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Abstract
Springs in the Christchurch region were 
sampled and geochemically analysed with 
the aim of understanding their sources and 
subsurface flowpaths. As well as the chemistry 
and water stable isotopes, a range of age 
tracers including tritium, chlorofluorocarbon, 
sulphur hexafluoride and Halon-1301 
concentrations were examined. The chemical 
compositions and stable isotopes showed that 
the waters are dominated by seepage from the 
Waimakariri River with variable additions 
of infiltrated rainfall. Tritium and the gas 
concentrations showed that the four springs 
emerging on the western side of Christchurch 
are young (2 to 14 years), and likely sourced 
from the first confined aquifer (Aquifer 1). 
The two eastern Christchurch springs are 
very old (>180 and 150 years) and are likely 
to represent leakage from deeper aquifers.

Introduction
Springs, wetlands and streams have been 
prominent features of the Christchurch area 
from the earliest times (e.g., White et al., 
2007). Springs are fed by the groundwater 

system underneath Christchurch. While 
several studies have investigated the ground-
water ages in the various aquifers via wells 
to obtain information on the timescales of 
the water flow (Taylor et al., 1989; Stewart, 
2012), there has been no systematic study 
to understand the transit times of the water 
through the usually shallow aquifers to the 
springs, and to investigate leakage of old 
water, potentially from deeper aquifers, to  
the surface.

Christchurch is located on a Quaternary 
floodplain of interleaved alluvial gravels 
and low-permeability marine sediments 
resulting in a ‘layer cake’ of artesian aquifers 
below the city (Brown and Weeber, 2001). 
At least five aquifers have been identified to 
depths of about 200m, but the uppermost 
confined aquifer (Aquifer 1) is considered to 
play the key role in sustaining baseflows to 
the springs and resulting lowland streams in 
Christchurch (Figs. 1 and 2). This artesian 
aquifer provides groundwater pressure that 
enables the springs to flow and produces 
seepage from soils and streambeds. The Styx, 
Avon/Ōtākaro and Heathcote Rivers drain 
the area involved (Fig. 1).
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Near Banks Peninsula, two aquifer systems 
meet (Brown and Weeber, 1994). The first 
is the northern Canterbury Plains coastal, 
confined, upper Quaternary, fluvial gravel 
aquifers, with groundwater recharge derived 
mainly from influent seepage from the bed 
of the Waimakariri River to the northwest 
of Christchurch. The second is the Banks 
Peninsula aquifers south of Christchurch 
(Fig. 1), with groundwater in fractures, joints, 
and fissures in the Miocene volcanic rock. 
However, the present study is concerned only 
with the first of these systems (the Quaternary 
groundwater system), because none of the 
springs tested were derived from the Banks 
Peninsula system as shown by their chemical 
compositions (see below). 

The Christchurch area is the discharge 
zone of the Quaternary groundwater system. 
Recharge is from seepage from the bed of the 

Waimakariri River and rainfall on the areas 
between the river and Christchurch, and 
further inland (Figs. 1 and 2; Stewart, 2012). 
The pre-European Christchurch region 
had large areas of surface water features 
(dominantly swampy ground, but also 
surface water, lagoon, pond and wetland), 
as reported by White et al. (2007) based on 
a map compiled by Mr. Ken Sibley for the 
Christchurch Drainage Board in 1856. The 
swamps lay approximately north to south 
through the centre of the Christchurch area, 
and were mostly absent from the east and 
west sides where the ground was generally 
dry. The westward edge of the wet features 
was approximately coincident with the 1 m 
thick isopach of the first confining layer 
(shown in Fig. 1). On the east, wet features 
were sparse in the area within 4 km of  
the coast.   

Three springs were mapped in 1856 by  
Ken Sibley (White et al., 2007). Two of  
the springs were in the present suburb of 
Redwood and the other was 2 km to the 
northeast and coincident with the present 
Redwood Spring (designated RW in this 
study). It is likely that there were other 
unrecorded springs at the time contributing to 
the lowland streams. The wet areas described 
above also imply that small groundwater 
seepages would have been abundant in  
those areas.

More recently, inflow to the shallow 
urban groundwater system was estimated to 
be 60% from seepage from the Waimakariri 
River, 35% from rainfall recharge and 5% 
from seepage from the Paparua stock water 
race system, and outflow was 55% to springs, 
20% to groundwater flow east and south, 
and 25% to extraction through wells for 
public reticulation, industrial and irrigation 
purposes (Environment Canterbury, 2001). 
The arrows in Figure 1 show schematically 
the groundwater flow directions (based on 
Fig. 5.14 in Talbot et al., 1986).

