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Abstract
River recharge inputs constitute a significant 
proportion of the water balance in many New 
Zealand aquifers. There is a large uncertainty 
regarding estimates of river-groundwater 
fluxes based on hydraulic measurements 
alone, particularly for large braided river 
systems that present a number of technical 
challenges for accurate flow measurement. 
Hydrochemistry information, such as radon 
gas activity, provides an additional secondary 
means for measuring river – groundwater 
exchange at the riparian margins of a fluvial 
system. In this study we examined the 
usefulness of Radon-222 for determining 
the rates at which the Waimakariri River 
recharges the Canterbury Plains aquifer at 
Halkett and Crossbank. 

Radon concentrations measured in the  
Waimakariri River were very low and con-
centrations increased in shallow ground water 
with increasing distance from the river, which 
was consistent with radon ingrowth processes 
and prior knowledge about the site hydrology. 
The data were modelled using the ingrowth 
equation for radon to determine values for 
the equilibrium radon value and groundwater 
velocity near the river, using simplified 
assumptions about transport flowpaths. The 
estimated groundwater seepage velocities of 
350 m/day and 390 m/day at the Halkett  

and Crossbank sites, respectively, are relatively 
high but feasible near a large braided river. 
There was no significant variation in radon 
concentrations (differences were within 
analytical error) in the shallow groundwater 
with flow in the Waimakariri River, which 
ranged from about 50 to 250 m3/s. 

Translating groundwater velocities to 
effective recharge fluxes requires simplifying 
assumptions concerning the dimensions 
of the effective recharging area, whether 
recharge is constant along a particular reach, 
and on the estimated effective porosity of  
the groundwater system. None of these 
properties are reliably known at the study 
site and this precluded any recharge flux 
estimations from the radon data. Despite 
these limitations, radon can be used to infer 
useful knowledge about riparian aquifer 
systems. For example, continuous measure-
ment of radon at a single observation well 
would provide information about how 
recharge at a particular location varies with  
time and river flow. Estimation of ground-
water velocities using radon measurement 
from wells located at regular intervals down 
a river could give information on the likely 
variation in recharge amounts, and intensive 
monitoring of radon over a small spatial 
region could provide detail on preferential 
flow paths in a riparian zone.
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Introduction
Many groundwater systems in New Zealand 
gain a large amount of recharge from rivers. 
This recharge provides storage of water within 
the groundwater system and is used for many 
purposes including domestic and stock water 
supply, irrigation and industrial use, with 
the major use by far being irrigation. There 
is significant uncertainty in the amounts 
of recharge from rivers, particularly large 
braided systems, as precise river flow gauging 
can be carried out only under low flow 
conditions and measurement errors can be 
large. Regional councils in New Zealand have 
the responsibility to manage water resources 
and to allocate water. This is difficult when 
there is uncertainty in both the recharge 
estimates and the variability of the recharge 
amounts. Water chemistry provides a useful 
means by which examine river – groundwater 
interactions and can potentially be applied 
to constrain aquifer recharge estimates. This 
work focuses on using radon gas as a natural 
tracer to study aquifer recharge from a large 
braided river system on the Canterbury 
Plains, New Zealand.

Radon gas (Rn or Rn-222), a radioactive 
decay product of naturally occurring 
radium-226, is present in a dissolved 
state in many groundwater systems, with 
concentrations depending largely on the 
lithology (Shaw and Eckhardt, 2012). A study 
of radon in New Zealand alluvial grey wacke 
gravel aquifers indicated concentrations 
ranging from 10 – 50 Bq/L (Gregory, 1980). 
Radon degasses from surface water and con-
centrations in surface water are close to zero, 
which provides a means to examine surface 
water interactions with groundwater. Elevated 
concentrations of radon in river water can 
signify effects of groundwater discharge.  

In contrast, low radon concentrations 
measured in groundwater can indicate local 
river recharge effects, but more importantly 
can permit estimation of flow rates. Surface 
water infiltrating into groundwater should 
initially contain low radon concentrations, 
but would start accumulating radon as it  
flows through the aquifer, reaching 
equilibrium in approximately 6 half-lives 
(22.9 days; T1/2 = 3.82 days).

A number of workers have used these 
properties of radon to investigate the 
discharge of groundwater into rivers and 
streams (Cook et al., 2003; Burnett et al., 
2010), lakes (Dimova et al., 2013) and near 
coastal waters (Burnett et al., 2008; Dulaiova 
et al., 2010). Radon has been successfully 
used to determine groundwater seepage 
inputs for water balances and to identify 
the spatial distribution of groundwater 
inflows to these systems. Fewer researchers 
have used radon to estimate the recharge 
of surface water into a groundwater system 
(e.g., Hoehn and von Gunten, 1989). One 
important difference between the two is that 
the surface waters can be readily sampled 
to give a good spatial distribution of radon 
concentrations (or any other parameter), 
whereas there are practical and resource 
limitations to achieving high-resolution 
sampling of groundwater systems. Wells 
suitable for the investigation of surface water 
recharge to groundwater using radon need to 
be shallow, positioned on the groundwater 
flowpath, and located in suitable proximity 
to the river (within 2-3 weeks effective 
transport distance).

