESS - 1.3072 1.3106

RANGE PERCENT MAR 131 143.34

AUTOCORRELATION COEFF OF ANNUAL FLOWS - -0.1945 -0.1517

MEAN OF LOGS OF ANNUAL FLOWS (m3 x 106) 1.1252 1.1303

STD. DEV. OF LOGS OF ANNUAL FLOWS - 0.1795 0.1773

INDEX OF SEASONAL VARIABILITY PERCENT 7.55 6.05

In Figure 17 the average values indicates the average flow volume (m?3 x 10°) that reaches the estuary
each year. 1X indicates the total volume of water that reached the estuary above the average flow,
and 2X indicates the total amount of water above 2 times the average flow that reaches the estuary.
These events therefore indicates a huge amount of water that runs off to the sea and therefore does

provide merit for utilizing the water for MCAR.
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Figure 17. Avg indicates the average flow volume (m3 x 106) that reaches the Estuary each year. 1X
indicates the total volume of water that reached the estuary above the average flow, and 2X indicates
the total amount of water above 2 times the average flow that reaches the estuary.

1.5.2. SPATSIM

Once the WRSM/Pitman model has been refined, it will be used as input for the SPATSIM (Spatial And Time
Series Information Modelling framework) model. SPATSIM was developed from the earlier HYMAS system
(Hughes & Palmer, 2005 ; Rhodes University, 2020). It is based on the Pitman model, but is more extensive
and will be used in this project to model baseflow and the ecological reserve. The ecological reserve is important
for MAR projections, as it is the minimum flow that has to be maintained to ensure the health of the river.

https://www.ru.ac.za/iwr/research/software/

1.5.3. JAMS

The Jena Adaptable Modelling System (JAMS) J2000 was set up for the catchment and we are in the process
of calibrating the model. At first glance, we do not get better results than the Pitman results and we think that
the deep aquifers are not linked. We hope to solve this through isotope analysis.

More information about the JAMS model can be found here: http://jams.uni-jena.de/

2. SAT scheme at Agon-Coutainville, France

The MAR/SAT system in Agon (Normandie, France) is based on a treatment of secondary WWTP
effluent by an activated sludge process and by a combined reed bed and sand dune filtration. Since
2016 (implementation in the H2020 Aquanes project), the imaGeau Subsurface Monitoring System
(SMD) has provided real time monitoring of saline intrusion. Water quality and quantity have been
monitored and analysed by SAUR and BRGM or sending information and data towards an ICT tool
(BRGM/Géo-Hyd) dedicated to assess efficiency of SAT in context of saline intrusion (implementation
in the H2020 Aquanes project). The monitoring systems and modelling efforts are enhanced with the
EViBAN Project.
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MAR in France

In France, the main objectives of using current artificial recharge are to improve the quantitative or
gualitative state of the water resource for the final use of groundwater intended for the production of
water for human consumption (irrigation, AEP). On a database of 75 artificial recharge sites
(Casanova et al., 2013), 20% of the sites allow the improvement of the qualitative state, 30% of the
guantitative being, 20% the mixture of the two. The rest were not identified.

Managed aquifer recharge (MAR), as currently implemented in France, aims to improve the quantity
and/or quality of water resources, the recharged water being mostly taken from surface water courses
and conveyed directly to infiltration basins. This method allows the water to undergo a second filtration
before it reaches the groundwater table. Direct injections into the water table are rarely used.
Recharge water is either taken directly after bank filtration, taking advantage of the self-purifying
capacity of the soil, or treated directly by UV treatment, microfiltration and decantation techniques
according to the necessary quality objectives. The use of surface water is explained by its availability,
its chemical and microbiological quality. The use of reuse of treated water remains limited in France,
as the regulatory context does not easily allow it but under development.

Most of the sites in France allow for. generate piezometric domes making it possible to protect
catchment fields from AEP withdrawals, to prevent against saline intrusion, to preserve groundwater,
to support an over-exploited groundwater table. There are also MAR scheme to regulate the flow of
rivers in order to prevent floods or low water levels (Oise basin, project on the Garonne River).

Apart from increasing water security, MAR is also being used internationally as a nature-based
solution to reduce environmental pollution, through soil aquifer treatment (SAT). MAR combined with
SAT is one of the most efficient and affordable strategies to recycle treated wastewater to enhance
the quantity and quality of groundwater and secure groundwater systems under stress (Dillon et al.,
2019). SAT consists of a controlled passage of treated wastewater through porous media mainly for
purification purposes. Some organic pollutants are not fully transformed during wastewater treatment
process e.g oxidation, ozonation, or bioreactor. Many organic compounds and contaminants of
environmental concerns can be found in the treated wastewater. SAT can serve as an additional
treatment of these contaminants and natural improvements of water quality have been demonstrated
using SAT systems for reducing contaminants of environmental concerns contained in treated
wastewater (Dillon et al., 2019).

Secondary Treated Wastewater (STWW) from wastewater treatment plants (WWTPs) is typically
used for SAT systems because it is a continuous source of water released daily from human activities,
less subject to climate change than surface water. Many sites, primarily coastal, favor infiltration of
STWW into the aquifer (Kloppmann et al., 2012; Masciopinto and Carrieri, 2002; Shammas, 2008;
Vandenbohede et al., 2008). Infiltrated water then allows for increased groundwater recharge to
address local issues (i.e. freshwater quantity, salt wedge, restoring the resource, avoiding direct
discharge to surface water), in addition to providing a complementary treatment step for water treated
by the wastewater treatment plant.

Recent studies have revealed the ubiquitous presence of Trace Organic Compounds (TrOCs) in
wastewater treatment plant effluents and receiving surface waters (refs). These TrOCs (i.e.
pharmaceuticals, personal care products, pesticides), are not totally degraded during the passage in
conventional wastewater treatment plants (Drewes et al., 2002; Ternes, 1998) where the treatment
technique (activated sludge) is the most used in France and in the world for the treatment of domestic
wastewater. TrOCs are then discharged in considerable quantities into receiving waters through
treated wastewater effluents. In recent years, their concerns have been increasing about
environmental and human health effects (Lapworth et al., 2012) examples. Although the mode of
release of STWWs into SATs provides an additional treatment step prior to their release into the
environment (Bekele et al., 2011), many uncertainties reside in the fate of TrOCs in SAT systems.
Understanding the fate and transport of TrOCs after their release into the SAT are challenges that
must be addressed.
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In France and Europe, there are no specific national regulations, standards or guidelines on the
practice of MAR. French regulations allow managed aquifer recharge on a case-by-case basis after
prefectural authorization provided that its use does not compromise the achievement of environmental
objectives for the recharged groundwater body, an environmental impact assessment is carried out
for the implementation of such systems. The Water Framework Directive (WFD, 2000/60/EC) also
establishes a framework for water policy and requires that a water monitoring programme be
established in each river basin district and sets objectives for achieving good quality and quantity
status in the aquatic environment.

SAT challenges regarding Trace Organic Compounds (TrOCs)

The fate of TrOCs in the context of SAT, depends on both hydrogeological conditions and reactive
processes via microbial transformations (biodegradations) and/or sorption (Maeng et al., 2011 and
references therein). The reactivity of TrOCs, depends on many site-specific factors that provide a very
wide range of degradation (Greskowiak et al., 2017) or sorption (Scheytt et al., 2005, 2006) depending
on study sites and experimental conditions. Redox conditions strongly alter the reactivity of TrOCs
(Burke et al., 2017; Regnery et al., 2015). Degradation is often quantified by first-order laws, where
the decrease in concentration C in time t (the degradation rate of a contaminant r) is expressed as |,
the first-order degradation rate (1/d, with d the half-life of the molecule) (Greskowiak et al., 2017):

c

r:E_

—uC
Knowledge of the residence time of water infiltrated through the SAT and the dilution of groundwater
with other waters transiting the aquifer (e.g. groundwater, infiltrating rainwater, water exchanged with
rivers or the sea) is necessary for the interpretation of the reactivity of TrOCs and the quantification
of the degradation rates of the molecules studied (Massmann et al., 2008). For this purpose, low/non-
reactive elements (tracers) are often used to trace the infiltrated waters in the SAT and infer their
dilutions and residence times (i.e. Amy and Drewes, 2007; Bekele et al., 2014; Guillemoto et al., 2022;
Massmann et al., 2008; Moeck et al., 2017). These experiments conducted under specific conditions
characterise the dynamics of the SAT in question at a particular spatial and temporal scale, the results
of which are difficult to transfer to another scale. At an annual temporal scale, the groundwater flow
regime is modified by local meteorological conditions, anthropogenic uses of groundwater (pumping,
irrigation...), surface water dynamics, and possible water exchanges between rivers and the aquifer
and the sea.

To take into account all the modifications of the groundwater flow regimes, the dynamics and the
exchanges with surface waters (sea, rivers) at these temporal and spatial scales, groundwater flow
and solute transport models are often used (Kloppmann et al., 2012). Flow and solute transport
models allow, among other things, to quantify the volumes of water exchanged and their speed of
movement in the hydrosystem in order to deduce the residence time of water infiltrated via the SAT
and its dilution (i.e. Henzler et al., 2014; Vandenbohede et al., 2008). Simple models (analytical
models) provide estimates of groundwater residence times, dilution but are not suitable for highly
variable boundary conditions. More often, numerical models are used. Numerical models can simulate
flow and solute transport, suitable for simulating variable flow conditions and water exchange with the
external domain.

Coastal SAT site: Agon-Coutainville, Normandy, France

The commune of Agon-Coutainville (Normandy), with an estimated population of 2,800 residents
(INSEE, 2015), is one of the oldest seaside resort of the Manche department and the location of the
largest production of shellfish in France. The preservation of the coastal ecosystem, and the
associated sanitary stakes are essential for local economy and has to be fully integrated to the
ongoing development of residential areas, tourism and shellfish aquaculture. Subject to a large tidal
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range, the groundwater resources are prone to salinization in this coastal area, resulting in a
superficial hydraulic area with low capacity for water supply. Sustainable water management has to
take the seasonal variation of the population and the irrigation needs of the backshore golf courses
into consideration. In addition there is a need to adhere to environmental regulations (eg.French
Coastal acts) and an ambitious water quality target, in spite of financial constraints (requiring a
minimal cost system). To face this demanding challenge and to preserve the estuary ecosystem in
Agon-Coutainville, a SAT system has been considered as locally more efficient and sustainable than
the conventional direct discharge system of secondary effluent to surface water (river or sea). For this
reason, a SAT system was integrated at this site as part of the full-scale operational wastewater
treatment plant and sustainably integrated within the municipal wastewater treatment line during more
than 15 years (French sanitation database).

The Agon-Coutainville site (Picot-Colbeaux et al., 2021) is a SAT system where STWW is alternately
discharged into a dune aquifer via different infiltration basins. At the Agon-Coutainville site, recent
studies have highlighted the reactivity of the SAT on several TrOCs (Carbamazepine, tolyltriazole,
benzotriazole, oxazepam, caffeine) under specific conditions, on a monthly temporal scale and in the
vicinity of one of the infiltration basins (Guillemoto et al., 2022). Monitoring of 32 TrOCs, including
pharmaceuticals, antibiotics, anticorrosive compounds, and industrial, in STWW and groundwater at
the site scale also shows a decrease in their concentration with no clear distinction between the
reactive portion of the SAT and the dilution portion with other waters transiting the aquifer (Pettenati
et al., 2019; Picot-Colbeaux et al., 2021).

The particularity of the Agon-Coutainville site is that it is part of a coastal system where strong
piezometric variations are observed, mainly caused by tides, natural recharge and STWW volumes.
Consideration of variations in groundwater quality and residence times is necessary to distinguish the
portion of reactive and hydrodynamic processes that affect TrOCs concentrations in groundwater.

EVIBAN Aim study

The objective is to quantify the variations in residence time and dilution of infiltrated water (STWW) in
the Agon-Coutainville SAT as a function of natural (natural recharge and runoff) and anthropogenic
(controlled recharge) hydrodynamic forcing, and then to deduce their effects on TrOCs concentrations
in the aquifer at the spatial scale of the aquifer (kilometer scale) and at the multi-year temporal scale.

Applied to the SAT site of Agon-Coutainville, a groundwater flow and transport numerical model is
developed to simulate the variations of groundwater flow velocities and the mixing of water infiltrated
via the SAT (STWW) at the scale of the hydrosystem by taking into account the dynamic forcing of
groundwater (meteorology, tides, SAT infiltrations).

The method used is 1) to conceptualize the major groundwater flow and transport processes taking
place in the system and the associated modeling assumptions: conceptual model; 2) to adapt the
conceptual model into a mathematical model: numerical model; 3) to analyze the results of the
simulations and particularly the velocities and dilutions of the water infiltrated into the SAT; 4) to
identify the major groundwater flow lines and the impacts of the forcing factors on the efficiency of the
SAT with respect to the TrOCs.

This work is part of the understanding of the fate of TrOCs in a dynamic coastal SAT system. From
the modeling results, the quantification of residence and dilution times are relevant tools to predict the
fate of TrOCs at the scale of a site and/or to distinguish between reactive processes and others related
to flows on the removal of TrOCs observed on the site.
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2.1. SAT MODELLING (BRGM)
Draft paper Quentin et al. in WATER - ISMAR11 special issue, deadline January 2023

Interaction of a SAT system with the hydrosystem at multi-annual scale and consequences on TrOCs
attenuation

Q. Guillemoto, G. Picot-Colbeaux, D. Valdés, N.Devau, C. Thierion, D. Idier, F. Mathurin, M.Pettenati,
W.Kloppmann, J-M. Mouchel.

2.1.1. Introduction

Managed Aquifer, Recharge (MAR) is a palette of active aquifer management methods that can
provide a local response to water scarcity, water security, water quality degradation, depleted aquifer,
and endangered ecosystems (Dillon et al., 2020). In coastal environments, Soil Aquifer Treatment
(SAT) is one possible MAR technique that not only recharges the aquifer, but also provides natural
purification of the incoming water as it passes through the soil and the unsaturated and saturated
zone of the aquifer.

Wastewater Treatment Plant (WWTP) is one of the water sources that can be used for SAT systems.
Domestic or municipal treated wastewater is a source of water released daily by continuous human
activities and therefore not subject to climate change. Many SAT sites, primarily in the coastal zone,
favor infiltration of this type of water into the aquifer (Kloppmann et al., 2012; Masciopinto and Carrieri,
2002; Shammas, 2008; Vandenbohede et al, 2008), often via infiltration basins where recharge occurs
intermittently to maintain infiltration rates (avoid clogging) and good soil oxygenation to renew the
biological and chemical treatment capacity allowed by the soil and subsoil (Sharma and Kennedy,
2017). Infiltrated water recharges the groundwater and provides a complementary treatment step for
the water treated by the wastewater treatment plant, in response to local water stress or
environmental issues (e.g., freshwater quantity, saltwater intrusion, resource restoration, avoidance
of direct discharge to surface water or the sea).

Many trace organic compounds (TrOCs), such as pharmaceuticals, personal care products, and
pesticides, are present in wastewater and are not fully degraded during passage through WWTPs
(Drewes et al., 2002; Ternes, 1998). TrOCs are then discharged in considerable quantities into
receiving waters via WWTP effluent and can reach various environmental compartments such as
groundwater (Bunting, 2021) and rivers (Aemig et al., 2021). Some TrOCs and/or their metabolites
persist in their active forms and can be ecotoxicologically hazardous to the environment as well as to
human health (Pereira et al., 2015). SAT can provide additional treatment of TrOCs present in treated
wastewater (Amy and Drewes, 2007; Drewes et al., 2002). Nevertheless, many uncertainties reside
in the fate of TrOCs in SAT systems.

The behavior of TrOCs in the context of SAT depends on both hydrogeological conditions and reactive
processes (Maeng et al., 2011). The reactivity of TrOCs, depends on many factors which results in a
very wide range of values for the commonly used degradation coefficient (Greskowiak et al., 2017) or
sorption coefficient (Scheytt et al., 2005, 2006) depending on hydrodynamic conditions, soil properties
(e.g. redox conditions, temperature, biomass, organic matter inputs...) and physicochemical
properties of the molecules (e.g. pKa, charge, hydrophobicity; Maeng et al., 2011; Regnery et al.,
2017). On an annual time scale, large changes in reactivity conditions (e.g., redox conditions, organic
matter, temperature) and system flow (e.g., groundwater dilution, flow velocities) can alter system
performance.

To estimate and optimize the performance of MAR systems, numerical modeling tools are often

preferred (Kloppmann et al. (2012). At the scale of an operational SAT system, few studies evaluate
TrOC removal using flow and reactive transport modeling (e.g., Henzler et al., 2014; Sanz-Prat et al.,
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2020). Reactive transport modeling is often simplified by using first-order degradation rate constants
and linear adsorption coefficients. Nevertheless, interpolation of these parameters can be tricky if
reactivity and/or flow conditions are variable.

