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INTRODUCTION

As methods for analysing isotopes and
chlorofluorocarbons continue to develop, in-
creasingly useful information is being gained
on groundwater systems (Clarke and Fritz 1997;
Kendall and McDonnell 1998; Cook and
Herczeg 1999). Stable isotopes are used as fin-
gerprints to reveal groundwater sources and
sources of dissolved nitrate and other constitu-
ents. Radioactive isotopes and dissolved
chlorofluorocarbons (CFCs) are used as clocks
to determine the residence times of water un-
derground.

Stable isotopes in the water molecule are
conservative tracers and have been used mainty
to determine the sources of groundwater. Me-
teoric processes, for example, modify the sta-
ble isotope composition of water so that re-
charge waters from a particular environment
have a characteristic isotopic signature. This
signature serves as a natural tracer for the prov-
enance of the groundwater. Likewise, the dis-
tinctive isotopic compositions of nitrogen, car-
bon and sulphur from different sources help
to identify sources and processes affecting dis-
solved species such as nitrate, bicarbonate and
sulphate in groundwater.

The decay of radioactive isotopes (such as
tritium and carbon-14) provides a measure of
the underground residence time of ground-
water, and thus its sustainability. Tritium has
become the standard for definition of “mod-
ern groundwater”. Modern groundwater con-
tains tritium and therefore has been recharged
in the past few decades. This means it is part
of an active hydrological cycle and exploita-
tion of the resource is potentially sustainable.

Dating by CFCs is an exciting new develop-
ment, which complements tritium dating in the
ten to fifty-year age range (Plummer and
Busenburg 1999).

Groundwater containing zero tritium is sub-
modern or older; it is not being actively re-
charged or simply has long flow paths'and low
flow velocities. Carbon-14 dating is the method
used most often for dating tritium-free
groundwater. Dating in this age range is im-
portant to establish the long-term potential for
aquifer recharge.

Stable isotopes, radioactive isotopes, and
CECs have been used in New Zealand in a
number of studies. The purpose of this chapter
is to give a short background of isotopic tech-
niques used in New Zealand and to illustrate
the recent studies that have been undertaken
to address the following aspects of groundwater
movement, recharge and contamination.

Sources of groundwater and constituents -
determining recharge sources for Canterbury,
Takaka and Waimea Plains groundwater, and
sources of nitrate for Canterbury and Waimea
Plains groundwater.

Groundwater residence times - studies from
Canterbury, Lower Hutt Valley, Takaka and
Waimea Plains show whether water is being
actively recharged or being mined.

Better conceptual and digital flow models of
systems - age and source data help to eluci-
date the nature of the groundwater flow sys-
tem at Canterbury, Lower Hutt Valley, Takaka
and Waimea Plains, and validate digital flow
models in Canterbury.

History of contamination - combining bet-
ter dating methods with groundwater contami-
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nation studies gives exciting prospects of de-
termining contaminant-input histories, as well
as transport and degradation rates of contami-
nants. Canterbury and Waimea Plains exam-
ples are described.

Young water fraction - a groundwater drink-
ing water supply is considered secure against
bacteriological contamination if it is of suffi-
cient age for bacteria and viruses to have de-
cayed. Examples from Canterbury are given.

Isotopic research commenced in New Zea-
land in the late 1940s in the then Department
of Scientific and Industrial Research. A team
led by T. Athol Rafter and Gordon J. Ferguson
established one of the first successful carbon-
dating laboratories in the world (Rafter 1953;
Ferguson 1953). State-of-the-art stable isotope
and tritium measurement capabilities followed
(Hulston and McCabe 1962; Taylor et al. 1963).
These facilities have been maintained and de-
veloped in the Institute of Nuclear Sciences
(created in 1959 with Athol Rafter as its first
director) and since 1992 in the Institute of
Geological and Nuclear Sciences. The Univer-
sity of Waikato set up an Isotope Unit in 1973
with radiocarbon and stable isotope measure-
ment capabilities.

STABLE ISOTOPE TRACERS

Oxygen and hydrogen isotopes in water

Oxygen-18 (1*0) and deuterium (*H = D) are
ideal tracers for water because they are con-
stituent atoms of water molecules. *C and D
concentrations in water are expressed as &
values with respect to a water standard in units
of per mil (%), where

8(%0)= (R,,,... / Rygyon = 1) X 1000 (1)

and R is the **0/**0 or D/H ratio of the sample
or standard. The standard (VSMOW or Vienna
Standard Mean Ocean Water) is held at the
International Atomic Energy Agency in Vi-
enna. Measurement errors are £0.10%o for §1°0
and *+1.0%o for 8D (one standard deviation).
Compared to all other water bodies, the ocean
is relatively uniform in isotopic composition
and therefore a good starting point for dis-
cussing the hydrological cycle of **0 and D.
Temperature-related separation or fractionation

during evaporation or condensation cause vari-
ations in ®0 and D in environmental waters
(Craig 1961; Dansgaard 1964). As water evapo-
rates from the ocean surface, its heavy and
light isotopes separate appreciably and oce-
anic vapour becomes strongly depleted in 20
and D relative to the ocean. The balancing in-
crease in the *0 and D concentration of the
ocean is negligible, owing to the immense
water content of the ocean relative to the
amount of water evaporated.

This isotopic separation (described by a sepa-
ration factor o) is made up of two parts. The first
is an equilibrium separation factor o, = RC/Rv at
the ocean surface (where R_ refers to the con-
densed phase, in this case liquid water, and R, to
water vapour). The second is a kinetic separation
factor o, due to different rates of diffusion of the
isotopic water molecules away from the ocean
surface. These are related by

o =0 .0 (2)

Marine vapours sampled at Baring Head,
near Wellington (Fig. 7.1) illustrate the con-
sequence of kinetic fractionation; these sam-
ples are all depleted in *0 and D compared

Baring Head
vapour samples

0°C B
vapour in equilibrium
with seawater

Figure 7.1:  Plot of 8D versus 880 values for sea
water, water vapourin isotopic equi-
librium with sea water at the indi-
cated temperatures, and actual at-
mospheric vapoursampled at Baring
Head, near Wellington. The line is an
average straight line through points
{not shown) for many New Zealand
precipitation sumples.
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to equilibrium vapour. Fig. 7.1 is an example
of the linear 3-diagram commonly used to
show isotope relationships in hydrological
studies, with 8®0 plotted as the x-axis and
8D as the y-axis. Ocean water occupies a small
region close to the origin, and most other
waters occupy the negative quadrant as they
have negative 80 and 8D values.

The condensates from marine vapours, such
as those shown in Fig. 7.1, plot nearer the ori-
gin of the 8-diagram, while the remaining
vapour plots further away. The fractionation
factors applying in atmospheric condensation
processes are close to the equilibrium factors,
so the relative changes of §'®0 and 8D corre-
spond to the ratio (o (D) - 1)/ (o (**0) - 1), which
is close to 8 for the range of temperatures in
the atmosphere. As a consequence, conden-
sates and depleted vapours plot near a straight
line of slope of about 8 in the §-diagram. How-
ever, the ‘memory’ of the extra kinetic
fractionation during evaporation from the
ocean surface is not lost, so that this line does
not pass through the origin, but has a positive
intercept (symbol d) on the 8D axis, i.e.

3D = 8510 + d (3)

From global measurements Craig (1961) de-
termined d to be +10%o on average. We have
found that d is about +13%o for New Zealand
(Stewart and Taylor 1981).

As rainfall is extracted from atmospheric
vapour by condensation due to reduction in
temperature, the **0 and D concentrations
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of the remaining vapour become more and
more depleted. This is the basis of the gen-
eral rule that the § values of precipitation
are more negative at lower temperature. Con-
sequently, & values of precipitation vary with
season, with more negative 8 values in win-
ter, and with altitude and latitude, with more
negative § values at higher altitudes and lati-
tudes. Climate change also causes variations,
with more negative § values during colder
periods.

Fig. 7.2 shows contours of the average an-
nual 8D values of precipitation throughout New

Figure 7.2: Map of New Zealand showing
contours of average annual
8D values of precipitation.
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Figure 7.3: 8D values of river samples plotted against estimated mean altitudes of their catchments
in the North Island and westerly zones of the South Island of New Zealand.

Zealand (Stewart et al. 1983). Average annual
8D values smooth out the seasonal variations.
The highest (least negative) 6D values are found
at low elevations north of Auckland and the
lowest (most negative) 8D values at the high-
est elevations in the South Island, reflecting
the effects of altitude and latitude.

Good correlations are found between 8D and
altitude, and 8D and latitude for river samples
(Figs. 7.3 and 7.4), as proxies for annual pre-
cipitation samples for westerly climatic zones
(i.e. all of the North Island and all areas except
Canterbury and Otago in the South Island). The
equations of lines fitted to the data are:

8D = - 0.017h - 30.2 and 8D = - 1.76L + 41.6, (4)

where h is the altitude in metres, and L is the
latitude South in degrees. On average, 6D de-

creases by 1.7%o for each 100-m increase in
altitude, and by 1.8%o for each degree increase
in latitude. The data used for the latitude cor-
relation had first been adjusted to sea level
using the altitude correlation.

