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A B S T R A C T   

Study region: Christchurch, New Zealand. 
Study focus: Low-lying coastal cities worldwide are vulnerable to shallow groundwater saliniza
tion caused by saltwater intrusion and anthropogenic activities. Shallow groundwater salinization 
can have cascading negative impacts on municipal assets, but this is rarely considered compared 
to impacts of salinization on water supply. Here, shallow groundwater salinity was sampled at 
high spatial resolution (1.3 piezometer/km2), then mapped and spatially interpolated. This was 
possible due to a uniquely extensive set of shallow piezometers installed in response to the 
2010–11 Canterbury Earthquake Sequence to assess liquefaction risk. The municipal assets 
located within the brackish groundwater areas were highlighted. 
New hydrological insights for the region: Brackish groundwater areas were centred on a spit of 
coastal sand dunes and inside the meander of a tidal river with poorly drained soils. The 
municipal assets located within these areas include: (i) wastewater and stormwater pipes con
structed from steel-reinforced concrete, which, if damaged, are vulnerable to premature failure 
when exposed to chloride underwater, and (ii) 41 parks and reserves totalling 236 ha, within 
which salt-intolerant groundwater-dependent species are at risk. This research highlights the 
importance of determining areas of saline shallow groundwater in low-lying coastal urban set
tings and the co-located municipal assets to allow the prioritisation of sites for future monitoring 
and management.   

1. Introduction 

Monitoring shallow groundwater salinity in coastal areas is crucial for water resources management. Saline water can have 
cascading implications for roads (Dasgupta et al., 2014; Tenison, 2014), groundwater quality in deeper aquifers (Navoy and Carleton, 
1995; Onodera et al., 2008), groundwater dependent ecosystems (Eamus et al., 2016), ecosystem services, human health and 
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well-being (Tully et al., 2019), wastewater treatment plant operations (Miranda et al., 2019; Osman et al., 2017), and subsurface 
infrastructure (Luo et al., 2015). Saline groundwater corrodes subsurface infrastructure such as concrete, steel, bricks and masonry, 
that is periodically or constantly exposed to saline groundwater, causing it to fail prematurely (Fig. 1) (Luo et al., 2015), costing local 
government significantly more in upkeep and maintenance. In areas where shallow water table aquifers are not used for water supply 
purposes (where deep groundwater infrastructure exists, e.g., Shamsudduha et al., 2019), shallow groundwater may often not be the 
focus of regular groundwater quality monitoring efforts, as shown by a lack of water quality data in many shallow aquifers around the 
world (e.g., Navoy and Carleton, 1995). However, salinity in shallow aquifers is of increasing interest due to the potential for infra
structure damage, particularly under the increased risks of salinization under climate change induced sea-level rise (e.g., Befus et al., 
2020). 

Shallow groundwater salinity demonstrates the occurrence or degree of aquifer salinization due to saltwater intrusion, geological 
weathering conditions, and anthropogenic activities such as groundwater abstraction, sewage disposal, and agriculture (Hammami 
Abidi et al., 2017). Saltwater intrusion is driven by the lowering of hydraulic head, which can be induced by groundwater pumping, 
land drainage (e.g., due to land use changes), reduced recharge, increased evapotranspiration (Jiao and Post, 2019; Werner et al., 
2013), or sea level rise (Passeri et al., 2015; Werner and Simmons, 2009). While saltwater intrusion occurs primarily at the coast, with 
seawater being the source of salinity (e.g., Ketabchi et al., 2016; Werner et al., 2013), it also occurs in shallow aquifers adjacent to tidal 
surface water bodies (rivers, estuaries and lagoons), a process that has received considerably less attention than saltwater intrusion 
from the coast (Mikhailova, 2013; Shalem et al., 2015, 2019). Tidal surface water bodies can act as conduits that facilitate saltwater 
travelling upstream, which can contaminate adjacent fresh aquifers (Fig. 1) (Tully et al., 2019). Climate change impacts such as sea 
level rise, drought, extreme events, and reduced river flows, coupled with land subsidence due to, for example, mining or excessive 
groundwater pumping, would likely increase the distance that saltwater can travel up rivers, resulting in greater risk for saltwater 
intrusion from tidal rivers (Mikhailova, 2013; Wang et al., 2020). 

Low-lying coastal cities and countries worldwide are vulnerable to shallow groundwater salinization due to anthropogenic ac
tivities and climate change (Ferguson and Gleeson, 2012), having been observed in Bangladesh (Shamsudduha et al., 2019), the Dutch 
Delta cities (Amsterdam, Rotterdam, The Hague, and Utrecht) (Oude Essink et al., 2010), California (Befus et al., 2020), south east 
Florida (Renken et al., 2005), and Australia (Morgan and Werner, 2015). As a low-lying coastal city with several tidal rivers, 
Christchurch, New Zealand, is comparable to many areas globally. The city has extensive subsurface infrastructure that could be 
vulnerable to premature deterioration from shallow aquifer salinization, particularly due to sea level rise, including the water supply, 
stormwater, and wastewater pipe networks, as well as the downstream wastewater treatment plants (Hummel et al., 2018). Known as 
the “garden city of New Zealand” (NZ On Screen, 2020), Christchurch has numerous parks and reserves, many of which include tidal 
river reaches, which can impact the surrounding salt-intolerant vegetation within this ecosystem and the services they provide (e.g., 
Mexia et al., 2018). Importantly, Christchurch has a uniquely extensive set of recently installed shallow groundwater monitoring wells 
(detailed further in Section 1.1) that to date have not been used for salinity monitoring. Although some studies have mapped shallow 
groundwater salinity or chloride concentration as a measure of saltwater intrusion in urban settings using groundwater sampling and 
geophysical methods (Oude Essink et al., 2010; Shamsudduha et al., 2019), the impacts of shallow groundwater salinization on 
municipal assets were not the focus of these studies. 

