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1 Introduction
1.1 General context
The activities related to the exploitation of geo-energy sources may lead to accidental
episodes of pollution, locally affecting the surrounding environment. Therefore, it is
extremely important to foresee and eventually monitor these events in order either to avoid
any potential contamination, any overall threat to environment integrity, or to rapidly define
appropriate remediation strategies. This need is perfectly aligned with the main objectives of
the S4CE project, which includes: “to develop, install and test technologies to continuously,
reliably and cost effectively monitor the environmental risks related to sub-surface geoenergy operations”. Therefore, the present deliverable is conceived as a starting a point to
achieve these objectives with respect to the shallow groundwater resources, i.e. the shallow
aquifers (SAs). It is important to stress out that the vulnerability of SAs could be potentially
high when Geo-Energy Resources (G-ERs) are exploited. Indeed, different contaminant
pathways towards the shallow subsurface can be “opened” by these activities.
The present deliverable is part of Work Package 4 (WP4: Samples and Fluids Characterisation),
and represents one of the results of Task 4.6 (Hydrogeological Characterization of the Site and
Groundwater Circulation Modelling), as it aims to define the stratigraphy of the field sites and
the respective groundwater conceptual models. The results presented hereinafter will
provide a solid foundation for the models aiming at predicting the transport of contaminants
within the examined shallow aquifers (objective of deliverable D4.11 “Model for circulation
of toxic metals in groundwater near selected field sites”, directly related to the workflow
presented here).
The field sites considered in the present deliverable (and therefore in D4.11) are: St. Gallen
(CH), United Downs-Cornwall (UK), CarbFix2 (Iceland). The three sites present very peculiar
characteristics in terms of stratigraphy and groundwater circulation. In addition, they refer to
three different stages of activity. In particular, the site of St. Gallen is not exploited anymore,
the United Downs-Cornwall is a new geothermal doublet under construction, whereas the
CarbFix2 site hosts a geologic carbon sequestration project.

1.2 Deliverable objectives
The objective of this deliverable is to build a model of groundwater circulation of the SAs
beneath the fields sites of St. Gallen, Cornwall, and CarbFix2, in order to provide a useful tool
for the analysis of SAs vulnerability with respect to accidental contamination events
potentially induced by the activities performed at the field sites.

2 Methodological approach
As indicated in the previous sections, the present deliverable refers to three field sites. The
methodological approach followed for each site has been practically the same, although with
some differences induced by their specific characteristics.
The first step has been the collection of geological and hydrogeological data on a regional
scale to design the site stratigraphy, identify the SA and its groundwater level. Data have been
collected from scientific papers, available maps, and national databases.
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Subsequently, the analysis has been more focused on a local scale. More detailed information
has been acquired from the people/companies responsible of the G-ER exploitation and/or
the environmental quality monitoring of each field site, as enabled by the S4CE consortium.
Whenever possible, measurements have been performed directly on site.
According to the collected data, for each of three sites the Conceptual Circulation Model
(CCM) and the Numerical Circulation Model (NCM) of the Groundwater (GW) have been
realized. The level of details of the three models is different because of existing differences in
terms of available and reliable datasets. Several simplifications have been performed
especially for the Cornwall site, because of the lack of reliable data.
More detailed information about models construction and characteristics is reported
hereinafter.

