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Abstract

Eutrophication is a globally significant challenge facing freshwater ecosystems and is closely
associated with anthropogenic enrichment of phosphorus (P) in the aquatic environment. Phosphorus
inputs to rivers are usually dominated by diffuse sources related to farming activities and point
sources such as waste water treatment works (WwTW). The limited availability of inherent labels for
different P sources has constrained understanding of these triggers for eutrophication in natural
systems. There have been substantial recent advances in the use of phosphate oxygen isotopes
(8" 0po4) as a way of understanding phosphate sources and processing. Results from all previous
studies of the §'®0pos composition of WwTW effluent and septic tanks are combined together with
significant new data from the UK to assess 8'®*Opos compositions in waste water sources. The overall
average 8'*Opos value is 13.9%o, ranging from 8.4 to 19.7%o. Values measured in the USA are much
lower than those measured in Europe. A strong positive correlation exists between 8'*Opos and

8" 0mo, suggesting biologically-mediated exchange between the water molecules and the phosphate
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ions. A comparison of §'*Opos and the offset from isotopic equilibrium showed a strong positive linear
correlation (p = 0.94) for the data from Europe but no relationship for the historic USA data which
may be due to recent advances in the extraction procedure or to a relative paucity of data. This offset
is most strongly controlled by the §'®*Omao rather than temperature, with greater offsets occurring with
lower 8'®Omo. Time series data collected over 8-24 hours for three sites showed that, although there
were significant changes in the phosphate concentration, for a given WwTW the 8'®Opos stayed
relatively constant. Two new studies that considered instream processing of §'®*0Opos downstream of
WwTWs showed mixing of the upstream source with effluent water but no evidence of biological
cycling 3 km downstream. It is suggested that §'Opos can be an effective tool to trace P from

WwTWs provided the source of the effluent is known and samples are collected within a day.

Keywords: Eutrophication; Phosphate oxygen isotopes; biogeochemical cycling; Waste water; Rivers

1. INTRODUCTION

Phosphorus (P) is the rate-limiting factor for microbial and primary producer communities in many
freshwater systems including rivers and streams (Smith, 1984). It is well established that high human
population densities and intensive agriculture can lead to the oversupply of P to freshwaters, resulting
in eutrophication and a variety of other problems for the environment and human society (Schindler,
2012). Phosphorus inputs to rivers in agricultural catchments are usually dominated by diffuse sources
related to various farming activities (Carpenter et al., 1998), but in more heavily populated
catchments, point sources such as waste water treatment works (WwTWs) are of great importance
(Howarth et al., 1996; Jordan et al., 1997; Jarvie et al., 2006; Palmer-Felgate et al., 2010). One
response to eutrophication has been the introduction of P consents on WwTWs leading to capital and
operating investment in P removal through tertiary treatment (Pretty et al., 2003) and other

technologies. The treatment of waste water is a billion pound industry in the UK (Bailey, 2003) and
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some of these costs are directed towards the removal of an estimated 44,000 tonnes of P entering its

WwTWs annually (Comber et al., 2013).

Whilst there is evidence that P removal at WwTW can significantly reduce the concentration of P in
receiving waters (Kinniburgh and Barnett, 2010), there remains uncertainty over whether changes in
WwTW-derived P loads directly control the composition or functioning of river biota (Neal et al.,
2006). This is important since legislative drivers (e.g Water Framework Directive, 2000) for future
investment in P removal at WwTWs go beyond assessments solely of river chemical status to also
consider the biological status of receiving waters. Uncertainty regarding the relationship between

WwTW-derived P and river biological status can be explained by four key factors:

1) Despite P-removal through tertiary treatment at specific WwTWs, elevated P
concentrations may continue to be driven by the cumulative effect of upstream point

sources (Jarvie et al., 2006);

i) Diffuse sources of P may be sufficiently large that clevated P concentrations are

maintained despite the investment in P removal at WwTWs (Gooddy et al, 2017);

1i1) The structure and functioning of river biota may only be indirectly controlled by WwTW-
derived P, mediated by additional physical chemical or biological processes within a river

(Hilton et al., 20006).

v) Despite huge reductions in P concentration, the P concentrations are still in excess for
algal growth, and so aquatic ecology is unaffected by these P reductions (Bowes et al.,

2012)

These issues reflect limitations in understanding the contribution of different sources, the degree of
biogeochemical cycling and biological impact of P within the environment. Traditional approaches to
quantifying the importance of different sources of P include those based on in-river assessments,
usually mass flux budgets or spatial and temporal analysis of P concentration (Bowes et al., 2014),
those based on export coefficient approaches (Johnes et al., 1996), and those based on indirect tracers

of source such as boron (Vengosh et al., 1994). However, none of these approaches provides an



80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

Evaluating Phosphate Oxygen as a Tracer of WwTW /Applied Geochemistry Revised_Clean

inherent label for specific sources of P. As a result, none offers a direct means of tracing sources and
in-river transformations of P, and none can be used to assess cause-effect relationships between P

sources and the response of river biota.