Figure 1 – Map of the Christchurch West 
Melton groundwater system. The locations of 
the springs sampled in this study are shown as 
green (western springs) or red (eastern springs) 
dots, with representative waters as black 
triangles. The red line marks the western limit 
(1 m thickness) of the surface confining layer 
(from Talbot et al., 1986).
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Cameron (1992) noted a gradual decline 
in baseflow in the Avon/Ōtākaro River since 
European settlement based on anecdotal 
evidence and between 1980 and 1992  
based on flow measurements. Further 
declines have been observed by Webster-
Brown and Barr (2016) and Setiawan (2017). 
This trend has been attributed to factors  
such as extraction, urbanisation, reduced 
seepage loss from the Waimakariri River, and 
climate variations. Over the years, extensive 
drainage and flow diversion operations 
through pipes and culverts have made 

Figure 2 – Schematic view of the layered aquifer 
system under Christchurch. The question 
marks show uncertainty about deep recharge 
flowpaths. Figure modified from Talbot  
et al. (1986).

location of the springs difficult. Environment 
Canterbury’s on-line spring database 
identifies approximately 50 urban springs 
(http://canterburymaps.govt.nz).

The purpose of this work is to apply isotopic 
and chemical tools to the Christchurch 
springs and surface water, and interpret them 
in comparison with data from representative 
groundwater samples, to investigate the 
subsurface flowpaths of the water. These 
tools allow investigation of sources, processes 
and residence times affecting the spring 
waters before emergence. Chemical, stable 
isotope, tritium, chlorofluorocarbon (CFC), 
sulphur hexafluoride (SF6) and Halon-1301 
measurements were made on the samples.

Methods
Sampling
Information on the spring and stream 
samples (referred to as springs in the text 
below) is given in Table 1. Samples SX1 and 
SX were taken from streams downstream of 
springs (hence no gas measurements were 
made on them, but tritium was measured 
because that wouldn’t have changed as the 
water flowed away from the point(s) of 
emergence from the ground). The rest of the 

Table 1 – Samples from springs and streams in the Christchurch area. Waters considered representative 
of the recharge sources to and the deep water within the Quaternary groundwater system 
are included for comparison, as is a sample of water from the Banks Peninsula volcanic rock 
groundwater system.  

Feature Symbol Date Description Easting Northing

Spring and stream samples

Styx River SX1 08/12/2017 Styx River at Redwood Spring (Rail Bridge) 1571669 5186386

Styx River SX 08/12/2017 Styx River trib. at Aquatic Centre foot bridge 1566995 5187800

Redwood Spring RW 08/12/2017 Redwood Springs 1571669 5186386

Avonhead spring AH 08/12/2017 M35/8006 Group 10 1567001 5182687

Knights Reserve KR 09/12/2017 M36/5396 Group 16 1562792 5174950

Sandbar Spring SB 09/12/2017 Avon Heathcote Estuary spring 1577986 5177715

Wetland Reserve WL 10/12/2017 Group 14 wetland spring 1574442 5178438

Representative waters

Waimakariri River WR 20/09/2017 Waimakariri River at Intake Rd 1542409 5187384

Rainfall recharge RR 20/09/2017 M36/4227 (12 m deep well) 1560377 5173587

Deep water DW 19/09/2017 M36/0981 (178 m deep well) 1567121 5177567

Banks Peninsula BP 19/09/2017 Banks Peninsula water (M36/869391) 1576897 5177489
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spring samples were taken from as near to 
their points of emergence from the ground as 
possible. Bottles were flushed with the water 
to be sampled, emptied, refilled and allowed 
to overflow, then carefully sealed to prevent 
evaporation. Particular care was taken to 
avoid air contamination of the CFC, SF6 and 
Halon-1301 samples.

For comparison with the spring waters, 
representative samples of Waimakariri River 
water and shallow groundwater (M36/4227) 
were included to characterise river and rainfall 
recharge to the groundwater system. Samples 
of groundwater from a deep well (M36/0981) 
and from a nearby Banks Peninsula spring 
were also included for comparison.

Samples were collected during 8-10 
December 2017. The locations of the springs 
are shown in Figure 1.

