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Abstract 9 

Historically, industries were in harbour areas of cities for easy access to transportation of resources. 10 

Today, transforming former industrial areas into living spaces has become attractive business. However, 11 

this transformation has often been challenged by high levels of soil contamination caused by the 12 

industrial use. Remediation measures are mandatory to ensure the public safety in the redeveloped areas. 13 

Detailed information about the contaminant type, distribution and transport mechanisms is required to 14 

address the contamination issues. This paper presents a workflow for investigations assisting decision 15 

making for construction work in redeveloped industrial areas. The workflow is applied to Horsens 16 

harbour (Denmark). In this area, renovation of the harbour walls introduces the risk of spreading of 17 

phenol contamination to planned construction areas. The study demonstrates how detailed information 18 

about the geology and hydrology at the site allows for scenario modelling of contaminant transport, 19 

guiding remediation efforts and aiding decision makers in developing the harbour area.  20 
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1. Introduction 44 

Groundwater in urban areas is exposed to anthropogenic influences and is often contaminated 45 

(Vasin et al., 2016). Various sources of contamination can exist and challenge remediation efforts and 46 

future redevelopment due to changing land use (Schirmer et al., 2013). Therefore, the practical 47 

contaminated site investigations and measures to determine the transport of contaminants in urban areas 48 

are necessary and have been scientifically scrutinised for several years (Bauer et al., 2004; Greis et al., 49 

2012; Trowsdale and Lerner, 2007; Vasin et al., 2016). However, insufficient information about the 50 

hydrogeological setting and the numerical transport model have made the evaluation of contaminant 51 

concentration and distribution significantly uncertain (Hansen et al., 2019; Yang et al., 1999). 52 

Consequently, the effects of collection and remediation schemes developed seldom meet expectations 53 

(Graber et al., 2008; Khan et al., 2004).  54 

Knowledge of the hydrogeological setting in urban areas is crucial because it forms the basis for 55 

understanding the fate and distribution of the contaminants. In recent years, hydrogeophysical methods 56 

have become a valuable, non-invasive source of continuous data sections, significantly improving the 57 

data coverage and accuracy of the investigated urban areas (Bockhorn et al., 2015; Pazzi et al., 2016; 58 

Prudhomme et al., 2019). Geophysical methods have been applied at contaminated sites to identify fill 59 

materials and, in some cases, map contamination plumes (Boudreault et al., 2010; Maurya et al., 2017; 60 

Vaudelet et al., 2011). However, the anthropogenic structures in urban areas represent abrupt changes 61 

which sometimes shortcut the geological units. Hence, the urban hydrogeological models often suffer 62 
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from low fidelity which reduces the accuracy of numerical simulations. Consequently, it is important to 63 

include those features in the urban models (Andersen et al., 2018).  64 

Mapping contaminant plumes provides a better understanding of contaminated sites which enables 65 

sound risk assessment and targeted remediation schemes (Tao et al., 2019). The first step to delineate the 66 

geometry of contaminant plumes is usually point sampling. Recently, the mapping approach was 67 

developed from a simple interpolation to novel methods including stable isotopes tracing, geophysical 68 

mapping, geostatistics and hypothetical numerical simulation (Baawain et al., 2018; Karges et al., 2018; 69 

McLean et al., 2019; Negrel et al., 2017; Pannecoucke et al., 2020; Rivett and Allen-King, 2003; Zuo et 70 

al., 2018). Once the outline of contaminants has been revealed, the treatment technology takes over. 71 

Many in-situ and ex-situ approaches, including permeable reactive barriers, capture wells and 72 

electrochemical transformation, have been tested and proven effective (Bertrand et al., 2016; Christ and 73 

Goltz, 2004; Hyldegaard et al., 2020; Vaezihir et al., 2020). In some cases, the polluted areas are too 74 

large or expensive to considered remediation on a shorter time scale. If construction work is planned in 75 

such an area, it is beneficial to model the resulting changes in the expected flow pattern. This may 76 

mitigate the risk of spreading pollution. 77 

Recently, 3D numerical flow and solute transport software and code, including FEFLOW (Finite 78 

Element subsurface FLOW system), Visual MODFLOW and CSTREAM, have attracted considerable 79 

interest due to their excellent functionality and flexibility (Bauer et al., 2004; Jeppesen et al., 2011; 80 

Trowsdale and Lerner, 2007). FEFLOW has been successfully applied to simulate groundwater recharge 81 

and denitrification below a seasonal flooded restored riparian zone, as well as for constructing a 82 

freshwater management system and assessing seawater intrusion in coastal aquifers (Elad et al., 2017; 83 