Correlations for 8'°0 in westerly zones are:

80 = - 0.0021h - 5.40 and §*0 = - 0.22L + 3.58, (5)

showing that §'®0 decreases by 0.21%so for each
100-m increase in altitude, and by 0.22%o for
each degree increase in latitude. The relatively
uniform behaviour of 3'®0 and 8D in westerly
zones is due to the prevailing westerly circula-
tion over the Tasman Sea. The d value of +13%o0
results from the influence of dry air from Aus-
tralia, which picks up moisture rapidly (and
moisture with a higher o) as it passes over the
Tasman Sea before reaching New Zealand.
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Figure 7.4: 8D values of river samples plotted against mean latitudes of catchments in westerly zones

of New Zealand at sea level.

Easterly climatic zones (Canterbury and Otago)
do not fit the relationships derived for westerly
rainfall (Stewart et al. 1983). The & values are
more negative for a given altitude or latitude
than they are for westerly rainfall: this is be-
cause easterly rainfall is from southeasterly
sources or from westerly air masses that have
been ‘wrung out’ on passing over the main di-
vide in the South Island. The relationship be-
tween the § values is also different, with

8D = 8 80 + 10 6)

applying more closely for Canterbury and
Otago precipitation.

The & values of groundwater can be useful
indicators of the source of recharge to a
groundwater system. Two main sources of re-
charge are seepage from rivers or infiltration
of rainfall. The average § value of a river can
be significantly different from the average &
value of low altitude rainfall, if the rivers de-
rive their water from high altitude catchments

(e.g. rivers on the Canterbury Plains). This ena-
bles the groundwater recharge source to be
identified from 80 or 8D.

Variations in 3'®0 and 8D in rainfall are used
to study transport times of water through a
catchment into a stream or through a soil to
an underlying aquifer. Studies at Maimai
Catchment on the West Coast (Stewart and
McDonnell 1991; McDonnell et al. 1999)
showed that during storms headwater streams
predominantly discharged the water resident
in the catchment rather than the current rain-
fall, even though their response to the rainfall
was very rapid. The mean residence time of
water in the catchment was three months.
Another study in the Pukekohe region near
Auckland (Rosen et al. 1999) showed that soil
water residence times were at least six months.

Carbon, nitrogen and sulphur isotopes
Carbon has two stable isotopes (12C and °C)

and one radioactive isotope (4C, see below).

Carbon-13 is an excellent tracer of carbonate
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evolution in groundwaters, because there are
large variations in the various carbon reser-
voirs {Clarke and Fritz 1997). Carbon isotope
ratios are given as per mil (%) relative to a
marine carbonate standard (VPDB); marine
carbonates have only limited variations in car-
bon isotope ratios.

88C (%o) = [(°C 12C)

/ (°C Q) x 1000 (7)

Sample! veDB 1]

Carbon and oxygen isotopes in carbonate
minerals have been used very successfully to
reveal past temperatures, because long se-
quences of carbonates are preserved in chrono-
logical order in sediments and chemical de-
posits. Temperature-related variations, most
commonly in the oxygen isotope ratios, are
used to extract temperature records covering
the period when the deposit was being laid
down. The oxygen-isotope record from fora-
minifera in ocean cores has revealed in un-
paralleled detail the multiple succession of
glacials and interglacials that have occurred
in the Pleistocene (see, for example, Emiliani
1966). Hendy and Wilson (1968) pioneered the
application of the method to stalactites from
several New Zealand cave systems. They de-
rived a detailed temperature record that re-
vealed differences between Northern and
Southern Hemisphere temperature histories.

Nitrogen has two stable isotopes (**N and *N)
that have been used to evaluate the sources
and processes affecting nitrates in groundwater.
This knowledge assists the development of ef-
fective management practices to preserve wa-
ter quality and remediation plans for sites that
are already polluted.

The average abundance of “*N in air is con-
stant, with *N/“N = 1/272. Nitrogen isotope
ratios are reported in per mil (%) relative to
N, in atmospheric air, where

SN (0/00) = [(15N/14N)S / [ISN/“N)AIR _ 1] x 1000 [8)

ample!
and AIR is the internationally accepted gas
standard. Oxygen isotopes can also be meas-
ured in nitrate, and can sometimes provide
more definite information on sources and cy-
cling of nitrate in combination with nitrogen
isotopes (Kendall and Aravena, 1999). New

Zealand examples of the use of nitrogen iso-
topes to determine the source of nitrate in
groundwater are described below for Canter-
bury and Waimea Plains.

Sulphur isotopes have been used particularly
to determine the origin and fate of sulphate in
groundwater, which is a subject of great inter-
est in relation to the effect of “acid rain” on
the environment (Krouse and Mayer 1999).
Sulphur has four stable isotopes (*2S, 3§, S
and 3¢S), of which the two most abundant (325,
34G) are chosen for measurement on the delta
scale, defined as
&S (%0) = [(*S/S), [ (4S/*S) x 1000 (9)

Sample veor 1]

The standard is VCDT (Vienna Canon Diablo
Troilite).

Robinson and Bottrell (1997) used sulphur
isotopes to identify sources of sulphate in a
number of New Zealand river catchments. Pris-
tine rivers in the South Island (Buller, Wairau)
and North Island (Hutt) contained two end-
member mixtures of marine sulphate from rain-
water and sulphate from oxidation of bedrock
sulphides. Some Wairarapa rivers showed in-
put of fertiliser sulphate (from “superphos-
phate”); in particular, results for the Ruama-
hanga River showed that the river removes 20%
of the sulphate applied as fertiliser to the catch-
ment. The Whangaehu River was shown to
contain mainly volcanic sulphate from the
Crater Lake of Ruapehu. Geothermal and rain-
water sulphates were the main sources to Lakes
Taupo and Rotorua via their tributary streams;
Lake Rotorua outlets had a higher geothermal
sulphate content than the inlets, showing an
underwater geothermal input to the lake.

DATING MODERN GROUNDWATER

Good understanding of recharge, flow and
storage volume is necessary for sustainable
management of groundwater resources. One
of the most important pieces of information
for understanding groundwater resources is the
age, or residence time, of the water under-
ground. The age can give information on
groundwater flow rates and paths, the sustain-
able yield of the resource, and buffering against
drought. Furthermore, the age information al-
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Figure 7.5:  History of tritium concentration in precipitation at Kaitoke, near Wellington, and CFC-11
and CFC-12 concentrations in the atmosphere in the Southern Hemisphere.

lows assessment of the vulnerability of a
groundwater resource to contamination; the
fraction of young water gives a quantitative
measure of the security of a groundwater re-
source against bacteriological contamination
or against disasters (e.g. floods or volcanic ash).
To obtain age information from groundwater,
various isotopic and chemical tracers can be
applied, depending on the age range and
hydrogeologic conditions.

Tritium

The radioisotope tritium (half-life 12.3 years)
is the standard dating too! for groundwater in
the age range of recent to 100 years. It is the
ideal tracer for groundwater because it is a
component of the water molecule, and the age
information is not distorted by any processes
occurring underground, i.e. tritium is not af-
fected by chemical or microbial processes, or
by reactions between the groundwater, soil
sediment and aquifer material. Tritium is natu-

rally produced in the atmosphere by cosmic
rays, but large amounts were also released into
the atmosphere in the early 1960s during nu-
clear bomb tests, giving rain and surface wa-
ter a high trittum concentration (Fig. 7.5). Sur-
face water becomes separated from the atmos-
pheric trittum source when it infiltrates into
the ground, and the tritium concentration in
the groundwater then decreases over time due
to radioactive decay. The tritium concentra-
tion in the groundwater is therefore a func-
tion of the time (t) the water has been under-
ground, i.e.

C,=C,.eMort = (1/A).1n(C,/C) (10)

where C_ is the initial tritium ratio (in the rain
water), C the tritium ratio in the groundwater
after time t, and A ( = In2 / T, ) the tritium
decay coustant.

Most applications of the tritium method in-
volved tracing the tritium from nuclear weap-
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ous tests through the hydrological cycle. How-
ever, since the mid-1980s, atmospheric tritium
has declined to the natural cosmogenic level
in most parts of the world. This allows tritium
to be used now for groundwaters more straight-
forwardly as a “natural clock”, using the de-
cay equation (10), in combination with realis-
tic age distribution models. Additional age in-
formation can be gained for very young
groundwaters from the seasonal tritium varia-
tion, as peaks occur in spring due to an en-
hanced movement of tritium from the strato-
sphere to the troposphere.

As a result of the nuclear test peak in at-
mospheric tritium in the 60s, ages from single
tritium determinations can be ambiguous (i.e.
the tritium concentration can indicate any of
three possible groundwater ages). This ambi-
guity can be overcome by making a second
tritium determination after about 2 years, or
by combining the single tritium determination
with a second independent dating technique
such as chlorofluorocarbons. The bomb tritium
peak gives, on the other hand, waters with ages
of 20-40 years a very distinct tritium signa-
ture that can be used to obtain very precise
age information.