Hoehn and von Gunten (1989) used 
radon data to estimate recharge of surface 
water into aquifers comprising glaciofluvial 
outwash deposits in Switzerland. They found 
that radon concentrations increased with 
distance from the river bank and estimated 
groundwater flow velocities of around  
5 m/day for the three systems they 
studied. Stellato et al. (2013) used radon 
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concentrations to characterize river – 
ground water interactions at a site in Italy. 
They found that river water residence times 
derived from the radon data indicated that 
river recharge rates varied with groundwater 
levels, and even when there was net 
groundwater flow into the river, there was 
still river infiltration into the groundwater 
system, albeit at lower rates, with stream 
bank infiltration velocities varying from  
1 to 39 m/day. Both these studies were for 
situations where flow velocities were slower 
than typically associated with Canterbury 
alluvial gravel aquifers. Conventional 
solute tracer experiments conducted in the 
Canterbury Plains aquifer system at sites 
distant from major rivers have previously 
indicated estimated velocities between 60 
and 250 m/day (Pang et al., 1998; Sinton 
and Close, 1983). White (1988) estimated 
groundwater velocities of up to 800 m/day 
along the riparian margin of a Canterbury 
river system using a salt injection experiment.

This paper reports on radon measurements 
in groundwater collected primarily from 
two well arrays along a relatively well-
characterised reach of the Waimakariri River 
in the Canterbury Plains aquifer system. The 
aim is to assess the potential for radon to 
estimate recharge from rivers to groundwater 
systems that are expected to have very high 
flow velocities.

Methods
Field study site
The Canterbury Plains aquifer system is in 
a geological formation of well-sorted, little-
weathered fluvioglacial outwash gravels 
with varying proportions of sand, silt and 
clay. The gravels are derived from indurated 
greywacke and argillite sandstone of the 
Torlesse Supergroup, and the depths of gravel 
extend up to 600 m thick (Bal, 1996). The 
highest hydraulic conductivities tend to occur 
parallel to the depositional surface in a down-

gradient direction, and the lowest hydraulic 
conductivities occur vertically. Groundwater 
flow tends to be concentrated through 
permeable channels of open-framework 
gravels that contain very few fines and have 
extremely high hydraulic conductivity values 
(Dann et al., 2008). Intensive groundwater 
tracing experiments carried out near 
Burnham, Central Canterbury, indicate that 
contaminants are transported through these 
permeable channels (Pang et al., 1998; Dann 
et al., 2008), and it is likely that this will also 
occur close to the river where it is recharging 
the groundwater system.

A reach of the Waimakariri River near 
McLeans Island, Canterbury, was selected 
as the study site. The river is known to lose 
water along this reach and there were a 
number of pre-existing shallow wells close to 
the river that were suitable for sampling in 
the area. This included two extensive shallow 
well arrays located at Halkett and Crossbank 
(e.g., White et al., 2012) that Environment 
Canterbury previously installed to investigate 
groundwater – surface water interactions 
(Fig. 1).

Water sampling
Groundwater was sampled from eleven wells 
in the Crossbank array and eleven wells in 
the Halkett array, along with water from 
the Waimakariri River. A further ten wells 
located further from the Waimakariri River 
but which screened the same aquifer system 
were also sampled. These ‘remote’ wells 
provide an estimate of equilibrium radon 
concentrations and the likely variability 
within an alluvial gravel groundwater system. 
Historic radon data from an additional 13 
wells located between the Waimakariri River 
and Christchurch (but at least 10 km from 
the river) that had been sampled in 1978 
and 1979 (Gregory, 1980) were used to 
supplement the ‘remote’ dataset. 

On each sampling occasion the ground-
water levels were measured before pumping. 
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Wells were then purged with a small 
submersible pump to remove the equivalent 
of three standing well volumes (usually 
requiring 15-20 min pumping). Samples 
were collected following standard national 
groundwater quality sampling protocols 
(Daughney et al., 2006), whereby the water 
was directed through tubing inserted into the 
bottom of the one-litre polyethylene sample 
bottle, and overflowed to thoroughly flush 
the bottle. Care was taken to avoid aeration, 
with low flow (< 0.1 L/s) and a total lack of 
bubbles. Bottles were filled completely with 
no air gap, capped securely, stored in a cool 
environment, and transferred on the same 
day to the laboratory for analysis.

