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A B S T R A C T

Wastewater treatment works (WwTW) are major point sources of nutrients to rivers, but interpretation of 
downstream isotope signals is complicated where hydrodynamic mixing and in-stream biogeochemical pro
cessing occur over similar spatial scales. Here, we combine phosphate oxygen isotopes (δ18O-PO4), nitrate ni
trogen and oxygen isotopes (δ15N–NO3 and δ18O–NO3), and nutrient concentrations to investigate nutrient 
behaviour over a short River Thames, UK reach downstream of a WwTW discharge. The study resolves a high- 
resolution spatial pattern from a single sampling survey and is framed within a two-dimensional mixing context, 
in which effluent-influenced water and background river water are transported downstream in parallel rather 
than as a laterally well-mixed one-dimensional system. Phosphate concentrations and δ18O-PO4 values showed a 
strong response to the effluent input. Near the outfall, isotope compositions were broadly consistent with con
servative mixing between effluent and river phosphate, with first-order estimates suggesting that effluent-derived 
phosphate contributed approximately 20–55% of the local dissolved inorganic phosphate pool at plume- 
influenced sampling points. Further downstream, several δ18O-PO4 values were close to the independently 
calculated temperature-dependent equilibrium composition of approximately 17.2‰, consistent with possible 
biological isotope resetting of phosphate within the reach. However, because travel times and turnover rates 
were not directly measured, this convergence is interpreted as evidence for short-reach isotope resetting rather 
than as a quantified rate of biological turnover. A pronounced low δ18O-PO4 value at approximately 220 m 
downstream fell outside the range predicted using the measured effluent end member, indicating end-member 
uncertainty or plume heterogeneity within the wastewater-influenced water mass. In contrast, nitrate concen
trations and isotope compositions showed little spatial variation downstream of the discharge. δ15N–NO3 and 
δ18O–NO3 displayed no coupled downstream enrichment, indicating no detectable isotopic evidence for sub
stantial denitrification over the sampled reach and hydrological conditions. However, the large background 
nitrate pool means that local nitrogen transformations, including nitrification, assimilation or localised deni
trification, may have been difficult to resolve. These contrasting isotope responses show that phosphate was 
sensitive to both local plume structure and possible biological isotope resetting, whereas nitrate primarily re
flected buffering by a large background nitrate pool. More broadly, the results demonstrate that interpretation of 
river nutrient isotope signals below point-source inputs requires explicit consideration of lateral hydrodynamic 
structure, end-member uncertainty and nutrient-specific reactivity.

1. Introduction

Rivers receiving treated wastewater effluents experience strong 

physical and biogeochemical perturbations that alter nutrient concen
trations, speciation and cycling over short spatial scales (Carpenter 
et al., 1998; Hilton et al., 2006). Understanding how nutrients are 
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transported and transformed downstream of point sources is therefore 
central to environmental geochemistry, river monitoring and nutrient 
management (Jarvie et al., 2006; Bowes et al., 2014; Water Framework 
Directive Council of European Communities, 2000). Interpretation of 
downstream nutrient signals remains challenging, however, because 
observed changes commonly reflect the combined effects of source in
puts, hydrodynamic mixing, plume structure and in-stream processing. 
Receiving rivers are often interpreted as laterally well-mixed one-di
mensional systems in which downstream distance alone describes 
chemical evolution. In reality, point-source discharges can form laterally 
confined plumes that persist over hundreds of metres, allowing distinct 
water masses to coexist at the same downstream location (Volkmar 
et al., 2011; Palmer-Felgate et al., 2010). Under such conditions, 
chemical and isotopic patterns cannot be interpreted from longitudinal 
trends alone.