Very clear understanding of groundwater
flow processes can be gained when historic
tritium data (high trititum concentrations in the
60s and 70s) can be combined with recent data
(natural levels). Such historic data are avail-
able from most of the main aquifers in New
Zealand. )

Further information about the trittum method
is available in Clark and Fritz (1997) or Cook
and Herczeg (1999). The tritium method has
been applied to New Zealand groundwaters in
several studies. In the first study, tritium data
prior to the bomb-peak was used to indicate
groundwater flow directions and residence
times in the Heretaunga Plains aquifer (Grant-
Taylor and Taylor 1967). This study also de-
termined the residence time of groundwater in
the main supply well in the Hutt Valley aqui-
fer by tracing the tritium from individual
bomb-test series. In Taylor and Stewart {1987),
tritium data were used in a mixing model to
derive mean residence times in the Rotorua
geothermal aquifer. Following the bomb-peak

period, tritium data were mainly used to dis-
tinguish between water recharged before and
after1960, and attempts began to calculate
groundwater ages for piston flow conditions
(Taylor et al. 1989, 1992; Taylor 1994a). Tri-
tium was also used to identify any fraction of
recently derived water in old groundwater for
carbon isotope studies (Taylor and Fox, 1996;
Taylor and Evans 1999).

Sensitive and accurate methods for detecting
tritium are needed to use low-level natural tri-
tium as a tracer of the hydrologic cycle. Be-
cause of particularly low tritium concentrations
in the Southern Hemisphere, a trittum meas-
urement system with extremely high detection
sensitivity is required. In New Zealand, the tri-
tium measurement system has a lower detec-
tion limit of 0.03-0.04 TU (2-sigma criterion),
using ultra low-level liquid scintillation
spectrometry, and electrolytic enrichment prior
to detection. Reproducibility of standard enrich-
ment is 2%, and an accuracy of 1% can be
achieved via deuterium-calibrated enrichment
(Taylor 1994b). Tritium concentrations are ex-
pressed as tritium units (TU) or as a tritium ra-
tio (TR). One TU (IR = 1) corresponds to one
tritium atom per 10*® hydrogen atoms. The ra-
dioactivity equivalent for one TU in one kg of
water is 0.118 Bq. The sampling procedure for
tritium involves filling a one-litre bottle (avoid-
ing air contact as much as possible because there
is tritium in the air) and securely tightening the
cap. No cooling of the sample during collection
or transport is necessary.

Tritium - Helium-3 H - *He)

Tritium-helium dating is a variant of tritium
dating that allows unambiguous ages to be
determined from tritium concentrations by
using its daughter (helium-3) to eliminate the
complicated tritium input function (Torgersen
et al. 1979). The method gives good results and
generally shows agreement with CFC dates
(Ekwurzel et al. 1994), but is expensive and
has not been used in New Zealand.

Chlorofluorocarbons and SF,
Chlorofluorocarbons (CFCs) are entirely

man-made contaminants of the atmosphere

and hydrological systems. CFCs are used in-
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dustrially for refrigeration, air conditioning
and pressurising aerosol cans. Their concen-
trations in the atmosphere have gradually
increased from zero in 194G to the present
levels of several hundred pptv (1 pptv is one
part per trillion by volume or 10-3). CFC-11
and 12 concentrations in the Southern Hemi-
sphere are shown in Figure 7.5. Because the
gases (CFC-11, CFC-12 and CFC-113) are rela-
tively long-lived, they are widely distributed
in the atmosphere. CFCs are slightly soluble
in water and enter groundwater systems dur-
ing recharge. Their concentrations in ground-
water record the atmospheric concentrations
when the water was recharged, thus allowing
the recharge date of the water to be deter-
mined.

CFCs have three main advantages as dating
tools. Firstly, CFC dating gives unambiguous
ages because atmospheric concentrations of
CFCs have risen monotonically from zero, in
contrast to concentrations of tritium. Secondly,
three dates are obtained (because there are three
CFC species) and these can be compared, giv-
ing additional information. Thirdly, CFC con-
centrations can be measured accurately and
relatively easily by modern gas chromatogra-
phy. The main disadvantage is the relatively
difficult sampling techniques required, because
air must be rigorously excluded from the sam-
ple.

CFCs are now being phased out of industrial
use because of their destructive effects on the
ozone layer. Thus rates of increase of atmos-
pheric CFC concentrations slowed greatly in
the 1990s. This means that CFCs are not as
effective for dating water recharged after about
1990.

A number of factors can modify apparent
CFC ages (called “model” ages below); the
following factors have the greatest effect on
water recharged later than 1990 (see
Plummer and Busenburg (1999) for more
information).

Recharge temperature - The solubilities of
CFCs in water are affected by temperature,
hence errors in the estimated recharge tem-
perature for a site affect the model age: too
low a recharge temperature gives model ages
that are too old and vice versa. An error of

£2°C results in an error of +1 year for water
recharged before 1970 and +1-3 years for wa-
ter recharged between 1970 and 1990.
{(Plummer and Busenburg 1999).

Thickness of the unsaturated zone - CFCs
can be transported more rapidly than water
through the unsaturated zone because CECs
mainly inhabit vapour-dominated pores.
Transport times for CFCs are expected to be
less than two years for unsaturated zones with
thicknesses of up to 10 m, and 8-12 years for
thicknesses of 30 m (Plummer and Busenburg
1999).

Local CFC sources - CFC contamination
from local anthropogenic sources can occa-
sionally occur in urban areas, and more
rarely in rural environments. Local contami-
nation causes “excess CFC” in the water, i.e.
the CFC concentrations are higher than could
normally be gained by solution from the at-
mosphere, so no age can be calculated. How-
ever, the ages may appear to be too young
when very slight contamination occurs. CFC-
12 is more susceptible to local contamina-
tion than CFC-11.

Loss of CFCs - Microbial degradation of
CFCs in anaerobic environments or sorption
onto organic matter causes removal of CECs,
giving model ages that are too old. Neither
process is expected in aerobic conditions,
since organic matter tends to remove oxXy-
gen. The dissolved oxygen concentration in
the water can be used to assess the likeli-
hood of these effects. CFC-11 has been found
to be more susceptible to such losses than
CFC-12.

Despite these potential problems, CFC meas-
urements have given good results in New Zea-
land. Figure 7.6 shows CFC-derived recharge
years for groundwater in Canterbury (Stewart
et al. 1997, 1999). The CFC-11 ages are com-
pared with the CFC-12 ages for data collected
in 1997-2000. The dates when recharge oc-
curred ranged from 1940 to 1999, with a small
number of samples containing excess CFCs
from local sources. An approximately linear
trend between the results is observed, but the
CFC-11 ages tend to be older than the CFC-12
ages.

The CFC results are compared with tritium
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Figure 7.6: Plot of CFC-11 recharge year versus
CFC-12 recharge year for Canterbury
groundwater.

results in Figure 7.7. Ages were calculated for
the tritium results assuming a mixing model
with 80% piston flow and 20% exponential
flow (see below for an explanation of these
terms); ambiguous tritium ages were resolved
by considering the hydrogeological conditions
or by comparison with the CFC ages. CFC-11
and tritium ages show reasonable agreement,
with points scattered about the concordant line,
while the CFC-12 ages are generally younger
than the tritium ages. This is probably due to
a very slight contamination of the CFC-12 con~
centrations by local sources (at less than the
“excess” levels).

Methods for dating groundwater using SF,
are now being developed. SF, concentrations
in the atmosphere have increased from zero in
1970 to the present. Concentrations are likely
to continue to increase for some time because
SE, is widely used in electrical switch gear.
This should mean that SF_ is especially useful
for dating very young groundwater.

DATING OF OLD GROUNDWATER

Radiocarbon

Radiocarbon is the major tool for dating old
groundwater (i.e. groundwater that has no tri-
tium). “C (half-life 5730 years) is generated
by cosmic rays in the atmosphere and intro-
duced into living biomass by photosynthesis,
and into the hydrosphere by CO, exchange re-
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Figure 7.7:  Plotof CFC-11 and CFC-12 recharge
years versus tritium recharge years

for Canterbury groundwater.

actions. Consequently, any carbon compound
derived from atmospheric CO, since the late
Pleistocene can potentially be dated by radio-
carbon. Radiocarbon dating has provided the
chronology used by archaeologists to decipher
the history of humanity in the Holocene. It has
also been used to provide the chronology of
climate change in the late Pleistocene and
Holocene.

1C concentration or activity (a) is expressed
as percent modern carbon (pmC), where the
activity of “modern carbon” is taken as 95%
of the activity in 1950 of the NBS oxalic acid
standard. Groundwater dating by *#C is com-
plicated both by changes in **C activity in the
atmosphere during the late Pleistocene and
Holocene, and by dilution of **C in groundwater
by dead (i.e.’*C-free) carbon derived from soils
and rocks where carbon-bearing solutions pen-
etrate underground.
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Most of the **C in groundwater is gained from
the soil, where CO, accumulates by root respi-
ration and decay of vegetation. The *C in dis-
solved inorganic carbon (DIC) is susceptible to
reaction and dilution with dead carbon from
carbonate and other minerals in the soil and
groundwater zones. A dilution factor q is used
to take account of the resulting dilution of 4C.
The age equation is therefore written (in anal-
ogy with equation 10)

t=(1/N.In(g.a,/ a) (11)

where a_ is the initial “C activity {q-a, the di-
luted initial activity in the groundwater), a is
the “C activity in groundwater after time t (i.e.
when measured) and A is the carbon-14 decay
constant (1/A = T, / In2 = 8267 years). The
apparent simplicity of this equation is decep-
tive. Numerous methods have been proposed
for estimating g, based on the chemical and
C composition of the groundwater. A widely
accepted modern method involves modelling
the geochemical and isotopic evolution of
groundwater between initial and final points
along a flow path using the NETPATH geo-
chemical code (Plummer et al. 1994). This is
best suited for regional confined systems where
changes between sampling points can be ob-
served.