3 Summary of activities and research findings
3.1 Sites description
St. Gallen
The site of St. Gallen (47◦ 24′ 55′′ N, 9◦ 19′ 43′′ E) is located in the urban area of St. Gallen
(Switzerland), next to the Sitter River (Figure 1). Here, a deep well (St. Gallen GT-1), originally
meant for geothermal use, was developed up to a depth of about 4250 m TVD, crossing a
thick sequence of molasse deposits. In 2013, the deep well was shut-in due to both
insufficient water productivity and induced seismicity resulting from injection operations. The
maximum seismic event (magnitude 3.5) was registered, presumably correlated with the
occurrence of a gas kick after the interception of an unexpected natural gas reservoir.
Production tests were performed to assess whether formation water and/or natural gas
(94.1% methane by volume) could be exploited. However, despite the produced high shortterm gas productivity, the project was stopped because of very low water productivity and
estimates of minor volumes of gas initially in place.
The site is part of a national water protection area (Geoportal St. Gallen 2019a). The shallow
stratigraphy (Grundbauberatung – Geoconsulting AG 2010), approximately 4 m thick, mainly
consists of Quaternary sediments, with a top layer of a slightly permeable topsoil (silt loam)
overlying moderately permeable river deposits (sandy loam). These river deposits overlay a
232 m thick unit of practically impermeable marls (Wolfgramm et al. 2015) and host a shallow
unconfined aquifer, of maximum thickness of about 2 m and maximum horizontal length of
about 500 m (Geoportal St. Gallen 2019b). More information regarding the St. Gallen
Geothermal Project, the geological setting and the stratigraphy of the site can be found in
Moeck et al. (2015), Wolfgramm et al. (2015), Meier et al. (2019) and in the geographical
information platform of the canton of St. Gallen (Geoportal St. Gallen 2019b).
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Figure 1. Numerical domain and plan view of the site of St. Gallen. DW stands for deep well and HS for hydrometric station.
Cyan arrows represent the flow direction of the Sitter River. Background image taken from Geoportal St. Gallen
(https://www.geoportal.ch/st_gallen).

United Downs-Cornwall
The "United Downs" geothermal field site is located just over 4 km from the city of Redruth,
in the Cornwall region (UK). It is intended to be an Enhanced geothermal system. Two deep
wells have been drilled into the fault zone in the granite bedrock: the injection well at a depth
of 2,393m and the production well at a depth of 5,275m, which represents the deepest
onshore well in the UK. The temperature at the bottom of the production well is expected to
be about 190 ˚C.
Water will be pumped from the production well, fed through a heat exchanger and then reinjected into the ground to pick up more heat from the granite in a continuous cycle. The
extracted heat will be used to supply a demonstration power plant. A Micro-seismic
monitoring network has been installed to measure "micro-earthquakes" caused by circulating
water through the geothermal reservoir. Other deliverables in the S4CE project exploit the
information obtainable from the seismic events to further understand the features of the
location.
Once completed, the plant will be able to produce 40 MW of geothermal energy. The site is
currently built by Geothermal Engineering Limited (GEL), which has provided us with some
data for hydrogeological modelling.
Geology:
The geothermal plant is located within the outcropping area of the Carnmenellis granite. The
literature studies present different extensions of the granite body (Bott et al. 1958, 1970; Bott
& Scott 1964; Taylor, 2007; Tombs 1977; Willis-Richards & Jackson 1989) and the depth of the
aquifer, which can only be revealed by drilling. Based on the outcrops, the granite body can
be classified into several domains ranging from systematically to highly fractured with sealed
and unsealed fractures. The study area is located in the NW-SE “fault zone of Porthtowan”
(PTF), on the NE flank of Carnmenellis granite. Based on similar information, it can be
PU
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considered as a set of sub-parallel faults in an area of approx. 0.5 km to 1.5 km wide. The fault
zone may have been active during the placement of the granite body, during the Tertiary and
