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Abstract - Methods are documented for the analysis of B isotopes, O and N isotopes in
nitrates. B isotopes can be measured by negative ion thermal ionisation mass spectrometry.
Nitrate is recovered from groundwaters by ion exchange and the resulting silver nitrate
combusted for stable isotope gas analysis. Oxygen isotope analysis of phosphates can be
determined by generating and analysing CO2 gas from the combustion of silver phosphate
produced from aqueous samples. Sulphate in ground and surface waters can be separated and
concentrated by ion exchange and precipitated as barium sulphate. This is reacted with
graphite to yield CO2 and CO, the latter being spark discharged to CO2 and the total CO2

measured for oxygen isotope analysis. Barium sulphide from this reaction is converted to
silver sulphide which is reacted with cuprous oxide to give SO2 gas for sulphur isotope
measurements.

A case study of the semi-rural Manakau area in New Zealand was conducted to see if
nitrate isotopes could be used to detect the source of nitrate contamination (groundwater
nitrate <0.5 to 11.3 mg/L NO'3-N). Nitrogen isotope (+4 to +12%o) coupled with oxygen
isotope measurements (+5 to +9%o) demonstrated that the nitrogen is not sourced from
fertilisers but from some combination of septic tank and animal waste.

For the case study of sulphate isotope use, sulphur and oxygen isotopic compositions
of sulphate in river and lake water from seven major catchments of New Zealand were
determined. The isotope analyses have allowed the distinction between natural (geological,
geothermal and volcanic) and anthropogenic (fertiliser) sulphur sources.

1. INTRODUCTION

A study has been initiated using a suite of different isotopes in an attempt to be able to
fingerprint and determine the source of contaminants into groundwater systems. Four
different isotope systems have been examined, viz. B isotopes, O and N isotopes in nitrates O
isotopes in phosphates and O and S isotopes in sulphates. B isotopes have the potential to
identify not only seawater in groundwaters, but also boron bearing detergents commonly
found in effluents [1]. Studies on phosphates have been used to show the discharge of sewage
and fertilisers into groundwaters, [2,3] but no studies have been carried out on the use of O
isotopes in phosphates to distinguish between these two sources. A combination of N and O



and O isotopes in nitrates have been used in a number of studies to identify sewage and
fertiliser components in groundwaters [4,5]. Identification of sewage and fertiliser
components in these systems is complicated by fractionation of N isotopes during
denitrification processes which increases the 81 N of the nitrate dissolved in water, as shown
by Komor and Anderson [6]. The measurement of the O isotopes in nitrate assists in
recognising such processes. Sulphate isotopic compositions may be useful as discriminats of
S source except where redox reactions have altered original SO4 isotopic ratios. In general,
sulphur isotopic compositions are relatively robust and retain some information but sulphate
oxygen isotopic compositions are often a product of soil zone and other redox processes.

2. ISOTOPIC TECHNIQUES

This study documents the development of appropriate techniques to enable these
isotope measurements to be carried out with sufficient precision to identify contaminant
sources. Two case examples of discrimination of nitrogen and sulphur sources in pollution
studies are also given.

2.1 Boron

Boron concentrations of waters and wastes from a variety of different sources were
determined by ICP-MS. In the case of the dairy shed effluent and Eketahuna sewage, samples
were filtered through a sand bed, a lOu filter followed by a 0.45|i filter. Results are shown in
Table I.

Table I. B concentration from different sources.

Sample B concentration
(ppb)

Dairy Shed 120
Eketahuna sewage < 10
Waiwhetu stream 640
Kaiwharawhara stream 47
Well water, Moore and Wilson, Wellington 75
Well water, Petone 25
Well water, Bartholomew, Manawatu 500
Persil Micro 15,000

The data show great variability in B concentrations in groundwaters and this may
mask any variations as a consequence of anthropogenic discharges. Sewage from Eketahuna
shows no B, and if this is compared to the dairy shed effluent, it may be suggested that cattle
are fed with B rich supplements or that the sewage was collected at a time of day when most
of the discharge would be water with little anthropogenically derived B.