Stable isotopes provide a powerful basis for evaluating the relative 
influence of physical mixing and biogeochemical transformation 
because different nutrient species respond differently to these processes 
(Kendall, 1998; Kendall et al., 2007). Nitrate nitrogen and oxygen iso
topes (δ15N–NO3 and δ18O–NO3) primarily record source signatures and, 
unless nitrate is actively removed, tend to behave conservatively during 
transport (Böhlke and Denver, 1995; Wassenaar, 1995; Venkiteswaran 
et al., 2019; Matiatos et al., 2021). In contrast, phosphate oxygen iso
topes (δ18O-PO4) are sensitive to biological cycling because oxygen ex
change between phosphate and water occurs only during enzymatically 
mediated reactions (Blake et al., 1997, 2005; McLaughlin et al., 2013; 
Davies et al., 2014). As a result, δ18O-PO4 can retain source-related in
formation during conservative transport, but may also shift from 
source-dependent compositions towards a temperature-dependent 
equilibrium with ambient water where biological uptake, release and 
enzymatically mediated oxygen exchange occur (Chang and Blake, 
2015; McLaughlin et al., 2006; Davies et al., 2014). This means that 
phosphate oxygen isotopes are not necessarily conservative during 
downstream transport, particularly where biological cycling and hy
drodynamic mixing operate over similar spatial scales. Used together, 
nitrate and phosphate isotopes therefore offer complementary insight 
into nutrient behaviour: nitrate mainly constrains source and dilution, 
whereas phosphate can reflect both hydrodynamic mixing and biolog
ical turnover. The challenge is that these isotope signals must be inter
preted within the hydrodynamic structure of the receiving system, 
particularly where incomplete lateral mixing causes individual samples 
to represent different water masses.

Recent studies have expanded the application of phosphate oxygen 
isotopes to phosphorus source apportionment across catchment to 
global scales, including through multi-model and Bayesian mixing ap
proaches (Wang et al., 2023, 2024). Recent methodological and syn
thesis work has also highlighted both the potential and the interpretive 
challenges of δ18O-PO4, including end-member characterisation, 
analytical comparability, deviations from equilibrium and the difficulty 
of separating source signals from biological cycling in complex envi
ronmental systems (Nisbeth et al., 2022; von Sperber et al., 2023; 
Pfahler et al., 2024). These developments highlight the growing value of 
δ18O-PO4 as a tracer of phosphorus sources and cycling, but also 
emphasise the need to interpret phosphate isotope data within appro
priate hydrodynamic and biogeochemical context.

Despite this potential, relatively few studies have applied multi- 
nutrient isotope approaches at spatial resolutions sufficient to resolve 
near-field wastewater mixing and transformation. Where isotopes are 
used in river systems, interpretations often rely on longitudinal trends 
and may implicitly assume complete lateral mixing (Gooddy et al., 2016; 
Tonderski et al., 2017). Under conditions where wastewater effluent 
forms a laterally confined plume that remains restricted to part of the 
channel rather than mixing across the full width, samples collected at 
the same downstream distance may represent fundamentally different 
water masses, and end-member mixing models are only valid at the scale 
of individual samples (Volkmar et al., 2011). For reactive nutrients such 

as phosphate, biological processing may also vary within the plume it
self, leading to spatial heterogeneity that cannot be captured by sparse 
or single-bank sampling (Gruau et al., 2005; Young et al., 2009; Gooddy 
et al., 2018).

Here, we apply a combined isotope approach using δ18O-PO4, 
δ15N–NO3 and δ18O–NO3, together with nutrient concentrations, to 
investigate nutrient behaviour downstream of a wastewater treatment 
works discharge over a 400 m river reach. The study is analysed within a 
two-dimensional framework that allows for incomplete lateral mixing 
between effluent-influenced water and background river water trans
ported downstream in parallel. Within this framework, end-member 
mixing provides a first-order description of the isotopic composition of 
individual samples as a function of local plume contribution, while 
comparison with the temperature-dependent equilibrium composition 
of phosphate provides a basis for assessing whether δ18O-PO4 values are 
consistent with biological isotope resetting. The aim is not to derive a 
reach-scale turnover rate, but to test how hydrodynamic structure, end- 
member uncertainty and nutrient-specific reactivity affect the inter
pretation of isotope signals below a wastewater input. The specific ob
jectives are to assess where conservative mixing provides an adequate 
explanation for the observed isotope patterns, evaluate where phosphate 
isotope compositions are consistent with biological cycling, and 
compare this response with the more conservative behaviour of nitrate 
under the sampled hydrological conditions.