Jensen et al., 2017; Kazmierczak et al., 2016; Nocchi and Salleolini, 2013; Priyanka et al., 2018; Rona 84 

et al., 2014; Sherif et al., 2012). In urban areas, FEFLOW also acts as a reference for groundwater 85 

resource management and underground space engineering (Du et al., 2016; Greis et al., 2012; Vazquez-86 

Sune et al., 2005). In recent years, the solute transport simulation has played an increasingly important 87 

role in forming remediation schemes for groundwater (Bauer et al., 2004; Mulligan and Yong, 2004; 88 

Vasin et al., 2016). This paper evaluates the resultant shape of a contamination plume simulated for 89 

different possible scenarios suggested in the context of renovation and construction works planned in the 90 

Horsens harbour area. The example demonstrates how the simulation may help decision making. 91 

Horsens harbour (Fig. 1) was formerly an industrial area from 1860 to 1969 consisting of gasworks, 92 

an asphalt roofing factory and a tar production facility. It was found that the former gasworks site was 93 

characterized by multiple contaminant sources. The contaminants of concern had the potential to 94 

continuously feed the contaminant plumes (Birak and Miller, 2009; Bockelmann et al., 2001; Mak et al., 95 

2006). Today the upper meters of soil are still heavily contaminated even though the area was remediated 96 

in the 1980s and 1990s. Nonetheless, converting the industrial port into living spaces has become an 97 

attractive business because people willingly pay higher rent to live near the sea.  98 

This study demonstrates how modelling contaminant transport for different scenarios can visualise 99 

the variation in the effect of the contaminant plume and assist decision making in complex contaminated 100 

sites when detailed hydrogeological information is available. The study focuses on integrating the field 101 
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and numerical methods such as geophysical mapping, 3D hydrogeological model construction and solute 102 

transport simulation in an urban area to help plan the renovation at a harbour front to guide water to the 103 

sea while considering various interests. Andersen et al.’s work presents (2018) a detailed 3D geological 104 

model of the former gasworks at Gasværksgrunden in Horsens, Denmark. The previous work was based 105 

on joint interpretation of various geophysical methods, boreholes, water samples and land use 106 

information. Building on these premises, the research objectives of this paper are  107 

(1) to import the 3D hydrogeological voxel model to FEFLOW by assigning proper hydrogeological 108 

parameters for it,  109 

(2) to explore the transport of the contaminant plume according to the identified contamination 110 

source information,  111 

(3) to evaluate the changes in the contaminant plume for different scenarios related to the renovation 112 

of the sheet pile walls. 113 

(4) to summarise, providing a good foundation to the authorities for their current and future work 114 

schemes related to site construction and groundwater remediation in the contaminated harbour 115 

aquifer. 116 

2. Suggested workflow 117 

This section suggests a workflow (Fig. 2) which has been developed and tested as part of this study. 118 

The field geophysical mapping, lithological and anthropogenic data interpretation for the 3D geological 119 

model construction in GeoScene3D have been detailed by Andersen et al. (2018). Based on their research, 120 

this paper focuses on the hydrological parametrization of the 3D geological model and simulation of 121 

different scenarios in FEFLOW. Thus, these are parts of the workflow detailed in later sections of this 122 

article for Horsens harbour. To frame the rest of the work presented in the study, this section will go 123 

through the suggested workflow.  124 

Initially all relevant data from the site are acquired. Studying the fate of contaminants requires 125 

detailed information about the study area. This includes borehole data, geophysical data, water level 126 

measurements, water sample analyses, terrain elevation data, orthophotos for evaluation of infiltration, 127 

reports from the area, distribution of anthropogenic features among others including pipes, basements 128 

and information about former excavations and fill materials. After the data collection, whether additional 129 

data needs to be acquired is decided based on assessing the data coverage. Once the data coverage is 130 

reasonable, considering the expected geological complexity, a 3D hydrogeological model representing 131 

lithology is created. For information on data collection and setup of the hydrogeological model for the 132 

area of Horsens harbour, please refer to Andersen et al. (2018). The model is imported into FEFLOW 133 

and relevant hydrogeological parameters are assigned. The discretisation and relevant parameters 134 

assigned in FEFLOW are detailed in section 5, using Horsens harbour as an example. Once the 135 

hydrogeological model is parametrized and imported to FEFLOW simulations are run and the model is 136 

calibrated to fit water levels observed in the study area. When the hydrological model is calibrated it is 137 
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possible to build up the fluid flow and solute transport model. For the case of Horsens harbour the sheet 138 

pile walls are adjusted in the simulations according to the suggested scenarios. The simulations reveal 139 

changes in the geometry of the contaminant plumes arising in the different situations. Decisions can be 140 

made based on the observed differences for the chosen scenarios. This article assesses the applicability 141 

and effectiveness of different scenarios and their potential impact on hydrogeological conditions and 142 

contaminant transport in the research area. Finally, the optimal solution is selected and the results are 143 

presented to the decision makers in Horsens municipality for conclusion and application. 144 