New Zealand groundwater systems are of-
ten recharged by rivers, which impart a dif-
ferent initial “C signature and dilution factor
to the groundwater. This is illustrated by
ground-water in deep aquifers under
Christchurch, which are recharged by the
Waimakariri River (Taylor and Fox 1996). Be-
cause the water is recharged from the river-
bed, thus largely bypassing the soil, it has
low DIC (and other chemical) concentrations.
Ages of up to several thousand years were
determined for the deep groundwater beneath
Christchurch. «

Taylor (1997) developed a method for esti-
mating a_and g, based on the *C and DIC con-
centrations in the groundwater. This is applied
in a study of deep groundwaters in Taranaki
(Taylor and Evans 1999). The study identified
Mt Taranaki as the major recharge area both
today and for several tens of thousands of years

in the past. Residence times of groundwater in
the confined Tertiary sandstone/mudstone/
shellbed aquifers ranged up to several tens of
thousands of years.

APPLICATIONS TO NEW ZEALAND
GROUNDWATER SYSTEMS

Isotopic studies of New Zealand hydrologi-
cal systems have been carried out since the
early 1960s, using most of the isotopic meth-
ods outlined above. In the following we have
selected some New Zealand groundwater sys-
tems to illustrate the variety of problems that

can be addressed using isotopic methods.

Canterbury Plains

Glacial outwash deposits of the major rivers
have built up the Canterbury Plains from the
Southern Alps, and fluvial episodes then re-
distributed the sediments. The plains extend
over a 50 km wide by 150 km long area from
Timaru to the Waipara River. Quaternary gravel
aquifers are widespread and their thicknesses
range from 250 m up to 600 m. Groundwater
aquifers are unconfined or semi-confined un-
der much of the inner plains, becoming con-
fined near the coast, around Kaiapoi,
Christchurch and Lake Ellesmere. Isotope meth-
ods are contributing greatly to understanding
the recharge sources, residence times, nature
of flow, and chemical history of the ground-
water system.

Alpine rivers crossing the plains have high-
altitude catchments and therefore low §'%0
values (c.f. equation 5) compared to the higher
8'0 values of precipitation on the plains
(Taylor et al. 1989). 8'%0 therefore serves as a
fingerprint to distinguish river from rainfall-
recharged groundwater via the equation:

f =8, - 8)/6, - 8), (12)

where f is the fraction of groundwater derived
from precipitation, and 3, 6, and 8 are the
8'%0 values of the groundwater, rivers and pre-
cipitation respectively. Note that § and 8, are
the d values of groundwater derived from the
rivers and precipitation, rather than those of
the rivers and precipitation themselves. Aver-
age 6'°0 values of the alpine rivers (in brack-

171




M STEWART AND U MORGENSTERN

| 30km |

Rakaia River

(| “Waimakariri River *

1e s M85/3637

Figure 7.8: Flowlines in shallow groundwater and sampling locations of CFC concentrations between
the Waimakariri and Rakaia Rivers, Canterbury.

ets) are, from north to south, Ashley (-9.4%),
Waimakariri (-9.4%o), Rakaia (-9.5%o0) and
Ashburton {-9.6%0) (Taylor et al. 1989). Their
compositions are not expected to change much
as they infiltrate the ground. Rainfall 80 val-
ues, however, are affected by soil processes
because of higher evapotranspiration in sum-
mer than in winter, so 6 values measured in
water draining through the soil have been used
for 8 rather than the precipitation itself. These
are about —7.7%o near the coast (measured at
Harewood Airport and Lincoln) and -9.0%o
inland (Hororata and in foothills rivers such
as the Eyre and Selwyn) (Stewart 2001, un-
published data).

Fractions determined from equation 12 show
that recharge from the alpine rivers dominates
in fluvial gravel aquifers towards the coast,
whereas recharge from rainfall and foothill riv-
ers is predominant in the inter-fan areas. In
particular, the deeper Christchurch aquifers are
recharged by infiltration from the Waimakariri
River in its Central Plains reaches, and are
consequently protected from pollution as long
as the river retains its present pristine condi-
tion (Taylor et al. 1989). On the other hand,
shallow groundwater (including the unconfined
and first confined aquifers under Christchurch)
and water recharged to depth by precipitation

and irrigation on the unconfined western ar-
eas of the Plains are susceptible to agricul-
tural and other pollutants.

Residence times determined from tritium,
carbon-14 and CFC concentrations reveal the
flows in the groundwater systems (Taylor et
al. 1989; Taylor and Fox 1996; Stewart et
al. 1997, 1999). Horizontal flows in the near-
surface layers are rapid, with very young
waters emerging in springs on the west side
of Christchurch and Kaiapoi. Vertical flows
are more gradual, as they are driven by re-
charge rates. Taylor et al. (1989) showed that
ground-water from deep aquifers under
Christchurch had zero tritium. The isotopic
and other evidence showed that old artesian
groundwater underlying Christchurch as-
cends from deeper aquifers into the shallow-
est confined aquifer via gaps in the confin-
ing layers or by diffuse flow. Carbon-14
measurements have shown that the residence
time of the deepest water under Christchurch
is of the order of thousands of years (Taylor
and Fox 1996).

Well M35/3637 is a deep well (140 m) lo-
cated on the western edge of Christchurch,
where the groundwater system becomes con-
fined (flowline 0 in Fig. 7.8). It is ideally situ-
ated to help reveal the nature of water moving
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Figure 7.9: Upper figure: Tritium, CFC-11 and
CFC-12 concentrations versus time
for well M35/3637. The dots are
measured data, curves simulated
data. PFM - piston flow model, DM -
dispersion model. Lower figure: Resi-
dence time distributions for piston
flow and dispersion models for well
M35/3637.

towards the important deep confined aquifers
under Christchurch and how that water will
change in the future. The 8'*0 value of -9.33%o0
shows that the water is derived from the
Waimakariri River. It has very low concentra-
tions of nitrate {(0.21 mg/L NO,-N) and other
chemicals.

Five trititum measurements are available for
this well between 1985 and 1999, so the age
distribution of the water can be defined quite
well. These are supplemented by CFC measure-
ments in 1999. The measurements are plotted
in Figure 7.9 (upper figure}, along with
simulations using the dispersion and piston flow
models. The dispersion model (with T = 68 years,
D_=0.1) gives a reasonable match to all of the
tritium points, whereas the piston flow model
does not (t ~ 42 yr). Figure 7.9 (lower) shows
the distribution of residence times (i.e. age spec-
tra) of the models. The peak residence times of
the dispersion models are about 40 years (in
agreement with the piston flow models), but a
considerable proportion of older water is also
present, probably derived from a greater depth
in the system. The results show that good qual-
ity but relatively young water (40 years old) is
penetrating into the system en route to the deep
aquifers under Christchurch. This will preserve
the good quality of deep Christchurch water in
the future.

CFC measurements have been made on
groundwater in the areas between the
Waimakariri and Rakaia Rivers (Fig. 7.8},
Waimakariri and Ashley Rivers, and Rakaia and
Ashburton Rivers (Stewart et al. 1997, 1999). Fig-
ure 7.8 shows the locations of wells sampled for
CFCs, chemical compositions and other isotopes
between the Waimakariri and Rakaia Rivers in
1999. The figure shows flow directions for the
shallow aquifers. The CFC age data have been
used to define constant age surfaces, showing
that young water penetrates more deeply i.e. re-
charge is greater near the alpine rivers.

The source and age information from 3'°0
values and CFCs have been used to validate a
large-scale model of Canterbury groundwater
flow (White et al. 1999). CFC measurements
on eight pairs of wells allowed the travel times
of the groundwater between the wells to be
determined. These were compared with flow-
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model predictions of the travel times. The CFC
travel times ranged between 2 and 26 years,
with a mean of 10.4 years, in good agree-
ment with the flow-model predicted travel
times of 4 to 25.5 years, with a mean of 9.9
years.

The history of chemical contamination of
the groundwater is stored within the system
and can be accessed by making age and
chemical measurements on well waters. An
increase in nitrate concentrations is apparent
in the early 1950s, as shown by measurements
on groundwaters of this age and younger;
older groundwaters have low nitrate concen-
trations. The cause is likely to have been the
intensification of farming in the post-war
period. This early 1950s nitrate front is pass-
ing through the groundwater systems in ac-
cordance with their natural flow rates. While
it is still observable in the Waimakariri-Rakaia
and Waimakariri-Ashley groundwater re-
gions, the front has already essentially passed
through the more-rapidly flowing Rakaia-
Ashburton groundwater region. Other fronts
passing through the systems are those from
the “nuclear weapouns test” tritium peak in the
mid-1960s and the CFC fronts of more recent
years. 8N values indicate that the increase
in nitrate concentrations in the 1950s was due
to an increased use of inorganic fertilisers or
to clover fixation. It is probable that increased
dairy farming in recent years is introducing
nitrate with 3N reflecting a larger propor-
tion of manure sources.