Samples were collected over four time 
periods (Fig. 2). Firstly, a set of preliminary 
samples was collected in August 2012 to 

check sampling and analysis techniques and 
evaluate whether the predicted variation 
in radon concentrations was sufficient for 
further investigation. The second sampling 
round in October – November 2012 
included wells from a wider regional area 
(Fig. 1) to determine the likely range of 
radon concentrations in the groundwater 
system. The third sampling period (January 
2013) focused on wells from the Halkett and 
Crossbank arrays following a period of high 
flow in the Waimakariri River, and the fourth 
sampling period (March 2013) sampled the 
same wells after a period of low flow in the 
Waimakariri River (Fig. 2). Mean flows from 
the preceding 7 days and 14 days were used as 
metrics for the general flow condition of the 
river at the sampling times. Mean flows were 
derived using the water-level record from 

Figure 1 – Location of wells sampled in the study, together with well depth, assumed 
groundwater flow direction near each well array, and mean radon concentration data.
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Figure 2 – Sampling periods and flow in the Waimakariri River.

the Waimakariri River at Otarama, since 
the record at the old SH1 bridge (nearest to, 
but downstream from, the study reach) is 
influenced by tidal patterns. 

Sample analysis
Samples were analysed at the National Centre 
for Radiation Science (Christchurch) using 
standard liquid-scintillation counting (LSC) 
techniques. Water samples were clear and 
no pre-treatment was necessary. For each 
measurement, an 8 mL aliquot of water 
was mixed with Optiphase HiSafe 3 liquid 
scintillation cocktail in a standard 20 mL 
scintillation counting vial. The mixture was 
allowed to stand for 4 hours for reduction 
of any chemiluminescence, and ingrowth of 
radon decay products, before analysis with 
a 60 min counting time with a Wallac 1400 
LSC, with α- and β-emitting members of the 
radon decay series in equilibrium. A blank 
correction was made by purging a water 
sample of radon using nitrogen gas. The 
instrument was calibrated using a radium 

solution of accurately known activity with 
decay products in radioactive equilibrium. 
Analysis errors due to counting are included 
in Appendix 1. The detection limit for these 
counting conditions was around 1 Bq/L and 
the 95% confidence limit was 11% for a 
radon concentration of 20 Bq/L.

Data analysis
In a closed system, radon concentrations build 
up to an equilibrium value where the rate of 
decay is matched by the rate of production. 
The rate of buildup, known as ingrowth, is 
described by the following equation (Hoehn 
and von Gunten, 1989):

A t = A e(1-e-lt) (1)

where  A t  = Rn activity at time t;  
A e = Rn activity at equilibrium;  
l   =  radioactive decay constant for 

Rn (0.18 day-1)

Equation 1 indicates that radon con-
centrations will reach 72%, 92% and 98% of 
the equilibrium radon value after 7, 14 and 21 



118

days, respectively. This provides an effective 
window of about two weeks of groundwater 
travel time for the radon build-up to provide 
useful information from this technique on 
groundwater recharge characteristics. As the 
groundwater velocity is usually unknown 
(and its estimation is the objective of this 
radon technique), the equivalent distance 
for locating wells will be an estimate at the 
beginning of the study. The application 
depends on the following main assumptions 
(Hoehn and Gunten, 1989).
1. The average distribution of the radon 

parent compounds (uranium and radium) 
in the aquifer material is homogeneous on 
a macroscopic level.

2. The equilibrium radon concentrations 
measured at sites remote from the river 
are representative of the groundwater flow 
path under investigation (similar minerals 
and particle size distributions).

3. Losses of radon from the groundwater to 
the unsaturated zone and the atmosphere 
are constant.

4. The infiltrating water does not mix with 
older groundwater or with water rapidly 
infiltrating from another source such 
as a water race. Note that land surface 
recharge usually occurs over time intervals 
greater than a month and after the water 
has been in the groundwater system for 
more than three weeks the radon will be at 
equilibrium concentrations.

5. The flow distance of the water to a 
sampling well is constant, even in the case 
of varying water table elevations. 

The equilibrium radon value will be 
influenced by the type of minerals present, the 
level of radon precursors in those minerals, 
and the particle size (smaller particles have 
more surface area per volume).

To analyse the radon data from the wells, 
Equation 1 was transformed into a distance 
relationship (using v=d/t), to give: 

Ad= Ae(1-e-ld/v) (2)

where   Ad = Rn activity at distance d (m); 
v  =  groundwater seepage  

velocity (m/day)

The distance of each well from the river 
edge was measured along the best estimate 
of groundwater flow direction, inferred 
from local piezometric gradients and 
topography. The width of the Waimakariri 
River ranges along the study reach from 
about 500 to 1400 m and recharge from 
the river to the groundwater could originate 
from any location within the riverbed. As 
our analysis assumes recharge from a line 
source somewhere within the riverbed 
rather than a planar source corresponding to 
the entire riverbed width, an offset distance 
from the edge of the river to a hypothetical 
location of the line source was used so that 
dtotal = d + doffset. The radon data for each 
array were fitted to Equation 2 and used to 
estimate the values of Ae, v and doffset using 
the Solver package in Microsoft Excel.