late Paleogene / Neogene. Recent seismic activity on similar NW-SE trend structures crossing
S-England indicates that the PTF fault zone may now be tectonically active. The Devonian
metamorphic substrate of the "Mylor Slate Formation" (MSF) dominates the granite mass of
Carnmenellis in the study area. Following the granite intrusion, the area was subjected to
periods of hydrothermal mineralization which led to the creation of mineralized structures
(lodes) inside the bedrock. The location also contains intrusions of elvan (intrusive igneous
rock) which run parallel to mineral intrusions in the direction of NNE-SSW.
Shallow hydrogeology:
The shallow hydrogeology of the area is characterized by minor aquifers, generally fractured
or potentially fractured, and do not have a high primary permeability. Even though not
producing large quantities of water for abstraction, they are important for local supplies and
in supplying base flow to rivers. The soil is classified as having an intermediate leaching
potential (I1), which indicates deep, permeable, medium textured soils that can possibly
transmit a wide range of pollutants (Lilly & Baggaley, 2014). The site is situated on the edge
of a compact localised topographical plateau, and the likely groundwater flow direction at the
site is perceived to follow the general gradient of the land, flowing away from the highest
point in the central/southern part of the site (approximately 100m above sea level) towards
the north, east and west, ultimately into tributaries of the Carnon River, the main channel of
which flows in a northwest to southeast direction, passing approximately 1.8 km eastnortheast of the site. Around the United Downs, the natural groundwater level is determined
by the presence of extensive abandoned tin and copper mines. The presence of mine
workings in the locality dominates the groundwater flow regime. These workings extend from
near surface to a depth of 200 metres in the immediate vicinity of the site, but at a depth of
500 metres further to the east. The mines were originally drained by a system of drainage
tunnels called the “Great County Adit”, GCA (two open drainage channels located 230 m east
and 270 m northeast of the property respectively). The GCA has a length of some 64 Km and
collects underground waters from old mine workings from an area of over 18 km2 (Buckley,
1992; Johnson & Thornton, 1987). The GCA represents major and permanents modifications
of the hydrology of the area, transmitting around 60% of the effective precipitations falling
on the overlying surface catchment (Younger, 1998). The GCA has its outlet in the bottom of
a valley at an elevation of 14 m a.s.l.
CarbFix2
The third site, referred to in what follows as CarbFix2 (Gunnarsson et al., 2018), is located at
Húsmúli, in the northern part of the Hellisheiði geothermal field (southwestern Iceland).
CarbFix2 is the upscaled version of the CarbFix carbon capture and sequestration project
(Snæbjörnsdóttir et al., 2017). This geologic carbon sequestration technology relies on the
rapid and safe subsurface mineralization of carbon and sulphur into basaltic rocks as a
dissolved aqueous phase (Snæbjörnsdóttir et al., 2017). The injected gases, carbon dioxide
(CO2) and hydrogen sulphide (H2S), are captured from the Hellisheiði power plant by
dissolution into pure water, and then transported to the main injection well (HN-16) via a 1.5
Km long polyethylene pipe. The injection well (about 0.311 m diameter) is directionally drilled
up to 2206 m (MD) and cased with carbon steel in the first 660 m (MD). The well has two
parts, the inner part consists of the gas-charged water in a 4″ stainless steel pipe which goes
PU
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down to a depth of 750 m (MD) and the outer part is effluent water from the power plant.
This is to avoid casing corrosion and prevents contact of the gas-charged water with the
casing. The two fluids mix at the exit of the inner pipe, and reach the main receiving aquifer
at a depth between 1900 and 2200 m, where the formation temperature is around 240260 °C.
The subsurface at the HN-16 injection well (Figure 2) consists of layers of hyaloclastites and
basalt lavas formed during glacial and interglacial periods (Gunnarsdóttir and Poux, 2016). In
the deep subsurface, intrusive rocks control the geothermal reservoir permeability with the
fractures created by their emplacement.