The past few years have seen substantial advances in the use of phosphate '*0/'°O analysis (8'*Opo4)
as a way of identifying sources of phosphate pollution and examining its biological and abiological
processing (Young et al., 2009; Jaisi et al., 2010; McLaughlin et al., 2013; Gooddy et al., 2015;
Gooddy et al., 2016; Granger et al., 2017). The basis to the use of §'®*Opos in aquatic ecosystems has

recently been reviewed by Davies et al. (2014).

Briefly, because the P-O bonds in inorganic phosphate (P;) are resistant to inorganic hydrolysis under
typical temperature, pressure and pH conditions in the Earth’s surface water and groundwater
ecosystems (O'Neil et al., 2003). Under these conditions, 8'*Opos may reflect the isotope composition
of P sources within an ecosystem. In contrast, enzyme-catalysed reactions cleave P-O bonds leading
to exchange between the isotopes of O in P;and O in a surrounding fluid, either within a cell or within
the extracellular environment (Blake et al., 2005). Intracellular metabolism of P involving the
inorganic pyrophosphatase enzyme results in rapid, temperature-dependent equilibrium fractionation
between O in Pjand O within the intracellular fluid. The latter is expected to be identical in O-isotope
composition to water-O in the extracellular environment. Given sufficient intracellular-extracellular
exchange of P; to maintain non-lethal intracellular P; concentrations, a temperature-dependent
equilibrium will be established between §'®Opos and water-O in the extracellular environment.
Negligible O isotope exchange occurs between P; and water within ecosystems without biological
mediation (Tudge, 1960; Blake et al., 1997). The equilibrium oxygen isotope fractionation between
dissolved P; and water (apost20) at surface temperatures has recently been determined (Chang and
Blake, 2015), using laboratory solutions catalyzed by the inorganic pyrophosphatase enzyme. These

authors derived the equation:

103lnapo4_H20 = 1443 X (103/T) — 26.54 (l)
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where T isin degrees Kelvin. Since:

@pos-tz0 = (6'°0pos +1000) /(80420 + 1000) )

by combining 1 and 2 above, expected equilibrium 8*80po4 values may be calculated from:

5180}304 — (61801_120 + 1000) x e[14.43><(103/T)—26.54]/1000 — 1000 ©)

In this paper the currently limited existing global literature for WwTW final effluent source values is
synthesized and augmented with additional data collected as part of this study. This larger data set is
then evaluated to provide greater understanding of the major factors controlling on §'®Opos values in
waste water relative to equilibrium calculations in order to determine whether there has been any
biological processing of P;. Seasonal and daily variation in the source term is assessed by combining
published data with new data collected at a sub-daily time interval from WwTW?’s. Instream transects,
up to 3 km downstream of a WwTW, are compared to equilibrium values to determine whether the
source term is preserved or processed rapidly by in-stream microbial cycling. Lastly we summarise
the current state of 8'®*Opos knowledge with respect to WwTW effluents and highlight key areas of

future work.

2. METHODS

2.1 Spot Sampling of WwTW

Effluent samples were collected at the final outfall from 16 sites spanning a range of WwTW person
equivalents, as well as those which employ a range of secondary, tertiary and other treatment
technologies (Table 1). Sufficient sample (1- 10 L) was collected to enable the generation of ~1 mg of

silver phosphate (AgsPO4) which is required for isotopic analysis. Samples were filtered on site using
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high volume 0.45um filter cartridges and water temperature was measured immediately following

collection. A SmL sub-sample from each site was also taken for analysis of 3'*Omzo.
2.2 Sub-Daily Sampling of WwTW

The composition of WwTW effluent may vary significantly over a daily cycle reflecting both the
nature and volume of waste water that is treated. To understand better this variation and the impact it
may have on the P; concentration and 8'*Opou, studies were undertaken on the final effluent of three
different WwTW. All of the treatment works studied were in relatively rural settings and so it is
assumed there were minimal industrial effluents entering the WwTW and indeed the influent was
relatively similar between the three, being situated within 10km? of each other in Oxfordshire, UK. By

contrast, each of the sites had different treatment processes (See Table 1, sites 14, 15 and 16).