Mapping shallow groundwater salinity is valuable to highlight brackish and saline groundwater areas and the municipal assets that 
can be impacted, which can then be prioritised for further monitoring and management. In this study, shallow groundwater salinity 

Fig. 1. Conceptual diagram of saltwater intrusion at the coast and from a tidal river, within an urban subsurface environment. The impacts of 
saltwater intrusion illustrated here are the corrosion of subsurface pipes and the death of salt-intolerant riparian vegetation. Symbols courtesy of the 
Integration and Application Network, University of Maryland, Center for Environmental Science (ian.umces.edu/media-library/symbols/). 
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Fig. 2. The study area within Christchurch, selected shallow piezometers (where measurements are time-averaged or one-off taken in certain tide 
conditions) based on the 500 m2 sampling grid within the buffer zone and 1000 m2 sampling grid outside the buffer zone, river tidal status (van 
Ballegooy et al., 2014), inland boundary (processed from Begg et al., 2015), the Residential Red Zone (Canterbury Earthquake Recovery Authority, 
2013), the coastline (National Topographic Office, 2012), and nested piezometer sites (Environment Canterbury, 2021b). 
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was sampled, at high resolution, and mapped in the low-lying coastal city of Christchurch, New Zealand, and the municipal assets 
located within brackish groundwater areas were highlighted. The study adds to the current literature by discussing the potential 
impacts of shallow groundwater salinization to existing municipal assets in an urban setting. 

1.1. Study area 

Christchurch, built on drained swampland (Wilson, 1989), is the second-most populated city in New Zealand with a population of 
394,700 (Stats NZ, 2020) and has a temperate oceanic climate with a median annual precipitation of 618 mm (Macara, 2016). Res
idents are solely dependent on groundwater for their water supply (Christchurch City Council, 2021b). The local regional council in 
Christchurch is Environment Canterbury, which is a common source of information cited in this paper. The study area of 81 km2 is 
within the tidally-influenced Ōtākaro/Avon River and Ōpāwaho/Heathcote River catchments, which flow into the 
Ihutai/Avon-Heathcote Estuary (Fig. 2). 

Between 4 September 2010 and 23 December 2011, Christchurch was struck by earthquakes and aftershocks up to moment 
magnitude 7.1, referred to as the Canterbury Earthquake Sequence (CES). The CES killed 185 people and caused extensive damage 
throughout Christchurch estimated at ~NZ$40 B (~US$31 B) (Quigley et al., 2016). The severe liquefaction, lateral spreading, and 
damage to infrastructure caused by the CES resulted in a voluntary central government buyout of ~7400 properties on flat land that 
was deemed infeasible to rebuild on, termed the Flat Land Residential Red Zone (forthwith Residential Red Zone), including in the 
suburbs of Bexley (along the Ōtākaro/Avon River corridor) and Southshore (see Fig. 2) (Canterbury Earthquake Recovery Authority, 
2016; Quigley et al., 2016). 

In 2011, a shallow groundwater monitoring network (the Automated Piezometer Network, APN) was installed by the Earthquake 
Commission to assess liquefaction risk in Christchurch. The APN is comprised of 1000 shallow piezometers, with 249 of these con
taining sensors measuring water level and temperature (but not electrical conductivity) every 10 min (Rutter, unpublished results). A 
large number of the piezometers used in the present study were selected from this monitored shallow piezometer network. 

The Christchurch coastal aquifer system is a multi-layered aquifer system alternating between productive gravel-dominated al
luvial deposits and low-permeability marine sediments as a result of glacial and interglacial periods during the Quaternary period 
(Brown and Weeber, 2001). The deepest bore drilled in Christchurch to a depth of 240 m below ground revealed seven layers of 
gravel-dominated deposits alternating with low-permeability sediments (Brown, 1998 as cited in Begg et al., 2015). Christchurch is a 
groundwater discharge zone, while groundwater recharge is sourced from Waimakariri River seepage (a gravel-bed braided river 
located north of Christchurch) and rainfall on the plains further inland (west of Christchurch) and the area between the Waimakariri 
River and Christchurch (Stewart, 2012). 

The unconfined water table aquifer, named the Christchurch Formation, is made up of Holocene-age beach, estuarine, lagoon, 
dune, and coastal swamp deposits of gravel, sand, silt, clay, shell, and peat (Brown and Weeber, 1992; White, 2007). The Christchurch 
Formation is approximately 40 m thick at the coast and gradually pinches out inland (White, 2007). The aquifer material is spatially 
variable; along the New Brighton beach, it is predominantly made up of sand, while sections around the Ōtākaro/Avon and 
Ōpāwaho/Heathcote River mouths and the Ihutai/Avon-Heathcote estuary are composed of less porous sand, silt, and peat of drained 
lagoons and estuaries (Brown and Weeber, 1992). The hydraulic conductivity of the Christchurch Formation was measured to be about 
5 m/day along the margins of Lake Kate Sheppard (Fig. 2) (Scaife, unpublished results), which is considered a semi-pervious, poor 
aquifer by Bear (1972). 

The Christchurch Formation is underlain by the semi-confined Riccarton Gravel aquifer, which is made up of well-graded gravels 
up to cobble size (100 mm) transported from the Southern Alps and deposited during the last glacial period (Brown and Weeber, 1992). 
This aquifer provides about 15% of the water supply for Christchurch (Morgan and Rosado, 2018), is artesian in places and is a source 
of flow for the spring-fed Christchurch streams, such as the Ōtākaro/Avon and Ōpāwaho/Heathcote Rivers (Stewart et al., 2018). 

