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ABSTRACT 

Population growth in coastal regions, climate change and sea level rise pose increasing challenges 
to the sustainable management of coastal aquifers and ecosystems and the conjunctive use of 
groundwater and surface water globally. The project Water4Coasts, which includes partners from 
Brazil, China and Denmark, seeks to develop and apply new innovative monitoring, data handling, 
modeling and management solutions, and share experiences on sustainable management of coastal 
water resources and ecosystems in a changing climate. In this paper we present selected preliminary 
results and conclusions from the case study sites in Recife (Brazil), Laizhou Bay (China) and the 
Island of Falster (Denmark).  

 

INTRODUCTION 

Sustainable management of coastal water resources and ecosystems face increasing problems 
globally (Wu et al. 1993, 2008, da Silva Jr. et al., 2010, Hinsby et al., 2011, 2012, 2013 
Montenegro et al., 2012, Sonnenborg et al. 2012, Rasmussen et al., 2013). The main objectives of 
the project Water4Coasts, from the “ecoinnovation” program of the Danish Ministry of 
Environment, are to evaluate and promote innovative solutions within: 1) Techniques for 
controlling saltwater intrusion and land subsidence; 2) Efficient methods for early warning and 
flood risk reduction from streams and canals; 3) Methods for reducing nutrient loadings to surface 
waters and 4) New efficient monitoring, data handling and visualization techniques. The study 
focuses on investigations in three coastal aquifers at Laizhou Bay, China; Recife, Brazil and 
Marielyst/Falster, Denmark. The three study sites are located in very different climatological and 
hydro(geo)logical settings in the northern and southern hemisphere, with annual precipitation 
ranging from around 600 mm (evaporation greater than 1600 mm and drought conditions in 
Laizhou, China) up to more than 2000 mm (Recife, Brazil), and at three different seas: The Pacific 
ocean, the Atlantic ocean and the Baltic Sea.  

 

METHODS 

In Water4Coasts evaluation of different methods for controlling saltwater intrusion are considered, 
such as managed aquifer recharge of rainwater and/or recycled water for development of positive 



hydraulic barriers to control saltwater intrusion. Such systems have been in operation in, for 
instance, California (e.g. Reichard and Johnson, 2005) and Northern Spain (Ortuño et al. 2012) for 
decades, while managed aquifer recharge in coastal dunes is well known from the Netherlands 
(Karlsen et al., 2012). Rainwater harvesting and injection is a relevant option for the Recife site 
with annual precipitation of up to more than three meters in wetter years, but it may also be a 
relevant option at both of the other sites. For the Danish site at the Baltic Sea, regional climate 
models have estimated that the current winter precipitation may increase by about 50% in this 
century. Rainwater harvesting, storage and injection in aquifers may be an option both for 
controlling saltwater intrusion and for flood risk reduction. Likewise, direct injection of recycled 
water to coastal aquifers (managed aquifer recharge) is considered to be a realistic option to control 
saltwater intrusion in all three investigated sites, in order not only to control saltwater intrusion and 
reduce flooding risks, but also to further reduce nutrient loadings to coastal waters and, in some 
cases, mitigate or reduce the risk of land subsidence. The Water4Coasts project considers different 
options for all three study sites and compares experiences for monitoring and controlling saltwater 
intrusion gained at the three study sites in Brazil, China and Denmark.  

 

RESULTS 

Results from the three study sites presented here include: 1) Initial assessment of the feasibility of 
rainwater harvesting and MAR in Recife, Brazil; 2) Monitoring, local and regional modelling of 
current saltwater intrusion from seawater and old marine sediments in Laizhou Bay area, China; and 
3) Assessment of the chemical and microbiological quality of drain water potentially used for 
injection in possibly horizontal saltwater barrier wells on the Island of Falster, Denmark.  

Recife, Pernambuco State, Brazil 

Recife Coastal Plain multi-aquifer system consists of two deep semi-confined aquifers, Cabo and 
Beberibe, covered by a phreatic aquifer, Boa Viagem. The excessive drawdown of the 
potentiometric heads in the deep aquifers due to overexploitation is aggravated by the high 
urbanization level, which highly decreases the chance of natural recharge of the system. Thus, the 
importance of evaluating the potential of managed aquifer recharge using rainfall as an alternative 
for recovering the potentiometric heads in the confined aquifers is increasing. In this context, an 
artificial recharge experiment simulating the use of rainfall volume storage was performed. The 
experiments were carried out in a region where the highest drawdowns in Cabo aquifer have been 
observed, in order to verify the artificial recharge results. Different scenarios were analyzed with 
numerical analysis by the finite element program CODE_BRIGHT (Olivella, 1995). The results 
suggest that managed aquifer recharge by injection wells in the site studied is feasible. 
Nevertheless, experiments with long-term injection and analysis should be carried out to further 
evaluate the potentiometric head variations caused by long-term managed aquifer recharge. 