Results and discussion
Estimation of groundwater velocity from 
radon data
The individual radon measurements from the 
two well arrays ranged from 4.0 to 25.2 Bq/L  
(Table 1), which provided a good range to 
test the methodology. The sample taken 
from the Waimakariri River showed low 
concentrations of radon (1.2 +/- 1.1 Bq/L) 
as expected. The difference in 7- and 14-
day mean flows in the Waimakariri River 
was a factor of 4.5 to 6.0 between the low 
(~45 m3/s) and high (~240 m3/s) flow 
sampling occasions. There was little variation 
in radon concentrations in any particular 
well with flow in the Waimakariri River, with 
most absolute differences between the two 
sampling occasions being < 2 Bq/L (Table 
1). These differences were within the 95% 
confidence intervals of the analytical errors 
for radon given in Appendix 1, which were 
around 13% for radon concentrations > 15 
Bq/L but were > 20% for radon con cen-
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trations < 7 Bq/L. As there was no significant 
difference observed with flow, the mean radon  
value for each well was used for the model 
fitting and further data analysis (Table 2). 
These analytical errors were for a counting 
time of one hour but could be reduced for 
more critical applications by increasing 
the counting time. For example, the 95% 
confidence level for a radon concentration of 

20 Bq/L is 11% and 7.4% for counting times 
of one and five hours, respectively. 

The relationship between flow in 
the Waimakariri River and losses to the 
groundwater system has been previously 
analysed using two approaches. White et al. 
(2012) used a water balance approach for 
the 6-year period between 2002 and 2008 
and showed that differences in median daily 

Table 1: Difference in radon concentrations between high and low flow sampling occasions. The 7- and 
14-day mean flows for the Waimakariri River are taken from the flow recorder at Otarama.

Well number
Array

(flow condition) Radon 
(Bq/L)

7-day mean 
flow 

(m3/s)

14-day mean 
flow 

(m3/s)

Difference 
in Radon 
(Bq/L)*

M35/8372 Halkett (H) 22.5 202 221 -0.8
Halkett (L) 21.7  44  46

M35/8375 Halkett (H) 14.2 202 221 2.0
Halkett (L) 16.4  44  46

M35/8376 Halkett (H) 20.1 202 221 -2.1
Halkett (L) 18.0  44  46

M35/8377 Halkett (H) 10.5 202 221 -1.0
Halkett (L)  9.5  44  46

M35/8378 Halkett (H)  8.7 202 221 -0.8
Halkett (L)  7.9  44  46

M35/8379 Halkett (H)  9.0 202 221 -1.4
Halkett (L)  7.6  44  46

M35/8380 Halkett (H)  8.2 202 221 0.7
Halkett (L)  8.9  44  46

M35/8967 Halkett (H)  5.5 202 221 -1.5
Halkett (L)  4.0  44  46

M35/8363 Crossbank (H) 16.6 244 273 0.6
Crossbank (L) 17.2  45  47

M35/8364 Crossbank (H) 19.0 244 273 2.5
Crossbank (L) 21.5  45  47

M35/8365 Crossbank (H) 20.1 244 273 5.0
Crossbank (L) 25.1  45  47

M35/8366 Crossbank (H) 15.1 244 273 1.7
Crossbank (L) 16.8  45  47

M35/8367 Crossbank (H) 17.8 244 273 1.0
Crossbank (L) 18.8  45  47

M35/8368 Crossbank (H) 12.5 244 273 0.6
Crossbank (L) 13.1  45  47

M35/8369 Crossbank (H) 10.8 244 273 1.8
Crossbank (L) 12.6  45  47

M35/8370 Crossbank (H) 14.0 244 273 -1.4
Crossbank (L) 12.6  45  47

M35/8371 Crossbank (H) 13.1 244 273 -1.7
Crossbank (L) 11.4  45  47

M35/8968 Crossbank (H)  6.3 244 273 0.6
Crossbank (L)  6.9  45  47

* Difference = radon level at high flow minus radon level at low flow.
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recharge to groundwater increased only 
slightly with river flow and were about 11% 
higher for flows of 180-240 m3/s compared 
to flows of 27-60 m3/s. Durney and Scott 
(2010) measured gradients in wells in the 
Crossbank array and used these to derive 
groundwater flux for the period between 
2001 and 2009. They showed that variations 
in groundwater flux at the Crossbank array 
were generally small (<10%) and only 
exceeded this amount for very high flows  
(> 800 m3/s) in the Waimakariri River. 