Figure 2.: Geologic cross-section below the HN-16 injection well (CarbFix2, Iceland). Courtesy of Reykjavík Energy
(Gunnarsdóttir and Poux, 2016).

3.2 Conceptual and numerical models
St. Gallen
The aim of the conceptual model was to establish the groundwater flow field of the shallow
unconfined aquifer beneath the site. The simulation was performed assuming homogeneity
of soil properties (Table 1).
The horizontal two-dimensional numerical domain of the groundwater calculations (Figure 1)
was defined based on the actual extent of the unconfined aquifer (Geoportal St. Gallen
2019b), and the flow field was computed under the Dupuit assumption (Istok 1989).

PU

Page 10 of 17

Version 6.0

Deliverable D4.5

Table 1. Aquifer properties – St. Gallen site

River Deposits

a

Porosity

0.41a

Hydraulic Conductivity (cm/d)

106.1a

Vogel et al. (2001)

Recharge from rainfall was considered negligible since most of the topsoil is covered with
impermeable surfaces (concrete/asphalt well pad), and the Sitter River was assumed to be
the driving force of water through the river deposits, as no other source feeding the aquifer
could be identified. Information regarding water levels in the river was taken from the
hydrometric station, located immediately upstream of the site (Figure 1). According to the
hydrometric data (FOEN 2018), the flow regime of the river was not affected by considerable
variations in the decade between 2007 and 2017. Therefore, since neither obstructions nor
abrupt variations in the riverbed geometry were present, the water surface elevation of the
river was computed assuming a uniform flow field, considering an average bed slope of 2.74
m/Km (Geoportal St. Gallen 2019b) and the mean (between 2007 and 2017) of the annual
average of the water level at the station (575.382 m asl) as reference for the upstream water
level. Thus, the groundwater flow field was computed under steady state conditions,
representative of an average condition over time. The water surface elevation was then used
as a Dirichlet boundary condition (fixed hydraulic head) for the numerical domain (Figure 1).
The remaining boundary, not in contact with the river, was set as a no-flow condition.
Simulations were performed with GDAn (Groundwater Dynamics Analysis code, full details in
D’Aniello 2017), a 2D finite element model on unstructured triangular mesh meant for the
analysis of groundwater (D’Aniello et al. 2019a; D’Aniello et al. 2019b) in porous media at the
representative elementary volume (REV) scale, among others. In particular, the Water
Saturated (WS) module was used to compute the groundwater flow field. Briefly, GDAn-WS
solves the governing equations of unsteady water saturated groundwater flow (Bear, 1972;
Istok, 1989). Input parameters used for the simulation are listed in Table 1. Finally, the
numerical domain was discretized into 3119 nodes and 6024 unstructured triangular cells,
and a relative tolerance of 10-18 was set to ensure convergence of the solution.
United Downs-Cornwall
The conceptual model for the Cornwall site is based on the stratigraphy of two wells drilled
within the site, augmented with literature information (Bott et al. 1958, 1970; Bott & Scott
1964; Taylor, 2007; Tombs 1977; Willis-Richards & Jackson 1989). The vertical holes (BH4 and
BH5) have been drilled to mitigate the risk of encountering abandoned mines workings in the
top 200 m. Both surveys have a depth of 200 meters, with continuous coring, with sampling
every 3 meters, as reported in the summary well report.
The stratigraphy reveals a subsoil mainly composed of a largely homogenous grey Killas of the
MSF, interbedded with quartz rich layers.
Stratigraphic data were organized in a geodatabase, imported into the RockWorks16 software
and interpolated using the kriging method, to reconstruct a 3D stratigraphic model (Corniello
et al., 2019; Ducci & Sellerino, 2015; Ducci et al., 2012) of the Cornwall site. Kriging was used
to interpolate piezometric data. The piezometric surfaces of the aquifers were integrated into
the stratigraphic model to obtain a 3D hydrostratigraphic model. The three-dimensional
PU
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hydrostratigraphic modelling is a valid support for the geometric construction and for the
attribution of the hydrodynamic parameters in the realization of NCM (Corniello et al., 2019;
Ducci & Sellerino, 2015; Ducci et al., 2012).

Figure 3. Cornwall site: Interpretation of the stratigraphy for hydrogeological purpose and 3D hydrostratigraphic model (up
to 200m). Legend: K: Killas; KQ: Killas with quartz; F: fractured zone/ intrusive rock; MET: metamorphic foliation; Q:
Quartzite

Due to the lack of field data, the hydrodynamic properties representative of the whole aquifer
were deduced from the scientific literature and from the documentation provided by the
partner GEL:
 Primary porosity: Low
 Effective porosity :1-2% (Hawkes & Cratchley,1970)
 Transmissivity values: 110-11 to 4 10-3 m2/s, with a geometric mean of 4.6 10-5 m2/s
for all lithology types
 Borehole yields (granites): typically, 3.5–5.8 10-4 m3/s and rarely exceed 1.1 10-3
m3/s (BGS, 1989).
The site lies at an elevation of 99.5 m a.s.l. and the GCA has is outlet at 14 m a.s.l.
Piezometric data provided by S4CE partner GEL concern only the measurements in the BH4
(or UD2), located into the site and for which the coordinates are also available (174.325.80 E;
41.403.27m N), and the GM1 well for which coordinates are not available.
In the well BH4 (UD2), the natural groundwater depth is ~80 m, but it can change depending
on the pumping in the mines. The natural GW level corresponds to the depth of the GCA level,
so all the mines working below the GW level, are permanently flooded. This is very common
throughout many of the mining districts in Cornwall.
Unfortunately, not enough piezometric data were provided to study the groundwater
direction and implement a GW NCM.
PU
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CarbFix2
The conceptual model of the shallow subsurface below the HN-16 injection well (up to a depth
of 64.9 m) relies on the stratigraphic information (Figure 2) taken from Gunnarsdóttir and
Poux (2016) and the average groundwater levels within the shallow monitoring wells
surrounding the injection site (Figure 4), namely KH-02, KH-03, KH-04, KH-05, KH-06, KH-11,
KH-17, KH-41, KH-50.