3. Site description 145 

The study is conducted on the Horsens Gasworks site, Denmark (Fig.  1). The site is designated 146 

as one of the nine national test sites for the development and demonstration of new techniques related to 147 

the investigation and prevention of soil contamination 148 

(https://www.danishsoil.org/testsites/index.php?lang=uk). Various urban features including roads, 149 

houses, parking lots and green areas constitute this area. An estimated 45,000 m3 of soil is still heavily 150 

contaminated due to the contaminant spread before the remediation efforts in the 1980s and 1990s. Today, 151 

up to 5 to 7 m of the upper soil is contaminated with volatile aromatics, phenols, polycyclic aromatic 152 

hydrocarbons (PAH) and inorganic compounds. The degradation rate of the contaminants is expected to 153 

be extremely slow due to the anaerobic conditions which hinder the reproduction of aerobic 154 

microorganisms that might degrade the contaminants. A contamination plume has been detected along 155 

the western part of the area that extends towards the harbour. It is believed to originate from the gasworks 156 

vicinity field (Krüger A/S, 1990; Krüger A/S, 1998; Krüger A/S, 1999). 157 

The land and sea areas are originally separated by two sheet pile walls (named Wall 1 and Wall 2, 158 

respectively, see Fig.1). Wall 2 is a concrete structure and considered impermeable while Wall 1 is an 159 

old wooden structure which is permeable. Due to the ongoing degradation, Wall 1 is about to be replaced 160 

by an impermeable steel structure. This modification is expected to change the hydrological conditions 161 

and, consequently, influence the transport pattern of the contaminants. Simultaenosuly, several 162 

construction sites including commercial and residential projects have been scheduled in the Horsens 163 

harbour area. An impermeable Wall 1 is expected to widen the contamination plume and increase the 164 

concentration of contaminants in the planned construction sites. This should be avoided. Thus, different 165 

solutions are being tested. 166 

3.1 Geology 167 

The geology at Horsens harbour is complex, with sediments ranging from glacial to post-glacial 168 

and anthropogenic sediments. The glacial deposits include moraine clay, thin layers of meltwater 169 

deposits overlain with lacustrine clays and silt. The glacial sediments were deposited during the 170 

Pleistocene (Houmark-Nielsen, 2004). The postglacial sediments include several thin layers of sand, clay 171 

and organic clay (Gyttja) deposited during the Holocene when the area experienced several 172 

regressions/transgressions (Houmark-Nielsen, 2004). The glacial and postglacial deposits are overlain 173 

with fillings that display abrupt lateral variations and thicknesses up to 5 m. The fillings around 174 

anthropogenic structures, for e.g. pipes lines, sewers and foundations, are predominantly sand and gravel.  175 
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4. Hydrogeological model 176 

4.1 Borehole data 177 

The lithological information from 98 boreholes at the field site was collected from the national 178 

borehole database, Jupiter, hosted by The Geological Survey of Denmark and Greenland (GEUS), 179 

various geotechnical investigations at the field site and the Central Region of Denmark’s database (Fig.3). 180 

The borehole depth varies from 0.5 m to 28 m below terrain (m.b.t.) with most boreholes being drilled 181 

to around 7 m.b.t. In addition to the lithological information for several boreholes, the databases provide 182 

information about the groundwater level and chemical analyses. The quality of the borehole information 183 

varies due to differing borehole ages, drilling purposes and drilling methods. 184 

4.2 Groundwater level 185 

Geophysical surveys and borehole information suggested the presence of two sandy aquifers in the 186 

study area. The upper aquifer is mainly distributed in the central and northern part of the model whereas 187 

the lower aquifer is thinner but generally continuously spread over the study area. The groundwater levels 188 

in the aquifers were derived from the available borehole information, section 4.1. Data was filtered to 189 

obtain the authentic water level representing the continuous groundwater flow field in the aquifers rather 190 

than stagnant water lenses, discontinuous or deeper water levels. Hence water level data from boreholes 191 

were selected only if the screen, or the bottom, in case of open boreholes, was in the upper or lower sandy 192 

aquifer. Additionally, outliers, where the hydraulic head listed was above the terrain or far deeper than 193 

most of the measured values, were discarded. Finally, 52 qualified boreholes were selected based on the 194 

above conditions (Fig. 5). In some boreholes, series of measures were available at different times. In 195 

such cases, the median value was adopted. Still, variation in water levels sustained, most likely due to 196 

seasonal changes, tides and rainfall differences since measurements were not conducted at the same time. 197 