At site 14 an automated sampler was used to collect 400mL samples at hourly intervals starting at
9am and finishing at 6am the following day. These were then bulked into 3 hour blocks to provide
sufficient mass for extraction and analysis of P;. A data logger was also used at this site to provide a
continuous measure of the effluent temperature. At site 15, 8 samples were collected manually every
hour from 9am until 4pm. At site 16, difficulties with filtration meant that sufficient sample volumes

were only obtained for three samples collected at 9am, 1pm and 4pm.
2.3 Sampling Upstream and Downstream Transects

Two WwTW (sites 1 and 18) and their associated river systems were selected to evaluate whether
downstream changes in '*Opos occurred, and if so, to provide insight into the fate of WwTW-derived
P within the river. Samples were collected in September over a period of an hour from the thalweg of
the river at one sample point upstream of the effluent outfall and at several points downstream, up to 3
km at site 1 and 0.75 km at site 18. The transect at site 18 was much shorter due to the intersection of
another tributary 0.8 km downstream of the WwTW. Stream samples were processed in the same

manner as the WwTW detailed above.
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2.4 Sample preparation and isotope analysis
The method used to isolate P; from water samples and precipitate AgsPO, for isotope analysis has
already been presented in Gooddy et al. (2016) and is described in detail in Lapworth et al. (2014).
Samples were processed within 24 h of collection and were stored in the dark at 4 °C prior to
processing. In brief, the majority of dissolved organic matter is first removed by passing the sample
through an organic exchange resin and P; is then isolated from the remaining matrix using an anion
exchange resin. Phosphate is eluted from the anion exchange resin and chromatographically separated
from competing anions using 0.3 M KCI. Eluted fractions containing phosphate are then processed
using a modified McLaughlin et al. (2004) method to produce a final Ag;PO, precipitate for §'*Opos
analysis. Any residual organic matter is removed by treating the Ag;PO4 with a solution of 15%
hydrogen peroxide prior to analysis. Combined with the organic exchange resin, this is a significant

advance over methods that use a repeated CePOg precipitation (e.g. Li et al., 2011).

0/'°0 ratios of Ag;PO, were analysed by thermal conversion to CO gas at 1400 °C in a TC—EA on-
line to a Delta Plus XL mass spectrometer (ThermoFinnigan, Bremen, Germany). §'*0 values versus
Vienna Standard Mean Ocean Water (VSMOW) were calculated by comparison with an internally run
laboratory standard (Alfa Aesar silver phosphate 99%). In the absence of an international AgzPO4
reference material, we derived the §'"O value of the laboratory standard by comparison with the
AgiPO4 standard ‘B2207° (supplied by FElemental Microanalysis Ltd, Okehampton, England),
measured in an inter-laboratory comparison to have a certified 8O value of +21.7%o versus
VSMOW. CO yields of the Ag;PO4 samples were always within £10% of those of the laboratory
standard, and any organic contamination was deemed negligible on the basis that samples contained
<0.2% carbon (based on separate elemental analysis). Precision on the measurement are consistently
<0.2%o and all less than 0.3%.. On this basis, we consider any difference of >0.3%o as a reasonable
indicator that any two samples have a different isotopic composition for a reason other than analytical

CITor.
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3. RESULTS AND DISCUSSION

3.1 Comparison of Global Data

A compilation of inorganic phosphate and 3'®Opos values for all currently published data for effluent
from WwTW is presented in Table 2. Previous studies have been undertaken in France, Sweden, the
UK and the USA. The manuscript reports additional data from 16 new sites all from the UK. The data
contained within Table 2 is a mixture of spot samples taken once, seasonal samples taken during
spring, summer, autumn and winter, and a mean of time series data taken over the period of a day.
Four Swedish sites were from septic tank outflows and included in this study as they are considered to
be comparable as sources of human waste water. All other samples were from WwTW outflow
effluents. Most of these effluents underwent primary and secondary treatments but only a few
underwent any form of tertiary P treatment, where the intention is to achieve PO4 concentrations in
the final effluent <1 mg/L. Phosphate concentrations in the effluent ranged from 0.16 to

25.2 mg PO4/L, with a mean concentration of 9.5 mg PO4 /L (o 7.0, median 9.0 mg PO4 /L).

These WwTWs serve between ~500-40,000 person equivalents (PE), and these data show no
relationship between PE and PO, concentration or §'*Opos. Limited data are available for levels of
effluent treatment in published studies, although from the new work presented here there appears to

be no clear relationship between §'*Opos and secondary or tertiary treatment processes.