Although the Christchurch Formation is commonly termed an aquitard (Environment Canterbury, 2001), groundwater flow be
tween the Christchurch Formation and the underlying aquifers can be significant, so much so that Lough and Williams (2009) 
recommend that the strata should not be managed as separate entities. 

2. Material and methods 

2.1. Piezometer selection 

For the present study, 106 piezometers were selected for sampling. These comprised 98 piezometers from the APN, one piezometer 
from the Christchurch City Council groundwater monitoring network, four piezometers installed for the current project, and three 
piezometers installed by an environmental consultancy for Christchurch City Council. The APN piezometers were drilled using the 
sonic method (Environment Canterbury, 2021a). The PVC standpipes are capped at the bottom with depths of up to 7.5 m below 
ground level and screen lengths of one to three metres long from the bottom of the well (van Ballegooy et al., 2014). Further details on 
individual piezometers are provided in the supplementary spreadsheet. 

Several parameters were considered during the selection of piezometers used for water quality analysis in this study. First, the 
inland boundary of the sampling area was determined using the five-metre thickness contour line of the Christchurch Formation from 
Begg et al. (2015) (Fig. 2). Second, the sampling density was chosen depending on the proximity of the piezometers to tidal water 
features. This is because tidal water features (including the ocean, lagoons, estuaries and tidal reaches of rivers) pose greater saltwater 
intrusion risk than fresh or non-tidal surface water bodies. Buffer zones were created around surface water bodies and the width of 
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these buffer zones was dependent on whether the surface water body was tidal (1000 m buffer zone), transitional (500 m buffer zone) 
or non-tidal (250 m buffer zone). A 500 m2 sampling grid was used to select wells within the buffer zones, while a 1000 m2 sampling 
grid was used outside the buffer zones, aiming for a minimum of one well in each grid at both resolutions (Fig. 2). The tidal status of 
major Christchurch rivers (Fig. 2) was statistically derived by van Ballegooy et al. (2014) solely using river level data (i.e., how far the 
tidal oscillation can travel up the river). As such, the actual position of the saltwater wedge within Christchurch rivers is not captured 
by these tidal status lines. However, they are considered conservative estimates of river salinity since the tidal oscillation would travel 
further upstream compared to the saltwater wedge within the river. 

2.2. Shallow groundwater measurements 

In this study, specific conductivity (SC) was used as a proxy for salinity, which is a standard practice (Jiao and Post, 2019). SC 
measures the ability of water to conduct electrical current at a reference temperature, usually 25 ◦C, and depends on the amount of 
dissolved ions present. 

The shallow groundwater SC measurements were conducted from 8 September to 21 October 2020. A survey during springtime 
likely represents a conservative measure of shallow groundwater salinity from a hazard perspective, as winter recharge often increases 
groundwater level and reduces salinity e.g., Abliz et al. (2016). 

To sample each well, an Isco PTP-150 portable pump (Isco Inc, 1992) was used and approximately three times the standing water 
volume was pumped from each well before sampling to remove standing water and ensure a representative sample, while monitoring 
water quality parameters (temperature, SC at 25 ◦C, pH, and dissolved oxygen) to ensure stabilisation (Daughney et al., 2006). The 
wells that did not meet these criteria (e.g. dried following some pumping) were removed from the analysis. The pump outflow was 
connected to a YSI 6850 flow cell (YSI Inc, 2021). The water quality parameters were recorded during and after pumping using the YSI 
Professional Plus multiparameter instrument (YSI Inc, 2009). 

To identify if the elevated SC is caused by seawater intrusion, rather than another source of dissolved ions such as sewage leakage 
from damaged waterwater pipes (Wolf et al., 2004), the shallow groundwater was also sampled for chloride and bicarbonate con
centrations. Chloride is the dominant ion in seawater, with a typical concentration of ~19,000 mg/L, whereas fresh groundwater 
contains significantly less chloride with a concentration of ≤ 300 mg/L (Oude Essink, 2001). Therefore, the relationship between 
groundwater SC and chloride concentration can identify if increases in SC are caused by seawater intrusion (Chang et al., 2019). In 
addition, bicarbonate is a major constituent of fresh groundwater and found in negligible amounts in seawater; thus, the chloride to 
bicarbonate ratio is also a useful indicator of seawater intrusion (Revelle, 1941). 

Out of the 106 measured sites, spot check samples from 27 randomly selected piezometers were measured for alkalinity as calcium 
carbonate in the field using a Hach digital titrator model 16900 (Hach Company, 2013). Calcium carbonate was converted into bi
carbonate concentration based on Rice et al. (2017). The filtered samples from these 27 piezometers were also analysed for chloride 
concentration in the laboratory using a Thermo Fisher Scientific Dionex Ion Chromatograph (Thermo Fisher Scientific, 2012). 

The previously mentioned four piezometers installed for the current project and the three piezometers installed by an environ
mental consultancy for Christchurch City Council were equipped with water level, temperature and electrical conductivity data 
loggers, of which details are presented in the supplementary spreadsheet. Seven SC data points were obtained from these instrumented 
shallow piezometers (Fig. 2) and were added to the SC map. These time-averaged data points therefore capture some temporal 
variation, such as variation over tidal cycles. In addition, 18 surface water SC measurements at selected sites in close proximity to the 
shallow piezometers were taken using a Solinst 107 TLC meter (Solinst Canada Ltd, 2017). 