Ideally, a synchronous series of measurements should be undertaken. This was not possible here since 198 

the boreholes were temporary and often originated from geotechnical investigations before construction 199 

works. The upper aquifer has a hydrostatic pressure around 3.383 to 3.708 m above sea level. The 200 

hydraulic head in the lower aquifer varies from -0.8 below sea level to 2.3 m above sea level. The 201 

groundwater elevation generally decreases from north to south. 202 

4.3 Analyses 203 

Analyses of water samples from 29 boreholes, soil samples from 12 boreholes and pore air from 5 204 

boreholes are available from the study area (Fig. 6). The samples were analysed for various components 205 

among others volatile aromatics. For e.g., benzene, phenols, polycyclic aromatic hydrocarbons (PAH), 206 

naphthalene and inorganic components such as cyanide, ammonia and sulphate. Furthermore, NVOC 207 

(Non-Volatile Organic Carbon), electrical conductivity, pH, redox potentials and temperature. This 208 

article aims to investigate the transport of contaminants from the gas works stations. Phenols were 209 

selected as an indicator of spreading contamination based on their high water solubility and slow 210 

degradation (Broholm et al., 1999). Information from the analyses was applied for locating the source of 211 

the contamination and verification of the simulations. 212 

4.3 Geophysical data 213 

It was concluded that continuous and area covering data was essential to resolve the geology in 214 

detail for modelling of contaminant transport. Therefore, geophysical investigations were conducted on 215 
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a 200 m × 330 m test site to construct a high-resolution geological model (Andersen et al., 2018). The 216 

extensive geophysical datasets detailed in Andersen et al. (2018) included DualEM-421, GPR and 217 

DC/TDIP (Fig. 3). During the investigation, two ground penetrating radar (GPR) profiles and ten direct 218 

current (DC) resistivity and time domain induced polarization (TDIP) profiles were measured. Moreover, 219 

a total of 5500 m of profiles were measured in two surveys with the DualEM-421. 220 

4.4 Anthropogenic structures 221 

The buried anthropogenic features expected to affect the flow of ground water in the area include 222 

sewer systems, water pipes, cables and houses with basements. Information on these was provided as 223 

georeferenced features by Horsens Municipality. Cables are generally expected to be located no deeper 224 

than 0.8 m.b.t. while sewers and water pipes are placed from terrain to approximately 1.25 m.b.t. The 225 

depth of basements is assumed to be 1.8 m (Fig. 4).  226 

4.5 Voxel model 227 

The information from the geophysical mapping, boreholes and location of anthropogenic features 228 

were imported to an interpretation software – GeoScene3D (www.I-GIS.dk) – which conducted an 229 

integrated interpretation, as described in Andersen et al. (2018). As an alternative to the traditional 230 

surface modelling approach, the geological property variations and anthropogenic structures were 231 

represented in a regular 3D grid. Material parameters are assigned to each 3D cell (voxel) in the grid, 232 

allowing for heterogeneity, abrupt changes and properties that vary within lithologies (Jessell, 2001). In 233 

this study, the georeferenced information about anthropogenic structures has been included in the 234 

geological 3D voxel model. 235 

For the gasworks model, voxels can delineate the geological structures and characterize 236 

anthropogenic features within the uncertainty of the mapping methods. Structures smaller than the voxels 237 

can possibly exists, but they will be below the resolution of the applied mapping methods. In the 238 

following optimization process, the voxel model was reviewed and adjusted by geologists to achieve the 239 

best match between the model presentation and geological interpretation. 240 

The voxel model contains information about a 5-7 m layer below the crust. Because of topography 241 

and local information about greater depth, the model extends from 3.75 m above sea level to 11.25 m 242 

below sea level with voxels measuring 1 m × 1 m × 0.5 m (x,y,z). The topsoil fillings are dominated 243 

by sand and minor interactions of clay and silt ranging between 1 and 5 m in thickness. Under the fillings, 244 

a 1-3 m thick layer of medium to coarse grained sand is observed. Below the sand, a series of thin 245 

discontinuous 0.5-2 m thick clay and silt deposits are observed. A 2-10 m thick unit alternating from 246 

medium grained sand to silt and clay layers (Fig.4) lies under the clay and silt layers. 247 

5. FEFLOW modelling 248 

The high-resolution hydrogeological voxel model forms the basis for estimating the groundwater 249 

flow field and the contamination transport from the gasworks site to the harbour basin. A 3D steady state 250 