The samples taken from wells remote 
from the river (regional dataset; Appendix 1)  
had radon concentrations ranging from 12 
to 47 Bq/L, with most wells having values 
between 20 and 25 Bq/L. The wells in this 
remote dataset were included to sample 
groundwater that had been recharged for 
at least three weeks and would therefore 

be at equilibrium with respect to radon 
concentrations. The variability in radon 
concentrations in these wells is likely to be 
influenced by different particle sizes (more or 
less finer particles) or mineral distributions. 
There is a group of five wells near the centre 
of Christchurch with radon concentrations 
between 27 and 33 Bq/L, with wells closer 
to the volcanic sediments associated with 
Banks Penisula showing much lower values. 
It is probable that the eight wells with radon 
concentrations < 18 Bq/L were influenced by 
localised very recent recharge from alternative 
surface water bodies, namely stock water 
races (e.g., M35/1111) and/or the Heathcote 
River (e.g., well M35/1915). Recharge from 
these sources would have reduced the radon 
concentrations in these wells compared to 
the concentrations that would otherwise be 
expected. 

Table 2: Summary of mean radon concentrations for each well in the Halkett 
and Crossbank arrays (sorted by distance from river along the assumed 
flow line).

Well number Array Mean radon 
(Bq/L)

Distance to 
river edge

(m)

Waimakariri R. River 1.2 0

M35/8967 Halkett 5.3 50
M35/8380 Halkett 8.6 620
M35/8378 Halkett 8.3 740
M35/8379 Halkett 8.3 990
M35/8376 Halkett 19.1 1680
M35/6503 Halkett 10.9 1750
M35/8377 Halkett 10.0 1980
M35/8375 Halkett 15.4 2220
M35/8372 Halkett 22.1 2960
M35/10912 Halkett 8.9 3580
M35/4590 Halkett 15.8 4370

M35/8968 Crossbank 6.6 430
M35/8369 Crossbank 11.7 1720
M35/8371 Crossbank 12.3 1760
M35/8370 Crossbank 13.3 2150
M35/8368 Crossbank 12.8 2280
M35/8367 Crossbank 18.3 3050
M35/8365 Crossbank 22.6 3140
M35/8366 Crossbank 16.0 3180
M35/8364 Crossbank 20.3 3660
M35/8363 Crossbank 16.9 4040
M35/5139 Crossbank 21.1 5890
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The data for each well array were fitted to  
the ingrowth model (Equation 2) by optimis-
ing the equilibrium radon con centration 
(A e ), the groundwater velocity and the offset 
distance. The optimised parameters are 
given in Table 3 and the fit of the model to 

the data is shown in Figures 3 and 4. Well 
M35/10912 is close to a stock water race 
and was thought to be affected by recharge 
from the race. It was omitted from the model 
fitting but is plotted in Figure 4 (data point at 
4 km labelled as an outlier).

Table 3: Summary of parameters from the model fitting. Ae is the equilibrium radon 
concentration; RSSE is the residual sum of squares.

Array Ae  
(Bq/L)

GW velocity  
(m/day)

Offset distance 
(m)

RSSE

Crossbank 23 390   0  52.4

Halkett 20 347 415 102.8

The values for Ae and groundwater velocity 
are fairly similar between the two sites. The 
Ae values of 20 and 23 Bq/L are similar to 
many of the radon values found in the 
regional dataset (Appendix 1), which provides 
a degree of confidence in the model fitting 
results. The estimated groundwater velocities 
(347 and 390 m/day) are very high but fall 
within the range of velocities estimated by 
others who have conducted natural gradient 
tracer tests within the Canterbury Plains 
aquifer system (Pang et al., 1998; Sinton 
and Close, 1983; White, 1988). Of these 
published Canterbury Plains groundwater 
studies, the study site of White (1988) is 
most similar to the riparian environment we 
examined. White (1988) conducted a salt-
tracing experiment close to the river bed of 
the Rakaia River, which, like the Waimakariri 
River, is a large braided river. In that case he 
estimated a groundwater velocity of 800 m/
day through the alluvial gravels.

The difference in the estimated offset 
distances between the two sites probably 
reflects the orientation of the riverbed at 
the two sites. The meander of the river near 
the Halkett array (Fig. 1) means that the 
river is orientated closer to parallel to the 
estimated groundwater flow path, whereas 
at the Crossbank site the river is orientated 

more perpendicular to the estimated flow 
path. This means there will be an effectively 
longer interval for the Halkett site over which 
the recharge could take place and therefore 
more uncertainty in the estimation of the 
recharge location. In addition, the movement 
of braids within the riverbed means that the 
location(s) of recharge from the river will 
probably change with time in response to 
changes in the position of the braids and the 
channel depth and flow in the channels. The 
location of braids within the river channel 
shown in Figure 1 is from a historical aerial 
photograph and is not intended to represent 
the location of braids during the study 
period. The estimated distances between the 
wells and the river edge are linear estimates 
and take no account of possible meanders 
in the groundwater path that have been 
observed elsewhere in alluvial gravel aquifers 
(Pang et al., 1998). This steady state analysis, 
with averaging of radon concentrations from 
all sampling occasions, also assumed that the 
radon concentrations were in equilibrium 
with the flow conditions in the Waimakariri 
River at the time of sampling. As the 
differences in radon concentrations between 
the high and low flow sampling occasions 
were within or similar to the analytical error 
(Table 1) this was a reasonable assumption. 
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Well screen and water level data were available 
for all wells except two in the Crossbank and 
Halkett arrays (Appendix 1) and indicate 
that, although the well depths vary between  

6 and 30 m, the depth of water to the top 
of the well screen varied much less and was 
between 1.0 and 8.5 m. 