For all the data, the average 5"80po4 value was 13.9%o (6 3.2%o, median 14.2%o), and a range of 8.4-
19.7%o. Figure 1 shows box-plots of the measured 3'*Opos grouped by country. There do appear to be
some clear geographical differences, particularly between measured values in the USA and those in
Europe, although the sample size is still relatively small. Based on our calculations equilibrium values
ranged from 3.4 to 20.0%0 with a mean of 15.8%o0 (¢ 4.2%0, median 17.3%o) (Table 2). Where
temperature and 8'®Omo were available and calculations could be made, 78% of samples had
measured values lower than the equilibrium value. All measured values from the USA were higher
than the equilibrium calculated values. This may reflect higher 8Om0 values (values ~-2%o,
McLaughlin et al., 2006) as well as higher temperatures and greater evaporation of water during the

treatment process (Young et al., 2009).
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If no microbial cycling of P; occurs during the treatment process then the isotopic composition of the
outflow effluent should simply reflect the mixture of 8"*Opos values of P; sources received from
wastewater network. Pyrophosphatase mediated intracellular microbial cycling will shift the 8'¥Opos
towards the calculated isotopic equilibrium which will be determined by the §'*Omo and temperature
of the water in the WwTW. Figure 2 shows the positive correlation (p = 0.72) between §'*Opos and
5" 0mo, suggesting that there is biologically-mediated exchange occurring between the water
molecules and the PO, ions. This is consistent with the use of secondary biological treatment at each
of the WwTWs presented, in which the transformation of organic P compounds to inorganic P
through enzyme hydrolysis, alongside the uptake and intracellular cycling of P, results in exchange of
oxygen atoms between water and POs. However, in all cases 8'Opos is not at the expected
pyrophosphatase equilibrium value which indicates incomplete intracellular cycling, and so is

consistent with the high concentrations of P in WwTW effluents.
3.2 Seasonal and Temperature Influences

Microbial reactions are commonly controlled by temperature with greater reaction rates occurring at
higher temperatures. For biological processing of 8'®*Opos it might be expected therefore that higher
temperatures are associated with 3'®*Opos values closer to equilibrium. Similarly therefore, for a given

site, samples taken in the summer may be closer to equilibrium than those taken in winter.

Samples 18 to 21 (Table 2) have all been sampled in at least two seasons and so provide a comparison
to test the hypothesis that there is a relationship between P processing and season/temperature. Site 18
(WWwTP in the River Beult catchment, UK) showed consistent §'"*Opos values of around 16.2 %o from
January 2014 to September 2015 although is ~1.5%o0 lower in September 2013. Between September
2013 and March 2015 the final effluent remained a fairly constant -1.2%o away from equilibrium, but
this fell to -0.6%o in September 2015. Samples from WwTW sites 19 and 20 (in the River Taw
catchment, UK) sampled at the same time showed markedly different values between the WwTW of
around 3%o. In terms of seasonal variation, site 19 was furthest from equilibrium in June but closer to
calculated equilibrium in December. By contrast, site 20 was furthest from equilibrium in December

but closer to calculated equilibrium in September. Samples taken from site 21 (California Bay, USA)
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showed a difference of ~3%o between sampling in October and January, although the sample taken in

January was closer to the calculated equilibrium value by more than 1%eo.

In all of the cases from the UK there was some ~10°C variation in the temperatures observed during
sampling (site 18 a range of 8.8 to 20.3°C; site 19 a range of 9.5 to 18.0°C; and site 20 a range of
10.5 to 19.8 °C). For §'®0ma0, seasonal differences of around 0.6-0.9%o were also observed at each of
the sites (site 18 a range of -7.32 to -6.84%o; site 19 a range of -5.57 to -6.35%o; and site 20 a range of

-5.62 t0 -6.31%o).

As temperature and §'®*Omo are the two variables in the equilibrium calculation, a comparison was
been made across the full data set to see if any relationship can be discerned between measured and
equilibrium §'®*Opos values. Figure 3 shows the relationships between measured §'*Opos and the offset
from isotopic equilibrium of §"*Opos in terms of a) sample temperature and b) sample §'®*Omnzo. For
data from Europe the goodness of fit for the difference between measured and offset from equilibrium
calculated 8'"®Opo4 is very strong (p = 0.94) suggesting there is a relationship between the source term
and the equilibrium. Data from the US however does not seem to show any clear relationship
(p =0.41) which possibly reflects the use of an older analytical method for P; extraction that is less

effective at removing organic carbon (see McLaughlin et al., 2006 and Gooddy et al., 2015).

For the samples from Europe, Figure 3a shows no convincing trend for a relationship between sample
temperature and the distance from equilibrium i.e. temperature of the effluent water alone is not a
good indicator that the '*Opos will be closer or further from equilibrium. Figure 3b however does
show some quite strong clustering of the data, whereby samples with the more negative 5'*Omo are
further from equilibrium while the samples with more positive 8'"*Omao fall closer to equilibrium. This
implies that, for this limited data set, 8'*Omo is a better predictor of how close the measured §'*Opos
will be to the calculated equilibrium. Since rainfall values of 8'®Om0 are quite predictable due to
weather patterns and orography (Darling et al. 2003) this suggests the geographical location of the

WwTW could determine how close the measured §'*Opo4 is to the equilibrium value.