The Agon-Coutainville site (Picot-Colbeaux et al., 2020) is a SAT system where Secondary Treated
Wastewater (STWW) is alternately discharged into a dune aquifer via different infiltration basins. This
SAT system was implemented in order to avoid direct discharge of STWW into coastal surface waters
and thus protect coastal economic activities (tourism, shellfish farming, natural protected area). A
follow-up of 32 TrOCs, including pharmaceuticals, antibiotics, anticorrosive and industrial compounds,
in STWW and groundwater at the site scale also shows a decrease in their concentration without a
clear distinction between the reactive part of the SAT and the dilution part by other waters transiting
the aquifer (Pettenati et al., 2019; Picot-Colbeaux et al., 2020). To quantify the reactive part of SAT,
an experiment at a monthly temporal scale and in the vicinity of one of the infiltration basins
(Guillemoto et al., 2022) highlighted the reactivity of SAT with several TrOCs (carbamazepine,
tolyltriazole, benzotriazole, oxazepam, caffeine).

The particularity of the Agon-Coutainville SAT site is that it is part of a coastal system where strong
piezometric variations are observed, mainly caused by tides, natural recharge and infiltrated STWW
volumes. Due to the uncertainties regarding the reactivity of TrOCs in a SAT and the possible
variations in hydrodynamic conditions, the understanding of the fate of TrOCs in a SAT context on an
annual scale is very complex. The identification of the reactive processes and their variations over
time in such systems requires first of all a precise characterisation of the hydrodynamic variations that
modify the residence times and the dilution of STWW infiltrated into the hydrosystem.

The objective of the present study is to quantify the variations in residence time and dilution of
infiltrated water (STWW) in the Agon-Coutainville SAT site as a function of natural hydrodynamic
forcing (natural recharge and runoff, tide) and anthropogenic forcing (controlled recharge via the
SAT), and then to anticipate their effects on TrOC concentrations in the aquifer on the spatial scale
of the aquifer (kilometre scale) and on the multi-year temporal scale.

Applied to the Agon-Coutainville SAT site, a numerical flow and transport model is developed to
simulate variations in the flow and mixing velocities of infiltrated water (STWW) in the SAT at the
hydrosystem scale. The method used is 1) to conceptualise the major flow and transport processes
taking place in the system on the basis of piezometric measurements and concentrations of an
intrinsic tracer (here the Chloride non-reactive element, CI) 2) to transform this conceptual model into
a numerical model; 3) to calibrate the numerical model, the hydrodynamic and transport parameters
on the piezometric measurements and ClI concentrations; 4) to analyse the results of the simulations
and particularly the velocities and dilution of the water infiltrated into the SAT; 4) to identify the major
flow lines and the impacts of the forcing on the effectiveness of the SAT with regard to the TrOCs.

This work is part of the understanding of the fate of TrOCs in a dynamic coastal SAT system. From
the modelling results, the quantification of residence and dilution times are necessary tools to predict
the fate of TrOCs at the scale of a site, while making a distinction between the reactive processes
and the processes linked to flows on the abatement of TrOCs observed on the site.

2.1.2. Study area, METHODS AND MATERIALS

a) Study area: Agon-Coutainville, Normandy, France

The Agon-Coutainville commune is located in France in Normandy, along the West coastline of the
English Channel, between the Hague pointe, and the bay of Mont Saint Michel and is 10 km from
Coutances (Figure 2). The commune is one of the oldest seaside resorts in the Manche department
and is home to the largest shellfish farming area in France. The SAT system has been implemented
for more than 20 years as a complement to the treatment of wastewater from the wastewater
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treatment plant (WWTP) instead of a direct discharge of secondary-treated wastewater (STWW) into
the sea. The WWTP is designed for 35,300 population equivalents and uses activated sludge
biological treatment. The STWW is transferred by gravity to the SAT and infiltrates via infiltration
basins with a total surface area of 29,000 m2 to reach a sand dune aquifer. The infiltration basins are
separated in 3: basin 1, basin 2 and basin 3 (Figure 2). Each basin infiltrates STWW during 4 months
in an alternating way then not solicited the rest of the year according to a theoretical calendar followed
by the operator.

The geology of the site is mainly composed of Precambrian metamorphic rocks (schists) surrounding
the Coutances quartz diorite (granites) (Figure 2) on which Quaternary aeolian sands and recent dune
sands lie (Dupret et al., 1987). These sands constitute the dune aquifer in which the SAT is developed.
It lies on the shale metamorphic rocks which, to the east, delimit it when they outcrop. The sand dune
aquifer extends into the marine area to the west.

Located on the coast at about 600m from the sea (Figure 2), the SAT system is subject to tidal cycles.
On this site, the main cycles are (1) semi-diurnal cycles (with a period of 12.25 h), (2) bi-monthly
cycles (with a period of 14.8 days) between a period of high tide and a period of low tide, (3) annual
cycles, linked to the solstice and equinox cycles. Tidal variations are very significant, with a tidal range
of up to 13m. The position of the salt water zone and the freshwater/salt water interface are poorly
identified in the study area in the absence of vertically discretised observations.

The climate is temperate and oceanic with an average annual rainfall of 850mm. Seasonal variations
in sunshine and rainfall are observed between the winter period from October to March (the wettest
months) and the summer period from April to September (the driest months). Two rivers cross the
study area (Figure 2), the Ganne to the north and the Goulot to the south, which have their source on
the heights of the metamorphic and granitic hills to the east and flow into Blainville Harbour.
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Figure 2 Location map of the SAT site in Agon-Coutainville (3 infiltration basins=ponds), position of the
wastewater treatment plant (WWTP), monitoring observation wells (NP1, AQ1-NP2, AQ3-NP3, AQ2-FREA4,
AQ4, AQ5, and Pz1), hydrographic network (blue lines), coastline and harbour, and surface geological
formations
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b) Available and acquired data

The data available on the study site are summarised in the Table 1. Surface geological information,
detailed by Dupret et al., 1987, and spatialized information translated into a geographic information
system by BRGM (Vernhet, 2003) are used. Vertical geological information is provided during the
creation of the piezometers present on the site (Figure 2). Spatial topography information is provided
by a1 m and 25 m resolution digital elevation model (DEM) and by point measurements of differential
GPS (Global Positioning System) to measure the altitude of the boreholes and to delimit the spatial
geometry of the site (delimitation of the infiltration basins). The spatial position of the watercourses is
delimited with the BDTOPO® database (IGN). Precipitation and PET data for the period 2006 to 2021
are available on a daily basis from the Gouville-sur-Mer weather station (Météo-France) located 10
km south of the study site.

For the period 2010 to 2021, the daily flows of STWW are acquired by means of radar monitoring of
the levels in a Venturi channel. Between 2010 and 2021, the biological oxygen demand (BOD5) was
measured at a frequency of 24 measurements per year. Between 2016 and 2021, Chloride, CI', was
analysed 9 times in the STWW.

Eight piezometers screened across the thickness of the dune aquifer (Figure 2) provide access to
groundwater measurements. Groundwater quality, STWW and STWW flows have been monitored for
over 20 years within a regulatory framework (Picot-Colbeaux et al., 2020). From 2016 to 2021, the
site was the subject of 9 measurement campaigns on groundwater quality and STWW as part of the
AQUANES (Pettenati et al., 2019) and EVIBAN (Water JPI, 2022) research projects. The data used
in this study were obtained in the framework of regulatory monitoring and the various research
projects. In groundwater, CI- concentrations were measured in piezometers NP1, AQ1-NP2, AQ2-
FRE4, AQ3-NP3 and PZ1 between 2010 and 2021 at a monthly frequency from September to June
and every two weeks from July to August. From 2017 to 2021, water level measurements (based on
pressure measurement corrected by atmospheric pressure) are acquired continuously at piezometers
AQ1-NP2, AQ2-FRE4, AQ3-NP3, AQ4 and AQ5 (Garceran, 2017). In addition, continuous electrical
conductivity measurements are acquired at piezometer AQ5. The initial measurement frequencies
are 15 minutes, but due to difficulties in obtaining complete data (remote transmission, equipment
maintenance), gaps and frequency changes are present in the acquired time series. From 2017 to
2021, nine manual measurements of piezometric levels were carried out on piezometers NP1, AQ1-
NP2, AQ2-FRE4, AQ3-NP3. Three manual measurements of piezometric levels were carried out on
point PTC6. From 2020 to 2021, pressure and conductivity measurements were carried out for
piezometers NP1 and PZ1 by CTD-Diver probes (Van Essen®) at a time step of 15 minutes
(barometric probe located at NP1).
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Table 1 Available and acquired data on Agon-Coutainville SAT site

Type of data | Location Measurements & Frequencies  Sources
Groundwater | AQ1-NP2, AQ2-  Probes 15 min, 2017-2022* Projects AQUANES (04/2017 to
level FRE4, AQ3-NP3, 04/2019) + EVIBAN (04/2019 to
AQ4, AQ5, 12/2022)
NP1, AQ1-NP2, 9 Manual measurements from Projects AQUANES (6 from 04/2017
AQ2-FRE4, AQ3- 2017 to 2021 to 04/2019) + EVIBAN (3 from
NP3, AQ4, AQ5, 04/2019 to 12/2022)
PZ1** PTC6**
NP1,PZ1 Probes 15 min, 2020-2022 EVIBAN project
GW analysis NP1, AQ1-NP2, 12-14 per year SAUR operator
of Cl AQ2-FRE4, AQ3-
NP3, PZ1
NP1, AQ1-NP2, 9 field campaigns from 2016 to Projects AQUANES (6 from 04/2017
AQ2-FRE4, AQ3- 2021 to 04/2019) + EVIBAN (3 from
NP3, PZ1 04/2019 to 12/2022)
STWW WWTP outlet 24 per year SAUR operator (2006 to 2022)
analysis of
DBO5
STWW Flow WWTP outlet Radar Ventury channel, hourly SAUR operator (2010-2022)
Meteorology | Gouville Precipitation and PET, daily METEO-FRANCE
Geology Normandie Maps — cross section (Dupret et al., 1987) (Vernhet, 2003)
NP1, AQ1-NP2, logs SAUR Operator
AQ2-FRE4, AQ3-
NP3, AQ4, AQ5,
PZ1, (PTC6)
Topography Normandie normalized to elevation (ASL) Region
Agon- 25m Region
Coutainville normalized to elevation (ASL)
1m
Rivers France Map - Streams - network BDTOPO® (IGN)

*Numerous missing data on continuous measurements ** only 3 piezometric measurement campaigns for PTC6 and 2
for PZ1

c) Methodological approach

To quantify the residence time of STWW through the SAT and further into the dune aquifer as well as
their dilution with other waters transiting the aquifer (groundwater, natural recharge, exchange with
rivers and/or the sea), the proposed approach relies on numerical modeling tools for simulating flow
and solute transport within hydrosystems under various external forcings.

The main steps proposed to quantify the flow velocities and STWW proportions at the SAT study site
on a multi-year and dune aquifer scales (Figure 3) are i) the elaboration of a conceptual flow and
transport model of the hydrosystem ii) the implementation of the conceptual model in a numerical
model according to the selected code and the imposed boundary conditions adopted to take into
account the major forcings, iii) the calibration of the numerical model, iv) the simulations of the flow
and the groundwater mixing, v) the sensitivity analysis of the model and vi) adequacy of the simulation
results to the question on the fate of TrOCs in the SAT.

The model describes the key hydrogeological processes in the study area, thus making simplifications
and proposing boundary conditions that are assumed to be acceptable to achieve the modelling
objective (Refsgaard and Henriksen, 2004). The conceptual model is developed from the field
features of the study area and the available site data (piezometry, water quality, STWW flows, etc.)
and includes both the description of flow processes, geological features, river network elements, etc.

Boundary conditions and geometry are implemented in a manner consistent with the conceptual
model to allow for multi-year transient flow and solute transport calculations to represent the dynamics
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of external forcing and the operational dynamics of the SAT. The modelled domain allows the
extension of the SAT, the natural groundwater outlet of the aquifer, and the identified aquifer
boundaries to be framed.

The hydrodynamic model is then calibrated from 2017 to 2021 using time series of piezometric levels
observed at the site. Due to its conservative nature and the contrasting concentrations between the
different waters (STWW, sea, natural recharge, river), chloride (CI) was chosen to calibrate the
hydrodispersive parameters of the solute transport model. To distinguish the progression of STWW
from other waters transiting through the aquifer, the calibrated model is also used by simulating for
the same period from 2017 to 2021 a concentration of a theoretical non-reactive element present at
100% only in the STWW infiltrated in the SAT. The calculated concentrations in the hydrosystem
(initially at 0% in this theoretical element) indicate the proportions of STWW present and thus their
dilution to other waters in the hydrosystem (saline intrusion, natural recharge, river) considered at 0%
presence of theoretical non-reactive element.

The modelling results allow the calculation of hydrodynamic balances, identification of flow directions,
calculation of water flow velocities in the pores, transit times along the main flow lines, and STWW
proportions.

The average and the coefficient of variation (CV) of the velocities and proportions of STWW is
proposed from the simulation results to represent in each cell of the model the variations over a
hydrogeological year (from October 1st to September 30th) accodring to:

CcV =— 1)

With o the standard deviation and p the mean. The larger the CV coefficient the greater the dispersion
around the mean. The calculation is mapped for two distinct hydrogeological years, 2017-2018 (low
winter recharge) and 2020-2021 (high winter recharge). Temporal variations in flow velocity and
dilution ratio are quantified from 2017 to 2021 on 4 main flow lines from the SAT STWW infiltration
basins to the natural groundwater discharge.

The calculated flow velocities and STWW proportions are related to natural and anthropogenic
forcings to identify their impacts on the SAT. To identify the similarities between the time series of the
forcings and the calculated time series of flow velocities and STWW proportions, the cross-correlation
function (CCF) is used. Between two time series x and y, it is defined by:

Y = V) (X4 — %)
p* (k) = 2
VIO =M — %) @)

Where x and y are the velocity and forcing time series, X, y are the means of the series, k is the lag
(Shumway and Stoffer, 2017), and p is the correlation coefficient, which varies between -1 and 1. The
closer the value of p is to 1 or -1, the more correlated the two series are, or inversely correlated (at
lag k), the closer p is to O, the less correlated the series are (at lag k).

A sensitivity analysis is then carried out to assess the sensitivity of the flow velocity and STWW
proportion results to modelling choices (boundary conditions) or model calibration parameters. The
analysis then allows the identification of key parameters or model choices to be characterised more
precisely in order to reduce the uncertainties of the results.
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Figure 3 Modeling approach for the quantification of flow velocities and STWW proportions of the SAT in its
hydrosystem.

2.1.3. MODELING
d) Conceptual model: the local SAT system in its hydrodynamic aquifer context.

Coastal sand dune aquifer

The topography of the study area is closely linked to the geological nature of the subsoil. The ground
elevation ranges from 50 mASL at the level of the prominent reliefs formed by the outcropping
metamorphic rocks in the east, to 0 mASL at sea level towards the west at the reliefs planed by the
presence of sands that form the coastal dune aquifer (Figure 4). In the sand deposition zone (Figure
2), the topography delimiting the top of the aquifer is a subhorizontal zone of 5-6mASL of low slope
marked locally by natural topographic depressions where the zone of interest (SAT) is located. This
zone is separated from the harbour of lower altitude by a dam-road of 8-9mASL altitude. The
topography defines several hydrological watersheds, including the Ganne and the Goulot, which cross
the sandy deposits on their lower part and both flow into Blainville Harbour (Figure 4). The surface of
the Ganne and Goulot watersheds on the lower part represents 2.2km?2 of the area of interest while
the surface of the watersheds on the upstream part where metamorphic rocks outcrop is 3.7km?
(Figure 4). On the upstream part of the watersheds a transfer of water to the sandy areas is more
than likely via runoff and infiltration at the foothills or via the streams.
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Figure 4 Topography (25m DTM and 5m DTM) and boundaries of the adjacent upstream watersheds and of
the hydrologeological model extent including the SAT system (infiltration ponds).

The dune aquifer is covered by a very thin layer of vegetal soil. The aquifer bottom is delimited by the
assumed impermeable metamorphic bedrock. Although groundwater can circulate in the fractured
networks of the bedrock schists, giving rise to low-flow emergences (Dupret et al., 1987), no
observation or exploitation has been confirmed at the study site (no measurements attesting to
possible water exchange between the dune aquifer and the metamorphic rocks have been made).
The thickness of the dune aquifer is thicker to the west (9m at piezometer AQ5, close to the sea) and
the layer bevels towards the east reaching thicknesses of about 5m close to the infiltration basins
(Garceran, 2017; Lithologic; 2014) and disappearing at the metamorphic foothills. The boreholes
show a vertical overlay of coarse and shell sands, and at depth the presence of green clays is an
indication of erosion of the shale bedrock. "Tangue" deposits (fine clayey to peaty material with low
permeability) may be present as discontinuous layers within the sands (Dupret et al., 1987) but was
not observed in the various boreholes available at the site. The hydraulic conductivity (K) of coarse
non-clay sands is estimated to be between 10-2 and 10-5 m/s, and between 10° and 10° m.s for
fine clay sands (de. Marsily, 1983). The effective porosity of coarse sands can range from 15 to 35%
(Appelo and Postma, 2005). For eolian sands, with a smaller grain size, the effective porosity can
decrease significantly (de. Marsily, 1983).