Chemical measurements
Samples from the springs were chemically 
analysed at the University of Tsukuba in Japan 
(Sakakibara et al., 2019). Major anions (SO4, 
Cl, NO3-N) were determined using an ion 
chromatograph (SHIMADZU, HIC-10A 
super) after filtering with a 0.20-μm cellulose 
ester filter, while major cations (Na, K, Ca, 
Mg) were analysed after filtering using an ICP 
emission spectrometer (SHIMADZU, ICPS-
8100). Bicarbonate (HCO3) was deduced via 
titration with 0.005 M sulphuric acid.

Stable isotopes
Stable isotope measurements were carried 
out in the Stable Isotope Laboratory of GNS 
Science. The results are given as δ values  
with respect to Vienna Standard Mean 
Ocean Water (SMOW). For example, δ2H is  
given by

   (1)

and similarly for δ18O.

Tritium
Activities of tritium (3H) were determined 
at GNS, New Zealand using liquid 
scintillation in Quantulus ultra-low-level 
counters following vacuum distillation and 
electrolytic enrichment (Morgenstern and 
Taylor, 2009). 3H activities are expressed in 
tritium units (TU) where 1 TU represents a 
3H/1H ratio of 1×10-18. Tritium enrichment 
by a factor of 95 at GNS yields a detection 
limit of 0.02 TU, and deuterium calibration 
of each sample ensures a 1% reproducibility 
of tritium enrichment. Relative precision  
(1 standard deviation) of individual analyses 
are 1.8 to 2.3%.

Tritium is produced naturally in the 
atmosphere by cosmic rays, and large amounts 
were released into the atmosphere in the early 
1960s during nuclear bomb tests giving rain 
and surface water high tritium concentrations 
at that time (Fig. 3). Surface water becomes 
separated from the atmospheric tritium 
source when it infiltrates into the ground, 
and the tritium concentration in the 
groundwater then decreases over time due to 
radioactive decay. The tritium concentration 
in the groundwater is therefore a function of 
the time the water has been underground. In 
addition, detection of superimposed bomb 
tritium can identify water recharged between 
1960 and 1975.

Figure 3 – Tritium, CFC, SF6 and Halon-1301 
inputs for New Zealand rainfall. 
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Tritium concentrations are measured 
in rainfall at Kaitoke, 40 km north of 
Wellington (monthly values, Fig. 3). These 
data are used for locations around New 
Zealand by applying a scale factor to adjust 
for latitude and altitude. The scale factor 
used for Christchurch in this work was 1.3 
(Taylor et al., 1989). 

Gases
Concentrations of CFCs (CFC-11, CFC-12,  
and CFC-113) were analysed using an 
analytical system like that of Busenberg and 
Plummer (1992); the analytical system for 
SF6 and Halon-1301 is described in van 
der Raaij (2003) and Beyer et al. (2015), 
respectively. The CFC, SF6 and Halon-1301 
concentrations in Figure 3 are for southern 
hemispheric air (where 1 pptv is one part  
per trillion by volume of gas in air, or 10-12). 
Pre-1978 CFC data are scaled to the southern 
hemisphere by a factor of 0.83 (CFC-11) 
and 0.9 (CFC-12). Post-1978 CFC data 
are from Tasmania. Pre-1970 SF6 data are 
reconstructed (USGS Reston), 1970–1995 
data are from Maiss and Brenninkmeijer 
(1998), and post-1995 data were measured 
in Tasmania. Data for Halon-1301 were 
measured in Tasmania (summarised 
and smoothed by Newland et al., 2013)  
and reconstructed by Butler (1999) for 
1969–1977.

Detection limits in terms of gas dissolved 
in water were 3×10-15 mol kg-1 water for 
CFCs, 2×10-17 mol kg-1 water for SF6 and 
3×10-16 mol kg-1 water for Halon-1301. 
Dissolved argon and nitrogen concentrations 
(analytical accuracy 1% and 3%, respectively) 
were measured for estimating the temperature 
at the time of recharge and the excess air 
concentration, as described by Heaton 
and Vogel (1981), for calculation of the 
atmospheric partial pressure (ppt) of CFCs, 
SF6 and Halon-1301 at the time of recharge.

CFCs are entirely man-made con-
taminants. They were mainly used for 

refrigeration and pressurising aerosol cans, 
and their concentrations in the atmosphere 
have gradually increased (Fig. 3). CFCs are 
relatively long-lived and slightly soluble 
in water and therefore enter groundwater 
systems with groundwater recharge. Their 
concentrations in groundwater indicate the 
atmospheric concentrations when the water 
was recharged, allowing determination of 
the recharge date of the water. CFCs have 
been phased out of industrial use because of 
their destructive effects on the ozone layer. 
Thus, rates of increase of atmospheric CFC 
concentrations slowed greatly in the 1990s 
and concentrations are now decreasing, 
meaning that CFCs are not as effective for 
dating water recharged after 1990.