10
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3.3 Diurnal changes in phosphate, 3'*Opos and E&'*Opo4

Figure 4 shows time series data for three WwTWs from SE England. As reflected by the varying
degrees of treatment, and the presence or absence of chemical POy stripping (Table 1), concentrations
varied from 2.35 mg PO, /L at site 14, to 0.35 mg PO4 /L at Site 15 and 0.15 mg PO, /L at Site 16.
Each of the WwTWs showed a significant change in P; concentrations over the sampling interval.
Over 24 hours at site 14 there was a 20% increase in P;, at site 15 there is a 25% decrease over 7 hours

and at site 16 there was a 12% decrease also over 7 hours.

In contrast to the P; concentration, §'*Opos values stayed relative constant over the sampling intervals.
For site 14 the mean §'*0pos was 14.5%o (6 0.3 %o), at site 15 the mean was 16.5%o (G 0.2 %o), and at
site 16 the mean was 11.5%o (6 0.3 %o). Similarly, for equilibrium values at site 14 the mean §'®Opo4
was 16.9%o (o 0.05 %o), at site 15 the mean was 16.5%o (6 0.1 %o0), and at site 16 the mean was 17.3%o

(G 0.05 %o).

One implication of this finding is that the treatment type appears to have an impact on the §'®Opo4
value, for example where chemical PO, stripping was employed (Site 16) §'*Opos was much lower. If
this was sorption of P to FeCl, or Al,SO4, higher §'*Opos values would be expected in this system as
the isotopically lighter P'°0; is preferentially incorporated into sorbed/solid phases (Jaisi et al., 2010).
Clearly the kinetics of the reaction are important and require further investigation to fully understand.
However, it is also worth noting that for the UK sites in Table 1 there was no clear relationship
between treatment type and §'®Opos values, i.e. with chemical POy stripping, lower §'*Opos values
were not necessarily observed. This strongly suggests that the P outflow from a WwTW is highly
dependent on the treatment technologies and conditions at the plant, although over a relatively short
period, the §'®0pos values remain constant even though the PO, concentrations change. This is in
contrast to the seasonal data where changes are seen, possibly due to a change in dominant P source
throughout the year. In terms of understanding WwTW as a source this is a positive finding as it
suggests over a normal daily sampling interval there is unlikely to be a significant change in the

5"0pos value. The data suggest that WwTW effluent needs to be characterised locally for any

11
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particular study (i.e. a global/regional mean cannot be assumed) and that at least seasonal temporal

characterisation is required.
3.4 Instream Processing of WwTW Source

Having established that over an 8-24 hour period that the §'®Opos value of final effluent from a
WwTW does not vary significantly, additional work was undertaken to determine whether or not this
source term is preserved downstream of the effluent input to the river. Figure 5 shows 2 transects
taken from different sites, including samples taken upstream and downstream of WwTWs. In both
cases it can be observed that there is a significant spike in P; concentrations resulting from the input of
effluent from the WwTW although it is also important to note that both streams have significant

upstream concentrations of Pi (~0.4-0.5 mg PO4/L) suggesting the river is not P limited.

At site 1, P; had an upstream concentration of 0.38 mg PO, /L. Effluent from the WwTW entered at
7.65 mg PO4/L and this then decreased to 0.59 + 0.04 mg PO4/L in the downstream reach. There was
clearly significant dilution of the P; emanating for the WwTW by the upstream river water. The
calculated equilibrium value 18.4%o changes very little from upstream to downstream. The Effluent
water had a higher temperature (~2.5°C) and a higher 8"®Omo (0.3%0) which when combined
produced a similar equilibrium value to the rest of the stream. Upstream, §'*Opos was 14.0%o (-4.4%o
from equilibrium) which decreased to 11.1%0 (-7.2%0 from equilibrium) when the effluent water
entered the stream. As the effluent moved downstream the §'*Opos value increased slightly to an
average of 12.3 £ 0.3%o0 (-6.2 £ 0.3%0 from equilibrium) but with no observed shift towards

equilibrium 3 km downstream of the WwTW.