The dune aquifer contains a free sub-surface groudwater which piezometric measurements show
higher average levels in the east (5.1 + 0.50 mASL at PZ1; 45.1 + 0.46 mASL at NP1) than in the
west (4.5 £ 0.17 mASL at AQ4 and 3.1 + 0.32 mASL at AQ5) (Figure 12). A main flow gradient is then
observed from east to west on the order of 10-. On an annual scale, the groundwater table changes
by about 0.5m to 1.0m due to the variation of the STWW infiltration rates in the SAT and the natural
recharge of the aquifer. Vertical flows through unsaturated zone can be assumed to be negligible
compared to horizontal flows due to the small thickness of the unsaturated zone ranging from O to
1.5m. The storage capacity in the unsaturated zone of the dune aquifer, for a porosity of 15% to 35%,
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is approximately 0.49 to 0.99 Mm?3.Depending on the year, the piezometric levels exceed the ground
surface especially in the topographic depressions and in the infiltration basins (5.4 mA on average in
the basins). The groundwater then overflows and remains on the surface before infiltrating back into
the aquifer, which can be observed in the field by localized flooding during the winter period. The CI
concentrations measured in the aquifer vary from one piezometer to another (i.e. on average 36 + 46
mg/L at PZ1; 151 + 90 mg/L at NP1 and 500 = 1000mg/L at NP3) but also temporally in the same
point (Figure 13). The observed variations in piezometric levels and groundwater concentrations
indicate different sources of water input to the aquifer. The main contribution of external forcing may
come from natural recharge and runoff (freshwater input), from the tide (brackish water input), from
STWW discharges infiltrated into the SAT (variable salinity water input) or from aquifer-river
exchanges (freshwater input).

Natural recharge and runoff

Over the period 2006 to 2021, the month with the highest average precipitation is November (109
mm/month on average) and the months with the lowest precipitation is April (40 mm/month on
average). The natural recharge of the water table takes place mainly during the winter period from
October to March, when the PET values are low and the precipitations are higher (Figure 5). The
hydrogeological years defined between October 15t and September 31" integrate the recharge-
discharge cycle of the water table: a period of natural recharge from October to March at the end of
which the groundwater table is in a high-water situation and a period of natural discharge from April
to September at the end of which the groundwater table is in a low-water situation. Specifically over
the period synchronous with the piezometric measurements from 2017 to 2021 the average annual
rainfall is 825mm. Precipitation is minimum in 2018-2019 with a total of 628 mm and maximum in
2020-2021 with a total of 952 mm.
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Figure 5 Monthly inter-annual variations calculated over the period from 2006 to 2021 for rainfall in mm/month
(gray) and median PET (orange) in mm/month at the Gouville-Sur-Mer station. The bar in the centre of the
boxplot represents the median of the monthly data, the "extreme" observations are represented by diamonds;
these are observations that contrast greatly with the overall observations (x1.5/interquartile)
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The quantity and distribution of natural recharge are estimated using a GARDENIA reservoir model
(Thiéry, 2014) applied at the scale of the dune aquifer (surface 2.2km? see Figure 4) from daily rainfall
and PET records. Due to the very low slopes of the dune aquifer and its sandy character, the natural
recharge is considered close to the effective rainfall with a negligible part of runoff. The model
reservoir parameters (soil and unsaturated characteristics) are therefore selected to minimize the
amount of runoff and maximize the natural recharge (Supplementary Material 1). Calculated "direct"
natural recharge flows that reach the modeled aquifer surface (Figure 4) average 0.84mm/d
(1707m3/d) over the period 2017 to 2021 (Figure 6). Minimum flows are calculated over the 2018-
2019 water year averaging 0.45mm/d (1008m?3/d) and maximum flows over the 2019-2020 water year
averaging 1.1mm/d (2452m?/d). Cumulative annual recharge (280mm) represents 34% of cumulative
precipitation, which corresponds to the order of magnitude of natural recharge in Metropolitan France
(Seguin, 2015).

In addition, runoff from adjacent watersheds (Figure 4) probably constitutes an additional natural
indirect recharge of the dune aquifer considering that part of the effective rainfall infiltrates at the
foothills. Due to the presence of outcropping shales, considered non-aquiferous, with significant
slopes on the upstream parts of the watersheds (4% slopes), runoff reaches the dune aquifer either
via the network of streams or via the eastern edge of the aquifer. The CI concentration measured at
Pz1 (Figure 2) is very low (36mg/L on average); local infiltration of runoff from the upstream
catchments on the eastern edge would prevent the progression of STWW infiltrated in the SAT
towards PZ1 located between the eastern edge and the catchments. The amount and distribution of
runoff is also estimated using the GARDENIA model. The model reservoir parameters are chosen
this time to maximize runoff and limit recharge. The runoff rate, considered as additional natural
recharge of the dune aquifer along its eastern edge, is estimated by taking into account the surface
of the watersheds adjacent to the aquifer which corresponds to the upstream metamorphic part
(3.7km2). The calculated runoff flow (indirect recharge) average 156mm/y (1579 m?®/d) over 2017 and
2021 (Figure 6) which represents 84% of the direct recharge flows.
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Figure 6 Estimation of "direct" natural recharge on the dune aquifer (left) and local natural recharge on the
eastern edge of the aquifer by runoff (right).

Streams and rivers

The Ganne stream to the north is far from the SAT area of interest and crosses the dune aquifer for
a very short distance, in contrast to the Goulot stream, which crosses it from south to north
perpendicular to the major east-west groundwater flow directions, probably impacting the
groundwater flows from the SAT. The Goulot lies directly on the dune aquifer with a bottom on which
a deposit of organic matter and fine sediments can accumulate. The clogging permeability of a
streambed can be highly variable, from 10° to 102 m.s* (Nguyen et al., 2017), depending on the
presence of fine sediments in the stream. The water level of the Goulot is around 4.7mASL and can
vary seasonally. The depth of the streambed varies between 30cm and 60cm, its width between 4.0
and 5.5m. The river is locally artificialized to pass under a part of the city (in its southern part) before
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being blocked on a part of the Golf by the dam limiting its discharge into the harbour. Further
upstream, intermittent and smaller streams supplied mainly by runoff from metamorphic rock areas
flow into the Goulot. No monitoring stations record stream flows. However, field observations indicate
a low flow of the Goulot (order of magnitude 500-5000 m®/day) and the streams are often dry
depending on weather conditions and groundwater levels.

See and harbour

The dynamics of the sea modify the piezometric levels and the salinity of the groundwater along the
coast. The piezometric levels are marked by the tidal cycles, in particular by monthly variations ("high
water" and "low water" cycles) on the piezometers AQ3-NP3, AQ4, AQ5 located closer to the sea and
the harbour and by daily variations of low amplitude (approximately 0.1 m) on the piezometer AQ5
(Figure 7). CI' analyses and electrical conductivity measurements attest to the salinity of the
groundwater and its spatial and temporal evolution. The main variations in salinity linked to the sea
are observed at piezometers AQ3-NP3 and AQ5. During high tidal coefficients, which occur most of
the time at equinoxes, the sea progressively fills the Blainville harbour, which borders basin #3 of the
SAT, where the AQ3-NP3 piezometer is located, by a few metres and can cause significant increases
in CI, particularly during equinoxes (Figure 7).

Cl analyses indicate maximum point concentrations of 11 180 mg/L in AQ3-NP3, and electrical
conductivities in AQ5 of 12 481+ 3 678 uS/cm on average. Given a Cl concentration of 19 000 mg/L
in the sea (Millero et al., 2008) and the characteristics of the groundwater at PZ1 with an average CI
concentration of 36 £ 46 mg/L and an average conductivity of 568 + 47 uS/cm, the proportion of
seawater in the groundwater can reach more than 50% at the edge of the sea and the harbour.
Analyses and measurements are carried out on the entire water column due to the presence of the
observation well screens that cover almost the entire thickness of the aquifer.
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Figure 7 Piezometric data on AQ5, AQ4 and AQ3-NP3 observation wells and CI- concentrations on AQ3-NP3
over the period from 01/01/2017 to 01/05/2018 and zoom on the period from 15/04/2017 to 15/05/2017

STWW infiltrated in the SAT

The STWW is discharged alternately into the different infiltration basins of the SAT (basin #1, basin
#2 and basin #3) according to a theoretical schedule conducted by the operator. The dates of
switching of STWW infiltration from one basin to another are not rigorously archived. Precise
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knowledge of the evolution of the volumes infiltrated in each basin from 2010 to 2021 is impossible to
know. Only the theoretical timetable and the information gathered from memory from the operator's
technicians can be used to reconstruct a chronicle of the probable distribution of volumes by infiltration
basin (Table 2). During the winter period, the infiltration basins are sometimes all loaded to avoid
overloading the hydraulic network and flooding the WWTP, without exact knowledge of the distribution
of volumes between the three infiltration basins. From January 2019, the rotation of STWW infiltration
into the basins is stopped for technical reasons. Since this date, with all valves open, the volume of
STWW is continuously infiltrated into the three basins without exact knowledge of the distribution of
volumes per basin. From June 2021, the rotation is restored according to the theoretical planning
initially defined. During the "winter" period from October to March, the average flow (inlet and outlet
of the WWTP) is 1 728 + 845 m3/d with maxima of up to 5 500 m3/d and minima of 379 m%/d, whereas
during the "summer" period from April to September, the average flow is lower, it is 1 235 + 299 m®/d
with maxima of 3 600 m®/d and minima of 174 m?®d. These variations are mainly explained by the
infiltration of parasitic clear water into the wastewater network, which is more significant during periods
of heavy rainfall and in winter. In the summer period (March to October), part of the STWW is
abstracted and stored for the irrigation of the nearby golf course (abstraction rate of approximately
500 m?/d).

Table 2 STWW volume distribution schedule for the three infiltration basins.

Time period Basin #1 Basin #2 Basin #3

from April to May 100% 0 0

from June to September | 0 0 100%

from October to March 0 100%* 0

*with the possibility of Opening the valves Opening the valves Opening the valves

December to February without knowledge of the ~ without knowledge of the ~ without knowledge of the
distribution distribution distribution

January 2019 to June Opening the valves Opening the valves Opening the valves

2021 without knowledge of the  without knowledge of the  without knowledge of the
distribution distribution distribution

CI'is more concentrated in the STWW (417 + 234 mg/L) than in the waters not/less affected by STWW
(PZ1, CI = 36 + 46 mg/L). The variations in CI- observed in the piezometers near the NP1, AQ1-NP2
and AQ2-FRE4 infiltration basins follow a seasonal dynamic, possibly linked to dilution by parasitic
clear water in the winter period. Cl is considered as a tracer of STWW in the areas not affected by
the sea. Nevertheless, only a few point analyses of CI- are available for STWW, only since 2016, not
allowing to capture the seasonal dynamics of CI concentrations in STWW. The chloride
concentrations are estimated from the BOD5 concentrations. The dilution variations of the STWW
are, however, visible in the BOD5 concentration measurements acquired continuously since 2010.
The BODS5 concentration reaches maximum average concentrations in summer (average in July 367
+ 77 mg/L) and minimum in winter (average in February 115 + 70 mg/L). BOD5 represents the input
of anthropogenic organic matter. Assuming that the variations in BOD5 concentration are mainly due
to the dilution of STWW water by parasitic clear water, the variations in BOD5 are (like CI") impacted
by the dilution occurring during the winter period; this is verified by a linear relationship between the
concentrations of Cl- and BOD5 measured (coefficient of determination of 0.65 on 9 concentrations
of CI' measured) The CI time series can therefore be reconstructed from the BOD5 concentration

chronicle (371 measurements between 2006 and 2021) by considering a factor of 0.61 between the

_ DBOS

BODS5 and CI' measurements available at the same dates (ClI™ = oo ). The CI concentration of

STWW is estimated to average 408 + 200 mg/L following the same seasonal variations as the
measured BOD5 measurements. (Figure 10).

Synthesis of the conceptual model

All the flows and exchanges on the groundwater of the SAT site at Agon-Coutainville are summarised
in Figure 8. The dune aquifer formed by homogeneous sands, 5m to 9m thick, contains a free
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groundwater table which flows mainly horizontally towards the west (gradient of the order of 10-3), the
thickness of the unsaturated zone is low with maxima of 1.5 m. The maximum storage capacity in the
unsaturated zone is about 0.495 to 0.990 Mm? over the total surface area of the aquifer. Recharge
and discharge of the groundwater vary according to the (1) seasonal inflow of natural recharge with
an average of 1864 m3/d of direct recharge and 1579 m3/d of indirect recharge with a concentration
considered negligible in CI, (2) exchanges with the sea which cause significant variations in
piezometric levels (e.g. AQ3-NP3, AQ4, AQ5) and saline intrusions (close to the Blainville harbour
and the coastline) through inflows of salty water with high CI- concentrations (19 000 mg/L), (3) STWW
inflows into the various infiltration basins with average flows of 1525 m%d and average CI-
concentrations of 408 mg/L, These inputs vary seasonally in quality and quantity depending on the
contribution of parasitic clear water (which increases in winter), (4) exchanges with the Goulot stream
by draining the groundwater or adding water to the aquifer.

There is considerable uncertainty about the capacity of the stream to exchange with the groundwater
body; the variations in altitude of the water level in the stream, the flow rates and the capacity for
exchanges with the groundwater body are not known. Exchanges with the sea are not quantified, as
they depend on the hydrodynamic conditions of the groundwater and the tidal conditions.
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Figure 8 Conceptual model of the Agon-Coutainville SAT. Water blance and CI- concentrations in the
hydrosystem.

e) Flow and solute transport equations

In this study, groundwater flow and solute transport are governed by the differential equations of flow
and non-reactive solute transport (for CI). These equations can be solved especially for
multidimensional spaces by numerical methods (finite elements, finite differences, finite volumes).

The law of conservation of mass, associated with Darcy's law, leads to the free sheet equation:

J0H

1
le(K grad(H)) +Q=—5; T

3

With K the hydraulic conductivity [L.T], H the hydraulic head [L], Q the external flow rate per unit
area [L.T], Az the vertical thickness of the layer [L], S; the free-sheet storage coefficient, equivalent
to porosity [-], and t the time [T]. The parameters K and S; affect the rate at which groundwater moves

through the aquifer, the volume of water stored, and the response of groundwater to stresses in the
aquifer system.
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The 3D solute mass conservation equation, in the absence of interaction between the solute and the
solid phase and biochemical transformation is written:

w = div(D 8, grad(C) — 4C) +q,_ 4)
With C the concentration in mobile water [M.L3], 6,,, the mobile water content [-], D the coefficient of
dispersion [L2.T"] with D the dispersion tensor comprising D, = a;|v| et D; = ay|v| with v the pore
water velocity defined by v = q/n. where n, is the effective porosity [L.T?], «; the longitudinal
dispersivity and ar the transverse dispersivity [L], q_= Injected mass flux per unit volume [M.L3.TY
and t the time [T], ¢ the Darcy velocity [L.T™]. The diffusion is assumed to be negligible compared to
convection and dispersion.

For solving the flow and transport equations, the MARTHE computational code (Table 3, Thiéry, 2021,
2020) was used. The differential equations of fluid flow and mass and energy transfer in three-
dimensional porous media are solved numerically in transient regime. The hydrodynamic calculation
is performed using a finite volume method (Finite Difference Integration). For the transient mass
transport, the TVD (Total Variation Diminishing) method with flow limiter is used to solve the system
of equations. Sub-time steps are automatically generated for the transport calculation by MARTHE to
respect the low current conditions and thus reduce the numerical dispersion.

The convergence of iterative calculations is controlled by several criteria, mainly the average and
maximum load and mass differences between two successive iterations (global on the whole model).
In practice, the state of convergence of a model is mainly evaluated by indicators concerning the
hydraulic and mass balance for the whole model. Hydroclimatic, hydrological and hydrogeological
processes are coupled to model flow and solute transport. The calculation of the direct natural
recharge on the dune aquifer aquifer is the result of the hydroclimatic calculation performed by the
GARDENIA reservoir calculation scheme coupled with the MARTHE aquifer flow model.

A RIVER module included in the MARTHE code allows the calculation of water table-river exchanges.

Concerning the water table-river exchanges, for a river resting on a free water table but whose bottom
is clogged by a low permeability mud layer, the exchanges between the river and the water table (Qg,,
[L3.T-1)) are calculated according to Darcy's law according to the water level in the river in relation to
the water table level and according to the permeability of the river bed K [L.T]:

(Hg — Hy)

<, =SURFg., " Kp-—— 5
QEch Ech R Epais ( )

With Hy, river level [L] and H), the water table level [L], SURFy,, the river exchange area [L?] and Epais
the thickness of the riverbed clogging [L].

The table-river exchange is calculated according to equation (5). The volumes exchanged from the
river to the aquifer are limited by the calculated in-stream flow (@, ..., Suppl. Mat.). The calculated

runoff and overflow volumes (of the water table relative to the ground level) are taken over by the
RIVER module and assigned to the river meshes.
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Table 3 Features and parameters used in the MARTHE calculation code

Features Parameters

Transient calculation Time step, number of time steps, boundary conditions,
initial conditions of water level H (t=0), concentration
C(t=0)

Square mesh Mesh sizes (x, y), number of active meshes, bedrock mesh

heights, number of layers

Hydrodynamic calculation Storage coefficient (SL), Hydraulic conductivity (K)
Transport Longitudinal or transverse dispersivity (a. and ar), effective
porosity n.