Lower Hutt Valley

The Lower Hutt groundwater zone is an
unconfined/confined aquifer system. The
sediments infilling the Lower Hutt Basin in-
clude a thick sequence of alluvial gravels de-
posited by the Hutt River during successive
Quaternary glaciations. Layers of fine
sediments, which form confining layers for the
artesian aquifers, break the succession of allu-
vial gravels. The major source of recharge to
the Lower Hutt groundwater zone is flow loss
from the Hutt River. Due to the large number
of chemical and microbial analyses undertaken
on municipal water supplies, groundwater
quality is well defined and generally very good

in terms of the drinking water standards (Min-
istry of Health 2000).

The artesian aquifers of the Lower Hutt ba-
sin provide about 35% of the greater Welling-
ton region’s water supply. They are recharged
by the Hutt River, whose catchments extend
40 km north of Wellington, including the
Kaitoke Regional Park at the southern end of
the Tararua mountain range. This hydrologi-
cal system has played an important role in the
history of environmental isotope hydrology in
the Southern Hemisphere. Environmental iso-
tope data encompassing the period following
atmospheric H-bomb tests (mainly 1952-62)
are available from rainwater, rivers and
groundwater. The long-term observation of
tritium allows for understanding the water flow
throughout the whole hiydrological system from
catchment to river, to aquifer, to outflow
(Morgenstern, unpublished data).

The triium signature in the Hutt River is
smoothed compared to rain, and is very de-
pendent on the preceding rainfall history. Af-
ter heavy rain, the tritium signature in the river
follows that of the rain, indicating that in rain
periods the main component of the river wa-
ter is derived directly from surface run-off.
However, in periods of low rainfall, the main
component of the river water at Kaitoke is up
to 6 months old. The river water consists
mainly of this old component after several days
without rain.

The Lower Hutt groundwater system is re-
charged from the Hutt River between Taita
Gorge and Kennedy-Good Bridge, about 7 km
from the coast. Groundwater in the upper ar-
tesian aquifer (Waiwhetu Gravel) reaches wells
at the coast in the centre of the valley after
about 3.5 years, based on comparison of tri-
tium records in the river and in a supply well
at Hutt Park (Grant-Taylor and Taylor 1967).
This is confirmed by matching the measured
long-term tritium data from Hutt Park well
with the output calculated with a mixing
model. The best fit of the data is for
groundwater flow mainly described by pis-
ton flow, with a portion of approximately 20%
mixed flow represented by an exponential
model. Modelling the tritium data from dif-
ferent wells results in the following
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groundwater flow pattern and age structure.
The age of the groundwater in the upper ar-
tesian aquifer in the centre of the valley is
0.5%0.2 years close to the recharge area at
Avalon; 1.0+0.7 years 3 km from the coast at
Waterloo; 3.520.5 years near the coast at Hutt
Park; and 20£1 years 3 km offshore at Somes
Island, in the aquifer extension under Wel-
lington Harbour. The much older groundwater
age at Somes Island, compared to onshore
data, demonstrates slower flow beneath Wel-
lington Harbour, which can be explained by
a combination of lateral widening of the ag-
uifer downvalley and leakage holes within
Wellington Harbour near the Hutt River mouth
ie. less water flows through a wider aquifer
cross section in the offshore section of the
aquifer. The groundwater age near the coast
on the western side of the valley is 22+1 years,
much older than in the centre, and indicates
a slower rate of groundwater flow along the
western margin of the Hutt Valley. The age of
the water in the deeper artesian aquifer (Moera
Gravel) is older than 50 years at both the cen-
tre and the side of the valley near the coast.

Waikoropupu Springs, Takaka Valley

The Waikoropupu Springs, comprising the
Main Spring and Fish Creek Springs, are the
principal outflows from the Arthur Marble
Aquifer (Chapter 21). The springs are New Zea-
land’s largest and an impressive sight. They
are karstic, tidal and slightly brackish. The
springs emerge from Arthur Marble through a
cover of Motupipi Coal Measures approxi-
mately 4 km south of Golden Bay and 13 m
above sea level (Fig. 21.12a in Chapter 21). 8120
is used to determine the sources of the water
in the springs. Dating then helps to gain an
understanding of the nature of the system.

Mueller (1992) identified three recharge
sources to the Arthur Marble Aquifer—the
Takaka River, tributary creeks in Central Takaka
including the Waingaro and Anatoki Rivers,
and rainfall on Arthur Marble where it out-
crops. or is covered by permeable rocks. The
annual and overall average §'°0 values of these
are given in Table 7.1, based on three and a
half years of monthly sampling (Stewart and
Williams 1981). There is a large difference be-
tween the 60 values of the Takaka River and
rainfall on the Takaka Valley floor, providing
a very effective means of discriminating be-
tween these sources

Mueller (1992) and Edgar (1998) gave esti-
mates of the net flows to the aquifer (Table
7.2). Mueller estimated total recharge to be 23.4
m?[s, of which 15.0 m?/s was discharged by
the Waikoropupu Springs and 8.40 m?/s by sub-
marine springs in Golden Bay. Edgar estimated
that total recharge was 14.5 m3fs (approxi-
mately matching the outflow from the springs)
and there were no submarine springs (see also
Doyle and Edgar 1998). Their recharge models
are given in Table 7.2.

Average discharges from the Main Spring
and Fish Creek Springs are 10.0 m%/s and 3.2
m’/s respectively (Chapter 21). Their average
80 values are consistently different: -7.38%o
for Main Spring and -7.64%o for Fish Creek
Springs (Table 7.1). This means that the two
springs contain different proportions of the
source waters. In particular, Fish Creek Springs
contain proportionately more Takaka River
water than the Main Spring.

We can calculate the §°0 values expected
for the spring waters from the flows and §*0
values of the source waters (Stewart, Rosen and
Thomas, unpublisahed data; see Table 7.2). Re-
sults for the Mueller (-7.72%o) and Edgar (-

Table 7.1 Mean oxygen-18 concentrations of waters from the Takaka Valley.
8180 e
Feature sampled 1976 1977 1978 1979* Mean
Takaka River -873 -8.75 -8.66 -8.53 -8.67
Rainfall -5.4] -5.43 -5.27 -5.50 -5.40
Main Spring -7.24 -7.31 -7.48 -7.50 -7.38
Fish Creek Spring -7.53 -7.67 -7.69 -7.66 -7.64

* Samples collected January to June only.
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Table 7.2 Recharge models to the Arthur Marble Aquifer and resulting oxygen-18 values.

Preferred Model
Mueller Edgar Fish C.reek
810 | Net flow Net flow Main Spring Spring Total flow
Recharge Source Yoo m¥fs m3/s m?/s m?/s m’/s
Takaka River sinks -8.67 11.0 8.0 3.3 4.7 8.0
Sinks in tributary creeks -7.20 10.2 4.3 5.0 3.3 8.3
Takaka Valley rainfall -5.40 2.2 2.2 1.7 1.5 3.2
Total recharge flow (m?*/s) 23.4 14.5 10.0 9.5 19.5
Weighted mean 80 (%o) -7.72 -7.74 -7.38 -7.64 -7.51
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Figure 7.10: Tritium concentration in the atmos-
phere and in Waikoropupu Springs
from 1950 to 1995. Two models (A
and B) are fitted to the data. The
inset shows the distribution of resi-
dence times in each model.

7.74%o0) recharge models do not agree with the
measured values for either the Main Spring or
Fish Creek Springs and therefore the models
are not feasible. A new model that matches
the output of the Main Spring and the observed

8'80 values of the springs, and keeps the input
of Takaka River water to the measured amount
(8.0 m?/s; see Chapter 21), produces too much
Fish Creek-type water (9.5 m®/s instead of 3.2
m3/s). The remainder of at least 6.0 m*/s must
be discharged offshore via submarine springs
or seeps.

At low flows, when the Fish Creek Springs
dry up and the Main Spring flow is reduced,
the 8'®0 value of the Main Spring becomes
more negative, like that of the Fish Creek
Springs (Stewart and Downes 1981). In com-
bination with the §'®0 difference between Main
and Fish Creek Springs, this suggests that
Takaka River-derived water flows preferentially
over the top of the Arthur Marble aquifer and/
or through larger solution cavities that occur
in the upper parts of karstified carbonate rocks.

Measurements of the tritium concentrations
in the Main Spring show that the peak resi-
dence time of the water is about one year
(Stewart and Downes 1981). Figure 7.10 shows
the input, measured, and simulated tritium
concentrations for two mixing models. The
inset shows the residence time distributions of
the mixing models, both of which show a high
degree of mixing. Such high mixing reflects
dual porosities in the aquifer and is typical of
karst systems (e.g. Rank et al. 1992). Connected
porosity occurs in the small-scale fissures and
the porous matrix that provides much of the
storage in the system and contributes to
baseflow. This provides a large fraction of much
older water, so that the mean residence time
of the water is eight years. A second porosity
is demonstrated by the peaks at about one year
in Fig. 7.10, which show that part of the Main
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Figure 7.11: Map of the Waimea Plains, Nelson,
showing locations of wells referred
to in the text. Wells penetrating the
Lower Confined Aquifer are in bold.