FEFLOW (Finite Element Modeling of FLOW, mass and heat transport in porous and fractured media) 251 

http://www.i-gis.dk/
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model simulating confined groundwater flow and contaminant transport was utilised. The numerical code 252 

developed by Hans-Jörg G. Diersch in late 1970s is one of the most widely used codes in modelling 253 

solute transport for groundwater. The flow and solute transport equations are (Diersch, 2013) 254 

∇ ∙ (�̅�) = 𝑄                        (1) 255 

∇ ∙ (�̅�𝐶) − ∇ ∙ (�̅� ∙ ∇𝐶) = 𝑄𝐶                    (2) 256 

where, �̅� = −𝐾 ∙ ∇ℎ  (Darcy equation); 𝑄 =  volumetric flow rate of source/sink term [T-1]; 𝐶 = 257 

solute concentration; �̅� = 𝜀𝐵𝐷𝑚𝛿 + 𝐷; 𝐷𝑚 = molecular diffusion coefficient [L2T-1]; 𝐵 = thickness 258 

of saturated phreatic aquifer [L]；  𝛿 =  identity tensor; 𝜀 =  effective porosity; 𝐷 =  mechanical 259 

dispersion tensor [L2T-1]. 260 

5.1 Model discretization  261 

The model domain covers 553,819.5 to 554019.5 m Easting and 6,190,599.5 to 6190929.5 m 262 

Northing, as per European Terrestrial Reference System (ETRS) 89 / Universal Transverse Mercator 263 

(UTM) zone 32N in the horizontal plane. The elevation of the top and bottom of the model is 3.75 m 264 

above and 11.25 m below the mean sea level, respectively. The model is a cuboid spanning 200 m (UTM-265 

X) × 330 m (UTM-Y) horizontally and 15 m in vertically. Voxel dimensions are uniformly set to 1 × 1 266 

× 0.5 m (x, y, z). Thus, the model has a total of 1,980,000 elements (i.e., 66,000 elements in each layer) 267 

and 2,062,461 nodes. To simplify the calculation, part of the elements representing seawater, 268 

impermeable anthropogenic structures and elements without geological information were set as 269 

computationally inactive.  270 

5.2 Model inputs 271 

The initial and calibrated model parameters have been listed in Table.1 272 

Inflow on the top 273 

Land use information was provided as georeferenced features by the Horsens municipality. 274 

Infiltration areas for numerical simulations were defined based on this information. The precipitation 275 

infiltration was the main inflow on top of the aquifer. Buildings and impermeable land cover such as 276 

roads were assigned zero infiltration. The recharge was computed by multiplication of the recharge 277 

coefficient with the annual precipitation data. The mean annual precipitation and soil infiltration 278 

coefficient were estimated to be 880-950 mm/year and 23.5%, respectively by Severinsen et al. (1996) 279 

and Stisen et al. (2012). A uniform precipitation of 900 mm/year was applied for the study area which 280 

corresponds with an annual infiltration of 212 mm/year. 281 

Boundary conditions 282 

As shown in Fig. 5, on the interface between Wall 1 and seawater, a constant head boundary condition 283 

(BC) was set to 0 m over the sand unit. The northern boundary of the aquifers was assigned by the Kriging 284 



 

 9 

interpolation of observed groundwater levels for each aquifer (Bartier and Keller, 1996; Yao et al., 2014). 285 

Due to the impenetrability of the structures located outside the southern study area, the southern boundary 286 

was set as a no-flow condition over the entire depth. The no-flow boundary was also defined along the 287 

eastern and western boundaries since the overall flow direction of the groundwater was north to south 288 

(Andersen et al., 2018). The bottom of the model was also considered as a no-flow boundary. At nodes 289 

where the model was not specifically defined, the default impermeable boundary condition was 290 

maintained. 291 

Material properties 292 

Voxel cells from the hydrogeological model were assigned with hydraulic conductivities on import 293 

to FEFLOW. The chosen hydraulic conductivity was based on lithological definitions, field observations, 294 

empirical values and results of previous studies (Fredericia, 1990; Henriksen et al., 2003; Heron et al., 295 