The Waiwhetu stream from Seaview shows elevated B concentrations and this may
reflect the discharge of an anthropogenically rich B source into the stream or the addition of
marine B. Cl/B ratios of the stream water are different from those of seawater and even using
a mixing model, the waters can not be related. B used to be a common component in
detergents with B as high as 3%, however more recent detergent formulations contain
significantly less, e.g. Persil Micro 15 ppm, (pers comms Paul Milson, Lever-Rexona).
Industrial detergents contain more B than domestic ones, suggesting that the high B in
Waiwhetu stream may be industrially sourced. B isotopic analysis of the water may confirm
this.

2.2 B Isotope Measurements

A Micromass 3 OB at Lamont Doherty Earth Observatory (LDEO) in New York was
used for the analysis of B isotope ratios by negative ion thermal ionisation mass
spectrometry. A month was spent at LDEO developing a suitable technique that would be
applicable to a wide range of samples.

Method

Sufficient aqueous sample for 5 ng B is taken and dropped onto a sheet of Parafilm.
To this is added luL 1M HC1 and luL boron free seawater to improve ionisation [7]. The B
free seawater was prepared by passing seawater through a B specific ion exchange resin,
which removes B from the water. Re filaments that had been outgassed at 4A at a vacuum
better than 1 x 10"7 torr for 30 minutes and allowed to oxidise for at least 2 days were
mounted into the mass spectrometer turret. The extraction plate of the turret was cleaned
thoroughly with dilute nitric acid followed by methanol and placed on the turret. The
filaments were aligned directly with extraction slits of the extraction plate. Samples were
loaded onto the centre of the filaments at about 0.1-0.2 uL aliquots until the whole sample
had been deposited. An infra-red lamp was used to assist in evaporating the samples to
dryness. Once all of the samples had been loaded onto the filaments, the extraction plate was
mounted on the turret.

The cold finger on the mass spectrometer was warmed up by the addition of hot water,
and the source vented to atmosphere. The old turret was removed and the slit in the lens
stack replaced with a clean one. The new turret was installed and the mass spectrometer was
pumped down.

Once the vacuum had dropped to a pressure of better than 1 x 10"6 torr, the cold finger
was filled with liquid nitrogen. At a vacuum of better than 1 x 10" torr, the filaments were
heated to 950°C (as observed with an optical pyrometer) over a period of 10 mins and held at
that temperature for a further 10 mins. The filament was then allowed to cool before the next
filament was run.

After each of the filaments had been run, a period of 10 mins was allowed before the
mass spectrometer was vented during which period the cold finger was warmed with hot
water. The extraction plate on the turret was replaced with a clean one, as was the slit on the
lens stack. The turret was placed back in the mass spectrometer and the instrument pumped
down using the procedure described in the previous paragraph.



At a vacuum of better than 5 x 10 torr, the filaments were heated to 950°C ± 3°C
over a period of 10 mins. The HT was switched on and the flight tube opened. Isotope ratios
were continually measured until the ratios stopped climbing. At this point 5 ratios were
measured to give the data point.

Samples containing substantially more than 5ng of B in 1 ul were diluted with sub-
boiling distilled water. Where samples were more dilute than 5ppm, they were concentrated
down from a larger volume on a hot plate (<40°C) in a class 100 filtered flow air chamber.
Samples with a Si/B (wt/wt) ratio >2 had to be treated with HF. Sufficient sample was taken
for 10 ng B and to this was added 2uL of B-free seawater and sufficient HF to digest all of
the Si on a 1:1 mole ratio. The mixture was evaporated to dryness at <40°C in a class 100
filtered flow air chamber until the sample had reached dryness. The sample was then taken
up in 2uL of sub-boiling distilled water before being loaded directly onto a Re filament.

Problems Encountered in Carrying out the Analyses.

1. Optimum Filament Running Temperature.

It has been found that there is a very narrow optimal range in temperature in which to
run filaments for B isotope analysis. At temperatures above 950°C B isotopes fractionate and
no stable ratios are produced. At lower temperatures, the intensity of the ion beam is low
resulting in poor data precision.