Tidal stage can influence coastal groundwater salinity with various time lags (e.g., Kim et al., 2008). Therefore the tide condition 
during the time of measurement is shown in Fig. 2 and the supplementary spreadsheet, as average tide or above and average tide or 
below. The time lags between high tide and maximum salinity in individual piezometers were unknown, however the tidal influence 
was approximated to have little influence on the salinity patterns at the relatively large scale of the analysis. 

2.3. Spatial interpolation method 

The shallow groundwater SC was spatially interpolated in ArcGIS Pro 2.7 (ESRI, 2021) using universal kriging with log trans
formation (due to the right skewness of the data) and a constant order of trend removal was imposed, since this resulted in the lowest 
root-mean-square compared to other orders of trend removal. A standard error of prediction layer was produced using this interpo
lation method and is provided in the supplementary document (Fig. S1). The interpolated SC surface was categorised into salinity 
groupings of fresh (<500 μS/cm), marginal (500–1500 μS/cm), brackish at 3–9% seawater (1500–5000 μS/cm), brackish at 9–28% 
seawater (5,000–15000 μS/cm) and brackish at > 28% seawater (>15000 μS/cm). The reference for seawater SC used was 53,000 
μS/cm (Jiao and Post, 2019). 

Although a recirculating plume of seawater may be present at the coastline within the shallow aquifer caused by tides and waves 
(Werner et al., 2013), no boundary conditions were imposed in the interpolation process (e.g., seawater salinity at the coastline). 
However, an interpolated map of shallow groundwater SC with an ocean boundary (SC of 53,000 μS/cm) imposed along the coast 
using universal kriging with log transformation and first order of trend removal (chosen due to the lowest root-mean-square compared 
to other orders of trend removal) is provided in Fig. S2 of the supplementary document. This surface was not used owing to a lack of 
sufficient data to fully characterise the near-coastal zone and the non-ocean boundary scenario statistically provided a better overall 
fit. 
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2.4. Analyses of municipal assets within the interpolated brackish groundwater areas 

Municipal assets not designed to operate in saline environments, but that are inadvertently exposed to saline groundwater, can be 
at risk of premature deterioration. The assets that are co-located with the interpolated brackish areas (Section 2.3) were analysed in 
ArcGIS Pro 2.7 (ESRI, 2021). 

The location of parks and subsurface pipes in Christchurch, including the wastewater, water supply, and storm water pipes and 
their construction material were sourced from a spatial data set supplied by the Christchurch City Council (2021a). The number and 
area of parks, and the total length of pipes and their construction material within the interpolated brackish shallow groundwater areas 
were derived using the Clip tool. 

To evaluate the potential for downward contamination of the underlying deeper aquifer (Riccarton Gravel) by saltwater, the 
vertical hydraulic gradients within or near the interpolated brackish groundwater areas were analysed. The vertical hydraulic gra
dients in nested piezometer sites were derived by dividing the difference in hydraulic heads (sourced from Environment Canterbury, 
unpublished) between the two piezometers at the nested sites by the vertical distance between the mid-point of well screens. The 
piezometer details are presented in Table 2. 

3. Results 

3.1. SC measurements and interpolation 

The groundwater SC measurements follow a right-skewed distribution (histogram provided in Fig. S3 of the supplementary 
document) and ranged from 107 to 22,851 µS/cm, with a mean of 608 µS/cm, median of 297 µS/cm, and mode of 310 µS/cm. Out of 
the 106 wells that were sampled, 82 wells were classified as fresh, 14 as marginal, 6 as brackish at 3–9% seawater, none as brackish at 
9–28% seawater, and 4 as brackish at > 28% seawater (Fig. 3). Thirty-eight out of 53 piezometers (72%) located greater than four 
kilometres from the coast were fresh. 

The shallow groundwater SC surface interpolated brackish groundwater at > 28% seawater in Southshore, Bexley, and New 
Brighton (Fig. 4). The root-mean-square of the interpolation was 3025 µS/cm and the standard error ranged from 1 to 11,550 µS/cm 
(Fig. S1 of the supplementary document). Marginal groundwater was interpolated in the area between the two major rivers (Ōtākaro/ 
Avon and Ōpāwaho/Heathcote Rivers), which also had the largest uncertainty due to the lack of piezometers. Mostly fresh ground
water was measured in the north and northeast of the Christchurch CBD. On the other hand, areas of marginal groundwater were 
measured in several locations more than four kilometres from the coast (e.g., the south and west of the Christchurch CBD), which is an 
otherwise fresh groundwater area. Long-term median shallow groundwater level contours in metres below ground for the period of 4 
September 2010–30 November 2013, developed by van Ballegooy et al. (2014), are also provided in Fig. S4 of the supplementary 
document. 

The most saline groundwater was measured in the suburb of Southshore which is built on sand dunes of a spit between the Ihutai/ 
Avon-Heathcote Estuary and the ocean (Fig. 3 and Fig. 4). However, the three piezometers at the Southshore spit had a large variation 
in SC from north to south at 509 µS/cm (marginal), 22,851 µS/cm (brackish at >28% seawater), and 1885 µS/cm (brackish at 3–9% 

Fig. 3. The shallow groundwater specific conductance and the distance from the coastline (brown line in Fig. 4) in logarithmic scales with colour- 
coded bore depths in reference to the local vertical datum (LVD). Data points derived from time-averaged data loggers are shown using dia
mond markers. 
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seawater), respectively, taken during average tide or above conditions (Fig. 2). 
Inside the tidal Ōtākaro/Avon River meander in Bexley groundwater SC was brackish at > 28% seawater and ranged between 

15,471 and 17,200 µS/cm. However, on the outside of the meander groundwater was brackish at 3–9% seawater with an SC of 4395 

Fig. 4. Surface water SC measurements, shallow groundwater SC measurements and interpolation, river tidal status (van Ballegooy et al., 2014), 
inland boundary (processed from Begg et al., 2015), suburb boundaries (Fire and Emergency NZ, 2020), and coastline (National Topographic 
Office, 2012). 
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µS/cm 5 m from the river, and SC of 1946 µS/cm 23 m from the river. There were seven wells located along the tidal Ōtākaro/Avon 
River meander that were equipped with data loggers (Fig. 2 and Fig. 3) where time-averaged SC was recorded. 