River coupling (Groundwater and | Hydraulic conductivity of the riverbed Kp, river level Hpg,
river exchanges calculation) river exchange area SURFg,, and thickness of the riverbed
clogging Epais

Hydroclimatic coupling (Recharge | GARDENIA; parameters of soil and unsaturated zone
and Runoff calculation) (Supplementary material 1)

The systems of differential equations are solved from the constraints applied to the modeled domain.
The definition of the initial conditions and the boundary conditions allow the numerical solution of
equations (1) and (2). The boundary conditions represent the rules of exchange of water and mass
flows between the modeled domain and the external environment. The initial conditions define the
initial state of the system before the calculation of the system of equations.

f) Numerical modeling: the local SAT system in its hydrodynamic aquifer context

Geometry

The modeled domain of the dune aquifer follows the extension in Figure 4. The distance between the
northern boundary (including Blainville Harbour) and the southern boundary of the model domain
(including the Goulot stream) is considered sufficient to reproduce the main regional flows occurring
in the SAT zone of influence. The aquifer top elevation corresponds to the topography derived from
the Digital Terrain Model (DTM). In the modelled area, the altitude varies between 3.6 mASL and 14.2
MASL. The bedrock elevation of the aquifer is derived from interpolation of lithological sections from
historical drilling on the site's piezometers. The thickness of the layer is between 14.4 m and 1.7 m
with a decrease in thickness from west to east until the limit of the aquifer and the aquifer and the
basement.

Discretisation in space and time

The domain is discretized into 22 192 square active meshes of 10 m by 10 m. Due to the small
thickness of the thickness of unsaturated zone, and considering the predominantly horizontal flows,
a 2D horizontal model has been horizontal model was selected, represented by a single layer.

A number of 310 river meshes allow for the modeling of the Goulot stream, the location of which is
defined according to the hydrographic network of BDTOPO. The width of the river sections is 2 m.
The bed elevation is set at 0.5 m below the local topographic elevation and the thickness of the
clogged river bottom is 0.2 m.
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In order to consider the temporal evolutions of the hydrogeological system, the model is built in
transient regime integrating at the same time the variations of piezometry, concentration and flow
related to (1) the tide, (2) the natural recharge, (3) the STWW infiltrated in the SAT. The daily time
step is chosen to reproduce the variations related to these different forcings. At the scale of the
modeled domain, the initial state of Cl- concentration being unknown and the solute transport process
being inertial, a preliminary simulation is carried out from 2010 to 2017 to define a steady state of the
groundwater concentrations from the different ClI- inputs coming from the recharge, the sea and the
infiltrated STWW. The period used for the calibration is from March 1, 2017 to December 31, 2021,
discretized in 4 350 daily time steps.

Boundary conditions

The boundary conditions considered in the numerical model concern the overflows, the tidal boundary
conditions (on the harbour and the western limit of the modelled domain, the boundary conditions
considered in the numerical model concern the overflows of the water table, the tidal boundary
conditions (on the harbour and at the western limit of the modelled area, Figure 9), direct natural
recharge on the dune aquifer and indirect natural recharge at the eastern limit of the at the eastern
boundary of the model domain from the basement catchments, the STWW discharged to the three
infiltration basins and the Goulot and Ganne streams (Figure 9).
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Figure 9 Boundary conditions applied to the numerical mesh hydrodynamic model MARTHE. The sea boundary
conditions concern the boundary conditions of the sea front, the boundary conditions in Blainville Harbour, the
direct natural recharge on the dune aquifer, the overflow on the modeled domain, the indirect recharge of the
the indirect recharge of the bedrock catchments, the STWW flows infiltrated in alternation on the three infiltration
basins, river boundary conditions.

In each of the meshes, the water table is considered to be free to overflow if the water table elevation
exceeds the topographic altitude.
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Direct natural recharge and runoff to the dune aquifer are calculated from the daily recorded rainfall
and recorded daily rainfall and PTE time series from 2010 to 2021 via the GARDENIA calculation
scheme. The calculation of direct natural recharge and associated low runoff is coupled to the coupled
to the MARTHE model and is applied in each grid cell of the modelled area.

Indirect natural recharge flows to the dune aquifer from the basement watersheds are imposed on the
aquifer meshes along the rim continuously and consistently at 1 500 m®/d total based on estimates
previously defined by the conceptual model. These fixed flows entering the edge meshes are
homogeneously distributed corresponding to a flow of 6.0 m®/d corresponding to a flow of 6.0 m3 /d
per mesh. The CI concentrations of these waters brought by natural recharge and runoff are fixed at
0.0 mg/L.

The water table-river exchanges are calculated from the water level fixed in each river mesh (Figure
9), which is chosen to be constant and equal to the topographic altitude of the model meshes. River
mesh (Figure 9), which is chosen to be constant and equal to the topographic altitude of the model
meshes (or dune aquifer roof elevation).

The time-varying hydraulic head boundary condition is fixed on the meshes located at the western
boundary of the model from north to south (Figure 9) which delineates the seafront.

These conditions are those representing the sea dynamics perceived in the water table and observed
at AQ5 located near the sea. The measurements available at AQ5 over a one-year period between
April 2017 and May 2018 and their piezometric dynamics are reconstructed over the modeling period
from 2010 to 2021 based on the diffusivity equation via the computational code CATHERINE (Thiéry,
2012, Supplementary Material 2 : CATHERINE and tidal level simulation) that relies on the diffusivity
equation and temporal sea level rise data reconstructed from the FES2014 harmonic component
database (Lyard et al., 2021, Supplementary material 2: CATHERINE and tidal level simulation).

The progression of the sea in Blainville Harbour is represented by imposed hydraulic heads boundary
conditions for some of the meshes comprising the harbour. The assignment of boundary conditions
varies at the meshes in space as a function of sea level (Figure 9). At each computational time step,
a hydraulic head corresponding to the maximum daily sea level is fixed on the aquifer meshes in the
harbour with a topographic elevation below that level. At the highest tide levels (6 to 7 mASL) 96% of
the harbour is considered as fixed hydraulic heads while a sea surface elevation below 3 mASL
implies 0% fixed hydraulic heads in the harbour.

These boundary conditions imply lateral water exchange in the dune aquifer in both directions. Water
entering the aquifer from these boundaries has a Cl- concentration set to that of the sea of 19 000
mg/L (Millero et al., 2008).

The daily STWW flows imposed on the model vary over time based on data acquired by the operator
(from 2010 to 2021) acquired by the operator (from 2010 to 2021) by subtracting summer withdrawals
from the water needs of the golf course. The daily flows are imposed in a homogeneous way to the
meshes of each basin. The daily flows are imposed in a homogeneous way on the meshes of each
pond impounded according to the theoretical schedule of alternation of pond supply (Figure 10) as
identified by the conceptual model. For the periods when the gates are open without precise
knowledge of the position of the discharges (Figure 10) from December to February (before January
2019), the distribution of STWW flows set is 16%, 34%, and 49% for basin #1, 2, 3 respectively. Over
the period after the alternation stops (January to June 2021), the flow distribution is set at 60%, 40%,
20% for basin no. 1, 2, 3 respectively. Outside of these periods, the meshes of the non fed basins are
subjected to the flows and transport of solute transport without STWW injection constraints.

The CI concentrations of STWW infiltrated in the basins are variable in time and the time series
imposed in the model is reconstructed (Figure 10) from the chronicles of BOD5/0.61 concentration.
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Figure 10 Time series of STWW infiltration flows in the different infiltration basins over the 2010 to 2021 and ClI-
concentration in the STWW reconstructed from the measured BOD5 concentrations.

Initial conditions

The initial conditions of hydraulic loads and CI- concentrations of the water table as of March 1, 2017
cannot be defined in all model grids, they are calculated with a seven-year of seven years, taking into
account the conditions of tides, flows of STWW and natural recharge since 2010 by the natural
recharge since 2010 by the model itself. It is ensured that the water table level and the CI
concentration simulated at the end of this period of equilibration of the model are of the same order
of magnitude as those order of magnitude as those measured at the piezometers.

Modeling calibration

The model is calibrated for the period 01/03/2017-31/12/2021 by error testing on a range of parameter
values that realistically represent the aquifer characteristics as identified by the conceptual model.
The adjustment of the hydrodynamic and transport parameters is done in such a way as to reproduce
the dynamics of the observed piezometric levels, and as much as possible, those of the CI
concentrations observed in the piezometers. The orders of magnitude of the stream flows are taken
from the literature in the absence of measurements.

The root mean square error (RMSE) is used as a calibration criterion, especially for piezometric levels.
RMSE is defined as:

RMSE = (6)
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With y, the observed value and ¥, the predicted value and n the number of observations. It therefore
has the same dimension, and unit, as the variable of interest. The fitted hydrodynamic parameters
are the hydraulic conductivity (K) and the free-sheet storage coefficient (S.), assigned to two main
zones that correspond to the outcrops of dune sands and eolian sands. Locally the permeability and
clogging thickness of the river (Ky, Epais) are adjusted.

The solute transport parameters in the aquifer, effective porosity, and dispersivity on (1) the actual
velocities of water in the aquifer and (2) the dispersion of the solute. Since the effective porosity
corresponds to the free storage coefficient S, these two values are equal. The longitudinal dispersivity
value alL varies with the scale of investigation and reflects the influence of variability in aquifer
heterogeneities. For sandy aquifers, aL values between 10 and 100 m are acceptable values at our
scale of investigation (Gelhar et al., 1992; Schulze-Makuch, 2005). The vertical dispersivity aL weaker
than aL (de Marsily, 1983), is set here at aL/10.

Modeling sensibilities and limits

The purpose of the model sensitivity analysis is to identify, on the basis of the calibrated model, the
main parameters affecting the simulation results and the relevance of the assumptions. The values of
the hydrodynamic and hydrodispersive parameters and certain boundary conditions (natural
recharge, sea, northeast and southeast exchanges) are (natural recharge, sea, groundwater-river
exchanges) individually modified within the ranges of values ranges of values identified by the
conceptual model in order to evaluate their impact on flow velocities flow velocities and simulated
water mixtures.

Different pairs of hydrodynamic and hydrodispersive parameters are tested. The sensitivity analyses
sensitivity analyses concern (1) hydraulic conductivity values of the aquifer tested in the possible
ranges of coarse sands from 2.0 102 m.s* to 2.0 10* m.s, (2) a homogeneous value of hydraulic
conductivity value tested over the entire aquifer, (3) porosity values and the free storage (3) porosity
values and free storage coefficient tested on the ranges of the bibliography for coarse sands 0.2 to
0.35, (4) a longitudinal dispersivity parameter tested here over a range of 10m to 100m.

For the direct natural recharge of the dune aquifer, the parameters of the GARDENIA model
parameters are modified to simulate the effect of a lower recharge of about 10%. For the indirect
natural recharge two simulations are tested: (1) the calculated chronic flows by the GARDENIA model
are integrated into the numerical model. The flows calculated by GARDENIA (1579 m®/d) are similar
to the average flow initially set at 1500 m3/d but vary with lower flows in summer and higher flows in
periods of high precipitation, (2) an imposed load corresponding to the minimum values of the levels
observed at PZ1 (4.5 m®/d) at PZ1 (4.5 mASL) is imposed at the limit of the dune aquifer.

In a simulation, only the tidal boundary conditions on the coastline west of the model are maintained
(according to the model are retained (according to the piezometric levels reconstructed at AQ5 and
the concentrations of 19000 mg/L) without considering a flooding of the harbour.

In view of the uncertainties on the characteristics of the Goulot stream (water level and geometry),
the characteristics of the Goulot geometry), the characteristics of the Goulot are modified according
to two conditions: (1) the water level is lowered by 0.4m with respect to the topographic altitude on
the downstream part of the stream (located between the infiltration basins and the between the
infiltration basins and the sea) and (2) the depth of the riverbed level is increased from 0.5 to 1.5 m
in depth.
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2.1.4. Results

g) Calibrated hydrodynamic and hydrodispersive parameters

The calibration of hydrodynamic and hydrodispersive parameters is performed over the period
03/01/2017-31/12/2021 for two geological zones, the recent dunes and the eolian sands (Figure 2).
In these two zones, the values of the free storage coefficients are respectively 20% and 10%, and the
respectively of 20% and 10%, and the values of hydraulic conductivity are respectively 2.0 102 m.s?
and 5.0 10° m.s. The dispersivity and groundwater-river exchange parameters are kept uniform over
the modelled area in the absence of field observations indicating possible heterogeneities (Table 4).

Table 4 Calibrated hydrodynamic and hydrodispersive parameters for the coastal dune aquifer hydrosystem
coastal dune aquifer (two zones corresponding to the outcropping geological layers of recent dunes and eolian
sands)

Parameters Recent dunes | Eolian sands
Storage coefficient S, 20% 10%
Effective porosity nc 20% 10%
Hydraulic conductivity K 2:10°m.s* | 5:10°m.s?
Hydraulic conductivity of the riverbed K, 1-:10%m.s?
thickness of the riverbed clogging Epais 0.2m
Longitudinal dispersivity a. and transverse dispersivity ar 10m,1m

Comparisons of observed and simulated mean hydraulic loads align with the 1:1 line indicating a
robust calibration of the hydrodynamic parameters, nevertheless with nuances highlighted by the root
mean square results (Figure 11). For example, the lowest RMSEs are calculated for piezometers PTC6
and AQ4 with 0.10 m, 0.12 m respectively. Higher RMSE of 0.17 m, 0.18 m, 0.29 m and 0.24 m
correspond to the respectively to the piezometers located near the infiltration basins AQ1-NP2, NP1
and AQ2- FRE4 and near the coast with AQ5. Finally, the maximum RMSE values are calculated at
0.31 m and 0.35 m at piezometers PZ1 and AQ3-NP3.

In addition, the modeled hydraulic heads reproduce the dynamics observed in the piezometric
chronicles of the annual high water and low water cycles (Figure 12). The tidal cycles from high tides
to low tides (14.8 days period) and their visible effects on the piezometric measurements are
reproduced at piezometers AQ4, AQ3-NP3 and AQ5.

Differences are identifiable punctually on the piezometers close to the infiltration basins (e.g. August-
October 2021 at NP1, PZ1) - related to the lack of information on the activated infiltration basins - or
continuously as at AQ3-NP3 where the impact of the cycles of high and low tides is overestimated by
the model.
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Figure 11 Plot of observed and simulated mean piezometric levels and associated calculated RMSE for the
different piezometers.

The quality of the calibration can also be appreciated from the CI- concentrations. Over the calibration
period, the simulated concentrations respect the orders of magnitude of the measurements (Figure
13). The concentration variations are globally well reproduced by the model with however a strong
overestimation of the simulated concentrations near the Blainville harbour (AQ3-NP3, differences in
average of 6700 mg/L), in connection with the condition at the sea limits in the harbour. Upstream,
near the eastern edge (PZ1), a slight overestimation of CI- concentrations is observed (average
differences of 66 mg/L), in connection with the indirect natural recharge boundary condition. At the
piezometers close to the infiltration basins, the differences between the observed and simulated
average concentrations vary between 12 mg/L (AQ1-NP2) and 146 mg/L (AQ2-FRE4) and punctually
the differences can reach 500 mg/L (overestimation or underestimation). The calculated river flow
varies from 8600 m?/d to 25000 m?/d at the outlet of the Goulot stream. The calculated flow is higher
than the expected flow (500-5000 m?/d).
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Figure 12 Time series of observed and simulated of piezometric levels over the period 2017 to 2021 at
piezometers AQ1-NP2, AQ2-FRE4, AQ3-NP3, AQ4, AQ5, NP1, PTC6 and PZ1.
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Figure 13 Time series of observed and simulated CI- concentrations (mg/L) over the period 2017 to 2021 in
groundwater at piezometers AQ2-FRE4, NP1, AQ1-NP2, AQ3-NP3 and PZ1.

h) Hydrodynamic balances

The hydrodynamic balances over the period of 2017 and 2021 indicate the water exchanges between
the influence zone of the SAT and its hydrodynamic environment. The area for the balance calculation
(Figure 14), with an area of 0.6 km? is delimited by the bedrock outcrops and the coastline, excluding
the Blainville Harbour to the north and the part of the Goulot upstream basin to the south.

The amounts of water entering the aquifer in the SAT zone of influence (Figure 14) are on average
(from 2017 to 2021) 42.0% of STWW (0.57 Mm?), to 29% of the water brought through groundwater-
river exchanges (0.39 Mm?), 29% of natural recharge water (14% of direct recharge of direct recharge
equivalent to 0.20 Mm? and 14% of indirect recharge equivalent to 0.18 Mm?®) and 23% from outside
the study area, mainly from the Blainville harbour (0.3 Mm? ). The different water inputs into the
aquifer, via rivers, STWW, natural recharge and sea (harbor and coastal areas) result in water
mixtures of variable chemical composition.
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On average, 54% of the groundwater outflow from the balance area is provided by fixed hydraulic
head boundaries at the sea (0.9 Mm®) and 45% by groundwater overflows (0.7 Mm3).