1998; Sidle et al., 1998). The conductivity value of each unit was found to be spatially varying and 296 

anisotropic in the vertical direction i.e., 𝐾𝑥𝑥 = 𝐾𝑦𝑦 ≠ 𝐾𝑧𝑧 . The vertical hydraulic conductivity was 297 

assumed to be 10% of the horizontal conductivity in the x or y plane (Priyanka et al., 2018). The porosity 298 

was considered uniform and set to 0.3 for all units.  299 

Flow model calibration 300 

The flow model was calibrated by comparing observed and calculated hydraulic heads in the lower 301 

sand aquifer in boreholes using varying horizontal and vertical hydraulic conductivities. The accuracy of 302 

the calibrated models was estimated with the root-mean-square error (RMSE): 303 

𝑅𝑀𝑆𝐸 = 1 𝑛⁄ √∑(𝐻𝑜𝑏𝑠 − 𝐻𝑠𝑖𝑚)2                          (3) 304 

where, 𝐻𝑜𝑏𝑠   is the observed hydraulic head, 𝐻𝑠𝑖𝑚  is the simulated hydraulic head, and 𝑛  is the 305 

number of data points. 306 

Contaminants transport 307 

The initial mass concentration of the model was set at zero to simulate the impact of the contaminants, 308 

which originated from the identified contamination source, on the whole model area. The mass boundary 309 

conditions on the northern nodes were assigned with a zero boundary since the groundwater flow 310 

direction was expected to be roughly southwards. The Scheidegger-Bear model was used for the 311 

mechanical dispersion in which the transverse dispersion was assumed to be isotropic (Raats, 1973). 312 

Both longitudinal and transverse dispersion coefficients depended on the spatial scale of the model 313 

domain and were uniformly set to 7.5 m and 0.75 m respectively (Gelhar et al., 1992).  314 

The contamination source corresponds to the hot spot area at the gasworks site, as shown by 315 

Andersen et al. 2018 (Fig. 4). In the vertical direction, boreholes indicated the presence of sandy 316 

sediments below the groundwater table. Moreover, resistivity and chargeability profiles from 10 317 

DC/TDIP profile lines (Fig. 3) suggested that sandy sediments located in the saturated zone were heavily 318 

contaminated (Andersen et al., 2018). Building on these premises, the source of the contaminants was 319 
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simulated with the elements from layer 5 to layer 7 that were predominantly sand (Fig. 4). The 320 

dimensionless unit mass concentration boundary condition was assigned to the nodes of the source 321 

elements. With this normalized approach, the simulations revealed the spread of contaminants and the 322 

resultant dilution factor to be applied while estimating the concentrations of contaminants spreading from 323 

the source location. The contaminant transport was assumed to be conservative. 324 

6. Results and discussion 325 

6.1 The hydrological model 326 

Fig. 5 illustrates the boundary conditions in the model, the simulated hydraulic head distribution in 327 

the lower aquifer and 52 observed hydraulic heads in the study area. The simulated contours show how 328 

the hydraulic head is highest near the northeast and gradually decreases from north to south, as it 329 

approaches zero at Wall 1. Some discrepancy is observed between manual and simulated values as well 330 

as between closely lying manual measures. Observed values are generally lower than the ones simulated 331 

in the harbour area and higher than the simulated values at the north of the model. Manual measures have 332 

not been conducted simultaneously; some are years apart. It was concluded that measurements made at 333 

the same time appear to show similar levels, decreasing from north to south, towards the harbour front 334 

in accordance with the simulations. Boreholes with over five measures have values varying by over a 335 

meter. With asynchronous measures, variations may originate with seasonal change, human activities, 336 

tides and recent precipitation. Nevertheless, measuring boreholes with high-density distribution offers 337 

possibilities to acquire relatively authentic data representing the continuous groundwater flow field. 338 

Fig. 6 shows the modelled original distribution of the contaminant plume in the sandy aquifer. The 339 

values represent the maximum modelled concentration of contaminants in the aquifers presented below 340 

that point in the model. The dashed line represents contaminant reduction to 5% of the source 341 

concentration and approximates the outline of the contamination plume. Additionallly, the solid line is 342 

plotted to highlight the isoline with a concentration of 35% of the source concentration. This isoline is 343 

chosen because it approximates half the distance between the contamination source and the edge of the 344 

plume. Besides, this isoline can illustrate the main flow direction of the contaminants. The two black 345 

curves representing this original case scenario have been maintained in following figures for comparison 346 

to highlight the changes in the flow direction and extent of contaminants when the harbour Wall 1 is 347 

renovated. 348 

Fig. 6 reveals a southward migration of contaminants – away from the source. This is in accordance 349 

with the general north to south flow of groundwater. The plume widens and the concentrations decreases 350 

southwards. The areas located south of the source, including the gasworks area, streets and the western 351 

part of the site 1 are the main contaminated areas while site 2 is at a lower risk of contamination. The 352 

permeable Wall 1, representing the shortest hydraulic distance to the sea, implies a discharge at the 353 

western part of the wooden harbour wall. Consequently, installing the outflow control facilities on the 354 