The SC of surface water bodies measured in close proximity to the piezometers ranged from 157 to 29,000 μS/cm (Fig. 4). The 
details of individual measurements and their relation to ocean tide levels are shown in the supplementary spreadsheet. As expected, the 
salinity of surface water measurements trended higher downstream towards the coast, except for one measurement taken at the 
Ōtākaro/Avon River mouth during low tide (Fig. 4). Higher SC values were measured further upstream in the Ōtākaro/Avon River than 
the Ōpāwaho/Heathcote River, despite that both waterways are tidal and connected to the estuary. Groundwater adjacent to the 
Ōtākaro/Avon River was consistently more saline than that adjacent to the Ōpāwaho/Heathcote River. 

A strong positive correlation (R2 =0.92) was found between groundwater SC and chloride concentration, as well as between 
groundwater SC and chloride to bicarbonate ratio (R2 =0.87) in 27 randomly selected shallow bores. 

3.2. Exposure of municipal assets to brackish shallow groundwater 

3.2.1. Subsurface infrastructure 
The total length of the stormwater, wastewater, and water supply pipes within the interpolated brackish groundwater area was 118 

kilometres. The majority of stormwater pipes (69%) and 17% of wastewater pipes are constructed from steel-reinforced concrete and 
24% of water supply pipes are constructed from asbestos cement within the interpolated brackish areas. The “other” category not 
elaborated in Table 1 includes: (i) metal systems such as steel (with and without concrete lining), galvanised steel, cast iron, ductile 
iron (with and without cement lining), (ii) ceramic systems such as vitrified clay, and (iii) plastic systems such as glass-reinforced 
plastic. 

3.2.2. Parks 
There were 41 parks and reserves within the interpolated brackish areas, totalling 236 ha (including the Residential Red Zone) 

(Christchurch City Council, 2021a). The three largest parks within the interpolated brackish areas are the Ōtākaro corridor (Resi
dential Red Zone), Bexley Park, and Southshore Beach Park. 

3.2.3. Wastewater treatment plant 
In the Bromley wastewater treatment plant, the salinity and chloride concentration of wastewater have not been regularly 

monitored and generally have not been of concern, although spot checks have been conducted (L. Liaw, personal communication, 28 
April 2021). Furthermore, no particular issues with regards to salinity have been observed, and no salinity thresholds have been 
established with regards to specific wastewater treatment processes at the plant. 

3.2.4. Deeper aquifer and drinking supply wells 
The vertical hydraulic gradient between the Christchurch Formation and Riccarton Gravel units from January 2020 to January 

2021 was positive (indicating upward groundwater flow) at Marine Parade and Humphrey’s Drive (Table 2 and see Fig. 2 for nested 
piezometer locations). Based on water quality data from the Environment Canterbury database (https://www.ecan.govt.nz/data/ 
water-quality-data/) and measurements from the current study, we assume that the groundwater in the nested piezometers was 
fresh and therefore does not require density correction. Additionally, a sensitivity analysis was conducted to assess whether downward 
flow can be induced under salinized shallow groundwater conditions of 50% seawater and 100% seawater density-corrected using the 
freshwater head equation in Post et al. (2018) (supplementary spreadsheet). Positive hydraulic gradient was maintained under the two 
salinized shallow groundwater scenarios, and downward flow was not induced. 

4. Discussion 

4.1. SC measurements and interpolation 

The piezometers to the north and northeast of the Christchurch CBD had mostly fresh shallow groundwater (Fig. 4), possibly due to 
their location being closer to the Waimakariri River, the dominant source for groundwater recharge. On the other hand, marginal 
groundwater was measured in inland areas greater than four kilometres from the coast. A potential reason for the marginal 

Table 1 
The top three construction materials for stormwater, wastewater, and water supply pipes, which are in service as of 3 February 2021 (Christchurch 
City Council, 2021a), within the interpolated brackish shallow groundwater areas.  

Stormwater pipes Wastewater pipes Water supply pipes 

Length (km) 31 Length (km) 32 Length (km) 55 
Material % Material % Material % 
Reinforced Concrete Rubber Ringed 69 Unplasticised Polyvinyl Chloride 36 High Density Polyethylene 32 
Unplasticised Polyvinyl Chloride 9 Polyethylene 100 23 Asbestos Cement 24 
Earthenware 6 Reinforced Concrete Rubber Ringed 17 Medium Density Polyethylene 80 17 
Other 16 Other 24 Other 27  
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groundwater areas could be leakage from earthquake-damaged wastewater laterals (i.e., pipes that carry wastewater from private 
properties to the state-owned wastewater main) that have not been repaired (Christchurch City Council, n.d.). 

The well at the Southshore spit with the highest specific conductance overall was also the deepest well, suggesting that the 
freshwater lens system at the sand dunes was transitioning into seawater at a depth of about seven metres below ground level at the 
time of the investigation. Following the CES and damage to subsurface pipes, a wastewater pumping station in Southshore pumped 
saline water, which damaged the system (D. Pinkney, personal communication, 26 February 2021) indicating that the saltwater- 
freshwater interface in the lens system may be proximal to the depths of the wastewater pipes. 