Natural recharge and STWW flows are lowest in the water year "2018-2019 with 0.28 Mm? and 0.37
Mm?3 compared to the "wet" water year 2020-2021 with 0.43 Mm? and 0.71 Mm? respectively. Given
the low storage capacity of the aquifer, these “dry” and “wet” years have the same impact on the
overflows and the volumes leaving the outlet towards the sea.
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Figure 14 Hydrodynamic balances by hydrogeologic year (e.g., 2017-2018: Oct. 1, 2017-Oct. 1, 2018) on direct
and indirect natural recharge, infiltrated STWW, overflows, fixed hydraulic heads at the western boundary of the
model (sea boundary conditions), aquifer-river exchanges, aquifer storage, and volumes from other zones
(balance area is shown on the right). Negative values indicate water outflow from the aquifer and positive values
indicate water inflow into the aquifer.

i) Calculated piezometric maps and main flow lines

The simulated piezometric maps for May 2019 and May 2021 (Figure 15) represent the so-called high-
water periods after poor winter recharge in 2018-2019 and heavy winter recharge in 2020-2021. The
hydraulic heads on May 1, 2019 and 2021 vary between a minimum of 2.96 mASL west of the model
and a maximum of 14.16 mASL east of the model. The main flow directions are NE-SW from the
infiltration basins to the sea (East/West direction) crossing obliquely the downstream part of the
Goulot stream and bending towards the sea perpendicular to the coastline. The flow directions at 3
different times (December, May, August) of the 2018-2019 and 2020-2021 years (Figure 15) show little
change over the course of a hydrogeological year, except between the northernmost seepage basin
(basin 3) and the Goulot stream where tidal conditions in the harbour play a significant role (e.g. May
2020, Figure 15).
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Figure 15 Calculated hydraulic loads on May 1, 2019 and May 1, 2021. The arrows represent groundwater flow
directions for 3 periods: December (black), May (purple), and August (orange).

]) Spatialized variations of flow velocities and proportions of STWW

The mean values with coefficients of variation (CV) of flow velocities and STWW proportions are
presented spatially for two extreme hydrogeological situations; in a low rainfall hydrogeological year
(2018-2019) and in a high rainfall hydrogeological year (2020-2021). The calculation of averages and
CVs is made from the real velocities calculated on two time steps per month (i.e. 24 time steps per
year) by the numerical model.

k) Variations according to the flow lines of the flow velocities and proportions of
STWW

The average velocities over the 2018-2019 and 2020-2021 hydrological years calculated by the model
are between 0 and 80 m/d over the entire modelled area (Figure 16). The calculated velocities are
located in a zone between the harbour and the coastline in a zone located upstream of the infiltration
basins at the eastern limit of the model (10-80 m/d). The velocities in the harbour area are biased by
the hydraulic head boundaries fixed in the harbour and on the coastline. As for the area upstream of
the infiltration basins, the velocities are biased by the contribution of indirect recharge, in a zone of
eolian sand of lower storage coefficient.

In the infiltration basins, the average velocities are 2 to 3 m/d and can reach maximum values of 3 to
5 m/d near basins #1 and #2. Between the infiltration basins and the sea, the average calculated
velocities are between 2 and 5 m/d for a hydrogeological year of high or low natural recharge. A
difference in velocity is calculated on both sides of the Goulot with higher velocities in the west (3 to
5 m/d) than in the east (2 to 3 m/d).

The CVs of the calculated average velocities, presented in Figure 16, are more important in the
infiltration basins (27 to 58% variation in mean velocity). The CVs are lower between the Goulot
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stream and the sea, reaching higher variations of the average velocity of 12 a 23%. In the harbour,
very important variations of average speeds are also calculated (variations of 58 to 27%) where the
results are biased by the tidal boundary conditions.

oct 2018 - oct 2019

oct 2020 - oct 2021

Figure 16 Average velocities and coefficients of variation CV calculated from the numerical model for two full
hydrological years: 2018-2019 and 2020-2021.

The results of average proportions of STWW in groundwater over hydrogeological years 2018-2019
and 2020-2021 (Figure 17) range from 0% to 99% STWW over the entire modeled domain. The
STWW plume extends from the infiltration basins to the coastline under the Goulot stream. The
proportion of STWW systematically very important: from 90% to 99% between the infiltration basins
n°l and 2 and the Goulot. Between the Goulot and the coast, the proportion of STWW is decreased,
reaching values around 40% to 80%. The plume of STWW coming from the infiltration basin n°3
extends southward with a proportion of 60% to 90%. The proportions of STWW are slightly modified
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over the year, with CVs reaching values of 0 to 10% between the infiltration basins and the Goulot
stream (Figure 17). In the flow line of infiltration basin #3, larger variations (CVs up to 20%) in STWW
are calculated by the model. The “dry” or “wet” situations of the 2018-2019 and 2020-2021
hydrogeological years do not generate significant differences in the proportions of STWW in the
groundwater except for the extension of the plume (90-99% STWW) which is slightly larger by about
100 meters to the south for the period of heavy winter recharge (Figure 17).

oct 2018 - oct 2019

Proportions STWW [-]

Bl o-0,2
0,2-04
04-0,6
0,6-0,8

1 0.8-0.9

B 0,9-0,99

AQ3-NP3
A

Concentrations CV [-]
0,1-0,2
02-04
0,4-0,8

os-1

oct 2020 - oct 2021

Bmo-0,2
0,2-04
0,4-0,6
0,6-0,8

N 08-09

B 0,9-0,99

Concentration CV [-]

mo-o,1
0,1-0,2
0,2-04
04-0,8

mos-1
1-54

Figure 17 STWW concentrations (from 0 to 1) over the SAT area of influence and coefficient of variation (CV)
calculated over two hydrogeological years: Oct 2018 - Oct 2019 and 2020 - Oct 2021.
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Variations in flow velocities and STWW proportions in groundwater are analyzed over four segments
(numbered #1 of 265 m, #2 of 325 m, #3 of 250 m, and #4 190 m, Figure 18) defined by the main flow
lines from (1) the infiltration basins to the Goulot stream, the area with the highest STWW proportions
(one line per basin), and (2) from the Goulot stream to the coast, an area with lower STWW
proportions. Variations are calculated over the 2017-2021 period on a bi-monthly basis for each
segment by averaging the simulated values across the segment's meshes.

Proportion STWW [-]

Blo-0.2
02-04
04-06
06-0,8

I 0,8-0,98

Figure 18 Selection of the main groundwater flow directions for the calculation of average velocities between
average velocities between infiltration basins 1, 2, and 3 and between the Goulot and the sea. The lengths of
flowlines are 265m for flowline #1, 325m for flowline #2, 250m for flowline #3 190m for flowline #4.

The average flow velocities calculated over all the meshes in segments #1, #2, #3, and #4 are 2.5
m/d, 2.7 m/d, 3.0 m/d, and 3.7 m/d, respectively (Figure 19). The highest velocities are calculated in
winter period in February, March, April (4.6 m/d, 4.7 m/d, 5.5 m/d and 6.7 m/d). They are minimal
during the summer periods in August, September and October (1.0 m/d, 1.3 m/d, 1.7 m/d and 0.9
m/d) indicating the seasonality of variations. The amplitude of the speed variations velocity is
exacerbated on the flow lines n°3 and n°4 near the limit of the model that the sea which induces other
variations of weaker amplitudes, 0.50 m/d approximately, caused by the approximately, caused by
the daily tidal cycles.
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Figure 19 Variations of the average flow velocities calculated by the model according to the main flow lines
identified at the departure of the different infiltration basins n°1, n°2, n°3 (Flowlines #1, #2, #3) and between the
Goulot river and the sea (Flowline #4).

The mean residence times calculated from the flow velocity results and the length of the segments of
lines #1, #2, #3, #4 (Table 5) are on average 107 d, 122 d, 82 d, 50 d respectively. In winter period,
the mean residence times are shorter with minimum values of 28 to 69 days with the lowest values
remaining on lines #3 and #4 near the sea. On the other hand, in summer period they are longer with
maximum values of 148 d to 282 d always with this distinction of proximity of the conditions to the sea
boundaries.

Table 5 Descriptive statistics of the average velocities calculated according to the main flow lines and associated
and associated residence times (L is the length of the segments of each line).

Name Flowline #1 Flowline #2 Flowline #3 Flowline #3
Length (m) 265 325 250 190
Velocity (m/d)

Mean 2.48 2.67 3.03 3.77
Min 0.94 1.28 1.69 0.92
Max 4.55 4.69 5.48 6.67
Residence time (d)

Mean 107 122 82 50

Min 58 69 46 28
Max 282 254 148 207

The cross-correlation function (CCF) applied to the time series of average flow velocities at each
flowline and the different natural and anthropogenic forcings identifies their correlations with
sometimes a time lag (k, equation (19)). The correlation coefficients, p (Table 6), show that velocities
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on flowlines #1 and #2 are primarily correlated with the volumes of STWW infiltrated into the basins
and with natural recharge (p > 60). For flow line #3, the velocity variations are weakly correlated (0.2
> p >0.33) with STWW infiltration, with natural recharge, and with tides on the coastline. Only flowline
#4 has average velocities correlated mostly with tides (p = -0.82).

Table 6 Correlation coefficient o of the CCF function between the time series of natural and anthropogenic
forcings natural and average flow velocities associated with the offset values (k) of the time series to obtain the
highest correlation coefficients.

Flowline#1 Flowline#2 Flowline#3 Flowline #4

Flow rate of infiltrated STWW 0.69 0.76 0.30 0.10
Direct natural recharge 0.63 0.68 0.25 0.13
Harbour boundary conditions 0.14 0.13 0.20 -0.13
Western coastal boundary conditions 0.14 0.08 0.33(k=14d) -0.82

The average proportions of STWW mixing in the aquifer calculated on flowlines #1 and #2 over the
period 2017 to 2021 are on average 86% and 91% and vary significantly when the alternating
discharge from one basin to the other is effective, prior to January 2019 (Figure 20). Prior to January
2019, the minimum and maximum values of proportions calculated for lines #1 and #2 are 45%-86%
and 75%-93%, respectively whereas thereafter, after the release alternation is stopped, the average
proportions of STWW on lines #1 and #2 reach a plateau of 86% and 97% and are only occasionally
lowered by 10%. On flow line #3, the proportions of STWW vary more strongly with an average of
77% and higher minimum and maximum values (24% reached in May 2017, 98% achieved by January
2019). Large variations in proportions persist (e.g. 50% in November 2019) after this date. The STWW
proportions for line #4 between the coast are relatively stable with an average of 60% regardless of
the infiltration basins used.
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Figure 20 Variations in STWW proportions along the main flow lines identified between infiltration basins 1, 2,
3 (Flowlines #1, #2, #3) and the Goulot stream or the sea (Flowline #4). The orange area represents the period
when the alternation of STWW discharges in the different infiltration basins is no longer assured.
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[) Sensitivity

The sensitivity analysis presents the comparison of flow velocity and STWW proportion results
between the calibrated model and different tests of boundary condition or hydrodynamic,
hydrodispersive parameters changes. The sensitivity analysis shows that changes in stream
boundary conditions (0.4 cm drop in water level and 1 m increase in stream bottom depth) and direct
natural recharge (10% direct recharge) do not significantly the average flow velocities (-2 to 5% ) and
average STWW proportions (-1 to +5%) in the aquifer calculated on flowlines #1, #2, and #3 (Table
7). Only the proportions of STWW on the flowline #4 are lowered by 18% by the increase of the depth
of the Goulot streambed. The simulations of changes in sea boundary conditions (Harbour not
considered) modify the velocities (decrease up to 20% mainly on the flowline #3 and flowline #4) and
modify the proportions of STWW (increase of 17% on the flowline #3 and decrease of 17% on the
flowline #1 and flowline #4). For the modifications of the indirect natural recharge, the taking into
account of the seasonalities of the inputs modifies slightly the speeds in the flowlines #1,#2,#3 and
#4 (-2 to +8%) and the proportions of STWW in the flowlines #1,#2 an #3 (-4% to +8%) but more
strongly in the flowline #4 (-19%). The modification of the indirect natural recharge by selecting a
constant fixed hydraulic heads modifies more strongly the speeds (-10 to +29%) and the proportions
of STWW (-30 to +12%).

Changes in hydrodynamic parameters strongly modify the velocities. The general decrease of the
hydraulic conductivity in the dune aquifer from 2.0 10° m.s to 2.0 10* m.s? induces a decrease of
85% compared to the velocities of the calibrated model. The assumption of a hydraulic conductivity
considered homogeneous on the whole domain at 2.0 10 m.s? (initially calibrated at 5 10° m.s™ for
the eolian sands), induces an increase of the velocities mainly for the flowline #1 of 45% and for the
flowline #2 of 26%. Few differences are observed for the flowline #3 and flowline #4.

The choice of a porosity of 20% for the whole domain (initially of 10% for the eolian sands), modifies
very little the velocities and the proportions of STWW. Nevertheless, for a porosity of 35%, the
calculated velocities undergo a decrease from 42% to 41% for the four flowlines. The longitudinal
dispersivity parameter, alL - increased to 100 m (calibrated to 10 m) - decreases the proportion of
STWW in the aquifer by 18%, 16%, 35% and 2% depending on the respective flowlines #1, #2, #3
and # 4.
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Table 7 Average flow rates and average proportions of STWW in the aquifer from 2017 to 2021 for the baseline
model and other models with different parameters for the main flowlines from the different infiltration basins 1,
2, 3 to the Goulot stream (Flowlines #1, #2, #3) and from the Goulot stream to the coastline (Flowline #4).
Differences from the reference model results are indicated in percentage via the color scale (from +100% in
blue to -100% in red).

Groundwater velocities (m/d) STWW proportions (-)
Simulations | Flowline #1 | Flowline #2 | Flowline #3 | Flowline #4 | Flowline #1 | Flowline #2 | Flowline #3 | Flowline #4

Base model 2.48+0.97 2.67+0.91 3.03+0.93 3.77+127| 0.86+0.14 0.91%0.07 0.77+0.15  0.6%0.05

River 1 ; decreased

water level 2.49 £0.98 2.71+£0.93 3.07 £0.90 3.67£1.27 0.85+0.15 0.91 +£0.07 0.76 £0.16 0.63 £0.05
River 2 ; increased
depth 2.45+0.97 2.58 £ 0.90 3+0.95 3.95+1.26 0.88+0.12 0.91+£0.06 0.78 £0.15 0.49 £ 0.06
Natural recharge 1
-10% recharge 2.48 £ 0.98 2.67+£0.91 3.01+0.91 3.75+1.26 0.87+0.14 0.91 £0.06 0.78 £0.15 0.61 £0.05
Sea ; no harbour
limit conditions 2.41+1.00 2.48 £1.04 241+1.01 3.2+1.34 0.72 £0.26 0.89 £0.07 0.9+0.04 0.5+0.15

East recharge 1;
Seasonal effects 2.52+£0.96 2.66 £ 0.89 3.06 +0.91 3.45+1.32 0.93+0.05 0.9 £0.07 0.74+0.17 0.49+0.12
East recharge 2 ;

fixed head 3.21+0.97 2.98 £0.91 2.52+0.93 3.37+1.27 0.97 £0.14 0.88 +0.07 0.76 £0.15

0.42 +0.05

K from 2-103 to
2:10%m.st 0.49£0.14 0.54 £0.05 0.67 +0.06
Homogeneous K
2.103m.s? 3.6+1.35 3.37+0.87 2.96 +£0.75 3.56 £1.98 0.81+0.17 0.72+0.17 0.55+0.2 0.45+0.14
Sy, porosity 1
0.2 2.48 +0.97 2.67 £0.90 3.04+0.91 3.77+1.27 0.86+0.14 0.9 £0.07 0.76 £0.16 0.6 £0.05
S\, porosity 2
0.35 1.43+0.54 1.54+0.5 1.76 £0.5 2.22+0.77 0.94 +0.08 0.91+0.04 0.8+0.15 0.55 +0.05
aL
100m 2.48 +0.97 2.67£0.91 3.03+0.93 3.77+1.27 0.71+0.12 0.76 £ 0.05 0.5+0.15 0.48 £+ 0.06

Differences/base
(%) +50 +25 0 -25 -50

2.1.5. DISCUSSION

The numerical model of flow and transport allows to calculate, in time and in any point of the aquifer
of Agon-Coutainville of the flow velocities and the proportion of STWW in the groundwater but
especially the trajectories followed by the STWW infiltrated through the three basins. This information,
not known until now, is a key parameter to interpret the reactivity of TrOCs measured in the field. For
this purpose, the developed model is based on a perception of the major flow and mixing processes
integrating the dynamics of natural and anthropogenic forcings and on an acceptable calibration of
the parameters with regard to the knowledge available. An iterative approach of new measurements
on the field and the continuation of modeling efforts would improve the understanding of the coastal
hydrosystem of Agon-Coutainville.

The identified limitations of the model are related to two modeling assumptions: (1) that of a
homogeneous aquifer that does not take into account a probable stratification or diversity of facies
within the porous medium and (2) that of flows without density effects that exist in these coastal
environments (Bear et al., 1999). In the transition zone (freshwater-saltwater interface), fluid density
varies in time and space as a function of temperature and salt concentration. As a result, variable
density flow modeling is often performed to represent salt intrusion mechanisms (Dibaj et al., 2020;
Simmons et al., 2001). These works show, possible effects are possible on the simulated flow
velocities such as (1) decreases in groundwater flow velocities in the transition zone by increasing
salinity concentration (2) increased STWW plume velocity by freshwater/saltwater stratification that
would limit the aquifer thickness in which freshwater flows occur. Concerning the proportion of STWW,
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effects are also possible due to the modification of the progression of the STWW plume, which
extends on a superficial part of the aquifer, less prone to dilution with sea water. These effects are
nevertheless assumed to be negligible in the areas where the salt water wedge is not observed, close
to the infiltration basins #1 and #2. In the areas closer to the coast and the harbour (basin #3),
additional investigations, in particular by electrical conductivity profile measurements, or geophysical
methods (e.g. electromagnetic induction tools, Vandenbohede et al., 2008) can be used to
characterize the salt wedge and its extent at the Agon-Coutainville site.