2. Interference.

Much of the B literature shows problems with isobaric interference on mass
42(10BO2-) by a species most likely to be CNO [8]. It was clearly shown that as the nitrogen
cold finger warms up, the B/ B ratio starts to fall which is consistent with the release of
CNO. The cold finger appears to provide a cold surface on which the CNO condenses. It
was also found during these experiments that the effects of the CNO interference could be
monitored by the examination of CN species at mass 26. An excellent vacuum (better than 5
x 10"8 torr) and a liquid nitrogen cold finger are essential to removing the isobaric
interference.

3. Unstable Emission

During many of the runs and analyses that were performed the ion beam emission
appeared unstable. It was found that the cause of the instability was the build up of charge on
salt that was being deposited on the extraction plate and the slit from the filament itself. This
charge build-up resulted in the ion beam being deflected erratically and hence the unstable
ratios. Regular cleaning of the extraction plate, slit and the whole lens stack assembly was
found to be imperative. In addition, by pre-running each filament for 10 mins at 950°C the
salt was evolved and deposited on the extraction plate and slit, which were replaced before
data was collected.



Bartholomew
Petone
Seawater

0.5
0.047
4.6

3680
510

4130

Results

B isotope measurements were carried out on the Bartholomew (Manawatu) and
Petone waters once they had been concentrated down, by evaporation at 40°C, and then
loaded with boron free seawater onto outgassed Re filaments. Samples were analysed
repeatedly until replicate analyses agreed to within 1 . B isotope ratios are shown relative to
NBS 951 which has an nB/10B of 4.0005. The results of the isotope analyses are shown in
Table II.

Table II. Boron isotope ratios for groundwaters from New Zealand.
Seawater is shown for comparison.

B(ppm) O/B 5"B (%«)

11.9
39.5

The Cl/B ratio and the 5 nB of the water from Bartholomew may be interpreted as a
consequence of mixing between a saline water and a fresh water. Seawater has a distinctly
heavy B isotopic composition, relatively high B concentrations and a high Cl/B ratio,
whereas the freshwater contains a variable B isotope ratio with a low B concentration and a
much lower Cl/B ratio than the seawater. According to this model, approximately 30% of the
B in the Bartholomew groundwater may be derived from a seawater source. Further
modification of the groundwater post-mixing must have occurred to account for the B isotope
ratio.

Interpretation of the Petone groundwater using the B isotopic data is problematic and
can not be explained by a mixing model. Further data are required to allow a more complete
interpretation of the B isotope ratios of groundwaters.

2.3 Nitrate Isotopes

There has been continued development of the nitrate isotope facility at the New
Zealand Institute of Geological & Nuclear Sciences (GNS) and a number of improvements
have been carried out to the technique and to the mass spectrometer. A method has been
developed based on that of Silva and Chang [9].

The existing technique has been limited in its suitability for groundwaters as 35mg
nitrate are required for an analysis and this effectively limits analysis to samples with a nitrate
concentration greater than 3ppm. The sample cold finger has been cut on the Micromass
1202E mass spectrometer, to allow the analysis of smaller samples. Dial gauges have been
installed on the mass spectrometer to ensure that the magnet can be moved between the
optimum position for N isotopes and S isotopes quickly and reproducibly. Modification of
the software for the 1202E, has allowed more automated analyses of samples and improved
the precision of the data from the mass spectrometer. For example, 36 analyses of dry N2
have yielded a 5I5N of 0.99± 0.2%o .



An ion exchange resin has been employed to concentrate anions in water samples, and
through careful elution control, sulphate and nitrate ions have been separated, with complete
recovery of nitrate. This has reduced the amount of barium chloride that is required to
separate the nitrate ion and should improve the overall precision of the data by reducing the
amount of potential contamination from the barium chloride, and reduce the amount of
interference that is introduced from sulphate oxygen.

During the course of some mass spectrometric analyses the ratios have been found to
increase with time and this has been attributed to the presence of water in the samples. Fresh
CaO has been prepared to reduce this potential loading of water, and in future experiments
CuO will not be used as this has the potential to add further water.