Figure 3 – Fit of 
observed to simulated 
radon data for 
Crossbank array using 
parameters given in 
Table 3. The error 
bars correspond to the 
analytical error and do 
not include variability 
of sample replicates or 
errors in estimation 
of distance along the 
groundwater flow 
path. Distance from 
river is the estimated 
distance from the river 
edge plus the offset 
distance.

Figure 4 – Fit of 
observed to simulated 
radon data for Halkett 
array using parameters 
given in Table 3. The 
error bars correspond 
to the analytical error 
and do not include 
variability of sample 
replicates or errors 
in estimation of 
distance along the 
groundwater flow 
path. Distance from 
river is the estimated 
distance from the 
river edge plus the 
offset distance. Well 
M35/10912 is an 
outlier and is thought 
to be influenced by 
a nearby stock water 
race.
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Application to estimation of  
groundwater recharge
The estimation of recharge to groundwater 
using the groundwater velocity measurements 
derived from the radon concentrations is 
critically dependent on the assumed aquifer 
dimensions and properties such as effective 
porosity. The aquifer dimensions may be 
readily estimated in cases where the aquifer 
is bounded by shallow basement rocks and 
where a reach is well defined, or there may 
be significant uncertainty for both of these 
properties. The effective thickness of the 
aquifer being recharged at the study sites is 
not known but probably ranges between  
5 and 20 m (Durney and Scott, 2010; White 
et al., 2012). In addition, the spatial variability 
of recharge along the Waimakariri River is 
not known. The water balance estimates 
from White et al. (2012) used reach lengths 
ranging from 2 to 17 km and the estimated 
recharge ranged from –0.07 m3/s/km  
(gain to river) to 0.60 m3/s/km (losses to 
groundwater) for the six reaches considered 
from the Waimakariri Gorge to the Old 
State Highway Bridge. The Halkett and 
Crossbank arrays were located within reaches 
where some of the highest relative river flow 
losses reported by White et al. (2012) were 
recorded. Localised recharge is likely to vary 
significantly within reach lengths of 10 to 
15 km and the reach length appropriate for 
each of the well arrays is probably around 
1 km. Both the Halkett and Crossbank 
arrays were located near or within recent 
paleochannels and recharge amounts are 
likely to be higher than average for these 
reaches. A useful extension of this work 
would be to estimate groundwater velocities 
using the radon technique at regular spatial 
intervals down a river to obtain an estimate 
of the relative spatial variation in recharge 
amounts.

In alluvial gravel aquifers, the majority 
of flow has been shown to take place in 
permeable channels of open-framework 

gravel (Dann et al., 2008, 2009). These 
open-framework gravel channels have very 
few fines and their hydraulic conductivity 
is 2-3 orders of magnitude higher than the 
sandy gravel material and sand lenses that 
constitute the remainder of the aquifer matrix. 
Although open-framework gravels make up a 
reasonably small component of the aquifer 
architecture (perhaps 1-10%) they transmit 
the majority of the flow (Dann et al., 2008). 
The effective porosity of these gravels, which 
determines the effective aquifer dimension in 
the direction of flow, is the open-framework 
gravel total porosity times the proportion of 
connected open-framework gravel channels. 
Dann et al. (2009) measured the bulk porosity 
of open-framework gravels near Burnham, 
Central Canterbury, at 0.34 (range 0.27 to 
0.39). In a comparison of tracer and pump 
test data, Dann et al. (2008) estimated that 
the maximum amount of open-framework 
gravel in the profile was approximately 1%, 
giving an effective porosity for the open-
framework gravel in the overall profile of 
0.0038. It is probable that the gravels are 
more permeable nearer the river, with a 
higher percentage of open-framework gravel 
in the profile, which will change the effective 
porosity for the open-framework gravel and 
the overall bulk porosity of the groundwater 
system. Variation in the amount of open-
framework gravel that is intercepted by the 
well screen may also explain some of the 
deviations from the modelled line in radon 
concentrations shown in Figures 3 and 4. An 
application arising from this could be using 
intensive monitoring of radon concentrations 
to provide detail on preferential flow paths.