The sensitivity analysis shows that the results of flow velocities and proportions of STWW presented
are sensitive to permeability and porosity parameters and to the choices of conceptualization of
indirect recharge. Additional in-situ measurements (e.g. pumping test) and (e.g. pumping test) and
porosity (e.g. tracer test) can validate the choice of parameters for the calibration of the hydrodynamic
model. Additional measurements to identify runoff to the east of the aquifer (e.g. flow measurements
on upstream streams, use of isotope tracers) upstream, use of water isotope tracers) are also
suggested.

m) Interaction between SAT and surrounding natural and anthropic dynamics

At the aquifer scale, STWW infiltrated in basins #1, 2, 3 flow toward the coast, its outlet, intersected
perpendicularly by the hydrographic network. According to an interannual time scale over two distinct
years of recharge conditions (over the hydrological years 2017-2018 and 2020-2021), the results
show (1) the maintenance of a high proportion of STWW (60 to 99%) located between the infiltration
basins and the stream and (2) velocities that vary between 2 and 5 m/d on an annual average between
the infiltration basins and the stream.

Nevertheless, on an intra-annual time scale the calculations show that the SAT is subject to strong
seasonal modifications of velocities and dilutions of STWW. Punctually, the velocities (along the main
flowlines) vary between 0.9 and 5.5 m/d from the infiltration basins to the coast (equivalent residence
time of 74 d and 489 d) and episodes of plume dilution may occur depending on the dynamic influence
of natural and anthropogenic forcing. Particular dynamics are observed according to the spatial
contribution of the different forcings from infiltration basins #1 and #2 (further from the harbour) to the
stream, from infiltration basin #3 to the coast, then from the stream to the coast.

From the infiltration basins #1 and #2 to the stream, the flow velocities are modified by an important
intra-annual seasonal dynamics. The general increase of piezometric levels linked to the volumes of
water brought by the natural winter recharge and accentuated by the high infiltrated volumes of
STWW (correlated to precipitation) doubles the flow velocities in the winter period compared to the
summer period (4.7 m/d in winter to 2.6 m/d in summer). In this area with high proportions of STWW
on average (>90%), the mean residence times of infiltrated STWW vary from 58 days in winter to 282
days in summer, without any influence of the natural recharge on the dilution as long as the supply of
the basins is continuous (no alternation). When the basins are fed alternately, the natural recharge
leads to a significant dilution of the STWW plume in the winter period up to 50% in basin #1 and 25%
in basind #2. Even if the hypothesis of a correlation between BOD5 measurements and CI
concentrations to reconstruct the seasonal variations of CI- concentrations in STWW is based on only
9 measurements, we can have high confidence in the confidence in the velocities and proportions of
STWW calculated from these flow directions, taking into account the quality of the calibration obtained
at the observation points near the infiltration basins, both for the hydraulic heads and the CI
concentrations.

Between infiltration basin #3 and the sea along the Blainville Harbour, the proportions of STWW in
the groundwater are of the same order of magnitude on average (77%) as those infiltration basins #1
and #2 with higher and more variable flow velocities. The variations in flow velocity (and mean
residence time between 46 to 148 days) between basin #3 and the stream are caused by all factors:
the sea, STWW and meteorology. The cyclicities of flow velocities are both seasonal (1.7 m/d
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minimum in summer to 5 m/d maximum in winter) and also monthly (of lesser amplitude) linked to the
tidal cycles and spring tides. Occasional episodes of dilution of STWW plumes can up to 24%. These
one-off events, particularly during the autumn equinoxes, are the result of the combination of (1)
factors related to intense marine dynamics, in particular by (2) lower volumes of supply to basin #3
due to operational conditions (low supply of STW) and (3) higher groundwater levels during the winter
recharge period. These important variations on both flow velocities and proportions of STWW, show
that this area is strongly influenced by the sea. The piezometric calibration is well represented by the
model on the basis of the assumptions made even if it could be improved. It is certain that the
dynamics of harbour flooding is a major process that has a significant effect on the SAT during the
equinox period. There are uncertainties related to some flow processes not taken into account (1)
within surface meanders of the harbour and their interactions with underlying groundwater (2)
meteorological effects on sea levels (3) effects related to changes in water density.

Between the stream and the sea, an increase in average flow velocities is calculated caused by the
contribution of the stream and the exchanges with the groundwater that is identified by the calculation
of the hydrodynamic balance (0.39 Mm?®/year of water exchanged from the river to the groundwater).
Between the stream and the sea, the mean residence time varies from 28 to 207 days, very sensitive
to seasonal dynamics, and to a lesser extent to sea dynamics (spring water); this brings to a mean
residence time between 74 days and 489 days between the basins of infiltration and the coast. The
stream smoothes the calculated STWW proportions, on average lower (60%), caused by the stream
input. There are uncertainties in the calculation of dilution and flow velocities due to a less-than-robust
estimate of water-river exchanges induced by the partial characterization of the stream. Even if the
sensitivity analysis (stream geometry) confirms that the stream still induces an increase in velocity
and high dilution in this area, it is not excluded that the flows can be reversed by considering a finer
description of the dynamics of the stream then constraining the volumes exchanged with the
groundwater. Additional investigations of flows, water levels, streambed geometry could be
considered to verify this exchange dynamics, and finally, the role of the stream on the dynamics of
the SAT as a new forcing element.

n) Effects of SAT variations on the fate of TrOCs at the scale of the hydrosystem

The most important mitigation mechanisms for TrOCs in SAT systems are degradation and sorption
(Amy and Drewes, 2007; Maeng et al., 2011; Sharma and Kennedy, 2017). Sorption involves physical
interactions that bind or slow down compounds in soil matrix materials (minerals, soil organic matter,
dissolved organic matter...), which influences the mobility of TrOCs in the soil and aquifer.

The degradation of TrOCs involves microorganisms (such as bacteria and/or fungi) which assimilate
them, and fungi) which assimilate them, via enzymes for the maintenance of the biomass. In general,
under physico-chemical conditions favorable to degradation, TrOCs are more degraded when the
residence time is higher. Nevertheless, some persistent compounds are not degraded even for long
residence times (Amy and Drewes, 2007; Drewes et al., 2003). Degradation of persistent compounds
may be zero, but under certain conditions their degradation can be enhanced. For example, the
degradation of carbamazepine, identified as persistent, can be enhanced under specific conditions
(redox conditions, availability of organic matter, Regnery et al., 2015). For compounds with low
refractoriness, biodegradable (e.g., half-life of 1-10 days), there is little chance of finding these
compounds at the outfall due to the high water residence times in the SAT. For compounds that are
refractory compounds (e.g. 50 days), the residence time of 74 days and 489 days between the the
infiltration basins and the coast calculated for the Agon-Coutainville SAT scheme would favour a
decrease in their concentration of more than 50% amplified (by 40%) in the downstream parts of the
aquifer by the dilution provided by the waters of the Goulot stream (implying that the stream water
does not contain TrOCs) and/or by the water from the sea (saline intrusion and harbour flooding). For
products of transformation products, this means residence time, associated with conditions allowing
the degradation of molecules, would then conversely lead to an increase in their concentration
(Muntau et al., 2017).
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A quantification of the reactivity of TrOCs in the SAT of Agon-Coutainville has already been performed
at the site by Guillemoto et al. (2022), at the scale of an infiltration basin and at the laboratory scale
by Crampon et al. (2021). In our work, the modelling results show that this reactivity modeling results
can be modified in time and space due to modifications of groundwater flow velocity and dilution.

Between the infiltration basins #1 and #2 and the Goulot stream, a variability of the reactivity of the
SAT is expected due to the alternation of the infiltration basins and seasonal variations, and their
effects on key factors that influence TrOC degradation (Regnery et al., 2017).

Microbial activity in SAT environments receiving STWW is highly related to the availability of dissolved
biodegradable organic matter (DBOM) used as co-substrate to the metabolic transformations of
TrOCs (Alidina et al., 2014; Hoppe-Jones et al., 2012; Rauch-Williams et al., 2009). Hoppe-Jones et
al. (2012) and Rauch-Williams et al. also show that microbial adaptation to low BDOC conditions can
strongly increase biodegradation of TrOCs. Alternating recharge of infiltration basins and dilution of
groundwater can stimulate microbial diversity by decreasing available BDOC and therefore possibly
the transformation of TrOCs.

The redox state of groundwater is also a key parameter that controls the degradation of TrOCs
(Regnery et al., 2017). The degradation of many molecules is sensitive to the redox state of the
system (Burke et al., 2014; Greskowiak et al., 2017). Often, zones of different redox conditions (oxic-
penoxic-suboxic-anoxic zones, Burke et al.,, 2014; Henzler et al, 2016) are established in SAT
systems, due to the high input of organic matter to the surface of the infiltration basins and the
equilibrium with the atmosphere, which induces a lower availability oxygen availability along the flow.
Stopping the alternation of infiltration between the basins would modify the redox zones installed
along the flows in the system, and therefore possible degradation of redox-sensitive compounds.
Seasonal variations strongly modify the dynamics of the SAT. From a reactive point of view seasonal
temperature variations can strongly influence the degradation of TrOCs by the decrease of the
microbial activity and the dynamics of the development of the various redox in the soil and aquifer
(Greskowiak et al., 2006; Henzler et al., 2016). In the winter period, microbial activity can be reduced
by decreases in temperature (Greskowiak et al., 2006). Over this same period, calculated mean
residence times are shorter which contributes to a decrease in the overall reactive efficiency of the
SAT. Nevertheless, the TrOCs concentrations in STWW are lower in winter (dilution by clear parasitic
water) which reduces the impact of the reduced reactivity of the system. The temperature increase in
summer, coupled with a higher input of biodegradable organic matter in the STWW creates conditions
more favorable to the degradation of TrOCs (Massmann et al., 2006). These conditions, combined
with increased summer mean residence time, would increase the overall efficiency of the SAT over
this period compensating for the higher TrOCs concentration in STWW.

A change in the capacity of the aquifer is also considered. Indeed, the sorption of many TrOCs is
related to the proportion of organic matter (Chefetz et al., 2008), to the hydrophobicity of the molecules
(Chefetz et al., 2008; Schaffer et al., 2015) and the characteristics of the organic matter (Amy and
Drewes, 2007; Huang et al., 2003; Laws et al., 2011; Maoz and Chefetz, 2010). The set of variations
that concern organic matter; variation in dissolved organic matter, proportion of organic matter can
therefore modify the mobility of TrOCs in the aquifer.

Close to the harbour (basin #3) and the sea, the plume of infiltrated STWW is subject to intrusions of
marine water that could influence the reactivity of the TrOCs. There is little information on degradation
of TrOCs in marine or estuarine environments. Benotti and Brownawell, 2009, for example, show that
degradation rates in marine surface waters are lower than in freshwater. However, in groundwater,
few studies have been able to verify the impact of the coastal environment on the reactivity of TrOCs.
When seawater moves into a coastal aquifer, the modification of the chemical gradient can strongly
modify the microbial activity and thus the degradation of TrOCs, as well as their mobility.

During the pathway, the molecules will encounter areas more conducive to degradation especially in
the soil and aquifer, which also evolve according to the temperature, microbiological activity and the
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contribution of organic matter. On the Agon-Coutainville study site or any other SAT site, a higher
reactivity of TrOCs is expected near of the basins (Stuyfzand, 2011) even if the transformation of
more refractory molecules can continue after higher travel times, (Hoppe-Jones et al., 2012).
Estimates of degradation are not easily extrapolated to an entire watershed or transposable to another
site. At the scale of a SAT, spatialization and dynamics of reactivity of the TrOCs in perpetual feedback
with that of the flows should be taken into account to hope to predict more precisely the degradation
of TrOCs in such systems. The empirical formalisms established in the current literature on their
degradation and sorption allow to bring a first characterization of the reactivity but are not necessarily
adapted to this scale of study (Henzler et al., 2014; Sanz-Prat et al., 2020).

Spatially, the mobility of TrOCs is also influenced by organic matter content, higher at the beginning
of infiltration, resulting in higher sorption to the first soil horizons (Chefetz et al., 2008). Along the
runoff, in areas with lower organic matter the mobility of TrOCs may be increased, unless the presence
of minerals (e.g. oxy-hydroxides, clays) in the aquifer can decrease the mobility of charged TrOCs
(Schaffer and Licha, 2015).

2.1.6. CONCLUSION AND PRESPECTIVES

The numerical model developed addresses the need to assess flow velocities and STWW proportions
from the infiltration basins to the aquifer outlet at the scale of the Agon-Coutainville coastal SAT site,
information that was previously only available on an ad hoc and local infiltration basin (Guillemoto et
al., 2022). Flow velocities and STWW proportions in the aquifer are quantified over time at any point
in the aquifer.

The results show strong dynamics in the functioning of the SAT, including large variations in STWW
mean residence time between infiltration basins to outfalls (~70 days and 500 days), mainly related
to STWW discharge conditions and meteorological conditions. The dilution rates of STWWs vary
depending on the operational (infiltration basins feeding) and according to the proximity of the coast
(dilution by the saltwater dilution), the area near the harbour of Blainville and the Goulot stream (river
dilution). The strong dynamics of the SAT could modifies the reactivity of the TrOCs during the
passage in the SAT and put in perspective the quantifications of the reactivity of the TrOCs obtained
by a local scale study based on the coefficients of the local scale study based on first order
degradation coefficients (1) and delay coefficients (R) at the Agon-Coutainville site, which can evolve
at the hydrosystem scale and the annual scale.

Seasonality of STWW concentration variations, mean residence times, temperatures, could modify
the reactivity of the SAT as a function of time. The conditions of reactivity of SAT in winter are less
favorable to the degradation of TrOCs: shorter mean residence times, lower temperature.
Nevertheless, the lower TrOC concentrations in STWW in winter compensate for this reduced
reactivity and would still allow to reach low concentrations at the outlet of the aquifer. In summer, the
SAT can respond to the higher TrOC concentrations in STWW, the reactivity of SAT is assumed to
be higher with longer mean residence times, allowing to reach lower concentrations of TrOCs at the
aquifer outlet.

Spatially, different dynamics identified allow to anticipate the modifications of reactivity in the SAT. In
the area with higher stakes (STWW plume in groundwater), changes in redox conditions, organic
matter availability, etc. can improve the purification capacity of the SAT with respect to TrOCs. Near
the harbour, the reactive conditions are still very uncertain due to the uncertainties related to the flow
and transport modeling (density effects, salt wedge position) and due to the saltwater intrusions that
can have significant effects on SAT efficiency.

Additional measurements of TrOCs, with model support, may allow interpretation of effective SAT
reactivity, depending on varying flow conditions and dynamic factors that influence the reactivity
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(redox conditions, organic matter availability temperature...) and thus deepen the knowledge about
the key conditions that influence the degradation of TrOCs at the scale of an operational SAT site.

Finally, the developed hydrodynamic numerical model can be used to optimize the positions of STWW
in the different infiltration basins, in order to optimise the mean residence time and thus the
degradation of the organic trace molecules according to the conditions of tides, discharges,
meteorological conditions at the Agon-Coutainville site. STWW infiltration scenarios on the different
basins can be considered in order to obtain optimal conditions (residence time, dilution) so that the
SAT can meet the challenges of TrOC concentrations at the aquifer outlet in order to protect coastal
area.
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2.1.7. SUPPLEMENTARY MATERIAL

0) SUPPLEMENTARY MATERIAL 1: GARDENIA CALCULATION CODE

The Rain—Evapotranspiration hydro-climatic balance and then the natural recharge is calculated
from a global hydrological watershed model GARDENIA (Thiéry, 2009, 2010, 2014-2021, 2015)
which simulates, through a succession of reservoirs (Erreur ! Source du renvoi introuvable.),
the main mechanisms of the hydro-climatic balance in a watershed. The results of this balance are
identical in all cells of the domain belonging to the same meteorological data and the same “soil”
parameters. Transfers from one reservoir to another are governed by physical laws controlled by
their parameters (soil retention capacity, transfer times, overflow thresholds, etc.) evaluated by
adjustment on a series of observations (water flows in a stream, piezometric levels).

The standard GARDENIA code calls upon three reservoirs:
o A "soil" compartment: the "superficial" U reservoir submitted to evapotranspiration,
o An intermediate compartment (or Unsaturated Zone): the H reservoir (H as Hypodermic) that
produces runoff,
o An underground compartment: The G reservoir, corresponding to groundwater.

When the GARDENIA module is coupled to an aquifer system, there is no underground compartment
in GARDENIA as this compartment is replaced by MARTHE’s aquifer cells.

The superficial reservoir (U) represents the first decimetres of soil subject to vegetation action and
evaporation. The capacity of U is the reserve available for evapotranspiration. The soil reservoir is
fed by rain (and snowmelt in winter). It is subject to PET (Potential Evapo-Transpiration) and allows
calculating the actual evapotranspiration AET and the "Net Rainfall". This "progressive soil
reservoir" is based on quadratic laws in terms of the saturation rate of the reservoir.

Satur = Filling of the reservoir / Capacity of the reservoir:
o If rainfall exceeds PET:
Net Rainfall = (rainfall - PET) x Satur?
o If PET exceeds rainfall:
AET = (PET - rainfall) x Satur x (2 - Satur).