SF6 is primarily anthropogenic in origin 
but can also occur in some volcanic and 
igneous fluids. Significant production of SF6 
began in the 1960s for use in high voltage 
electrical switches, leading to increasing 
atmospheric concentrations (see Fig. 3). The 
residence time of SF6 in the atmosphere is 
extremely long (800–3200 years). It holds 
considerable promise as a dating tool for 
post-1990s groundwater because, unlike 
CFCs, atmospheric concentrations of SF6 
are expected to continue increasing for some 
time (Busenberg and Plummer, 2000).

Halon-1301 is entirely anthropogenic 
(Beyer et al., 2014b). As illustrated in  
Figure 3, its concentration started to increase 
after 1970, similar to SF6 until about 1994, 
when it started to slowly level out because 
of production restrictions due to its ozone-
depleting effect (Montreal Protocol in 1987). 
Halon-1301 had been used as a refrigerant gas 
and fire suppressant agent and is still used on 
rare occasions. Its atmospheric concentration 
is projected to start declining between 2020 
and 2030.

Groundwater dating
The methods for groundwater dating in 
the Southern Hemisphere are described 
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in Morgenstern and Daughney (2012). 
Groundwater dating utilises convolution 
of a known tracer input via the rain into 
the groundwater, with a suitable system 
response function, and matching to the tracer 
concentration measured in the groundwater. 
A range of groundwater source and age 
tracers are available (Beyer et al. 2014a), 
which should be applied in a complementary 
way, as application of a single tracer can result 
in ambiguous interpretations. Multi-tracer 
approaches can improve the robustness of the 
age interpretation and help us to understand 
groundwater recharge processes. We routinely 
use the most robust and cost-effective tracers, 
i.e., tritium, SF6, CFCs, Halon-1301, Ar, 
and N2, in New Zealand.

Tritium has now become the most robust 
groundwater dating tool in New Zealand. 
The relatively small amount of bomb-
tritium in the Southern Hemisphere, which 
was produced during atmospheric nuclear 
weapons testing in the early 1960s in the 
Northern Hemisphere, has now decayed 
and since about 2014 does not produce 
ambiguous age interpretations for New 
Zealand hydrologic systems. Tritium now 
also allows the dating of river and stream 
water. In other parts of the world, it is not 
yet possible to apply accurate and robust 
groundwater dating for the understanding 
of hydrological systems on large scales with 
respect to groundwater lag times, storage, 
recharge, hydrochemical evolution, and land 
use versus geologic impact on groundwater 
quality. Therefore, this method currently 
leads to a significant improvement in the 
understanding of hydrologic systems in both 
national and international contexts. 

Results
Chemistry
The chemical compositions of the springs 
and representative waters are given in 
Table 2. The springs have relatively low 

concentrations of solutes and are dominated 
by Ca, Na and HCO3 ions, showing that 
there is only minor interaction with the 
greywacke gravel country rock (Rosen, 2001) 
given that the gravel contains no limestone 
or carbonate cements (Stewart, 2012). The 
dissolved oxygen (DO) concentrations of  
the springs show oxidising conditions with 
DO being 50-100% of saturation for all 
except Sandbar spring (SB) which has DO 
of 0.68 mg/L and moderately reducing 
conditions. However, SB conditions are not 
sufficiently reducing to cause methanogenesis 
(see Table 4 below).

The compositions of the springs are 
bracketed by the two representative recharge 
waters of the northern Canterbury Plains 
fluvial gravel aquifers, Waimakariri River 
recharge (WR) and rainfall recharge (RR) 
(Table 2, Fig. 4a). WR has the lowest 
concentrations of all the solutes and RR 
has close to the highest concentrations. 
The low concentrations of WR follow 
from its relatively high altitude and pristine 
catchment. The extra solutes in RR compared 
to WR are from interaction with soil and 
sediments including the effects of fertilisers, 
soil treatments and agricultural practices 
(K, Ca, Mg, SO4, HCO3, NO3-N) as well 
as addition of coastal rainfall (contributing 
some of the Na and Cl). In contrast, the 
representative Banks Peninsula sample (BP) 
has much higher chemical compositions 
than any of the springs (Fig. 4a), indicating 
that none of the springs are derived from, 
or affected by, the Banks Peninsula rocks 
(also shown by the fact that the springs’ 
compositions all lie between those of WR 
and RR, Fig. 4). 