The technique developed to date for N isotope analysis is as follows:

a) Preparation of Ion exchange columns:
i) Condition 2mL anion exchange (AG1 X8 200-400 mesh) columns by pumping

20mL water, lOmL 6M HC1, and 50 mL water at a rate of lmL/min.
ii) Load sample at lml/min ensuring that capacity of resin is not exceeded,
iii) Elute sulphate by addition of 15mL 0.5M HC1.
iv) Collect nitrate by elution of 25mL 1M HC1.

b) Preparation of silver nitrate
i) Add silver oxide to sample until sample reaches pH 6
ii) Filter mixture through 0.45 u filters.
iii) Dry filtrate on a warm plate in a filtered-flow air chamber.

c) Combustion of silver nitrate
i) Take 35mg silver nitrate in an oven-dried 6mm quartz tube,
ii) Add 0.1 g CaO and 1 g Cu.
iii) Evacuated and seal tube.
iv) Place tube in a combustion furnace at 900°C for 1 hour to produce N2 gas

followed by an overnight cooling

d) Mass spectrometry
i) Attach sample to mass spectrometer via tube cracker.
ii) Cool sample tube in CO2/ethanol slurry.
iii) Crack sample tube when cool and admit sample into mass spectrometer.

The method is continually being modified to suit an increasingly larger range of
samples. Samples from Canterbury are currently being prepared for analysis, and these will
comprise the first background level nitrate isotope analyses of New Zealand groundwaters.

The technique required for oxygen isotope analysis in nitrates is as follows:

a) Preparation of AgNO3

i) take 20% of solution from bii) in nitrogen isotope preparation technique
ii) add 0.5mL 0.5M BaCl2 solution and filter off precipitate



iii) load filtrate onto 2mL of preconditioned AG50-X8 ion exchange resin
iv) neutralise eluant with lg Ag2O and filter
v) collect filtrate and evaporate down using freeze drier

b) Combustion of AgNO3

i) take lOmg of AgNO3 into a quartz tube with equal amount of graphite
ii) evacuate and seal tube
iii) place tube in combustion furnace at 900°C for 1 hour followed by overnight

cooling

c) Purification of combustion gases
i) attach combustion tube purification line and evacuate
ii) crack tube and freeze CO2 in liquid N2.
iii) after 5 mins pump away non condensable gases.
iv) allow CO2 to warm up and refreeze in liquid N2 on sample gas bottle.
v) collect frozen CO2

d) Analysis
i) attach sample tube to NAA mass spectrometer for automated isotope

determination

Analysis of synthetic nitrate samples showed 8 O of 21.3, 21.8 and 22.2%o ,
indicating that the technique is sensitive to variations of about 1 . With the arrival of the new
Geo 20/20 mass spectrometer at GNS, much smaller samples for O isotope analysis will be
sufficient, and samples should be able to be processed more quickly and with better accuracy.

2.4 Phosphate Isotopes

Oxygen isotope analysis in phosphates has been tried at GNS based on the technique
of O'Neil et al [10]. Some modifications to the technique have been carried out, and the
technique employed is as follows:

a) Precipitation of silver phosphate
i) Take 25mg equivalent phosphate sample and mix with 15ml of a buffered

silver amine solution.
ii) Heat sample on a warm plate at ~ 50°C and precipitate yellow AgPO4 crystals
iii) Collect AgPO4 on a filter paper and dry.

b) Combustion of silver phosphate
i) Take 30 mg AgPO4 into an oven-dried quartz tube with 0.4mg graphite sheet.
ii) Place tube in combustion tube and evacuate.
iii) Raise combustion tube temperature to 1000°C and place over sample.
iv) Combust sample for 3 mins and purify any gases evolved on line.
v) Freeze down CO2 for transfer to mass spectrometer.

c) Analysis
i) Introduce sample to NAA for analysis.



Two synthetic phosphate samples have been analysed for O isotopes and their 5 O
show values of 31.89 and 31.86%o . This difference in 818O is at the limit of precision for the
mass spectrometer and shows promise of a reproducible technique. The accuracy of the
technique will be tested by the analysis of an international standard (NBS 120c), which has
been prepared and awaits analysis.