The shallow groundwater inside of the tidal Ōtākaro/Avon River meander in Bexley was brackish at > 28% seawater, while the 
outside of the meander was brackish at 3–9% seawater. The factors that influence the difference in salinity between the inside and the 
outside of the meander may be the variation in aquifer hydraulic conductivity (identified by the different soil drainage, historical 
landscape, and vulnerability to liquefaction) and hydraulic gradient. Aquifer hydraulic conductivity influences the extent and severity 
of saltwater intrusion from saline rivers into shallow aquifers. For example, Shalem et al. (2019) found that saltwater intrusion into a 
low hydraulic conductivity unit such as silty clay resulted in the entrapment of saltwater, due to the difficulty in flushing out or 
displacing saltwater with freshwater in the system. The inside of river meanders are depositional zones, where the river flow is slowest 
and sediment build-up occurs slowly through individual lateral accretions during floods when the deposits are submerged (Jackson 
et al., 2005; Reineck and Singh, 2012). Inside the Ōtākaro/Avon River meander in Bexley, the soil down to one metre from ground level 
is dominantly silt and poorly drained (Landcare Research, 2019). In contrast, the soil outside the river meander is dominantly sand and 
well drained. Moreover, prior to land drainage by European settlers, the inside of the meander was a wetland, whereas the outside of 
the meander was sand hills (Environment Canterbury et al., 2019). Furthermore, the inside of the meander suffered severe liquefaction 
following the CES (resulting in government acquisition of the land) whereas the outside of the meander was not as severely impacted 
(Earthquake Commission, 2012), implying that the inside and the outside of the meander have different soils. The distinction in soil 
drainage, historical landscape, and vulnerability to liquefaction between the inside and the outside of the Ōtākaro/Avon River 
meander in Bexley suggests that the different salinity levels reflect differences in near-surface geology and aquifer hydraulic con
ductivity. In addition, the river-aquifer hydraulic gradient may also be a factor influencing groundwater salinity (Smith and Turner, 
2001), though it was not measured in this study. 

The groundwater SC measured in areas that experienced land subsidence following the CES was more saline than in the areas that 
experienced uplift. Following the CES, the Bexley area inside the meander of the Ōtākaro/Avon River experienced land subsidence of 
0.52 m on average, whereas Ferrymead around the Ōpāwaho/Heathcote River mouth area experienced uplift of 0.14 m (where data 
exists; Hughes, 2015; Quigley et al., 2016). The median post-CES land elevation in Bexley is 1.1 m lower than in Woolston (processed 
from [dataset] Land Information New Zealand, 2015). The land subsidence in the lower reach of the Ōtākaro/Avon River (uniquely 
mimicking a local sea-level rise effect; see Orchard et al., 2020) would result in the ability for seawater to travel further upstream than 
before, increasing the risk for saltwater intrusion from the tidal river into the adjacent shallow aquifer. Uplift in the lower reach of the 
Ōpāwaho/Heathcote area would have the opposite effect. 

The strong positive correlation between groundwater SC and chloride concentration (R2 =0.91), as well as between groundwater 
SC and chloride to bicarbonate ratio (R2 =0.79) in 27 randomly selected shallow bores indicate that the majority of brackish wells are 
exposed to seawater. However, outliers exist, such as at a former market garden site in Marshland where groundwater pollution may 
have occurred (Environment Canterbury, 2015), and brackish groundwater was found despite its distance from the coastline and any 
tidal reaches. 

4.2. Exposure of municipal assets to brackish shallow groundwater 

4.2.1. Subsurface infrastructure 
The majority of stormwater pipes (69%) and 17% of wastewater pipes are constructed from steel-reinforced concrete and 24% of 

water supply pipes are constructed from asbestos cement within the interpolated brackish areas. In addition to the global issue of 
ageing infrastructure (e.g., Houlihan, 1994), a proportion of the earthquake-damaged wastewater lateral pipes that lie on private land 
may have not been repaired (Christchurch City Council, 2021). When damaged or degraded, the steel reinforcement within the 
concrete pipe can become exposed to the water it carries and the surrounding groundwater environment. The steel reinforcement in 
concrete is vulnerable to premature failure when exposed to chloride underwater, and is even more significantly sensitive in 
wetting-drying conditions (Luo et al., 2015). Groundwater levels in coastal aquifer systems can fluctuate in response to tides (Jiao and 
Post, 2019), further exacerbating the groundwater conditions for vulnerable materials when they are exposed to groundwater such as 

Table 2 
The vertical hydraulic gradient between the Riccarton Gravel and Christchurch Formation, derived from hydraulic head data provided by Envi
ronment Canterbury.  

Nested piezometer site Wells Vertical hydraulic gradient 

Name Depth (m) Range Average Measurement period Number of measurements 

Marine Parade M35/7896  6.5 0.03–0.07  0.05 1/01/2020 00:00–25/01/2021 11:45 37,461 
M35/7753  55 

Humphrey’s Drive M36/5385  6 0.03–0.04  0.04 8/01/2020 18:15–26/01/2021 07:15 36,455 
M36/5325  33  
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the steel reinforcement in concrete. 
Other ferrous metal structures present in the brackish groundwater areas such as steel and cast iron pipes are also vulnerable to 

corrosion triggered by high salinity groundwater and the presence of aggressive salts such as chloride and sulphate (Cole and Marney, 
2012; Luo et al., 2015). Concrete structures are also vulnerable to attacks from these aggressive salts resulting in premature deteri
oration, however they are significantly more resistant to corrosion than steel structures (Luo et al., 2015). On the other hand, plastic 
pipes (including polyvinyl chloride, polyethylene, and glass-reinforced plastic) and ceramic pipes (including earthenware and vitrified 
clay) present within the interpolated brackish groundwater areas are chemically resistant (Seymour, 1953; Walsh, 2011) and may not 
be vulnerable to premature failure from brackish groundwater exposure. Despite this, there are other aspects to be considered that are 
not covered in this paper when deciding which pipe material to install at a given site. 