Spring discharge is delivered to the springs
through a high-velocity conduit system in the
upper levels of the Arthur Marble Aquifer.
Takaka River contributes to this flow of young
water.

A short flow-through time for Takaka River
water is corroborated by the monthly §'%0
measurements (Stewart and Downes 1981). Fish
Creek 80 showed a recognisable decrease 1.2
years after the 5'%0 of the Takaka River went
through a pronounced decrease in the winter
of 1977. No corresponding decrease was found
in the 8'°0 of the Main Spring, but this is to be
expected if the Takaka River contributes much
less water proportionately to the Main Spring
than to Fish Creek Springs, as concluded above.

The conceptual model that arises from the
isotopic work is one of water penetrating
deeply into the Arthur Marble Aquifer from
recharge on both sides of the valley where the
marble outcrops or is covered by permeable
rock. The sources are the mid-valley tributary

streams and direct rainfall. Flow is driven by
the higher water levels on the flanks of the
valley and the water has long residence times
in the very large marble reservoir. On this
“floats” water from Takaka River, which passes
more rapidly through the larger solution cavi-
ties in the upper part of the karstified marble.
Some of this reaches the springs, but much of
it travels down the valley and is discharged in
seeps or springs offshore. The Main Spring
draws water from deeper in the aquifer than
the Fish Creek Springs and hence discharges
more of the water from the flanks of the val-
ley.

Waimea Plains

The Waimea Plains, southwest of Nelson City,
is an area of intensive farming and horticul-
ture (Fig. 7.11). Groundwater from unconfined
and two major confined aquifers are used ex-
tensively for irrigation. The Lower Confined
Aquifer also supplies a large part of the Rich-
mond Borough Council water supply. Water
quality is generally good, except for nitrate
concentrations, which exceed the Ministry of
Health’s recommended upper limit for potable
waters (50 g/m? nitrate, or 11.3 g/m? nitrate-
nitrogen). We have used 8'®0 to determine the
sources of recharge to the groundwater and
8N to investigate the source of the nitrate—
knowledge that is important for management
of the groundwater resource.

The hydrogeology of the area is summarised
in Fig. 21.4 of Chapter 21. The unconfined ag-
uifers are within the Appleby Gravel and the
Pugh Gravel Member, adjacent to the coast
between the Waimea River delta and Richmond.
Hope Minor Confined and Unconfined Aqui-
fers occur to the east of the plains. Two large
lenses of sorted gravel within the Hope Gravel
are, on the basis of their depth beneath the
surface, divided into two major units: the Up-
per Confined Aquifer and the Lower Confined
Aquifer (Dicker et al. 1992).

The predominant source of recharge for each
well was assigned on the basis of its §'30 value
(Stewart et al. 1981). Wells with river recharge
have 3'*0 values in the range -6.8 to -7.4%o
with a mean of -7.02 £ .19%so: this is the same
as the Waimea, Wai-iti and Wairoa Rivers,
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Figure 7.12: Recharge sources of groundwaters in the Unconfined aquifers, Upper Confined Aquifer
and Lower Confined Aquifer of Waimea Plains, Nelson, based on 80 to identify river, rainfall or mixed
recharge, indicated by shading. Dashed lines show NO_-N contours for the Upper Confined and Lower

Confined aquifers.

which have 80 = -7.1%o on average. These
wells have low nitrate-N concentrations (mean
2.9 £ 2.4 g/m?®). Wells with rainfall recharge
have 6'0 values in the range -6.0 to -6.6%o
with a mean of -6.44 + .15%so, in comparison
with a measured value for rainfall of -6.200.
Nitrate-N concentrations vary widely, but con-
tain the highest values observed in the plains
(mean: 10.1 + 6.5 g/m?). Wells with mixed
river and rainfall recharge have intermediate
8'%0 values (range: -6.6 to -7.0%po, mean: -6.79
£ .12%0) and more equal quantities of river
and rainfall recharge. Mean nitrate-N concen-
tration is 7.1 £ 0.7 g/m?.

Fig. 7.12 shows the areal distributions of these
recharge sources for each aquifer unit. The
unconfined aquifers are recharged by river wa-
ter near the Waimea and Wairoa rivers, and by
rainfall to the east of them. The Upper Con-
fined Aquifer is recharged by the Waimea River
in a narrow strip along the river, then gains
mixed recharge in the north, where there is no
distinction between the Upper Confined Aqui-
fer and the unconfined aquifers. Recharge is
mainly from rainfall on the east, away from the
rivers. The pattern of recharge for the Lower
Confined Aquifer is more complicated. The south
zone, adjacent to the Wairoa River, has mixed
recharge, showing that the aquifer is not con-

nected to the surface and recharge is from the
overlying Upper Confined Aquifer from both
river and rain sources. The Waimea River re-
charges a zone in the middle of the Valley, where
the Upper and Lower Confined Aquifers are in
contact, and the water flows northeast to the
offshore part of the Lower Confined Aquifer
(Bells and Rabbit Islands). Rainfall recharge is
received from the Upper Confined Aquifer near
the Hope area. This water also flows northeast,
but does not reach far offshore, probably be-
cause of water extraction by wells near the coast
and inland. Some influence from this water is
seen at Bells Island, however.

Understanding the recharge sources sheds
light on the sources of nitrate in the Upper
and Lower Confined Aquifers. Clearly nitrate
is low in the river-recharged parts of the aqui-
fers and high in rainfall-recharged parts near
Hope and northeast of it.

Further understanding can be gained from
other geochemical parameters (Fig. 7.13). Sul-
phate shows a good correlation with nitrate-N
for most of the area shown in Fig. 7.11, in-
cluding all of the Lower Confined Aquifer sam-
ples. The correlation can be explained by mix-
ing of groundwater enriched in nitrate and
sulphate with groundwater low in nitrate and
sulphate. Furthermore, the enriched end mem-
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Figure 7.13: Plotsofsulphate, §%0 in water and
&"N in nitrate versus nitrate-nitro-
gen concentration for Waimea
Plains groundwaters. The numbers
are TDC well numbers (Lower Con-
fined Aquifer wells are in bold). The
85N ranges of possible nitrate
sources are shown.

ber must be a body of water that has a uni-
form composition and therefore has been resi-
dent in the aquifers for a considerable time.
The samples that deviate from the line are from
the unconfined aquifers or Upper Confined
Aquifer in areas away from Hope.

8'%0 versus nitrate-N shows a similar cor-
relation to that with sulphate. The mean §#0
values of rainfall and Waimea River are
shown. Rainfall-derived groundwater en-

riched in NO,-N mixes with river water low
in NO,-N to produce the correlation. The
sources of the elevated levels of nitrate are
clearly distributed on the ground surface in
the general region of: Hope. Rainfall infiltrat-
ing into the Upper Confined Aquifer in the
vicinity of Hope carries nitrate at consistent
concentration levels through to the Lower
Confined Aquifer.

The 8N values of possible nitrate sources
are shown in the third diagram in Figure 7.13.
The sources can be clearly distinguished by
their 8N values. Inorganic fertilisers have low
8'*N values (0-5%o), natural soil organic mat-
ter has values of 4-99%o and manure has val-
ues of 8-20%o (Sheppard and Lyon 1996). The
plot shows that nitrate is from soil organic
matter or inorganic fertilisers at low nitrate
concentrations, but 8N trends towards ma-
nure values as nitrate increases. This shows
that the high nitrate concentrations are derived
mainly from manure sources. In the Hope re-
gion, market gardening is widespread and large
quantities of chicken manure have been ap-
plied to the soil to improve growth, particu-
larly in the 1970s and 1980s. There was also a
large piggery in the area until recent years.
The market gardens and piggery are the likely
sources of much of the nitrate.

Tritium and CFC concentrations have shown
that the waters in the Lower and Upper Con-
fined Aquifers have very wide age distribu-
tions, as extensive mixing has occurred
(Stewart, Thomas and Rosen 2001). The cur-
rent nitrate concentrations reflect events that
occurred in the 1970s and 80s. Refinement of
the age dating will give more information on
the history of nitrate contamination.

Security of groundwater drinking water
supplies

The age of groundwater is a good indicator
of its likely biological safety for drinking wa-
ter. During the time spent underground bacte-
ria and viruses decay, and in addition are af-
fected by filtration and dilution due to flow of
the groundwater through a porous medium.

Groundwater comprises a mixture of water
of different ages due to mixing processes un-
derground. Therefore the groundwater doesn’t
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usually have a discrete age, but has an age
distribution or spectrum. Various mixing mod-
els with different age distributions describe
different hydrogeological conditions
(Maloszewski and Zuber 1982). The piston-flow
model describes systems with little mixing
(such as confined aquifers and river recharge),
while the one-box, or exponential model, de-
scribes fully mixed systems (more like
unconfined aquifers and local rain recharge).
Real systems, which are partially mixed, lie
between these two extremes. They can be de-
scribed by the dispersion model, which is based
on a solution to the dispersion equation (the
fundamental equation for groundwater flow),
or by a combination of the exponential and
piston-flow models, representing the recharge
and flow parts of a groundwater system re-
spectively.