2.5 Sulphate Isotopes

For sampling rivers, lakes and groundwater, five litre samples are required for the
sulfate isotope measurements. Samples are preserved in the field by the addition of lmL of
HgCl2 saturated solution. Where SO4 concentrations are <20 mgL" separation and
concentration of sulfate by ion exchange is required. For this, HC1 - conditioned columns
were used packed with 100 mL of wet AG1-X2 resin. The sample was run through a coarse
filter paper and then through a 0.45 urn membrane filter connected to the ion exchange
column. A gravity flow rate of 150-200 mL min1 was used. Samples were eluted with 300
mL of 1 M NaCl at a flow rate of about lmL min"1 and the sulfate precipitated as BaSO4 by
addition of BaCl2 solution. The efficiency of the ion exchange process is around 93% and the
isotopic compositions remain unaffected within the overall error of the analytical techniques
[11]. All the BaSO4 samples were reacted with graphite (ratiol:l) at 1000°C [12] to yield
CO2 and CO; the latter being spark discharged to CO2 and the total CO2 measured on a NAA
mass spectrometer for 81

 OVSMOW values with a precision of ±0.4%o for the overall method.
BaS from the above reaction was converted to Ag2S by washing through a 0.45 m filter into
acidified Ag(NO3)2 solution. The Ag2S was in turn reacted with Cu2O [13] to give SO2 gas
for 534SCDT measurements on a VG Micromass 1202 mass spectrometer with a precision for
the whole method of ±0.2%o . The S isotopic compositions of the major sedimentary and
other rock types that have been measured were obtained by treatment with strong Kiba
reagent to extract total S which is predominantly in the form of sulphide in most samples
[14]. Total sulphur contents were determined gravimetrically from the Ag2S precipitate with
a maximum accuracy of ± 5% for the low sulphur concentrations.

3. CASE STUDIES

3.1 Nitrate Isotopes: Manakau, New Zealand

A case study has been conducted on groundwaters from Manakau in the Manawatu-
Wanganui Regional Council [15] where nitrate concentrations from bores sampling the
groundwater, showed a range in concentration from <0.5mg/L to >30 mg/L (three times the
allowable nitrate concentration for drinking waters). High nitrate concentrations in
groundwaters in New Zealand are less likely than in other countries because the rainfalls are
considerably higher allowing significant degrees of dilution of nitrate from an isolated point
source.

The geology of the Manakau region is dominated by glacial and interglacial deposits
comprising the Otaki sandstones of the last interglacial (80 - 12 kyr), and fluvial gravels of
the last interglacial. The unconfined aquifer for Manakau is contained in these sandstones
and gravels, and it is bounded laterally by the Tararua Ranges to the east and the Levin Fault
to the west. Water flow in the Manakau aquifer is from the foothills of the Tararua range to
the coast i.e. east-south-east to west-north-west. Unconformities are likely to exist between
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the contacts of the gravels and the sandstones, and these provide controls on the flow paths
through the aquifer.

Local streams in the Manakau area showed nitrate concentrations below lmg/L and
the bores showed a random spacial distribution of bores with high nitrate concentrations
suggesting no single point source discharge of nitrate, nor a source of high nitrate originating
from an upstream source. As a consequence of the high nitrate concentrations from these
groundwaters, water from roof collection systems was utilised for domestic use, however
these sources became liable to contamination from agricultural sprays.

Potential sources of nitrates in the groundwaters in this semi-rural area, comprise
cattle manure, fertilisers and discharges from septic tanks. Manure and fertiliser sources
produce diffuse sources of nitrates into groundwater systems, in contrast to that from septic
tanks which give rise to point source discharges of nitrates.

Nitrate measurements of the groundwater were unable to distinguish between these
different sources. However, as each of these sources has a distinctive nitrogen isotopic
signature (see Figure 1), the use of nitrogen isotopes in the nitrates has the potential to
identify the source of contamination. Nitrogen isotopes may be fractionated during their
transport from source to the groundwater as a consequence of processes such as
denitrification, nitrate reduction and volatilization of ammonia. Denitrification leads to the
greatest range in nitrogen isotope ratios as a consequence of fractionation.