wall is recommended. This will drain the contaminated groundwater to prevent the expected spreading 355 

if the contaminated water cannot escape and is forced onto a longer path. Furthermore, it will have 356 

contaminants flowing out at a known position, ready for remediation work in the future. 357 
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Fig. 6 compares the modelled plume and observations from groundwater samples (circles), soil 358 

samples (triangles), and pore air samples (crosses). The red symbols show locations where phenols were 359 

detected. Green symbols represent locations of analyses with no phenols detected. With phenol analyses 360 

carried out at different times, on different sample types and possibly using different methods, the figure 361 

shows whether phenols were detected rather than the detected phenol concentration. Phenols do not 362 

evaporate into the pore air easily. That might be the reason why some green crosses representing pore 363 

air samples were located where groundwater samples indicate presence of phenols. Furthermore, pore 364 

air analyses were collected between the depths of 0.3 and 0.8 m below the terrain, often in fillings or 365 

organic soils located above the aquifers from which water samples had been collected. Results from soil 366 

samples showed an unclear pattern. These samples were also collected at shallow levels, generally less 367 

than 1 to 2 m depth, typically in layers consisting of gyttja or fillings. The harbour area was a former 368 

industrial area with piles of various materials lying on the ground available to the industry needing it. 369 

Thus, it is expected that the findings in shallow soil samples originated from the local contamination 370 

related to former storage spaces. 371 

6.2 Scenario and prediction 372 

The outflow control facilities comprise a perforated drainage pipe supplied with two outlet pipes. 373 

The drainage pipe is 10 m long and installed parallel to the wall. The two 2-m-long outflow pipes connect 374 

the drainage pipe to the sea, see Fig.7 b, c and d. 375 

Geophysical surveys and borehole information suggest the presence of two sand layers in the study 376 

area. An upper, 1m-3m thick sand layer to the north which thins out and becomes discontinuous to the 377 

south, pinching out near the Walls (Fig.4). The lower sand layer gradually increases in thickness from 378 

north to south. Although the lower sand generally appears thinner than the upper sand layer, it seem to 379 

be continuous over the area and can provide ideal conditions for the groundwater and contaminants. The 380 

analysis of groundwater samples and electrical resistivity data revealed that both the sand layers were 381 

contaminated (Andersen et al., 2018). The upper sand layer failed to provide a continuous migration path 382 

for contaminants due to the pinch out before reaching the wall, where the facilities were supposed to be 383 

located. Hence, to avoid disturbing the original flow pattern, the outflow control facilities were installed 384 

in the lower sand layer. 385 

Subsequently, three scenarios have been designed to determine the best location for the outflow 386 

control facilities (Fig.7 b, c, d). In the first two scenarios, the facilities have been placed on the western 387 

part of Wall 1 with the concentrated contaminant discharge into the sea, as shown in Fig.7 a. Conversely, 388 

the third scenario is placed on the Wall 2, to test whether installing the facilities on this Wall can reduce 389 

the plume width. In these scenarios, the outflow control facilities are arranged at intervals of around 10 390 

m. The outflow control facilities are implemented in the numerical model by assigning the nodes on the 391 

drainage pipe as a fixed hydraulic head (i.e., 0 m) since the drainage pipe is connected to the sea through 392 

the outlet pipes.  393 

Fig. 7 (colour-filled contours) shows the distribution of the contaminants’ plumes in the three 394 

scenarios with different locations of the outflow control facilities and compares them with the original 395 
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case (grey area enclosed by black dashed lines). Compared to the original case, the covered areas of the 396 

contamination plumes in the first two scenarios (Fig. 7b and c) were effectively reduced, especially at 397 

site 1. However, installing a larger plume on Wall 2 is predicted to cause a contamination spread 398 

over new areas, especially for site 2. Thus, scenario 3 was discarded. 399 

In scenarios 1 and 2 (see Fig.7 b and c), the outflow control facilities were placed on the western 400 

part of Wall 1, where the concentrated contaminants originally discharged into the sea. For site 1, the 401 

area covered by the plume were effectively reduced in the two scenarios. Scenario 1 was the better 402 

solution in the context of the number of reduced areas. Moreover, concentrations near the facilities in 403 

scenario 1 were obviously higher than scenario 2. Therefore, more contaminants were discharged by the 404 

facilities installed in scenario 1 than scenario 2 during the same period. Although different scenarios 405 

were tested to minimize the impact of contaminants, it was inevitable that site 1 and the streets would 406 

still be located right in the path of the plume. 407 

The main purpose of installing the outflow control facilities is avoiding an additional spread of 408 

contaminants compared to the original situation while renovating Wall 1 and making it impermeable. 409 