65



The Reservoir H represents the unsaturated zone. The water height it contains at a given moment is
noted H. It is fed by “Net Rainfall” water coming from the near-surface reservoir, and it is emptied by
two components:

o Percolation towards groundwater following a linear law (exponential draining) of a temporal
constant THG (with dt = duration of time step):

ALIMG = H.dt
" THG

o Runoff QH, following a non-linear law controlled by the RUIPER parameter; this parameter
(RUIPER for "Runoff-PERcolation") is the water height in reservoir H, for which the percolation
ALIMG is equal to runoff QH:

B H.dt
~ THG.RUIPER/H

Runoff QH predominates when reservoir H has a high filling ratio. However, the percolation ALIMG
predominates when the reservoir H has a low filling ratio. The ratio QH / ALIMG is equal to the
H / RUIPER ratio. The functioning of reservoir H thus resembles that of a progressive overflow sill at
an average RUIPER height, but with a more realistic representation of the flow, in two components
that are not mutually exclusive.

QH

Reservoir H only serves for transferring water. It determines the distribution of net rainfall, coming
from the near-surface reservoir, into runoff and recharge.

Rain Evapotranspiration
Snow (PET)

vt

Soil tank
—_—
[
Effective rainfall
Effective rainfall
Intermediate
tank
Fast flow -« H
QH ]

Percolation (Recharge)
ALIMG

,

Percolation (Recharge)

J l l_ Aquifer level

Groundwater
tank
Slow flow «— G1

Figure A-2-21 : Complete GARDENIA hydro-climatic balance scheme (Thiéry, 2014)

The G1 groundwater reservoir produces the slow flow. It generally represents the aquifer. The level
of water it contains at any given time is noted as G1. It is supplied with recharge by the intermediate
reservoir H. It is emptied at a basin outlet in the form of a slow flow QG1, following an exponential
emptying law of time constant TG1 :
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Table A-1: Gardenia parameters applied in the calculation of natural recharge in Agon-Coutainville

Recharge area Capacity (reservoir U) RUIPER parameter (Reservoir H) | THG parameter (Reservoir H)

Indirect recharge 600 mm 2 mm 3 months
from the Estern watershed

Direct recharge 196 mm 9995 mm 3.8 days
on the sand dune aquifer

p) SUPPLEMENTARY MATERIAL 2: CATHERINE AND TIDAL LEVEL SIMULATION

The Catherine software (Thiéry, 2012) allows the calculation of piezometric level variations at a point
of a groundwater table whose diffusivity is known and which is bordered by a boundary (river, lake,
sea) whose temporal variations in water level are known. The variations in recorded levels and tides
allow the parameter Di = T/S to be optimised, with T the transmissivity and S the storage coefficient,
so that the tidal signal at the limits of the model allows a modelled time series to be obtained via the
diffusivity of the aquifer. The optimisation is done by dichotomy method. The correlation coefficient
between modelled and observed is calculated by the square root of the Nash coefficient (Nash and
Sutcliffe, 1970).

As the Agon-Coutainville site does not have a tide gauge in place, the coastal water level data for this
site are reconstructed, following a method already used at the Gavres site in the Morbihan (ldier et
al., 2020). This method is based on the joint use of the FES2014 tidal component database (Lyard et
al., 2021), which has a global coverage with a spatial resolution of 1/16°, and altimetry reference data
(RAM, 2020).

The FES2014 database was used to reconstruct and predict the tidal signal (relative to the mean
level) at about 3 km from the Agon-Coutainville site over the period 2010-2021, at a time step of 10
minutes. The water levels thus obtained include only the tide, without taking into account either the
effects of rises or the effects of waves. In order for these data to be positioned in the same vertical
datum (mASL) as the piezometric and topographic data, they are then converted into altitude (mASL)
in relation to the French IGN69 datum from the Maritime Altimeter References (RAM, 2020) at the
Granville tide gauge (located approximately 25 km to the south), the closest tide gauge where the
average level information in relation to the IGN69 datum is available.

The correlation coefficient (square root of the Nash coefficient) with the observed piezometric levels
obtained is 0.85 with a diffusivity parameter calibrated at 1.5 102 m2.s%. The diffusivity parameter is
higher than expected (3.0 10 m?/s) with the hydrodynamic parameters of the dune aquifer with a
conductivity of 10° m.s?, an aquifer thickness of 10 m and a porosity of 0.3.

2.2. SYSTEM MONITORING DEVICE (SMD) AND THE ENVIRONMENTAL
MONITORING INTERFACE (EMI) (IMAGEAU)

2.2.1. Technical Description

SMD (Subsurface Monitoring Device) is an automatic geophysical tool installed in a piezometer used
to constantly record water’s electrical conductivity along the aquifer’s vertical axis. It provides a real-
time picture of the position and evolution of the saltwater intrusion. In costal environments, the
saltwater intrusion can penetrate several kilometers inland after a drop in the piezometric level caused
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by excessive pumping and/or droughts. If uncontrolled, this phenomenon can compromise the
region’s drinking water supply and economic activity.

The SMD includes a cable loaded with electrodes which is deployed in a borehole and provides a
profile of the resistivity of the rock formation around the borehole. A surface data acquisition box
injects a known current between electrodes and measures the induced potential difference between
two other electrodes (Figure 1). Bulk resistivity is obtained using Ohm’s law, corrected by a geometric
factor. This process is repeated from the top to the bottom of the electrode cable, allowing the
measurement of bulk resistivity profiles. Bulk resistivity, which is affected by the water salinity, porosity
and rock type, is converted into EC of the liquid, using the Waxman—-Smits equation. This conversion
considers the formation factor (F), and the surface conductivity term (Cs), which are determined using
a reduced set of logging measurements (gamma ray, resistivity and sonic for porosity).
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Figure 1: the SMD principle: (1) Current (i) between two electrodes (A and B) measure the induced potential difference between two
other electrodes (M and N). According to Ohm’s law corrected by a geometric factor, bulk resistivity (R) is thus obtained (U =R
(formation, pore) * (i)/k. U is the tension (Volt) and K the formation factor (2) This process is repeated from the top of the electrodes
cable to its bottom allowing the measurement of bulk resistivity profiles. (3) According to the Waxman—-Smits equation, bulk
resistivity is converted in to ECw20. This conversion needs to know the formation factor (F), and the surface conductivity term (Cs),
which are determined using a reduced set of logging measurement (gamma ray, resistivity and sonic for porosity). (4) Finally, ECw20
profiles are obtained. The ECw20 profiles are corrected from borehole effect and normalized in temperature.

The electrodes are made of a cupro-aluminium allowing reduction of the corrosion process. The
energizing power was 12 V (battery or solar type), with the possibility of being plugged to the mains.
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The radial resolution in the SMD is 40% to 50% of the spacing between electrodes, namely: For 1 m
spacing, the radial resolution is 40-50 cm. The measured resistivity mostly represents salinity of
groundwater outside the well, avoiding the well vertical flow effect.

The data is transferred by telecommunication and may be visible on an internet interface the
Environmental Monitoring Interface (EMI). Online software platform (using an Internet browser), the
EMI has been developed to collate and display information about the aquifer. It includes full
description of water dynamics and has specific tools for salt-water intrusion data management.
Current and historic data are available 24/7.

Each SMD installed on the site is connected to a secure extranet where data can be downloaded and
visualized.

EMI application is based on two identities:

e A database where all the data coming from sensors installed in different sites is stored. Different
processes to import data are available (several format files, API...)
e A web application allowing viewing and processing data

EMI can accept and integrate data from every monitoring tools already installed on the well field
(whatever the tool and the manufacturing), such as flow meters, water level sensors, water quality
sensors, pluviometers, ...

Site 1—Several
sensors
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L

<>

N
L

<>
N
L

,-': Web
apllication e,

d Import data

.......................... l

database

Site 2—Several
sensors

-Eln

User web browser for visualization and analysis

Figure 1: EMI architecture
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To enable accessing to the data online, an interface has been developed allowing to:

e viewing data on graphs (value parameter versus time)
e processing the data
o calculate hydrogeological parameters
o have statistics on data
o interpolate the data on 3D graphs
e export, if necessary, a large samples of preformatted data in order to use it in other programs
e setting alerts and thresholds on some parameters (water level...)

EMI organization is based on tree architecture. For each defined site, several monitoring stations can
be associated; and for each station, several sensors with several measured parameters can be
defined.

The site overview can be used to locate the monitoring tools connected to EMI.

11 Etrembieres

Figure 2: Site overview with different monitoring stations (dark blue: multi-parameters sensors (Cw, water level T°); light green: rain
gauge; blue: water level sensor)

This organization allows having all the data associated to the same site in a same place in order to
visualise and analyse it with different process. For example, on a site with several boreholes equipped
with water level elevation sensors, all the water level elevation curves can be plotted on the same
graph. If a rain gauge is installed on the site, the water level can be plotted in front of this rain gauge
allowing having data cross-correlation.
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Analysis  cremsin

Figure 3: Site overview with different monitoring stations (dark blue: multi-parameters sensors (Cw, water level T°); light blue: rain
gauge; green: water level sensor)

Different viewing/analysis tools are available in order to better analyze the data. Depending on the
sensor type, different analyses are available. For single point sensor (i.e. water level sensor, quality
sensor...), data can be plotted with:

e "Temporal Chronic": Used to view environmental data changes in graph form. Up to ten curves can be
added to the graph and multiple parameters can be viewed through linked graphs.

e “Envelop”: used to plot actual data relative to historic data (i.e. mean to see the evolution of the water
level relative to anterior years)

When multiple parameters are measured at the same measurement station, it is possible to display
them simultaneously on superimposed graphs with the same timescales. The browser's cursor can
be used to directly compare different parameters at the same "T time."

Analysis e

1

Figure 4: Mutli-parameters curves displaying on the same graph with different colours and scales depending of the parameter (black:
T¢, blue: conductivity, orange: water level)

For multi-points sensors (i.e. SMD), in addition, other analyses are available:

o "Interpolation": Used to interpolate multi-point data in order to create temporary iso-value maps,
example: display the map of water conductivity changes over the whole aquifer block over a one-year
period,
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e "Log": Used to view multi-point data in the form of a profile at a given date or over a given time
interval,

e "Saltwater intrusion interface": In the case of a conductivity profile measured using imaGeau systems
(SMD), the saltwater intrusion interface can be used to follow over time the depth of an interface
defined by the user, e.g.: change in depth of the fresh water/salt water interface (limit 5000 puS/cm).
If multiple conductivity sensors are measuring changes over the entire vertical of a piezometer, it is
useful to track the evolution of the depth of the interface between two masses of water of differing
salinities. In the case of saltwater intrusion tracking, the depth of the saltwater intrusion
(freshwater/saltwater interface) is an essential parameter for understanding the evolution of the
saltwater intrusion.

Figure 5: 3D interpolation generated from multi point data over vertical and time, example of SMD monitoring a salt water intrusion

2.2.2. Objectives

In case of quifer recharge, the SMD monitoring allows to determine the impact of the recharge in terms of
water quality and potential benefit of this recharge to struggle against the saltwater intrusion.

2.2.3. Works in Eviban

Analysis of conductivity acquired by SMD tools at various locations, at different depth during several years
provides a new perspective on the impact of wastewater spreading on saltwater intrusion. The SMD
technologies in the EVIBAN project provides evidence of the potential benefit of MAR practices and
management to a larger scale of aquifer recharge, particularly in coastal areas to struggle saltwater intrusion.

As part of the European project named AquaNES, imaGeau has proposed to install SMD technology in order
to record the saltwater intrusion into a sandy coastal aquifer where a Managed Aquifer Recharge (MAR) is
performed.

Three SMD tools and a level sensor has been installed in 2017 names Agl, AQ3 et AQ4 (red point, Figure 2).
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Figure 2: location of the Three SMD tools and picture of final installation

Since April 2017, the SMD tools are continuously measuring water conductivity evolutions between coastline
and water treatment at different locations and depths (Figure 3).

SMD

GPS coordinates

N 49°3'19.256”
0 1°21'32.086”

N 49°3'28.922”
0 1°35'52.641”

N 49°3'22.922”
01°28'22.41”

Instrumented depth 2,44 -6,44m 2,4-6,4m 1,96 -5,96 m
Electrode spacing 0,3m 0,3m 0,3m
Number of depths with EC
11 11 11
measures
. 24/24h Once per hour Once per hour
Time range of system ON
Every day Every day Every day
Automatic acquisition
. Yes Yes Yes
routine
Automatic data transfer Yes Yes Yes
Remote control OK OK OK
Local data storage Yes Yes Yes
Solar panels and | Solar panels and
Power source 230 VAC
battery battery

Figure 3: SMD features installed on site

For EviBan project, the three SMD systems have been maintained to continuously acquire EC data. In this
purpose, field survey and remote diagnostics have been performed in order to continuously have data (Figure

4).
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date Interventio | Monitoring tasks
n type system

23 July 2019 | Field visit SMD-AQ4 e Changing the electrical box

Replacing the battery (out of order due to
water)

Removal of the battery box

Soft update and build

FTP update

Raising of the solar panel and housing
Changing the orientation of the box
(placed under the solar panel)

o Update of COM port

23 July 2019 | Field visit CPT-AQ5 e Replacing batteries

e Data recovery.

e Changing FTP uploads from 1x/day to
1x/3 days.

23 July 2019 | Field visit SMD-AQ3 e Soft update and build
e FTP update

24 July 2019 | Field visit SMD-AQ1 e Change of box and orientation (back to
the direction of the rains).

Power cable unplugged at the gym.

Test carried out on the mains,

FTP update

Update of COM port

Waiting for main supply (230 V) from the
municipality

10 Sept. | remote SMD-AQ1 e Power supply 12V HS (no led on) Circuit

2020 diagnostic breaker OK Time switch OK

¢ Replacement of the power supply by the
Saur technician.

Figure 4: table of maintenance operations

2.2.4. Results

Water level and local flow
The regional water flow is oriented East-West (land to sea) (bottom right, Figure 5)

The water level measured at different locations on the site during several years () allows to determine that
(Figure 5):

The water table on site is influenced by high tides

e aflow can be set up according to the volumes infiltrated on the reedbed (water table on Agl
coming higher to water table on Ag3, January 2019 and February 2022) during high water
level periods
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e These located flows could have an impact on the saltwater intrusion

Cross-analyses

Niveas mNGF
£ awnos

& Gouvilie yur Mer - O1423X0044 /74 - Static level @ AQ2 - Static beve!
AQS - Water level - AQY - Water level
w AQI - Water level © Roseldre - Pumped volume

Figure 5: Water table on different locations (blue: regional water table, black: AQ2 location, orange: AQ3 location, purple: AQ1
location, green: AQ4 location) Vs wastewater hourly volume spread in the reedbed (pink) from 2017 to 2022

Conductivity (salinity) evolution

Aqg3 location (north of the site, between sea and reedbed)

The electrical conductivity of the aquifer water measured at different depths by the SMD tools AQ3 allows to
determine that (Figure 6, Figure 7):

e Conductivity increases with depth (aquifer bottom) at the end of each summer, reaching
20,000 pS/cm;

e Conductivity is very dependant of the tides;
conductivity becomes lower and decreases during autumn each year;

e conductivity decreases when wastewater is spread during autumn.

This analysis allows us to assume that recharge limits the salt arrivals. The water recharge has two
components:

o the natural recharge;
¢ the infiltration recharges du to wastewater spreading.

Cross—-analyses

From November 23, 2017 10 November 7, 2022

A AAMY .
1

e

Volume m3

Niveau mNGF

~
Y

fiE N

wn/sr Aapnpuo)

- Gouville sur Mer - 01423X0044/F4 - Static level

AQ3 - Conductivity - 3.65m + AQ3 - Conductivity - 3.95m

- AQ3 - Conductivity - 4.25m - AQ3 - Conductivity -~ 4,55m
AQ3 - Conductivity - 4.85m w- AQ3 - Conductivity - 5.15m
112V

Figure 6: Evolution of conductivity (colours) at different depths measured by the SMD tools at AQ3 location VS water level on site
(black and blue) and wastewater volume spread in the reedbed (green) — 2018-2022
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Conductivity - SMD AQ3

From Novembetr 4, 2017 10 November 2, 2022

Depth{m)

Figure 7 : Evolution of conductivity measured by the AQ3 SMD tool during time (x axis) and depth (y axis), showing the arrivals of salt
in depth each year — 2018-2022

Aqg4 location (center of the site, between sea and reedbed in the golf field)

The electrical conductivity of the aquifer water measured at different depths by the SMD tools AQ4 allows to
determine that (Figure 8, Figure 9):

e Conductivity increases with depth (aquifer bottom) at the end of each summer, reaching
30,000 pS/cm in 2019;

Conductivity is dependant of the tides;
conductivity becomes lower and decreases during autumn each yeatr;
conductivity decreases when wastewater is spread during autumn;

the salt intrusion becomes lower with years (impact of a higher wastewater volume in
summer?).

A real impact of the period and volume of wastewater spread in the reedbed can be outlined. The salt intrusion
is lower year after year while volume of wastewater spread in summer becomes higher (volume in July 2021
greater than 2020.

This analysis allows us to assume that recharge limits the salt arrivals (like for AQ3 location), and the water
recharge has two components:

¢ the natural recharge;
e the infiltration recharge du to wastewater spreading.