At site 18, P; had an upstream concentration of 0.47 mg PO4/L. Effluent from the WwTW entered at
1.80 mg PO4 /L and this then stayed fairly constant at to 1.77 + 0.01 mg PO4/L in the downstream
reach. The small decrease in concentration reflected the large volume of the WwTW effluent relative
to the upstream flow. The calculated equilibrium value for upstream was 16.5%o. The calculated
equilibrium value for the effluent was 16.8%o and further downstream this increased slightly to 17.0%o
The effluent water had a lower temperature (~2.9°C) and a higher §'*Ow0 (0.2%o). The slightly higher
equilibrium value further downstream resulted from a lower water temperature. Upstream, 8'*Opos
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was 17.0%o (+0.6%0 from equilibrium) which decreased to 16.1%o (-0.6%o from equilibrium) when the
effluent water entered the stream. As the effluent moved downstream the 5'*Opo4 value increased very
slightly to an average of 16.2 £ 0.1%0 (0.6 = 0.1%0 from equilibrium) but with no shift towards

equilibrium 0.75 km downstream of the WwTW.

In both cases river water 3'*Opos samples were not at equilibrium. The §'*Opos values upstream also
strongly suggested there is a different source of P; to the WwTW at the point of measurement.
Importantly, downstream of the WwTWs there was no significant shift towards the equilibrium value.
This indicates that there was no rapid or significant microbial processing of the P and the source term,
allowing for mechanical mixing, was therefore retained. This enabled tracing of the effluent down to
distances of 3 km, and quite possibly further depending on the river network pattern and flow,
microbial activity, as well as downstream inputs of additional sources of P. These data are consistent
with the conclusion that the concentration of P; upstream of the WwTWSs was already in excess of
metabolic requirements, meaning that WwTW-derived P was not closely coupled to the metabolism
of in-river biota. However, recent experimental work (Chang et al., 2015) suggests microbial reaction
ti» times are of the order of several hours depending on temperature which would be equivalent to
more than 10 km downstream from a WwTW discharging into a moderately flowing river. Hence

little or no metabolism of P would be observed.

4 CONCLUSIONS

This study has shown there can be considerable variability between the §'*Opo4 values in the effluent
of different WwTWs. This does not appear to be related to treatment type or population equivalents.
There are also significant differences in 'Opos observed for a given WwTW between seasons,
although this study suggests the dominant control on difference between measured §'*Opos and

isotopic equilibrium is the §'*Omnao rather than temperature although more data is need to confirm this.

Studies examining diurnal cycles suggested that, although the P; concentration of the effluent water

changed markedly, there was no comparable variation in the 3'*Opos values. As such the §'*Opos value
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from an effluent recorded in the morning could be assumed to be the same as the value recorded
throughout the day. When 8'®Opos is monitored downstream of a WwTW, there is no evidence of
processing of P up to a distance of at least 3 km and the measured value is a reflection of the upstream
P source mixing with the effluent. This is due to the system having an excess of P (i.e. not P limited)

but also due to the reaction times required for biotic cycling.

This study builds significantly on the earlier work of Gruau et al. (2005), who cast doubt on the use of
5'®0po4 as a tracer as a means to differentiate between fertilisers and effluents due to the overlap in
isotopic source values. Based on this study and using a much improved extraction method for
AgiPOs, which is better suited to processing effluents compared with the previous studies of both
Gruau et al (2005) and Young et (2009), it is considered that §'®Opos can be used to both trace
WwTW effluents and to also understand the metabolism of WwTW-derived P in waters. For this, you
simply need a difference between effluent 5'*Opos and river §'*Opos immediately upstream. From the
work presented here, it is recommended that the effluent sampling and tracing downstream are carried
out on the same day due to both seasonal variations and the range of values obtained from different

WwTWs.

However, based on the variations observed both between and within countries, further work is
required to determine if variation in final effluent 8'®Opo4 reflects differences in sources and loads of
P to individual WwTWs, and hence differences in 8'®*Opos within influent P sources. Differences in
antecedent weather conditions and hence WwTW residence time is also an important consideration
that needs to be addressed to improve understanding. Lastly, further fundamental work is required to
understand the isotopic fractionation that is potentially imposed by different treatments within a

WwTW and whether §"*Opos can be used to optimise these processes.

Acknowledgements

The research was funded by the UKs Natural Environment Research Council (NERC) National

Capability resources devolved to the British Geological Survey and through the NERC Isotope

14



366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

Evaluating Phosphate Oxygen as a Tracer of WwTW /Applied Geochemistry Revised_Clean

Geoscience Facility Grant IP-1522-0515. The authors are grateful to the two anonymous reviewers
whose comments have significantly improved the manuscript. This paper is published with permission

of the Executive Director, British Geological Survey (NERC).

REFERENCES

Bailey P. 2003. The business and financial structure of the water industry in England and Wales.

Centre for the study of regulated industries (CRI) Research Report 14.

Blake RE, O'Neil JR and Garcia GA. 1997. Oxygen isotope systematics of biologically mediated
reactions of phosphate: 1. Microbial degradation of organophosphorus compounds.