Figure 4a shows Redwood Spring (RW) 
and Knight’s Reserve spring (KR) compared 
to the recharge waters (WR and RR). RW is 
very like WR, indicating a direct flowpath 
from the Waimakariri River with little 
interaction with soil on the way. KR, on  
the other hand, is very like RR indicating  



87

Table 2 – Chemical compositions of the springs and recharge waters.

Feature
DO Na K Ca Mg SO4 Cl HCO3 NO3-N

mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

SX 4.9  6.5 2.4 17.4   2.3  4.8  7.1 51.9 0.5

RW  6.04  4.6 0.9 11.6   1.6  3.4  1.9 46.4 0.3

AH  8.37  7.7 1.2 20.3   2.8  6.9  8.7 60.4 2.0

KR 7.9 14.0 1.5 20.7   4.3  8.7 12.7 59.2 4.9

SB  0.68 12.6 1.7 12.0   4.3  2.5  5.2 69.5 0.1

WL  6.8 10.5 1.2 21.3   3.9  5.5  6.5 84.3 0.9

WR    10.2  2.2 0.6  9.9 1.2  4.1  1.0 33.0 0.1

RR     8.3 17.9 1.8 20.0 5.7 14.4 16.9 62.0 7.7

DW     5.8  8.5 0.8 13.3 2.0  3.1  4.2 67.0 0.1

BP    – 280 9.3 28.0 29 48 482 130 –

Figure 4 – Chemical compositions of the springs and representative waters.

that it is affected by similar chemical processes 
to RR.

Figure 4b shows that the Styx River 
tributary (SX), Avonhead spring (AH) and 
the wetland spring (WL) have very similar 
compositions, intermediate between the 
two recharge waters, indicating interactions 

with soil on their paths. Finally, Figure 4c 
compares the Sandbar sample (SB) with 
deep groundwater (DW). There is reasonable 
agreement between SB and DW implying 
that similar processes have affected the  
two and suggesting that SB has a deep 
flowpath. 
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Stable Isotopes
Stable isotope results for the springs and 
recharge waters are given in Table 3 and 
plotted in Figure 5. The stable isotope 
compositions of the springs are compared 
with the local meteoric water line: 

  
    (2)

  
determined from previous measurements 
on Christchurch wells (Taylor et al., 1989; 
Stewart and Morgenstern, 2001; Scott, 
2014). The spring results are scattered, but 
no more so than previous results (e.g., Scott, 
2014), and are generally consistent with  
the line.

The circles in Figure 5 enclose a 
Waimakariri River-dominated group (RW, 
SB and WL) near the WR point and a rainfall-
influenced group (SX, AH and KR) displaced 
along the line towards RR. RW plots near 
WR, in approximate agreement with the 
chemical result. SB and WL also plot near  
WR supporting origin from Waimakariri 
River without much input of rainfall recharge.  

SX and AH have different isotopic 
compositions, although they are similar 
chemically and are both in the rainfall-
influenced group. KR does not plot 
particularly close to RR, although they are 
similar chemically. They are evidently affected 
by similar near-surface chemical processes, 
without the waters having the same mixture 
of recharge sources. 

Table 3 – Stable isotope compositions and tritium concentrations of springs and recharge waters, and 
mean residence times (MRT) estimated from tritium. The exponential fractions (F) used in the 
MRT calculation are given (see text).

Feature
δ18O
‰

δ2H
‰

Tritium
TU

± sd
TU

F
%

MRT
Years

SX1 -- -- 1.938 0.040 70 3
SX -9.00 -59.6 2.167 0.043 70 2
RW -9.43 -61.8 1.525 0.034 70 9
AH -9.28 .60.7 1.650 0.037 50 8
KR -9.14 -61.2 1.222 0.032 50 14
SB -9.57 -65.1 -0.028 0.016 70 >180
WL -9.47 -63.2 0.233 0.019 70 150
WR -9.58 -64.0 -- -- -- --
RR -8.73 -57.2 1.40 0.035 70 11
DW -9.40 -62.6 -0.018 0.016 70 >180

Figure 5 – Stable isotope compositions of the 
spring waters (green for western springs and 
red for eastern springs) and representative 
values of recharge waters (black triangles). The 
local meteoric water line shown is based on 
previous measurements on Christchurch wells 
(Taylor et al., 1989; Stewart and Morgenstern, 
2001; Scott, 2014).
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Tritium
Tritium concentrations are given in Table 3.  
The mean residence times (MRTs) were 
estimated using the exponential piston flow 
model (EPM) with the exponential fractions 
(F) given in the table (the use of the EPM 
model to estimate MRTs is explained in 
Morgenstern and Daughney, 2012, and 
Stewart, 2012). The EPM combines a section 
with exponential residence times followed by 
a piston flow section to give a model with 
parameters of MRT and F, where F is the 
ratio of the exponential volume to the total 
volume of the model.