Two constant discharge pump tests were 
carried out by Environment Canterbury in 
2004 using a pumping well (M35/9448) 
installed within the Crossbank array for 
that purpose and located 20 m from well 
M35/8363. The well was 11 m deep and 
screened from 5 to 8 m. Analysis of the pump 
tests indicated a hydraulic conductivity of 
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around 2000 m/day (Durney and Scott, 
2010). Using an analysis similar to that 
carried out by Dann et al. (2008) indicated 
that the effective porosity of the open-
framework gravel could be around 5% near 
the Crossbank array.

At any particular well the aquifer properties 
and dimensions associated with recharge 
from the river will remain relatively constant, 
although there may be an increase in the 
water levels and hence the effective thickness 
of the aquifer at high river flows. There was 
no increase in radon concentrations with 
increases in flow in the Waimakiriri River 
from around 50 m3/s to around 250 m3/s. 
However, this was based on only two 
sampling rounds and this study was primarily 
to test out the methodological technique. 
Further sampling at a greater range of flows 
may indicate variations in recharge, although 
the results do suggest that the recharge does 
remain relatively constant for these reaches. In 
general, the collection of a time series of radon 
measurements from a single well would avoid 
uncertainties associated with estimation of 
aquifer dimensions and properties and would 
provide information about how recharge at a 
particular location varies with time and river 
flow. In addition, high-resolution monitoring 
of radon concentrations in a riparian zone 
might enable identification of preferential 
flow paths. For both these applications, 
analysis of the samples using longer count 
times, as discussed earlier in the Results 
section, to reduce the analytical error would 
enable better resolution of the flow paths and 
recharge variations.

Conclusions
Radon is a natural groundwater tracer that can 
be used to estimate groundwater velocities in 
riparian aquifer systems. Information can be 
gained about aquifer recharge fluxes from the 
river, providing knowledge about effective 
aquifer dimensions is available or where gross 

assumptions can be made. Samples collected 
from shallow well arrays at two sites near the 
Waimakariri River exhibited the expected 
increase in radon concentrations with 
progressive increasing separation distance 
from the river and could be fitted with an 
ingrowth model. Estimated groundwater 
velocities in the alluvial gravels that constitute 
the riparian margins of the Waimakariri 
ranged between 347 and 390 m/day. There 
was little variation in radon concentrations 
with changes of flow in the Waimakariri 
River ranging between 50 and 250 m3/s, and 
the variation in radon concentrations was 
within the analytical uncertainty. 

Estimates of recharge derived from the 
groundwater velocities are very sensitive to 
assumptions about the dimensions of the 
effective recharging area, whether recharge 
is constant along a particular reach, and the 
estimated value for effective porosity of the 
groundwater system. None of these properties 
were reliably known at the study site, which 
precluded any recharge flux interpretations 
from the radon data. Despite these 
limitations, there remains scope for radon 
to be applied to provide useful knowledge 
about riparian aquifer systems. For example, 
continuous measurement of radon at a single 
observation well would provide information 
about how recharge at a particular location 
varies with time and river flow. Estimation 
of groundwater velocities using radon 
measurement from wells located at regular 
intervals down a river could give information 
on the likely variation in recharge amounts, 
and intensive monitoring of radon over a 
small spatial region could provide detail on 
preferential flow paths in a riparian zone.
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Appendix 1:

Summary of well information and radon data for each 
sampling occasion

Well number

Array  
(flow 

condition)
Well 

depth 
(m)

Well 
screen 
(m)

Water 
depth to 

screen top 
(m)

Distance 
to river 

edge 
(m)

Sampling 
Date Radon 

(Bq/L)

Analysis 
error 

(Bq/L)

Waimakariri 
River

River    0 22/8/12  1.2  1.1

M35/5139 Crossbank 18 15 - 18 8.5 5890 24/10/12 21.1 2.6
M35/8363 Crossbank  9 8 – 9 3.3 4040 16/1/13 16.6 2.0
M35/8364 Crossbank  9 8 - 9 3.1 3660 16/1/13 19.0 2.2
M35/8365 Crossbank  8 7 - 8 1.9 3140 16/1/13 20.1 2.3
M35/8366 Crossbank  8 7 - 8 3.4 3180 16/1/13 15.1 2.0
M35/8367 Crossbank  8 7 - 8 3.0 3050 16/1/13 17.8 2.2
M35/8368 Crossbank  6 5 - 6 1.6 2280 16/1/13 12.5 1.8
M35/8369 Crossbank  6 5 - 6 3.0 1720 16/1/13 10.8 1.7
M35/8370 Crossbank  6 5 - 6 2.2 2150 16/1/13 14.0 1.9
M35/8371 Crossbank  6 5 - 6 2.5 1760 16/1/13 13.1 1.8
M35/8968 Crossbank  8 5 - 6 2.8 430 16/1/13 6.3 1.4
M35/8363 Crossbank  9 8 – 9 2.8 4040 4/3/13 17.2 2.0
M35/8364 Crossbank  9 8 - 9 2.7 3660 4/3/13 21.5 2.4
M35/8365 Crossbank  8 7 - 8 1.5 3140 4/3/13 25.1 2.7
M35/8366 Crossbank  8 7 - 8 3.0 3180 4/3/13 16.8 2.1
M35/8367 Crossbank  8 7 - 8 2.5 3050 4/3/13 18.8 2.2
M35/8368 Crossbank  6 5 - 6 1.0 2280 4/3/13 13.1 1.9
M35/8369 Crossbank  6 5 - 6 2.6 1720 4/3/13 12.6 1.8
M35/8370 Crossbank  6 5 - 6 1.7 2150 4/3/13 12.6 1.8
M35/8371 Crossbank  6 5 - 6 1.9 1760 4/3/13 11.4 1.8
M35/8968 Crossbank  8 5 - 6 2.2  430 4/3/13  6.9 1.5