The dispersion model can simulate a wide
variety of realistic groundwater conditions with
only two parameters (the first is the average
residence time (1) and the second the disper-
sion parameter (D ), which is a measure of the
spread of ages). Tﬁose parameters applying to
a particular well are chosen to give the best
match to the measured data. If information
about the hydrologic conditions {and there-
fore the degree of mixing) is scarce, a mini-
mum of two measurements of either tritium or
CFC concentrations, separated in time, is
needed to determine the parameters and
uniquely specify the age spectrum.

The degree of mixing is specified by the dis-
persion parameter. A small dispersion param-
eter (e.g. 0.01) describes a system with a small
degree of mixing, as in piston-flow. The dis-
tribution of residence times in this case is a
symmetrical but very narrow bell-shaped
curve. An intermediate value of the dispersion
parameter (e.g. 0.1) describes a medium de-
gree of mixing and the distribution of resi-
dence times looks like a skewed bell-shaped
curve (Fig. 7.9b). A high dispersion parameter
(e.g. 1.0) describes a highly mixed groundwater
and the distribution of residence times has
similarities to an exponential distribution i.e.
the distribution is very skewed towards young
ages (Fig. 7.10 inset).

What is important for drinking water safety

is the fraction of water that is less than one
year old, because one year or more is long
enough for bacteria and viruses to decay (Min-
istry of Health 2000). This fraction can be de-
termined from the parameters of the disper-
sion model fitted to tritium or CFC data. It is
denoted by the symbol yf (for “young frac-
tion”) and given by

vi=l; gl dt (13)

where g(t) describes the age spectrum
(Maloszewski and Zuber 1982). A yf of 100%
means that all of the water has been under-
ground for less than one year and a yf of 0%
means that none of the water has been under-
ground for less than one year. The value of yf
for a particular well characterises its security
for supplying drinking water; the current cri-
terion is that a well is considered secure if yf
is less than 0.005% (Ministry of Health 2000).
This gives yf = 0.00% on rounding to two deci-
mal points.

Wells from the Canterbury region with two
or more tritium measurements show the use of
the method. The Environment Canterbury well
numbers are M35/0443, M35/0444, M35/0480
and the tritium results and dispersion model
simulations are given in Figure 7.14. Wells
M35/0443 and M35/0444 had high tritium
concentrations in the 1970s, showing that the
waters have mean residence times of 4 and 5
years respectively and a dispersion parameter
(D) of 0.6. These give young water fractions

of 7.5% and 5.1%, so the well water sup-
plies are not secure, The two tritium measure-
ments from well M35/0480 are fitted with a
dispersion model, with a mean residence time
of 16 years and D, 0f 0.001. The young water
fraction is yf = 0. 009% and the well water sup-
ply is thus secure. Tritium measurements in
the 1980s, when much higher tritium concen-
trations occurred, are especially diagnostic of
the model parameters (Fig. 7.14). The dating
techniques demonstrate differences in ground-
water flow and security, even though all three
wells are in the same coastal Waimakariri-
Ashley region.

Well M35/3637, on the western edge of
Christchurch, is more typical of deeper wells
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Figure 7.14: Simulated tritium series for se-
lected age and dispersion param-
eters compared to measured tri-
tium data for four Canterbury wells.

between the Waimakariri and the Rakaia Riv-
ers. Five tritium measurements were made be-
tween 1985 and 1999, and CFC measurements
were made in 1999. The mean residence time
of water is 68 years and D_ is 0.1. These give
yf = 0.00% and the well water supply is secure

The tritium concentration of a sample from
the Waimarino well (5D) from the Lake Taupo
Basin gave an ambiguous age; the age could
have been 2, 22 or 40 years (Fig. 7.15; all three
simulations pass through the tritium measure-
ment marked by a filled circle). In contrast,
only the 40-year simulation fits the CFC-12
measurement; waters younger than this have
higher CFC concentrations and older waters
have lower concentrations. The CFC-12 result
thus shows that the tritium age of 40 years is
the correct one. This gives yf = 0.00% and
shows that the well water supply is secure. In
this example, we have assumed a particular
age distribution model because there was only

600

Waimarino weli 5D
E(20%)PM
——@—— measured tritlum
40 years

Ji— — -=—2years

A
———— measured CFC12 . - 400
— - — 40years
— - - 22 years

Tritium Ratio
CFC-12 [pptv]

Yobeo

1850 1960 1970 1980
Year

Figure 7.15: Plot of tritium and CFC-12 meas-
ured concentrations and simulated
time series for Waimarino well 5D.

one tritium and one CFC measurement. The
model (labelied E20%M) was assumed to be
fully mixed in 20% of its volume (represent-
ing the recharge portion of the hydrological
system) and non-mixed in the remaining 80%
of the volume. This is roughly equivalent to a
dispersion model with Dp ~ 0.2.)

SUMMARY

Isotope studies are coming of age and be-
ginning to fulfil their promise as probes of
groundwater systems, both because of gradual
improvement in analysis methods and because
of the introduction of new methods such as
CFC dating. This chapter has described the
background and application of environmental
isotopes and CFCs that have found most use
in New Zealand. Improvements in measuring
tritium, combined with the decay of the nu-
clear testing peak, have improved the effec-
tiveness of tritium for dating recent
groundwater. CFC dating has also proven ef-
fective, and CFC and tritium dates have shown
agreement for Canterbury groundwater. Radio-
carbon dating has been applied to some old
groundwaters in a number of New Zealand
groundwater systems.

Stable isotopes have been used to help iden-

tify recharge sources of groundwaters in Can-
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terbury, Takaka Valley and Waimea Plains,
and the source of nitrate in Canterbury and
Waimea Plains groundwater. Age-dating has
proven to be a reliable method of determin-
ing flow rates in groundwater systems. The
results are contributing to improved concep-
tual models of the systems and have assisted
validation of a large-scale groundwater flow
model of the Canterbury Plains. The history
of water quality changes in the groundwater
systems can be investigated by combined age-
dating and chemical measurements, as illus-
trated for Canterbury and Waimea Plains
groundwaters. Age-dating is proving to be a
reliable method of establishing whether a
groundwater supply is secure against con-
tamination by pathogens and thus suitable
for drinking water supplies.

As more data is accumulated, monitoring of
environmental isotope data is expected to be-
come more valuable, because trends in water
ages will reveal changing flow patterns result-
ing from exploitation of the resource. For ex-
ample, a trend of decreasing ages in water from
deep aguifers under Christchurch over time
could show recharge by young water, while
increasing ages over time could show that older
water is being drawn from greater depth or
from offshore parts of the aquifer. Also im-
provements in techniques such as development
of SF, dating will allow more precise informa-
tion to be gained.

ACKNOWLEDGEMENTS

The funding contribution of Environment
Canterbury (Dr Vivienne Smith) to the CFC
measurements for Canterbury are gratefully
acknowledged. Joseph Thomas (Tasman Dis-
trict Council) is thanked for his strong sup-
port of the work in the Nelson area. Vanessa
Trompettor and Rob van der Raaij (Institute
of Geological and Nuclear Sciences) are ac-
knowledged for their valuable contributions
to the CFC and N methods. Funding was
received from the Foundation for Research,
Science and Technology (Contract No.
C05621) for work in this chapter. Reviews of
this chapter by D.S. Sheppard, D.L. Murray,
P.A. White and M.R. Rosen are greatly ap-
preciated.

REFERENCES

Crarg, LD.; Frirz, P. 1997: Environmental isotopes in
hydrogeology. Lewis Publishers, New York. 328 p.

Coox, P.G.; Herczes, A.L. (eds.) 1999: Environmental trac-
ers in subsurface hydrology. Kluwer Academic Pub-
lishers, London. 529 p.

Craig, H. 1961: Isotopic variations in natural waters. Sci-
ence 133: 1702-1703.

Dansgaarn, W. 1964: Stable isotopes in precipitation. Tellus
16: 436-488.

Drexer, M.J.L; FEnemor, A.D.; Jounston, M.R. 1992: Geol-
ogy and groundwater resources of the Waimea Plaius,
Nelson. New Zealand Geological Survey Bulletin 106,
59 p.

Dovie, M.; EpGag, J.E. 1998: There are no springs in the
water balance. Metorological Society of New Zea-
land and New Zealand Hydrological Society 1998
Symposium Proceedings, p 27. Dunedin, 24-27 No-
vember.

Epcar, J.E. 1998: Hydrogeology of the Takaka Valley. M.Sc.
Thesis, University of Canterbury. 303 p.

Exwurzer, B.; ScHLoSSER, P.; Smermie, JR.; Prummer, N.;
Busensera, E.; Micaer, R.L.; WepPERNIG, R.; Stute, M.
1994: Dating of shallow groundwater: comparison
of the transient tracers *H/*He, chlorofluorocarbons
and **Kr. Water Resources Research 30: 1693-1708.

Emmiang, C. 1966: Isotopic palacotemperatures. Science
154: 851.

Fergusson, G.J. 1953: Activity measurement of samples
for radiocarbon dating. New Zealand Journal of Sci-
ence and Technology B 35: 91-108.