Geochimica et Cosmochimica Acta 61, 4411- 4422.

Blake RE, O'Neil JR and Surkov AV. 2005. Biogeochemical cycling of phosphorus: Insights from

oxygen isotope effects of phosphoenzymes. American Journal of Science 305 (6-8), 596-620.

Bowes MJ, Jarvie HP, Naden PS, Old GH, Scarlett PM, Roberts C, Armstrong LK, Harman SA,
Wickham HD and Collins AL. 2014. Identifying priorities for nutrient mitigation using river

concentration-flow relationships: The Thames basin, UK. Journal of Hydrology 517, 1-12.

Bowes M J, Ings NL, McCall SJ, Warwick A, Barrett C, Wickham HD, Harman SA, Armstrong LK,
Scarlett PM, Roberts C, Lehmann K and Singer AC. 2012. Nutrient and light limitation of
periphyton in the River Thames: Implications for catchment management. Science of the

Total Environment 434, 201-12.

Carpenter SR, Caraco NF, Correll DL, Howarth RW, Sharpley AN and Smith VH. 1998. Nonpoint
pollution of surface waters with phosphorus and nitrogen. Ecological Applications 8, 3, 559-

568.

15



388

389

390

3901

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

Evaluating Phosphate Oxygen as a Tracer of WwTW /Applied Geochemistry Revised_Clean

Chang SJ and Blake RE. 2015. Precise calibration of equilibrium oxygen isotope fractionations
between dissolved phosphate and water from 3 to 37 °C. Geochimica et Cosmochimica Acta,

150, 314-329.

Comber S, Gardner M, Georges K, Blackwood D and Gilmour D. 2013. Domestic source of

phosphorus to sewage treatment works. Environmental Technology 34, 10, 1349-1358.

Darling WG, Bath AH and Talbot JC. 2003. The O and H stable isotopic composition of fresh waters
in the British Isles. 2. Surface waters and groundwater. Hydrology and Earth System Science

7, 2,183-195.

Davies CL. 2016. Developing a stable isotope approach to trace the sources and metabolism of

phosphorus in freshwaters. Unpublished PhD thesis, University of Lancaster.

Davies CL, Surridge BWJ and Gooddy DC. 2014. Phosphate oxygen isotopes within aquatic
ecosystems: Global data synthesis and future research priorities. Science of the Total

Environment 496, 563-575.

Gooddy DC, Ascott MJ, Lapworth DJ, Ward RS, Jarvie HP, Bowes MJ, Tipping E, Dils R and
Surridge BWJ. 2017. Mains water leakage: implications for phosphorus source apportionment

and policy responses in catchments. Science of the Total Environment 579, 702-708.

Gooddy DC, Lapworth DJ, Ascott MJ, Bennett SA, Heaton THE and Surridge BW1J. 2015. Isotopic
fingerprint for phosphorus in drinking water supplies. Environmental Science and Technology

49, 15, 9020-9028.

Gooddy DC, Lapworth DJ, Bennett, SA, Heaton THE, Williams PJ and Surridge BWJ. 2016. A multi-
stable isotope framework to understand eutrophication in aquatic ecosystems. Water Research

88, 623-633.

16



410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

Evaluating Phosphate Oxygen as a Tracer of WwTW /Applied Geochemistry Revised_Clean

Gruau G, Legeas M, Riou C, Gallacier E, Martineau F and Henin O. 2005. The oxygen isotope
composition of dissolved anthropogenic phosphates: a new tool for eutrophication research?

Water Research 39, 232-238.

Granger SJ, Heaton THE, Blackwell M, Yuan H and Collins A. 2017. The oxygen isotopic
composition of phosphate in river water and its potential sources in the Upper Taw

Catchment, UK. Science of the Total Environment 574, 680-690.

Hilton J, O’Hare M, Bowes MJ and Iwan Jones J. 2006. How green is my river? A new paradigm of

eutrophication in rivers. Science of the Total Environment 365, 66-83.

Howarth RW, Billen G, Swaney D, Townsend A, Jaworski N, Lajtha K et al. 1996. Regional nitrogen
budgets and riverine N & P fluxes for the drainages to the North Atlantic Ocean: natural and

human influences. Biogeochemistry 35, 75—139.

Jaisi DP, Blake RE and Kukkadapu RK. 2010. Fractionation of oxygen isotopes in phosphate during

its interaction with iron oxides. Geochimica et Cosmochimica Acta, 74, 1309-1319.

Jarvie HP, Neal C, Withers PJA. 2006. Sewage-effluent phosphorus: A greater risk to river

eutrophication than agricultural phosphorus. Science of the Total Environment 360, 246-253.