Nitrogen isotope ratios of groundwaters from Manakau have been measured in an
attempt to determine the source of nitrates. The data are shown in Figure 2 (along with data
from other New Zealand areas)and show a range in 515N from +4 to +12%o. These results
overlap between the 5 N values of both animal and septic tank wastes. Oxygen isotope data
indicate that fertilisers can not provide a source of nitrate for the Manakau groundwaters. The

IS 1R

combination of both 8 N and 5 O data indicate that the signatures observed in the
groundwaters are the result of nitrification of ammonia originating from either animal wastes
or septic tank wastes, with no significant influence from commercial fertilisers. Land-uses
indicate that in Manakau village the source of nitrates are likely to be derived from septic
tanks rather than animal wastes, and that where dairying practises occur outside the village
the nitrates are likely to be derived from a combination of both animal wastes and septic tank
discharges.

3.2 Sulphate Isotopes: New Zealand River Catchments

An analysis of the sulphur and oxygen isotopic compositions and concentrations of
dissolved sulfate in river and lake water from seven major catchments of the North and South
Islands, New Zealand, allows the distinction between natural (geological, geothermal and
volcanic) and anthropogenic sulphur sources [16].

All the isotope data from this area are summarised in Fig. 3 and Fig. 4, where it can be
seen in general terms, that most of the river sulfate isotopic compositions result from
mixtures of particular end members. The bedrock-derived sulfate is typified by relatively
depleted isotopic compositions and the rain-water, fertilizer and crater lake sulfate by
relatively enriched isotopic compositions. In particular the pristine rivers, such as the Buller
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and the Wairau, show relatively simple two end member mixing of rock - derived sulfate with
rain-water sulfate. In these cases trends are also present on a plot of sulfate concentration
versus isotopic composition (Fig. 4). The sedimentary rocks contribute sulfate in relatively
high concentrations with 5 S and 5 O depleted isotope compositions (presumably through
pyrite oxidation), which mixes with rainwater derived sulfate of low concentration and
relatively enriched isotopic compositions. The Hutt River also demonstrates a simple mixing
model shown in Fig. 3 but gives a trend with an opposite slope to the Wairau and Buller
Rivers in Fig. 4. This is explained by the sulfate contribution from rainwater being greater
(proximity to the sea) and the bedrock greywacke yielding less sulphur. Overall, the
geologic inputs (see Fig. 3) have a relatively wide range of sulphur isotopic compositions
from about +10 to -15%o, whereas their oxygen isotope range is much narrower ( 0 to +5%o)
since sulfate is produced by broadly similar reactions in each case.

Natural geothermal and volcanic inputs of sulfate can be detected by their isotopic
compositions and their concentrations. The Ruapehu Crater lake sulfate isotopic signature
dominates the Whangaehu River (Fig. 3 and Fig. 4). Downstream, tributaries have a diluting
effect supplying sulfate derived by oxidation of pyrite in the Tertiary sediments.
Geothermally derived sulfate does not show up so clearly in the rivers flowing into and out of
Lake Taupo. However it is clearly distinguishable in some of the Lake Rotorua and Lake
Taupo inputs and particularly the outflow of Lake Rotorua which shows a major contribution
from a geothermal source.

Anthropogenic sulphur inputs to the river systems have been identified mainly in the
Wairarapa catchment. A combination of isotopic signatures, sulfate concentration and
sulfate/sulfate+chloride ratios is required to distinguish the fertilizer source from rainwater
sulfate. In the case of the Wairarapa, trends are apparent both in Fig. 3 and Fig. 4, whereby
as sulfate concentration increases the sulphur and oxygen isotopic compositions become
relatively enriched. Furthermore, if a baseline value is derived from the isotopic composition
of "bedrock plus rainwater" for a particular rock type then, given the isotopic composition for
fertilizer sulfate, the offset due to fertilizer loading in a river can be calculated. For the
Ruamahanga River in the Wairarapa such a graphical offset suggests that about 20 ±5% of
the sulfate in the river was derived from fertilizers. The amount of fertilizer sulfate lost to the
river represents about 18% of the sulfate applied to the area as superphosphate and is much
higher than figures for phosphorus loss.

4. SUMMARY

Progress has been made to allow the determination of B isotopes, O and N isotopes in
nitrates, O isotopes in phosphates and S and O isotopes in sulphates. Further work is required
to ensure that the techniques are robust enough to produce data of sufficient precision
accuracy. Using the current techniques it is possible in particular to use nitrogen oxygen and
sulphur isotopes to discriminate between different sources of anthropogenic contamination
into ground and surface water systems.
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