Laizhou Bay, Shandong Province, China 

Different scenarios including change in abstraction (reducing water exploitation 30% and increasing 
brine-water mining 30%), sea level rise（rise of 0.3 m）and managed aquifer recharge along the 
“Yellow River to Qingdao canal” (injection volume is 1.8×105m³/d) are currently being modeled 
at two scales. The modeled areas, located between Weifang city and the southern coastline of 
Laizhou Bay are shown in Figure 1.  

Two density-dependent groundwater flow models have been established for the Chinese study area 
between The City of Weifang and the coastline of Laizhou Bay 1) A regional model covering all of 
the area shown in Figure 1 is set up in SEAWAT (Langevin et al., 2007) and 2) A smaller more 



detailed model is established about 1020 km
2
 in northwestern part of the area. The model is set up 

in FEMWATER (Lin et al., 1997). The models are established by China Geological Survey and 
Nanjing University. Based on the data of groundwater level, chloride and TDS concentration, 
regional scale and small scale models are identified and validated.   

 

Figure 1.  Laizhou Bay study area in China. 

The migration of the saltwater intrusion interface was analyzed in a variety of modelling schemes in 
order to assess the impact of different scenarios. According to the modeling results, the seawater 
intrusion speed is about 450 m/a during the 1980s and 1990s, and then it slows down to 50 m/a or 
less in recent years. In addition, they show that the intrusion speed will increase by approximately 
5% and 18% as having 50% more pumping and 0.3m sea level rising, respectively. Additional 
results show that the sea level rise has relatively little effect on the interface under current 
conditions. However, changes in aquifer recharge and abstraction have a conspicuous effect on the 
seawater intrusion interface, and can significantly affect the seawater intrusion interface migrating 
southwards. Consequently, change in abstraction scheme is the simplest and more practical way to 
avert seawater intrusion, because the Municipal Government is able to implement effective 
management quickly, while managed aquifer recharge may the best way to prevent saltwater 
intrusion. However, the feasibility of such actions must be further identified according to 
hydrogeological conditions, drilling technology and injection water quality. 

Marielyst, Falster, Denmark 

Saltwater intrusion and the impact of climate change and sea level rise has been modelled with 
SEAWAT (Rasmussen et al., 2013). Currently the model is improved and recalibrated and prepared 
for the evaluation of different design of saltwater intrusion barriers, which may include both vertical 
and horizontal barrier wells (Rasmussen et al., this volume). Results from parallel studies on the 
organic, inorganic and microbiological quality of water from drainage canals in the study area, 
which potentially may be used for managed aquifer recharge in injection barrier wells, show that a 
rather high number of different types of pharmaceuticals (e.g. cardiovascular medicine, 
psychopharmica, anti-inflammatory painkillers and antibiotics) and some pathogens are currently 
present in drain waters, and that these therefore would need efficient pre-treatment before injection. 
Finally, geochemical modelling demonstrates that the evolution of groundwater chemistry and the 
significance of redox processes may differ significantly between single and dual porosity media.   



DISCUSSION AND CONCLUSIONS  

The preliminary results and assessments demonstrate that MAR may contribute to control and 
mitigate salt water intrusion problems in the investigated aquifers, as has also been demonstrated in 
several MAR systems successfully operating mainly in the U.S. and Europe. However, the studies 
also demonstrate that MAR requires strict control with the quality of the recharged waters and 
efficient treatment before recharge/injection, especially to ensure efficient removal of e.g. 
pathogens and potential emerging contaminants (e.g. pharmaceuticals) from sewage systems and 
agricultural practices etc. In addition, injection of oxic surface water into anoxic groundwater 
environments may mobilize trace elements such as As and Ni, e.g. from oxidation of pyrite, and 
create other severe groundwater quality or well clogging problems. Hence, required pretreatment, 
subsurface hydraulics, chemical processes and solute transport, as well as transport and fate of 
contaminants and naturally occurring trace elements in groundwater, need to be carefully assessed 
before designing and installing full scale operating MAR systems. 
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