M35/4590 Halkett 29 4370 5/11/12 15.8 2.2
M35/6503 Halkett  7 1750 5/11/12 10.9 1.8
M35/8967 Halkett  9 6 - 7 1.3   50 5/11/12  6.3 1.5
M35/8378 Halkett  6 5 – 6 1.0  740 6/11/12  8.4 1.5
M35/10912 Halkett 29 28 - 29 7.8 3580 6/11/12  8.9 1.5
M35/8372 Halkett 30 29 - 30 4.6 2960 17/1/13 22.5 2.5
M35/8375 Halkett 27 26 - 27 5.2 2220 17/1/13 14.4 1.9
M35/8376 Halkett 27 26 - 27 5.1 1680 17/1/13 20.1 2.3
M35/8377 Halkett 12 11 - 12 6.2 1980 17/1/13 10.5 1.6
M35/8378 Halkett  6 5 - 6 1.2  740 17/1/13  8.7 1.5
M35/8379 Halkett  7 6 - 7 1.5  990 17/1/13  9.0 1.5
M35/8380 Halkett  9 8 - 9 3.7  620 17/1/13  8.2 1.5
M35/8967 Halkett  9 6 - 7 1.5   50 17/1/13  5.5 1.4
M35/8372 Halkett 30 29 - 30 4.8 2960 5/3/13 21.7 2.4
M35/8375 Halkett 27 26 - 27 5.4 2220 5/3/13 16.4 2.0
M35/8376 Halkett 27 26 - 27 6.4 1680 5/3/13 18.0 2.1
M35/8377 Halkett 12 11 - 12 6.1 1980 5/3/13  9.5 1.5
M35/8378 Halkett  6 5 - 6 1.2  740 5/3/13  7.9 1.5
M35/8379 Halkett  7 6 - 7 1.5  990 5/3/13  7.6 1.5
M35/8380 Halkett  9 8 - 9 3.7  620 5/3/13  8.9 1.6
M35/8967 Halkett  9 6 - 7 1.7   50 5/3/13  4.0 1.3
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Well number

Array  
(flow 

condition) Well 
depth (m)

Well 
screen 
(m)

Water 
depth to 

screen top 
(m)

Distance 
to river 

edge (m)

Sampling 
Date Radon 

(Bq/L)

Analysis 
error 

(Bq/L)

M35/1111 Regional 22 24/10/12 12.3 1.9
M35/2814 Regional 27 25/10/12 21.5 2.5
M35/5813 Regional  24 22 - 24 25/10/12 15.2 2.0
M35/7104 Regional  37 25/10/12 22.8 2.6
M35/7862 Regional  30 29 - 30 25/10/12 20.6 2.4
M35/6935 Regional  29 27 - 29 5/11/12 20.0 2.5
M35/0914 Regional  37 6/11/12 46.5 4.7
M35/0931 Regional  29 6/11/12 17.7 2.2
M35/0965 Regional  33 8/11/12 29.3 3.0
M35/11668 Regional  40 8/11/12 21.8 2.4
M35/1943 Regional  62 56 - 62 1978-79* 32.9
M35/1977 Regional  94 88 - 94 1978-79* 26.6
M35/1979 Regional 135 131-135 1978-79* 30.7
M35/2144 Regional  91 85 - 91 1978-79* 22.9
M35/2325 Regional  32 26 - 32 1978-79* 32.9
M35/2474 Regional  23 17 - 23 1978-79* 16.3
M35/2554 Regional 133 127 - 133 1978-79* 22.9
M35/2585 Regional  48 42 - 48 1978-79* 33.3
M35/3660 Regional 152 146 -152 1978-79* 24.8
M36/1081 Regional  13 1978-79* 21.1
M36/1225 Regional  32 25 - 32 1978-79* 21.8
M36/1915 Regional  36 30 - 36 1978-79* 11.8
M36/2207 Regional  20 1978-79* 13.3

*  These samples were collected in 1978 and 1979 and radon values are taken from Gregory (1980).
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