In addition to subsurface pipes, building foundations can be exposed to brackish or saline water tables, which may induce pre
mature deterioration depending on various factors (Department of Environment and Climate Change New South Wales, 2008). The 
data for building foundation depths and materials are not recorded in Christchurch and they are only available on individual building 
plans, preventing a wide-spread analysis for this paper. Other subsurface infrastructure not considered in this analysis include highway 
and road foundations, utility pipelines, and underground structures such as building basements and tunnels. 

4.2.2. Parks 
Groundwater salinity is an aspect of groundwater quality that determines which species might survive in an environment, in 

addition to groundwater level and flux (Eamus et al., 2016). Shallow groundwater salinization can have several effects, including 
coastal forest loss due to the failure of seedlings to germinate, yield reductions in agricultural land, eutrophication in surface water 
bodies, invasion of salt-tolerant species, marsh migration upland (Tully et al., 2019), and reduction of biodiversity (Zeng et al., 2020). 

There were 41 parks and reserves within the interpolated brackish areas, totalling 236 ha (including the Residential Red Zone) 
(Christchurch City Council, 2021a). The salinity tolerance thresholds of different plant species need to be considered when deciding 
what species to plant in areas with brackish or saline water table. The salinization of shallow groundwater can threaten the survival of 
groundwater-dependent salt-intolerant species (Greene et al., 2016). For example, impacts of increased salinity intrusion up the 
Ōpāwaho/Heathcote River and salinization of the adjacent shallow groundwater include the death of trees, as well as the slumping of 
river banks (Watts, 2011). In addition, evapotranspiration increases soil salinity, especially when the depth to water table is less than 
four metres below ground (Greene et al., 2016), which is the case in this part of Christchurch (van Ballegooy et al., 2014). Saltmarsh 
vegetation has also been observed in areas that overlap with the brackish regions (Bexley, Southshore, and Ferrymead) (Orchard et al., 
2020). Alternatively, the natural landward migration of saltmarsh, which provides abundant ecosystem services, can be achieved 
depending on the availability and the hydrologic connectivity of intertidal space (as has been observed in Southshore), with careful 
planning, infrastructure design, and protection of saltmarsh land (Orchard et al., 2020). 

4.2.3. Wastewater treatment plant 
Saline groundwater can travel into wastewater pipes through pipe cracks and faults and increase wastewater salinity and hydraulic 

load coming into treatment plants (Miranda et al., 2019). High salinity wastewater can corrode wastewater assets, increase sulphide 
generation (Miranda et al., 2019), impact the operation of wastewater treatment plants, and limit the reusability of the treated water 
(Osman et al., 2017). For example, saline wastewater decreases sedimentation due to its greater buoyancy force compared to 
wastewater (Jang et al., 2013). Saline wastewater has also been shown to reduce microbial activity and diversity in activated sludge 
processes (Wu et al., 2008). The biological treatment of wastewater has been shown to be acceptable up to a total dissolved solids 
(TDS) of 4000 mg/L (equivalent to an SC of 7243 µS/cm) and inhibited above a TDS of 8000 mg/L (Alipour et al., 2017). 

The salinity and chloride concentration of wastewater have not been regularly monitored and generally have not been of concern at 
the Bromley wastewater treatment plant. Although wastewater salinity is not currently a pressing issue, the monitoring of wastewater 
salinity can be useful to detect changes early on and future-proof the optimality of wastewater assets, especially under climate change 
impacts (Hughes et al., 2021; Singh and Tiwari, 2019). 

4.2.4. Deeper aquifer and drinking supply wells 
The vertical hydraulic gradient between the Christchurch Formation and Riccarton Gravel units from January 2020 to January 

2021 was positive (indicating upward groundwater flow) at Marine Parade and Humphrey’s Drive under fresh groundwater conditions 
(Table 2 and see Fig. 2 for nested piezometer locations). Furthermore, a vertical hydraulic gradient sensitivity analysis (supplementary 
spreadsheet) showed that positive hydraulic gradient would be maintained under hypothetical salinized shallow groundwater con
ditions of 50% seawater and 100% seawater calculated using freshwater head (Post et al., 2018). Therefore, the Riccarton Gravel 
aquifer may not have been vulnerable to downward contamination by saltwater within this measurement period at these sites. 
Interestingly, the vertical hydraulic gradient has increased compared to the values described in Lough and Williams (2009) and Hertel 
(1998), who recorded a downward hydraulic gradient at the Humphrey’s Drive site. There are three community drinking supply wells 
that extract from the Riccarton Gravel aquifer located less than 2.8 kilometres from the Ihutai Estuary (Environment Canterbury, 
2017); these wells may be vulnerable to saltwater intrusion if the vertical hydraulic gradient shifts downward. 