Johnes PJ. 1996. Evaluation and management of the impact of land use change on the nitrogen and
phosphorus loads delivered to surface waters: the export coefficient modelling approach.

Journal of Hydrology 183, 323-349.

Jordan ET, Correll DL, Weller DE. 1997. Relating nutrient discharges from watersheds to land use

and streamflow variability. Water Resources Research 33, 25779-2590.

Kinniburgh JH and Barnett M. 2010. Orthophosphate concentrations in the River Thames: reductions

in the past decade. Water and Environment Journal 24, 107-115.

17



432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

Evaluating Phosphate Oxygen as a Tracer of WwTW /Applied Geochemistry Revised_Clean

Lapworth DJ, Surridge B, Williams PJ, Heaton THE and Gooddy DC. 2014 Method for analysing

phosphate 180/160 ratios for waters with high C:P ratios. Nottingham, UK, British

Geological Survey, 10pp. (OR/14/067)|http://nora.nerc.ac.uk/510585/

Li X, Wang Y, Stern J and Gu B. 2011. Isotopic evidence for the source and fate of phosphorus in

Evergaldes wetland ecosystems. Applied Geochemistry 26, 688-695.

McLaughlin K, Kendall C, Silva S, Young M and Paytan A. 2006. Phosphate oxygen isotope ratios as

a tracer for sources and cycling of phosphate in North San Francisco Bay, California. Journal

of Geophysical Research - Biogeoscience 111|http://dx.doi.org/10.1029/2005JG000079.

G03003

McLaughlin K, Silva S, Kendall C, Stuart-Williams H and Paytan A. 2004. A precise method for the
analysis of 8'*0 of dissolved inorganic phosphate in seawater. Limnology and Oceanography

Methods 2,202-212.

McLaughlin K, Young MB, Paytan A and Kendall C. 2013. The oxygen isotopic composition of
phosphate: A tracer for phosphate sources and cycling. In: Application of Isotope Techniques
for Assessing Nutrient Dynamics in River Basins. IAEA-TECDOC-1695 (International

Atomic Energy Agency, Vienna), pp 93-11.

Neal C, Neal M, Hill L and Wickham H. 2006. The water quality of the River Thame in the Thames

Basin of south/south eastern England. Science of the Total Environment 360, 250-271.

O'Neil JR, Vennemann TW and Mckenzie W. 2003. Effects of speciation on equilibrium
fractionations and rates of oxygen isotope exchange between (PO4)(aq) and H.O. Geochimica

et Cosmochimica Acta 67, 3135.

18


http://nora.nerc.ac.uk/510585/
http://dx.doi.org/10.1029/2005JG000079.%20G03003
http://dx.doi.org/10.1029/2005JG000079.%20G03003

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

Evaluating Phosphate Oxygen as a Tracer of WwTW /Applied Geochemistry Revised_Clean

Palmer-Felgate EJ, Mortimer RJG, Krom MD, Jarvie HP. 2010. Impact of point-source pollution on
phosphorus and nitrogen cycling in stream-bed sediments. Environmental Science and

Technology 443, 908-914.

Pretty JN, Mason CF, Nedwell DB, Hine RE, Leaf S and Dils R. 2003. Environmental costs of
freshwater eutrophication in England and Wales. Environmental Science and Technology 37,

2,201-208.

Schindler DW. 2012. The dilemma of controlling cultural eutrophication of lakes. Proceedings of the

Royal Society B 279 (1746), 4322-4333.

Smith SV. 1984. Phosphorus versus nitrogen limitation in the marine environment. Limnology and

Oceanography 29, 6, 1149-1160.

Tonderski K, Andersson L, Lindstrém G, St Cyr R, Schonberg R and Taubald H. 2017. Assessing the
use of 8'*0 phosphate as a tracer for catchment phosphorus sources. Science of the Total

Environment 607-608, 1-10.

Tudge AP. 1960. A method of analysis of oxygen isotopes in orthophosphate — its use in the

measurement of paleotemperatures. Geochimica et Cosmochimica Acta 18, 81-93.

Vengosh A, Heumann KG, Juraske S and Kasher R. 1994. Boron isotope application for tracing
sources of contamination in groundwater. Environmental Science and Technology 28, 1968-

1974.

Water Framework Directive (WFD), Council of European Communities. 2000. Establishing a
framework for community action in the field of water policy (WFD;2000/60/EC). Official

Journal of EC L327, December 2000.

Young MB, McLaughlin K, Kendall C, Stringfellow W, Rollog M, Elsbury K, Donald E and Paytan
A. 2009. Characterising the oxygen isotopic composition of phosphate sources to aquatic

ecosystems. Environmental Science and Technology 43, 5190-5196.

19