Figure 4. Planimetric view of the CarbFix2 site and locations of the examined wells. Courtesy of Reykjavík Energy.

Rocks properties (Table 2) were taken from the large and detailed dataset of Icelandic basaltic
rocks provided by Sigurðsson and Stefánsson (1994), and Frolova et al. (2005).
Table 2. Basaltic Rocks Properties – CarbFix2 site

Parameter
Intrinsic Permeability (m2)
Porosity

Hyaloclastites
a

6.02∙10-13
a

0.37

Basalt Lavas
b

1.14∙10-14
b

0.0809

a Frolova et al. (2005)
b Sigurðsson and Stefánsson (1994)

3.3 Results
St. Gallen
As expected, the groundwater flow field (Figure 5) is governed by the Sitter River. According
to the numerical results, the average groundwater flow direction is towards the north east
(compass direction of about 58°), with an average hydraulic gradient of about 3.58 m/km,
equal to an average apparent groundwater velocity of 0.38 cm/d. Apparent groundwater
velocities are in a range between 0.29 and 1.11 cm/d, with maximum values in proximity to
the transition between the no-flow boundary and the river.
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The major potential limitation of this study arises from the assumption of homogeneity of soil
properties. However, no information supports the occurrence of horizontal layering or the
presence of significant small-scale heterogeneities. Indeed, no soil is completely
homogeneous in nature, and subtle variations always occur in its composition. However,
based on the information discussed above, soil properties are likely not changing significantly
at the REV scale, and these small variations are not likely to affect considerably the main
results presented. Therefore, although likely a simplification, the assumption of homogeneity
might be reasonable in this case.

Figure 5. St. Gallen site: Predicted groundwater flow field of the shallow unconfined aquifer beneath the site. Groundwater
hydraulic heads (black continuous lines) are reported every 0.1 m. Background image taken from Geoportal St. Gallen
(https://www.geoportal.ch/st_gallen).

United Downs-Cornwall
A three-dimensional hydrostratigraphic model of the SA (200 m depth) below the site was
reconstructed on the basis of the available data. The SA lies within the Killas, very rich in
quartz, and sometimes with metamorphic foliation. The 3D hydrostratgraphic model is a good
tool to reconstruct geometry and distribution of hydraulic parameters of the NCM. Literature
data show that the aquifer has low permeability. The level of the aquifer is such that, in
natural conditions, it is at or slightly below the GCA level.
CarbFix2
The analysis of the groundwater levels within the monitoring wells surrounding the HN-16
injection well showed that the hydraulic gradient at the shallow subsurface is about 2.84%
from KH-02 to KH-05 (Figure 4). According to rocks properties listed in Table 2, the resulting
average apparent groundwater velocity in the hyaloclastites formation is about 4.7 m/yr, and
about 8.9∙10-2 m/yr in the basalt lavas.

4 Conclusions and future steps
In this Deliverable, we described the construction of the groundwater conceptual and
numerical circulation models for the S4CE sites of St. Gallen, Cornwall, and CarbFix2.
Although some simplifications have been made, the results are considered reliable for the
follow up studies in Work Packages 4, 6, 7 and 8, as well as for the achievement of the
objectives of the project.
PU

Page 14 of 17

Version 6.0

Deliverable D4.5

As already indicated, the conceptual models presented in this deliverable provide the
background information on which the contaminant transport models will rely on for the risk
assessment analysis.
Results will allow to foresee and monitor possible contamination events, and to design
appropriate strategies for monitoring and protecting the shallow aquifers in the studied field
sites.

5 Publications resulting from the work described
- D'Aniello, A., Fabbricino, M., Ducci, D., & Pianese, D. (2019). Numerical Investigation of a
Methane Leakage from a Geothermal Well into a Shallow Aquifer. Groundwater. DOI:
10.1111/gwat.12943.
- D'Aniello, A., Fabbricino, M., Ducci, D., & Pianese, D. (2019). Multiphase flow and solute
transport modelling of a hypothetical methane leakage into a shallow aquifer. FlowPath
2019 National Meeting on Hydrogeology, Milan (Italy), 12-14 June 2019.
- D’Aniello, A., Tómasdóttir, S., Sigfússon, B., and Fabbricino, M. (2020). Modeling gaseous
carbon dioxide flow behavior within layered formations: dimensional analysis and aquifer
response. Submitted.
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