2. Study site, sampling design and sample handling

The study was conducted on the River Thames downstream of the 
Pangbourne Wastewater Treatment Works discharge near Reading, UK 
(51.488◦ N, 1.077◦ W). The reach was selected to resolve near-field 
mixing and nutrient isotope behaviour at high spatial resolution 

Fig. 1. Location and sampling design for the study reach. (a) Location of the 
River Thames study area downstream of Pangbourne Wastewater Treatment 
Works near Reading, UK. (b) Drone photograph taken on the day of sampling 
showing the WwTW discharge, the downstream sampling reach and individual 
sampling points. Samples were collected upstream of the discharge and at 
multiple downstream locations, with right-bank, mid-channel and left-bank 
positions sampled where feasible. Map data ©2026 Google, Imagery ©2026 
CNES/Airbus, Maxar Technologies.
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downstream of a single point-source input (Fig. 1). Sampling was un
dertaken at 11:00 on 9 September 2025 and therefore represents a 
spatially detailed snapshot under one set of hydrological and opera
tional conditions.

River discharge data from the Environment Agency gauging station 
at Reading (NRFA station 39130), approximately 10 km downstream of 
the sampling reach, indicate flows of approximately 60–70 m3 s− 1 at the 
time of sampling. The WwTW discharge rate was not measured during 
the survey, so the relative magnitude of the effluent input is assessed 
here from concentration and isotope contrasts rather than from a 
contemporaneous discharge-weighted mass balance. Sampling was not 
timed to target a specific diurnal phase of WwTW operation, but was 
undertaken as a short-duration spatial survey to minimise temporal 
change during sample collection. The river is approximately 50 m wide 
through the study reach, with water depths of around 2 m in the 
maintained navigation channel.

The maximum permitted daily discharge volume for the works is 
1500 m3 d− 1, equivalent to an average discharge of approximately 
0.017 m3 s− 1 if spread uniformly over 24 h, although the actual 
discharge at the time of sampling was not measured.

The reach extends approximately 400 m downstream from the 
effluent stream and provides a hydrologically simple but chemically 
dynamic setting in which the influence of a single point source can be 
examined. The WwTW effluent is discharged continuously into the river 
through a single outlet located on the right bank, facing downstream. 
Given this bank-side discharge location and the short spatial scale 
considered, the sampling design was intended to test whether effluent- 
derived water remained laterally structured within the channel rather 
than mixing rapidly across the full river width.

Sampling targeted both downstream change and lateral variability. 
One upstream sample was collected to characterise background river 
conditions prior to effluent input, and one WwTW effluent sample (SW- 
20) was collected directly from the discharge to define the measured 
wastewater end member. The upstream sample was collected on the 
same bank as the WwTW discharge and is treated as the local upstream 
river end member for the mixing calculations. A full upstream transverse 
transect was not collected, so possible upstream cross-channel hetero
geneity cannot be fully evaluated. However, given the downstream- 
facing discharge outlet and normal downstream river flow at the time 
of sampling, direct WwTW influence immediately upstream of the 
discharge is considered unlikely.

Downstream samples were collected to approximately 400 m from 
the outfall, with right-bank, mid-channel and left-bank positions 
sampled where feasible from a canoe. The sampling pattern was not 
intended to represent a set of formal discharge-weighted cross-sections. 
Instead, it was designed to intercept different local water masses along 
and across the expected plume pathway, while allowing practical sam
pling from a canoe under field conditions. The resulting curved sampling 
pattern reflects this objective: to combine longitudinal coverage with 
repeated lateral contrasts, rather than to assume that each downstream 
distance represented a laterally mixed river cross-section. No dye 
tracing, ADCP survey, or independent visual plume-tracking was un
dertaken during the survey, and the plume interpretation is therefore 
based on the outfall geometry, spatial sampling pattern, drone imagery 
and the observed chemical and isotopic gradients.

At each sampling point, 10 L grab samples were collected in poly
ethylene carboys from the upper water column, with the lip of the 
carboy approximately 10 cm below the river surface. The large sample 
volume was required to provide sufficient phosphate for δ18O-PO4 
analysis following brucite precipitation. Samples were collected care
fully from the canoe to avoid disturbance of bed sediment and to capture 
the local water mass represented by each sampling position. Subsamples 
for nutrient concentrations, δ18O–H2O and nitrate isotope analysis were 
taken from these carboys. Vertical profiles were not collected, so depth- 
related variation cannot be assessed directly. However, the sampling 
design focused on lateral plume structure, which was expected to be the 

dominant source of spatial variability given the bank-side discharge and 
the width of the channel.