Cross-analyses

From July 10, 2019 to November 9, 2022

Volume m3

Conductivity uS/cm
=
| —
——
JONW MEAAN

@ AQ4 - Conductivity - 2.41m & AQ4 - Conductivity - 2.71m AQ4 - Conductivity - 3.01m
+ AQ4 - Conductivity - 3.31m -+~ AQ4 - Conductivity - 3.6Im - AQ4 - Conductivity - 3.91Tm

AQ4 - Conductivity - 4.21m - AQ4 - Conductivity - 4.51m -+ AQ4 - Conductivity - 4.81m
» AQ4 - Conductivity - S.11m - AQ4 - Conductivity - 5.41m AQ4 - Water level

@ Roseli¢re - Pumped volume

Figure 8: Evolution of conductivity (colours) at different depths measured by the SMD tools at AQ4 location VS water level on site
(green) and wastewater volume spread in the reedbed (orange) — 2019-2022
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Conductivity - SMD AQ4

From August /, 2019 to Novembetr 4, 2020

Depth(m)

Figure 9: Evolution of conductivity measured by the AQ4 SMD tool during time (x axis) and depth (y axis), showing the arrivals of salt
in depth each year —2019-2022

Aq1 location (into the reedbed)

The electrical conductivity of the aquifer water measured at different depths by the SMD tools AQ1 shows
same phenomena than observed at AQ3 and AQ4 location but with lower intensity.

Data acquired allows to determine that (Figure 10):

¢ Conductivity increases with depth (aquifer bottom) at the end of each summer, reaching only
3,500 puS/cm in 2018;

Conductivity is little influenced by tides;
conductivity becomes lower and decreases during autumn each year;
conductivity decreases when volume of wastewater becomes higher;

the salt intrusion becomes lower with years (impact of a higher wastewater volume in
summer?).

As for AQ3 and AQ4 location, the recharge limits the salt arrivals and infiltration of wastewater in this location
(piezometer close to the water treatment plant) has a real impact on water conductivity.

Cross-analyses

From February 15, 2017 to November 7, 2022

Volume m3
Niveau mNGF
11 ?

wa/sr Ajanonpuod

,
D R WL T
' o

2018 2019 2020 2021 022

-0~ Gouville sur Mer - 01423X0044/F4 - Static level

AQ1 - Conductivity Cw - 3.79m + AQ! - Conductivity Cw - 4.09m

-+ AQ1 - Conductivity Cw - 4.39m -0~ AQ1 - Conductivity Cw - 4.69m
AQ1 - Conductivity Cw - 4.99m =¥~ AQ1 - Conductivity Cw - 5.29m
12V

Figure 10: Evolution of conductivity (colours) at different depths measured by the SMD tools at AQ1 location VS water level on site
(blue and black) and wastewater volume spread in the reedbed (green) — 2017-2022
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A focus of conductivity evolution at 4-5 m depth at AQ1 and Aq3 locations allows to determine that (Figure
11):

o the water level at AQL1 location (into the reedbed) increases when wastewater infiltration
occurs during wastewater spreading (red arrow);

o the water table at AQ1 location becomes higher than water level on AQ3 location. The
consequence of this change in water level is a change in the orientation of the local flow
(Figure 12).

This change in the orientation of local flow allows:
e adecrease of water salinity at AQ1 location (red arrow, Figure 11)

o a decrease of water salinity at AQ3 location (red arrow, Figure 11), from 20,000 to 500
microS/cm.

olume m3
veay mNGF
—
-
P
- —
-
()
-
- =
—=
W/ AApRanpuo)

Niveau mNGF

Volume m3
wn /st Ayapnpuod)

Figure 11: Evolution of water conductivity at 4 m depth at AQ1 location (orange, upper graph), water conductivity at 5,5 m depth at
AQ3 location (red, lower graph), VS water table at AQ1 location (black, both graph) and water table at AQ3 location (blue, both
graph) and hourly volume of wastewater spreading (green, both graph)
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Figure 12: change of orientation of local flow during wastewater spreading

A focus of conductivity evolution at 4 m depth at AQ4 location (golf field) allows to determine that the
recharge due to wastewater infiltration results in an increase of local water table AQ1. This results in an

increase of piezometric gradient between AQ1 location (reed bed) and AQ4 location (AQ4 golf field)-and a
decrease in salinity (red arrow, Figure 13).

The wastewater spreading allows to create a hydraulic barrier to saltwater intrusion.

Liud>=diidaiy>es

From January 1, 2017 to November 9, 2022

Volume m3

80

Niveau mNGF

wa /el AuAanpuod)

2007 2018 2019 2020 2021 2022

- AQ4 - Water level

&~ AQ4 - Conductivity - 5.11m AQ4 - Conductivity - 5.41m
-+ AQI - Water level @ Roselitre - Pumped volume

Figure 13: Evolution of water conductivity at 5 m depth at AQ4 location (green, black), VS water table at AQ1 location (purple) and
water table at AQ4 location (blue) and hourly wastewater volume (pink)

Analysis of evolution of conductivity at 5m depth at AQ3 and AQ4 location (Figure 14) allows to link the
decrease of conductivity to the:

1. natural recharge
2. wastewater infiltration

The rapid and sharp decrease of salinity (i.e conductivity) seems due to infiltration when the
released wastewater volume is higher than 100 m3/h. (red arrow, Figure 14)
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A hydraulic barrier to saltwater intrusion can be thus created when volume of wastewater is higher
this limit (100 m3/h).

Volume m3
3—s
(2»'

Nivedu mNGF
wo /st Ayananpuo)

Ag4 SMD conductivity at Sm depth (black cuwt)

Aq3 SMD conductivity at Sm depth (red curve

Figure 14:Evolution of water conductivity at 5 m depth at AQ3 and AQ4 locations (red, black), VS water table (blue) and hourly
wastewater volume (orange)

2.2.5. Discussion

Analysis of conductivity acquired by SMD tools at various locations, at different depth during several years
provides a new perspective on the impact of wastewater spreading on saltwater intrusion.

In resume, the infiltration of wastewater can locally alter the water flow and have an impact on saltwater
intrusion. It is difficult to distinguish the impact of natural recharge and infiltration, but when the volume of
released wastewater is higher than 100 m3/h, a sharp and rapid decrease in conductivity occurs.

The distance of wastewater effect on saltwater intrusion is not determined but greater than the distance
between Aqgl location and Ag4 location (>250m)

A hydraulic barrier can be created with wastewater preventing the saltwater intrusion if wastewater volume
is sufficient.

To provide accurate impact of wastewater on salt intrusion, an accurate monitoring of wastewater physical
parameters (such as salinity, conductivity) should be implemented allowing to discriminate salinity coming
from the sea (saltwater intrusion) and salinity coming from the wastewater.

The implementation of the SMD technologies in the EVIBAN project provides evidence of the potential benefit

of MAR practices and management to a larger scale of aquifer recharge, particularly in coastal areas to struggle
saltwater intrusion.
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2.3. NORRMAN MAR/SAT

2.3.1. Overview of the software

The NORRMAN software (Normes et Objectifs de Réduction des Rejets pour les MAsses d’eau
Naturelles : Standards and Discharge Reduction Targets for Natural Water Resources) simulates the
impacts of polluting emissions in rivers at the scale of the water body. It helps to evaluate emission
limit values and thus to determine discharge permits in compliance with good status objectives.

NORRMAN has been published since 2008 by Antea Group after an initial collaboration with the Loire-
Bretagne Water Agency.

O

The operating principle of NORRMAN is to create and edit simulations of the impact of discharges at
the scale of a body of water. The user selects a geographical footprint (water body), initial conditions
(low water or modulus, rainy or dry weather, discharges: maximum, average...). NORRMAN then
uploads the data from a web service published by Antea Group and initiates the simulation. Before
performing the calculations of his simulation, the user can create, modify, parameterize, or move
different objects on his map: Wastewater treatment plants (public or industrial), weirs, lateral inputs
of watercourses, runoff, water flows and speed, kinetics by river section.
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For these calculations, NORRMAN relies on self-purification kinetics parameterized according to
hydrophilic micropollutants (DT50), hydrophobic micropollutants, macropollutants, flow rates and
velocities. The results are rendered in the form of distribution graphs, graphs of profiles in length, GIS
layers of degraded shelves, list of downgrading discharges...

Project Objectives

The NORRMAN software deals with the impact of wastewater treatment plants on the environment at
the scale of the water body. It is a relevant decision-making tool for the wastewater treatment plant
manager who wishes to assess the impact on surface water of an existing site or a construction
project. The business field and the scale of work constitute a very relevant basis for integrating the
Managed Aquifer Recharge (MAR) / Soil Aquifer Treatment (SAT) issue that is studied within the
EViBAN project.

The aim was therefore to provide NORRMAN users with additional functionality to assess the
feasibility of soil treatment of wastewater. Presented in the form of a geographical layer projected on
the study territory, the module should make it possible to determine whether the area where the
treatment plant is located is favourable to the implementation of an MAR/SAT system.

2.3.2. Work done for the project

NORRMAN simulation data

The first step in the work carried out by Antea Group was to collect baseline data on the study area.
It turns out that the current version of NORRMAN only disseminates data from the Loire-Bretagne
watershed. However, the Agon-Coutainville site is located on the Seine-Normandy basin. It was
therefore necessary to contact the data managers of Seine-Normandie watershed to get authorization
and obtain the river network divided into sections. Secondary work was then carried out by our
geomatics specialists to prepare these data and integrate them into the NORRMAN database model.
A specific web service was then published to connect to this new data.

Study area

e en

/
—- %" RHIN-MEUSE
e /

(

RHONE-MEDITERRANEE-CORSE
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Creating MAR/SAT decision layers

The second and not least step was to prepare the decision support data layer. To begin with, it was
necessary to determine what information was needed to define the feasibility of a MAR/SAT system.
To this end, Antea Group worked with the BRGM through several workshops to obtain expert advice.

* GIS approach

Following these workshops, it was agreed to rely on a BRGM publication that had
carried out a similar assessment at the scale of the Rhone-Méditerranée-Corse
watershed (Analysis of the feasibility of artificial recharge in the RMC basin —
BRGM-67534-FR). This method was applied to the geographical area of the
Agon-Coutainville study site by constraining the input data to the Cotentin region
(Normandy) so as not to be dependent on too long processing times facing an
approach that was intended to be iterative. Four GIS layers were used as input to
the calculation: Slope (calculated on the 25m DEM), Soil Permeability Index
(IDPR), Not saturated zone (NSZ) and BdLisa (Groundwater bodies). The result
of the treatment was obtained at the scale of groundwater bodies according to the
division of the BdLisa data.

» Al approach

A second approach based on statistical analysis and artificial intelligence
algorithms was studied during the project to compare the results obtained with the
first method. The SIMCA (Soft Independent Modelling of Class Analogies) method
was used. This method is based on three types of data; i) context data as input to
the model (Protected zones, surface water bodies, River basins, ICPE, Biotopes,
Geology, UNESCO, Slope, IDPR, Non saturated zone, Groundwater bodies) ii)
the business data that determine the areas that are NOT favorable to the
implementation of a MAR/SAT system, iii) the grid defining the scale of the result
(here 500 meters grids). The algorithm then defined mesh by mesh the probability
of "non-favorability”. The model is trained on part of the data and then tested on
the rest of the data. When the data scientist validates the right level of
performance then the model is played on all the data. The result of the treatment
produced a raster grid with for each cell a result between 0 and 1. 0 indicating 0%
"not favorable" (which does not necessarily mean "favorable”.), 1 indicating 100%

"not favorable".

NORRMAN Software Update
The layers produced using both GIS and Al methods were published on a geographic server operated

by Antea Group. The source code of the NORRMAN software has been updated to integratethese
new layers and allow them to appear in the background of the simulations.

2.3.3. Results
Two different approaches were investigated. The GIS approach based on a methodology described

in a BRGM paper on the one hand and the statistical approach based on Al algorithms on the other.
The two approaches produce different interpretations.
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MAR - Indirect recharge A

unfavorable MAR probabiliy
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Feasibility rating

= Unfavorable

Very little unfavorable
[ Little unfavorable

=3 Moderately favorable
B Favorable

GIS treatment result Al treatment result

The GIS approach was based on 4 geographical layers as input to the treatment. This seems too
little for the scale of the study. The results define favorable and unfavorable zones for MAR/SAT at
the scale of the groundwater body and too large. An expert eye cannot be expressed at the scale of
a wastewater treatment plant site on a body of surface water. The scale of work on a large French
watershed as proposed in the BRGM publication has therefore proved to be far too large compared
to the study area of the EViBAN project.

On the other hand, the Al approach offers a much more adapted scale by proposing results on cells
of 500 meters side. In addition, the input data was much more complete with 11 layers compared to
4 in the GIS cross-referencing method. The model gave quite satisfactory results with a level of
accuracy of 95%. This level can be further improved by removing certain errors such as false positives
located at sea north of the study area. This problem could be solved by, for example, adding the
coastline in the input data.

The SIMCA method restores levels of "non-favorability" based on the principle that the algorithm
produces classifications based on expert statements defining areas for which it is certain that the
MAR/SAT is unfavorable. It will then be a question of testing the algorithm by indicating favorable
areas. But this implies an unsure expert commitment and potentially questionable results.

2.3.4. Conclusion

The NORRMAN software is aimed at managers and decision-makers concerned about the impact of
discharges from their installations. It is therefore an excellent support for integrating the concept of
water treatment by means of natural based solutions such as MAR/SAT. Without saying precisely
where and how to implement this solution, NORRMAN is an excellent entry point to make its users
aware of this type of solution, which is still very little common in France.

However, it is essential to communicate reliable information to the user. For this, we studied two
different approaches that we confronted with the study area of Agon-Coutainville. On the one hand
the GIS approach which consisted in crossing different geographical information layers and on the
other hand the statistical approach with the implementation of an artificial intelligence algorithm.

At the end of the project, the results of the second approach using Al algorithms seem to us to be the
most relevant and promising for an analysis of the river water body scale. However, the results need
to be deepened with business experts and tested on other geographical areas (lowland areas,
mountainous areas, etc.). before being released in the major version of NORRMAN.
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On the other hand, publishing this service also involves certain technical considerations that cannot
be dismissed. On the one hand the need to have a layer of watercourses throughout the whole French
territory. It also implies to get all input data at the national scale to produce the result layer from Al
processing.

Finally, it must be taken into consideration that the NORRMAN software is only dedicated to the
French territory. Its data are standardized according to French directives and the interfaces are not
available in other languages. The prospect of internationalizing this product is currently difficult to
envisage without a complete overhaul of the software.

3. Applicability of French model to South Africa

The MARTHE model is being set up for the Melkhoutfontein area 4km north of Stilbaai.

The Melkhoutfontein aquifer is the highest vyielding of the coastal aquifers and supplies
Melkhoutfontein, Stilbaai and Jongensfontein with drinking water. A low-cost housing development
with 550 houses has been approved in the Melkhoutfontein village. An earlier hydrocensus and
modelling exercise to investigate water security of Stilbaai with these additional houses showed that
the spring is does not yield enough water during the summer months to adequately supply residents
and holiday makers with water, should the additional houses be built (Du Plessis & Steenekamp,
2015).

Also as part of the Melkhoutfontein expansion project, the existing wastewater treatment works is
being upgraded to a 0.45Ml/d facility. The treated effluent could potentially be used to recharge the
aquifer to ensure constant supply during the dry summer months when tourism is also at its peak and
demand outstrips supply. Melkhoufontein is situated on the same geology as the area described
above in section xx, where springs discharge into the river. The Wankoe formation of the Bredasdorp
group overlays the De Hoopvlei formation (also Bredasdorp Group) that comprises calcarenite and
calcareous sandstone with pebbles, forming the aquifer. The aquifer is situated on an aquiclude of
Bokkeveld shale. The Bokkeveld shale aquiclude is above sea level and as such saline intrusion is
not an issue for the aquifer.

Some initial modelling work has been done to investigate the use of treated effluent as irrigation water
for smallholder farmer development and it was recommended that farming be moved far away from
the abstraction borehole to avoid contamination of the drinking water supplies (Du Plessis &
Steenekamp, 2020). Modflow software was used for this. This situation in Melkhoutfontein closely
resembles that of the MAR-SAT system of Agon-Countainville in France, where treated effluent is
being used to water the golf course. Setting up the MARTHE model in Melkhoutfontein will therefore
be a good comparison with the French case study.

The MARTHE model in Melkhoutfontein will build on the existing work that was done by Du Plessis
and Steenekamp (2020) and incorporate their recommendations. However, we want to create a
scenario where agricultural run-off can be treated through a reed bed or similar nature-based solution
before recharging the aquifer, and/or the implementation of organic agriculture to avoid contamination
altogether. The MARTHE model will enable the project team to better capture the complexities of the
system than earlier simpler modelling efforts.

4. Applicability of South Africa model to French model

The Pitman model (through SPATSIM) could add value to the French modelling efforts by providing
a better understanding of the hydrology of the river Sienne River. The MARTHE model requires
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hydrological catchment data as an input measure, which at this stage are mostly assumptions.
Applying SPATSIM to the catchment should provide a better understanding of the hydrology of the
river and will thereby improve the quality of the results produced in the MARTHE model (serving as
the management tool). It will also provide valuable additional information to the municipality in terms
of water management in the catchment to ensure sustainable environmental flows during peak holiday
seasons, which is becoming a management challenge here and in other areas in France. The
municipality will further benefit from the newly established relationship with the Hessequa Municipality
through learning from their tough lessons learned through numerous droughts, extreme events and
management of peak holiday seasons.
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