Under this condition, the recommended solution would be installing facilities west of Wall 1, near Wall 410 

2, as shown in Fig. 7b. In addition to fulfilling this requirement, the most important thought behind the 411 

planned solution is the installation of these facilities provides an accurate position for future collection 412 

and remediation work compared to the widespread discharge areas in the original case. Additionally, the 413 

selected solution can effectively mitigate the impact of contaminants on site 2 and discharge more 414 

contaminants.  415 

To illustrate the average distribution of all kinds of contaminants in the study area, the 416 

dimensionless unit concentration boundary condition was assigned to source nodes. Moreover, the mass 417 

transport was conservatively set. There are several types of contaminants characterising different 418 

chemical reactions and physical processes in the soil and groundwater. However, acquiring the accurate 419 

composition and related parameters as well as systematic concentration testing work are absent. 420 

Therefore, based on the results of this study, subsequent research should not only focus on the collection 421 

and treatment of contaminated groundwater at outflow control facilities but also establish more accurate 422 

solute transport-reaction and degradation models, building on the relevant data and parameters. 423 

7. Conclusions 424 

This study suggests a workflow for planning the transformation of a polluted industrial area into a 425 

living space. The workflow includes data assessment and collection, construction of a 3D 426 

hydrogeological model integrating anthropogenic features and information on infiltration. It also includes 427 

simulations and scenario testing designed to answer questions relevant for the decision about the 428 

transformation process. The workflow has been successfully applied at Horsens harbour, Denmark. 429 

Simulations have been verified by comparing the models and the available data from the site. Scenario 430 

testing designed for decision making was undertaken. The results of numerical simulations suggest that 431 

the optimal location for installing outflow control facilities guiding a flow of contaminants. By knowing 432 

the location of the outflow of the contaminants, they are ready for treatment and remediation work. The 433 
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installation scheme effectively mitigates the impact of contaminants on two planned construction sites. 434 

This study demonstrates the way modelling of contaminant transport based on detailed hydrogeological 435 

information for different scenarios can assist decision making about complex urban contaminated sites. 436 
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  635 

Fig. 1 Overview map of the study area 636 

 637 

Fig. 2 Map presenting the suggested workflow 638 
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 639 

Fig. 3 Location of the boreholes and geophysical data 640 

 641 

Fig.4 Appearance of the voxelised geological model in FEFLOW 642 
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 643 

Fig.5 Observed hydraulic heads, boundary conditions and simulated hydraulic head of hydrogeological 644 

model. 𝑅𝑀𝑆𝐸 = 0.4433 𝑚 645 
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 646 
Fig.6 Modelled original contamination plume and results of analysed samples  647 

(Red = Phenols detected, Green = Phenols not detected. Dot indicates groundwater sample and the 648 

triangle indicates soil sample and cross indicates pore air sample.) 649 
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 650 

Fig.7 Results of original situation and scenarios. a) Original situation, Wall 1 was permeable and Wall 2 651 

was impermeable. In b) scenario 1 and c) scenario 2, the outflow control facilities were both installed on 652 

Wall 1 but a different location. d) scenario 3, the outflow control facilities were installed on Wall 2. The 653 

colour-filled contour represents the contaminants plume distribution in different scenarios, while the 654 

binary filled contour which showed in Fig.7 a. and partly covered in Fig.7 b-d shows the original 655 

distribution of the contaminants plume. The values represented by the dashed and solid contour lines are 656 

0.05 and 0.35, respectively. 657 



 

 28 

Table.1 Input parameters for numerical simulation 

Fluid flow 

Inflow on the top (mm·yr-1)                             212 

a Constant head boundary (m) 

Northern boundary Upper sand 3.38 to 3.71 Lower sand 1.75 to 2.02 

Southwestern boundary No-flow No-flow 

Seawater 0 

Material properties 

b Hydraulic conductivity (m·d-1) 
(Horizontal : Kxx=Kyy) 

Sand 8.64 

Clay 8.64E-5 

Moraine clay 1.3 

Fillings 5.38 

c Porosity 0.3 

Mass transport 

c Dispersivity (m) 
Transverse 0.75 

Longitudinal 7.5 

Boundary conditions  
Contamination source 1 

Northern boundary 0 

a The hydraulic head boundaries in the upper layers of sand were acquired from a regional model and interpolated by the linear method, while the boundaries in lower layers of 
sand were acquired from observation wells and interpolated by the Kriging method. 
b Vertical hydraulic conductivity (Kzz) =10%·Horizontal hydraulic conductivity (Kxx, Kyy) 

c Porosity and dispersivity values were set for all units 