This design allowed direct evaluation of cross-channel heterogeneity 
and avoided reliance on the assumption of complete lateral mixing. 
However, the upstream and effluent samples should be interpreted as 
discrete end-member observations from the time of sampling rather than 
as full characterisations of temporal variability in either the river or the 
effluent. This is particularly relevant for the isotope mixing calculations, 
which are used here as first-order estimates of local plume contribution 
rather than temporally integrated source apportionments.

Samples were stored cold and in the dark prior to processing. All 
samples were filtered in the field or immediately upon return to the 
laboratory using 0.45 μm membrane filters to remove particulate ma
terial and isolate the dissolved nutrient fraction following the methods 
ofBowes et al. (2018). Subsamples for nutrient concentration analysis 
were refrigerated and analysed within recommended holding times, 
while subsamples for isotope analysis were stored frozen until prepa
ration. The remaining sample volume was used for phosphate isotope 
preparation.

All samples were analysed for soluble reactive phosphorus (SRP) and 
for nitrate (NO3

− ), nitrite (NO2
− ), and ammonium (NH4

+) concentrations. 
Isotopic analyses included phosphate oxygen isotopes (δ18O-PO4), ni
trate nitrogen isotopes (δ15N–NO3), and nitrate oxygen isotopes 
(δ18O–NO3). Together, these parameters provide a basis for comparing 
the behaviour of phosphate and nitrate under the same hydrodynamic 
conditions.

3. Analytical methods

3.1. Water analysis

Soluble reactive phosphorus (SRP) was determined colorimetrically 
using the molybdenum blue method following standard procedures 
(Murphy and Riley, 1962) as modified by Neal et al. (2000). Total Dis
solved Phosphorus was determined on filtered samples by the method of 
Eisenreich et al. (1975). Total Phosphorus was determined on unfiltered 
samples using the same method. Ammonium (NH4

+) concentrations were 
measured colorimetrically using the Berthelot reaction (indophenol 
blue). Nitrate (NO3

− ) and nitrite (NO2
− ) were measured using ion chro

matography. Analytical precision for nutrient concentrations was better 
than ±5%.

Precipitated Ag3PO4 was analysed by weighing 200 μg of dried and 
ground Ag3PO4 into a capsule, in duplicate. During high-temperature 
pyrolysis in the presence of carbon, oxygen from Ag3PO4 is quantita
tively converted to carbon monoxide (CO), which is then analysed by 
isotope ratio mass spectrometry. The sample was converted to CO using 
an Elementar PYRO cube elemental analyser at 1450 ◦C in the presence 
of carbon sources, and product CO was analysed on an Elementar Vision 
IRMS. The δ18O-PO4 values were put on the international reference scale 
using two Ag3PO4 standards, B2207 and USGS80, and an internal 
Ag3PO4 standard, ALFA-2 (ALFA-2 = δ18O VSMOW value of +14.2‰), 
used as a check standard. Duplicate repeats had a precision σ ≤ 0.3‰. 
Sample purity was assessed by determining the CO yield compared with 
the yield of Ag3PO4 standards. Samples were rejected where the CO 
yield differed by more than 3% from the expected oxygen yield of 
Ag3PO4. This threshold was used as an internal QA criterion to screen for 
incomplete conversion or sample impurity, rather than as a universal 
convention across all δ18O-PO4 laboratories.

Nitrate isotope analysis (δ18O–NO3 and δ15N–NO3) was undertaken 
on <3 ml of filtered water sample using the TiCl reduction method of 
Altabet et al. (2019). Briefly, the sample was added to a 40 ml glass 
reaction vessel, 50 μl of 10% HCl was added to reduce the pH, the sample 
was then capped with a septum cap before 140 μl of preconditioned TiCl 
was injected, to convert dissolved NO3 to N2O gas for analysis. Product 
N2O was analysed on an Elementar Vision IRMS. The δ18O–NO3 and 
δ15N–NO3 values were validated against international standards 
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USGS34, USGS35 and IAEA NO3. Duplicate sample repeats had a 
δ18O–NO3 precision σ ≤ 0.6‰ and for δ15N–NO3 a precision σ ≤ 0.4‰.