A downward hydraulic gradient due to excessive pumping can result in the flow of contaminants from shallow to deeper confined 
aquifers, as has been observed in cities such as Jakarta and Bangkok (Onodera et al., 2008). This has also been observed in Christchurch 
previously, in the suburb of Woolston, where saline water moved from the Ihutai/Avon-Heathcote Estuary into the underlying 
semi-confined Riccarton Gravel aquifer (Hertel, 1998). In response to this, pumping restrictions were put in place to ensure an upward 
vertical hydraulic gradient (Callander et al., 2011). Low-lying coastal areas with leaky confining layers may be more vulnerable to 
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seawater intrusion under downward hydraulic gradient and would warrant close monitoring. 

4.3. Limitations and recommendations for future research 

The tidal variations were approximated to have minor influence on the groundwater salinity patterns at the overall scale of the 
analysis, and the groundwater salinity was approximated to be at dynamic equilibrium over the majority of the study area. Some 
temporal variations in the groundwater salinity would be expected during the sampling period within tidally-influenced areas, but 
those areas would be limited and generally only indicate oscillations rather than event-based or long-term changes. 

This study did not consider the piezometer depths in the interpolated map output, although the piezometer depths were shown in 
Fig. 3. Parts of the interpolated area are sparser in data points compared to other parts, such as the area between the Ōtākaro/Avon and 
Ōpāwaho/Heathcote Rivers. The interpolated SC values need to be interpreted with caution and should be considered as indicative 
values or trends only. 

For future research, we recommend a wider analysis of chemical markers to confirm the source of shallow groundwater salinity, 
such as boron concentrations to investigate the presence of wastewater. In addition to shallow groundwater chloride concentrations, 
other useful parameters to measure and map include pH and sulphate concentrations to assess groundwater conditions and the po
tential vulnerability of exposed subsurface infrastructure (Luo et al., 2015). Extensive hydraulic head data from the APN could be used 
to inform which piezometers are tidally-influenced and it would be worthwhile installing data loggers to monitor SC over time. The 
elevation of subsurface infrastructure could be analysed in relation to hydraulic head data, which can be used to assess the vulner
ability of underground assets, especially in combination with groundwater SC data. 

5. Conclusion 

In this study, shallow groundwater salinity was measured and mapped in a low-lying coastal city in New Zealand, Christchurch, and 
the municipal assets located within the brackish groundwater areas were highlighted. Brackish shallow groundwater at greater than 
9% seawater (SC > 5000 µS/cm) was found in the suburb of Southshore (located on a sand dune spit between the Ihutai/Avon- 
Heathcote Estuary and the ocean) and Bexley (located inside of the meander of the Ōtākaro/Avon River tidal reach). Pockets of 
marginal (SC 500–1500 µS/cm) shallow groundwater were found inland, potentially attributed to wastewater leakage. Shallow 
groundwater north and northeast of the Christchurch CBD was mostly fresh (SC < 500 µS/cm), potentially due to the close proximity to 
the recharge source, the Waimakariri River. 

The municipal assets located within the brackish groundwater areas were highlighted. The majority of stormwater pipes (69%) and 
17% of wastewater pipes in these areas are made of steel-reinforced concrete, which, if damaged, is vulnerable to premature dete
rioration when exposed to chloride underwater, especially under wetting-drying conditions (Luo et al., 2015). There were 41 parks, 
totalling 236 ha that lie within the brackish groundwater areas, where groundwater-dependent salt-intolerant species can be at risk. 
The salinity and chloride concentration of wastewater coming into the wastewater treatment plant have not been regularly monitored 
and generally have not been of concern; the lack of information could present a vulnerability in itself. In addition, the vertical hy
draulic gradient between the surficial Christchurch Formation aquifer and the underlying semi-confined Riccarton Gravel aquifer was 
upward at the two nested piezometer sites within or near brackish groundwater areas in January 2020 to January 2021. Therefore, the 
Riccarton Gravel was not vulnerable to downward contamination by saltwater during the analysed time period. 

Key attributes that can inform other low-lying coastal cities include:  

• Monitoring shallow groundwater salinity is crucial for water resources management in low-lying coastal cities, with implications 
for park management, subsurface pipes, wastewater assets, and deeper aquifers.  

• Groundwater salinity could be taken into account when deciding what subsurface infrastructure material to install if it will interact 
with groundwater, whether constantly or periodically. Additionally, brackish groundwater conditions could be factored in to the 
expected service life of existing subsurface infrastructure that are exposed to it, and inform decisions on maintenance or infra
structure monitoring efforts.  

• The salinity of shallow groundwater at a planting site could be taken into account when deciding what species to plant and their 
salinity thresholds to support plant survival.  

• Saline groundwater can infiltrate into wastewater pipes through cracks and faults and increase wastewater salinity and hydraulic 
load coming into treatment plants. It is therefore important to monitor the salinity of wastewater to inform management decisions 
and future-proof the optimality of wastewater assets.  

• Useful areas to install piezometers include: (i) areas near tidal surface water bodies, (ii) transects of piezometers perpendicular to a 
tidal surface water body in particular can show how groundwater salinity changes with distance, (iii) low elevation areas with the 
water table close to the ground surface (higher likelihood of interaction between shallow groundwater and subsurface infra
structure as well as vegetation root systems), (iv) areas where downward saltwater contamination is of concern (e.g., installation of 
nested piezometers near water supply wells to monitor vertical hydraulic gradient and groundwater salinity). 

This study expands on the current literature by linking areas of saline groundwater to the existing municipal assets that reside 
within those areas, which will continue to become more vulnerable under climate change conditions. In addition, the compilation of 
the cascading impacts of shallow groundwater salinization, while drawing on examples in Christchurch, New Zealand can be useful to 
groundwater managers and decision-makers in similar urban settings. Lastly, the identified potentially vulnerable municipal assets 
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from saline shallow groundwater exposure can then be prioritised for further monitoring and management. 
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