GranT-TAYLOR, T.L.; TayLor, C.B. 1967: Tritium hydrology
in New Zealand. Isotopes in Hydrology. IAEA Vienna,
STI/PUB/141, pp. 381-400.

Henpy, C.H.; Wison, A.T. 1968: Palaecoclimatic data from
speleothems. Nature 216: 48.

Huwston, J.R.; McCagg, W.J. 1962: Mass spectrometer meas-
urements in the thermal areas of New Zealand. 2.
Carbon isotope ratios. Geochimica et Cosmochimica
Acta 26: 399-410.

Kenpair, C.; ARavENa, R. 1999: Nitrate isotopes in
groundwater systems. Chapter 9 in Environmental
Tracers in Subsurface Hydrology. Eds: P.G. Cook and
A.L. Herczeg. Kluwer Academic Publishers. pp. 261-
297.

Kenpart, C.; McDonnELL, J.J. (eds.) 1998: Isotope tracers in
catchment hydrology. Elsevier, Amsterdam. 839 p.

Krouse, H.R.; Mayer, B. 1999: Sulphur and oxygen iso-
topes in sulphate. Chapter 7 in Environmental Trac-
ers in Subsurface Hydrology. Eds: P.G. Cook and A.L.
Herczeg. Kluwer Academic Publishers, pp. 195-231.

McDonnew, J.J.; Rows, LK.; Stewart, MK, 1999: A com-
bined tracer-hydrometric approach to assess the ef-
fect of catchment scale on water flow path, source,
and age. Integrated Methods in Catchment Hydrol-
ogy - Tracer, Remote Sensing and New Hydrometric
Techniques. Proceedings of IUGG 99 Symposium HS4,
Birmingham, July. IAHS Publication No. 258.

Mavoszewskl, P.; Zuser, A. 1982, Determining the turnover
time of groundwater systems with the aid of envi-
ronmental tracers: L: Models and their applicability,
Journal of Hydrology 57: 207-231.

MmvisTrY of HearTe 2000: Drinking-water standards for New
Zealand 2000. Ministry of Health, Wellington. 130 p.

182

!

AGE AND SOURCE OF GROUNDWATER FROM ISOTOPE TRACERS

MuEeLLER, M. 1992: Geohydrology of the Takaka Valley.
Report for the Tasman District Council. 38 p.

PrummMer, L.N.; Busensurs, E. 1999: Chlorofluorocarbons.
Chapter 15 in Environmental Tracers in Subsurface
Hydrology. Eds: P. Cook and A.L. Herczeg. Kluwer
Academic Publishers. pp. 441-478.

Prummer, L.N.; Prestemon, E.C.; Parkaurst, D.L. 1994: An
interactive code (NETPATH) for modelling net
geochemical reactions along a flow path, version 2.0.
U.S. Geological Survey Water Resources Investiga-
tions Report 94-4169, U.S.G.S., Reston, VA.

RAFTER, T.A. 1953: The preparation of carbon for “C age
measurements. New Zealand Journal of Science and
Technology B 35: 64-89.

Rank, D.; Voike, G.; MaLoszewskl, P.; SticHLER, W. 1992:
Flow dynamics in an alpine karst massif studied by
means of environmental isotopes. Isotope Techniques
in Water Resources Development 1991, IAEA Sym-
posium 319, March 1991, Vienna, pp. 327-343.

Roemvson, B.W.; Bortrerl, 1. 1997: Discrimination of sulfur
sources in pristine and polluted New Zealand catch-
ments using stable isotopes. Applied Geochemistry
12: 305-319.

Rosen, MLR.; Briar, J.; CarraN, P.; StEwagt, MLK.; Reevss,
R. 1999: Estimating rainfall recharge and soil water
residence times in Pukekohe, New Zealand, by com-
bining geophysical, chemical and isotopic methods.
Groundwater 37(6): 836-844.

SHEPPARD, D.S.; Lyon, G.L. 1996: The usefulness of nitrate
isotope measurements in groundwater contamination
studies. Institute of Geological and Nuclear Sciences
Report. 17 p.

Stewart, MLK.; Cox, MLA.; James, M.R.; Lyon, G.L. 1983:
Deuterium in New Zealand rivers and streams. Re-
port INS-R—320, Institute of Nuclear Sciences, Lower
Hutt, New Zealand. 32 p.

StewarT, MK.; Dicker, M.J.L; Jomunston, M.R. 1981: Envi-
ronmental isotopes in New Zealand hydrology. Part
4. Oxygen isotope variations in subsurface waters of
the Waimea Plains, Nelson. New Zealand Journal of
Science 24: 339-348.

Stewart, M.K.; Downes, C.J. 1981: Isotope hydrology of
‘Waikoropupu Springs, New Zealand. In Isotope stud-
ies of hydrologic processes. Eds.: E.C. Perry and C.
Montgomery. Northern Illinois University Press,
DeKalb, IL. pp. 15-23.

Stewart, MLK.; Fox, V.; Smrrs, V.; Haywarp, S. 1997: New
groundwater dating technique applied to the
Christchurch groundwater system. 24th Hydrology
and Water Resources Symposium Proceedings, p. 546.
Poster. Auckland, 24-27 November.

Stewart, M.K.; Fox, V.; vaN DER Raawy, R. 1999: Conceptual
model of the groundwater resource between the
Ashley and Rakaia rivers, Canterbury, using the CFC
dating technique. New Zealand Hydrological Society
1999 Symposium Proceedings, p 76. Napier, 23-26
November.

StewarT, MLK.; McDonneLL, J.J. 1991: Modeling baseflow
soil water residence times from deuterium concen-
trations. Water Resources Research 27(10):
2681-2693.

StewarT, M.X.; TavLor, C.B. 1981: Environmental iso-
topes in New Zealand hydrology. Part 1. Introduc-
tion: The role of oxygen-18, deuterium and tri-
tium in hydrology. New Zealand Journal of Sci-
ence 24: 295-311.

StewarT, MLK.; Witiiams, P.W. 1981: Environmental iso-
topes in New Zealand hydrology. Part 3. Isotope hy-
drology of the Waikoropupu Springs and Takaka River,
N.W. Nelson. New Zealand Journal of Science 24: 323-
337.

Tavior, C.B. 1994a: Hydrology of the Poverty Bay Flats
aquifers: New Zealand; recharge mechanisms, evo-
lution of the isotopic composition of dissolved inor-~
ganic carbon and groundwater ages. Journal of Hy-
drology 158: 151-185.

TavLor, C.B. 1994b: The relationship between electrolytic
deuterium and tritium separation factors, and attain-
ment of improved accuracy in radiometric low-level
tritium measurement. Journal of Applied Radiation
and Isotopes 45(6): 683-692.

Tavror, C.B. 1997: On the isotopic composition of dis-
solved inorganic carbon in rivers and shallow
groundwater: a diagrammatic approach to process
identification and a more realistic model of the open
system. Radiocarbon 39: 251-268.

Tavior, C.B.; Brown, L.J.; CunLies, J.J.; Davipson, P.W. 1992
Environmental tritium and '®0 applied in a hydro-
logical study of the Wairau Plain and its contribut-
ing mountain catchments, Marlborough, New Zea-
land. Journal of Hydrology 138: 269-319.

TavLor, C.B.; Evans, C.M. 1999: Isotopic indicators for
groundwater hydrology in Taranaki, New Zealand.
Journal of Hydrology (NZ) 38(2): 237-270.

TavLor, C.B.; Fox, V.J. 1996: An isotopic study of dis-
solved inorganic carbon in the catchment of the
Waimakariri River and deep groundwater of the
Canterbury Plains, New Zealand. Journal of Hydrol-
ogy 186: 161-130.

Tavror, C.B.; Porach, H.A.; Rarrer, T.A. 1963: A review of
the work of the trittum laboratory -Institute of Nu-
clear Sciences — New Zealand. Tongiorgi E. Ed.: Nu-
clear Geology in Geothermal Areas. Consiglio
Nazionale Delle Ricerche, Pisa, pp.185-233.

Tavror, C.B.; STEWART, M.k. 1987: Hydrology of the Rotorua
Geothermal Aquifer, New Zealand. In: Isotope Tech-
niques in Water Resources Development (Publication:
IAEA-SM-299/95), International Atomic Energy
Agency, Vienna, pp. 25-45.

TavLor, C.B.; WiLson, D.D.; Browwn, L.J.; Stewart, M.K.;
Buroon, R.J.; Brawsrorp, G.W. 1989: Sources and flow
of North Canterbury Plains groundwater, New Zea-
land. Journal of Hydrology 106: 311-340.

ToracerseN, T.; CLarke, W.B.; Jewans, W.J. 1979: The tri-
tium/helium-3 method in hydrology. Isotope Hydrol-
ogy 1978, Vol.II, IAEA Symposium 228, June 1978,
Neuherberg, Germany. pp. 917~ 930.

‘Where, P.A.; Hong, T.; Murray, D.C. 1999: Validation of the
Canterbury groundwater flow model using CFC-de-
rived ages. New Zealand Hydrological Society 1999
Symposium Proceedings, p 82. Napier, 23-26 Novem-
ber.

183