SX1 and SX have the youngest MRTs 
(ages) of 2-3 years, RW age is about 9 years, 
and AH and KR ages are 8 and 14 years, 
respectively (Table 3). This group of samples 
are all relatively young. On the other hand, 
SB and WL are much older with ages of >180 
and 150 years, respectively. Experiments 
show different values of F do not change the 
estimated tritium ages much (e.g., Gabrielli 
et al., 2018). 

Previous tritium measurements have 
shown that the Waimakariri River has MRT 
of around 3 years (Taylor et al., 1989). Recent 

samples of RR and DW had tritium values 
indicating MRTs of 11 years and >180 years, 
respectively (Table 3), using the estimation 
procedure described above.

CFCs, SF6 and Halon-1301
CFC, SF6 and Halon-1301 concentrations 
for four of the springs are given in Table 4. 
CFC concentrations in groundwaters often 
show contamination from industrial sources 
(especially in urban areas like Christchurch), 
so the age interpretation is often primarily 
based on tritium. The CFCs can also be 
degraded in reducing environments, but these 
waters contain dissolved oxygen and are not 
reducing (see Table 2) so degradation is not 
expected. Figure 3 shows the concentration 
histories of the gases in the New Zealand 
atmosphere. CFC-11 reached a maximum 
concentration of 270 pptv in about 
1992, so two of the springs (AH and KR)  
have anomalously high concentrations of 
CFC-11 and must have been contaminated. 
Likewise, RW, AH and probably KR show 
contamination of CFC-12 (concentrations 
greater than 540 pptv). There is no apparent 
contamination of CFC-113 as the values 

Table 4 – CFC, SF6, Halon-1301 and Radon concentrations of springs.

Feature
CFC 11 
(pptv)

CFC 12 
(pptv)

CFC 113 
(pptv)

Excess Air 
(mL(STP)/kg)

Recharge  
Temp. (°C)

RW 105 ± 9 778 ± 62 28.1 ± 3.9 0.6 ± 1 11.8 ± 1.6

AH 497 ± 52 1914 ± 188 48.8 ± 6.3 2.5 ± 1.1 10.4 ± 1.9

KR 361 ± 71 537 ± 96 38.9 ± 8.7 2.2 ± 2.1 9.5 ± 3.5

SB     2.7 ± 0.8 7 ± 2.5 1.4 ± 2.3 7.6 ± 1.4 8.7 ± 2.2

Feature
SF6

(pptv)
Halon-1301

(pptv)
CH4

(µmol/kg)
Radon
(Bq/L)

RW 6.46 ± 0.82 1.93 ± 0.15 0 25.6 ± 1.5

AH 6.51 ± 0.75 2.22 ± 0.21 0 26.5 ± 1.6

KR 6.45 ± 1.41 2.03 ± 0.14 0 22.0 ± 1.3

SB 0.16 ± 0.09 0.04 ± 0.04 0 19.8 ± 1.2
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are less than 80 pptv. In summary, the three 
springs have contaminated or substantial 
concentrations of the CFCs (in comparison 
with the concentrations in Figure 3), 
therefore indicating young ages. Excess air 
concentrations and recharge temperatures are 
also given for the springs.

In contrast, the CFC concentrations of 
SB are very much less than those of the other 
springs (and very low in comparison to the 
concentrations in Fig. 3). This indicates that 
SB contains very old water. Although SB is 
moderately reducing (DO concentration is 
0.68 mg/L) and therefore there is potential 
for CFC concentrations to be chemically 
reduced, it is unlikely that all three CFCs 
would have been reduced to the same 
degree (CFC-11 is much more susceptible 
to reduction than CFC-12). Therefore, 
reduction probably only plays a small part in 
the low CFC concentrations. 

SF6 and Halon-1301 are less prone to 
contamination and reduction compared 
to CFCs. The SF6 concentrations of about 
6.5 pptv for the young springs (RW, AH 
and KR) indicate ages of about 10 years, in 
good agreement with the tritium age range 
(8–14 years). The very low concentration of 
0.16 pptv for SB indicates a much older age. 
Similarly, the higher values of Halon-1301 
for RW, AH and KR indicate young ages, 
while the much lower value for SB indicates a 
much older age, in agreement with the results 
for tritium and SF6.

No methane was detected in any of RW, 
AH, KR or SB samples, as expected given 
their DO levels. Methanogenesis requires very 
reducing conditions. Radon concentrations 
are as expected for water in close contact 
with greywacke sediments suggesting that the 
waters have not experienced degassing since 
emerging from the ground.  

Discussion
Sources of the springs: chemical and stable 
isotope compositions
The springs in this study, sampled on 8-10 
December 2017, have low concentrations 
of solutes and are dominated by Ca, Na and 
HCO3 ions. Comparison with representative 
waters showed that all the springs are from 
the northern Canterbury Plains Quaternary 
fluvial gravel aquifers, and none are from 
the Banks Peninsula volcanic aquifers. The 
chemical compositions of the springs (Fig. 
4) are bracketed by the two waters chosen as 
representative of recharge to the fluvial gravel 
aquifers, i.e., Waimakariri River seepage 
(WR) and rainfall recharge (RR). WR has the 
lowest concentrations of all the solutes and 
RR has close to the highest concentrations.

The stable isotope compositions of the 
springs (Fig. 5) suggests two groupings, a 
WR-dominated group (containing RW,  
SB and WL), and a rainfall-influenced  
group (with SX, AH and KR). The former 
group plots near WR, while the latter is 
towards RR. 

Considering the western springs from 
north to south (see Fig. 1), the Styx tributary 
(SX) has chemical composition intermediate 
between those of WR and RR, and isotopic 
composition nearest to that of RR, indicating 
significant rainfall/soil influence of WR water. 
Redwood Spring (RW) has a composition 
very like that of WR for both chemistry and 
stable isotopes. This is in accord with the 
observations of Webster-Brown and Barr 
(2016), who concluded that the spring was 
fed by aquifers receiving a high proportion 
of Waimakariri River seepage with consistent 
flow throughout the year. Avonhead Spring 
(AH) has chemistry intermediate between 
that of WR and RR, and stable isotope 
composition in the rainfall-influenced group. 
The chemistry is comparable with those of 
the Jellie Park Spring and Ilam Springs in the 
same area of Christchurch that had higher 



91

conductivities than RW (Webster-Brown and 
Barr, 2016). Knights Reserve spring (KR) has 
chemistry very like that of RR and isotopic 
composition in the rainfall-influenced group. 
Webster-Brown and Barr (2016) also found 
that it had the highest conductivity of the 
springs they sampled.

The eastern springs (SB and WL) have 
chemical compositions like that of AH, 
which is to the northwest and upstream in 
the groundwater flow direction (see arrow 
in Fig. 1). However, their stable isotope 
compositions lie in the Waimakariri River-
dominated group. 

In summary, the western springs 
chemistries show a gradation from being very 
like Waimakariri River seepage (WR) in the 
north, to being influenced by near-surface 
processes or infiltrating rainfall (RR) in the 
south. This was also observed by Webster-
Brown and Barr (2016). This suggests that 
the further south, the higher proportion 
there is of water that has infiltrated from the 
surface to join the flow of Waimakariri River 
water in Aquifer 1 and above.

The eastern springs have intermediate 
chemistries (like AH) but this may be due 
to processes near their emergences rather 
than to their sources. Their stable isotope 
compositions are like that of Waimakariri 
River seepage.

Ages of the springs 
The MRTs of the spring samples in this 
study show a striking difference between 
those on the western side (SX, RW, AH, KR) 
and those on the eastern side (SB, WL) of 
Christchurch. This difference in age is shown 
by all the age indicators. 

Many authors have noted that most, and 
certainly the most substantial, springs have 
historically been located on the western 
side of Christchurch where the aquifers 
become confined because of the thickening 
of interleaved marine layers towards the east. 
This applies particularly to the beginning 

of the confining layer for Aquifer 1. The 
four young springs (SX, RW, AH and KR) 
produce water with ages expected for Aquifer 
1 in this area. The tritium and CFC ages 
observed in samples from Aquifer 1 wells 
across Christchurch are very similar to those 
in the springs except for occasional cases of 
CFC contamination (Stewart et al., 2002). 
However, water from Aquifer 1 wells becomes 
much older very near the coast (Stewart et 
al., 2002). The two springs with very old 
ages (SB, WL) are located where the Aquifer 
1 water was previously (1998) observed to 
become much older. Stewart et al. (2002, 
p23) concluded “It is not known whether 
there is a seaward connection with Aquifer 1, 
but the ages [very near the coast] indicate that 
water does not now flow east in Aquifer 1, 
but rather flows upwards from deeper levels.” 
This previous explanation could possibly be 
expanded to include limited flow offshore in 
Aquifer 1 in this area causing ageing of the 
water in situ in addition to upward flow of 
water from deeper levels. Indeed, there may 
be some degree of drawback of water from 
offshore aquifers towards Christchurch 
because of exploitation of the system in  
the past. 

Effects of the earthquakes
Environment Canterbury’s on-line spring 
database (http://canterburymaps.govt.nz) 
identified approximately 50 urban springs 
on the western side of Christchurch in 
2006 (White et al., 2007) before the 2010 
earthquake and aftershocks. Their locations 
are shown as blue dots in Figure 6 from  
Cox et al. (2012). Christchurch City 
Council’s record of spring locations shows 
a similar distribution to the Environment 
Canterbury data. The spring/stream samples 
from SX, RW, AH and KR belong to this 
western group. 

No springs (apart from Banks Peninsula 
springs) were identified on the eastern side of 
Christchurch in 2006, except for a wetland 
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seepage in the area where the WL sample was 
collected (Christchurch City Council data, 
White et al., 2007). No seepages/springs were 
identified in the Avon Heathcote Estuary, 
from which the SB sample was collected 
from a sandbar. Spring/seepage activity 
increased greatly after the earthquakes, with 
extensive new spring activity in the eastern 
parts of the Avon/Ōtākaro and Heathcote 
River catchments shown in red in Figure 6. 
Liquefaction effects were also widespread 
after the 2011 aftershock.

From a study of the responses of wells in 
the confined coastal Christchurch aquifers to 
the earthquakes, Gulley et al. (2013) found 
that deeper wells had long-term decreases in 
piezometric pressure, while shallower wells 
had long-term increases in pressure following 
the earthquakes. This indicates release of 
pressure at depth as confining layers are 

breached (or permeability reduced) by the 
shaking, with resulting upward flow of water 
and increased pressure at shallower levels. 
Gulley et al. (p179) noted “Therefore, an 
outstanding problem which arises from the 
current work is the extent to which there has 
been significant vertical movement of water 
from deeper to shallower aquifers due to one 
or more of the earthquakes.”

The old ages found for SB and WL in 
this work may corroborate this hypothesis of 
increased upward flow, but there was already 
increased ageing of the water in this coastal 
part of the aquifer before the earthquakes. 
Increased vertical flow of water from depth 
would have implications in relation to the 
severe liquefaction effects observed in eastern 
Christchurch following the earthquakes, as 
pointed out by Cox et al. (2012) and Gulley 
et al. (2013).

Changes in eastern spring ages due to the 
earthquake cannot be directly tested because 
there were no measurements on these springs 
before the earthquake. However, there 
were measurements from wells before the 
earthquakes so these can be compared with 
recent measurements to look for changes in 
ages between before and after the earthquakes. 

Conclusions
Several springs and a stream fed by 
Quaternary gravels in the Christchurch area 
were sampled and analysed for a variety 
of geochemical parameters, including 
chemical compositions and water stable 
isotope, tritium, CFC, SF6 and Halon-1301 
concentrations. The chemical compositions 
and stable isotopes showed that the waters 
contain varying proportions of Waimakariri 
River seepage and rainfall infiltration with 
river water dominating, with the proportion 
of infiltrating rainfall increasing from north 
to south. Tritium and the gas concentrations 
showed that the four springs emerging on the 
western side of Christchurch are young (2 

Figure 6 – Map of Christchurch showing the 
springs present before the 2010 Canterbury 
earthquake as blue dots and new springs after 
the earthquake as red dots (figure from Cox 
et al., 2012). The figure also shows the extent 
of the first confined aquifer and piezometric 
contours, and areas of liquefaction, sediment-
laden water and surface water after the 
earthquake. The triangles are monitoring 
wells, coloured according to their responses to 
the earthquake.
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to 14 years), and likely to be sourced from 
the first confined aquifer (Aquifer 1). The 
two eastern Christchurch springs are very 
old (>180 and 150 years) and may represent 
leakage from deeper aquifers. The effects of 
the Canterbury earthquakes on spring ages 
and flows are considered and compared with 
effects on well waters from the literature.
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