To enable the calculation of the phosphate oxygen isotope equilib
rium, water oxygen isotope analysis (δ18O–H2O) was undertaken. 
Analysis was performed on an Isoprime Aquaprep coupled to an Iso
prime 100 dual-inlet mass spectrometer through the headspace CO2 
equilibration with the water samples. Isotope ratios are reported as 
δ18O–H2O versus VSMOW, based on comparison with laboratory stan
dards calibrated against IAEA standards VSMOW and SLAP, with 
analytical precision typically σ ≤ 0.05‰.

3.2. Calculation of phosphate oxygen isotope equilibrium

The temperature-dependent equilibrium composition of phosphate 
oxygen isotopes was calculated to provide an independent reference 
value against which measured δ18O-PO4 compositions could be 
compared. The calculation used the measured δ18O–H2O composition of 
each water sample, the water temperature measured during sampling, 
and the equilibrium fractionation relationship for phosphate and water 
reported by Chang and Blake (2015): 

δ18OPO4 =
(
δ18OH2O +1000

)
× e[14.43×(103/T)− 26.54]/1000 − 1000 (1) 

where δ18O-PO4(eq) is the calculated equilibrium composition of 
phosphate, δ18O–H2O is the measured water isotope composition, and T 
is absolute temperature in degrees Kelvin. Water temperature at the time 
of sampling was 17.7 ◦C (290.85 K). Because δ18O–H2O varied only 
slightly across the reach, calculated equilibrium δ18O-PO4 values also 
varied over a narrow range, with values close to 17.2‰ for most river 
samples.

The calculated equilibrium value is used here as a reference for 
assessing whether measured δ18O-PO4 values are close to, or displaced 
from, the composition expected after biological isotope exchange with 
ambient river water. It is not used to calculate a phosphate turnover rate, 
because travel times and isotope exchange rates were not directly 
measured during the survey.

3.3. End-member mixing model for δ18O-PO4

To provide a first-order estimate of the contribution of wastewater- 
derived phosphate to the local river dissolved inorganic phosphate 
(DIP) pool, a two-end-member mixing model was applied to the phos
phate oxygen isotope data. More complex multi-end-member and 
Bayesian mixing approaches have been applied successfully to δ18O-PO4 
datasets at catchment and continental scales (Wang et al., 2023, 2024). 
However, the objective here was not regional source apportionment, but 
evaluation of local plume interception and initial isotope conditions 
within a short wastewater-affected reach. A simple two-end-member 
framework was therefore used as a transparent reference case against 
which phosphate isotope behaviour could be assessed.

The model assumes conservative mixing between phosphate derived 
from upstream river water and phosphate derived from the WwTW 
effluent, prior to any biological oxygen isotope exchange between 
phosphate and water. The isotopic composition of mixed phosphate is 
given by: 

δ18OP,mix = fwδ18OP,w + (1 − fw)δ18OP,R (2) 

Rearranging this expression allows direct calculation of the apparent 
effluent contribution: 

fw =
δ18OP,obs − δ18OP,R

δ18OP,w − δ18OP,R
(3) 

where δ18OP,mix is the predicted phosphate oxygen isotope composition 
of a conservative mixture, δ18Op,obs is the measured value, δ18OP,R is the 
upstream river end-member value, δ18OP,W is the isotope composition of 

the effluent phosphate value, and f is the fraction of phosphate derived 
from the WwTW.

The resulting value of f should be interpreted as an apparent local 
effluent phosphate fraction for the sampled water mass, rather than as a 
reach-averaged or cross-section-averaged contribution. This distinction 
is important because the effluent plume was laterally structured, so 
samples collected at the same downstream distance may represent 
different mixtures of effluent-influenced water and background river 
water.

The model is intentionally conservative and does not include bio
logical isotope exchange. Biological processing is evaluated separately 
by comparing measured δ18O-PO4 values with the independently 
calculated temperature-dependent equilibrium composition for phos
phate in ambient river water (Blake et al., 2005; Chang and Blake, 
2015). In this sense, the mixing model defines the range of δ18O-PO4 
values expected from conservative mixing alone, while comparison with 
equilibrium provides a basis for assessing whether individual samples 
are consistent with subsequent isotope resetting.

Because the wastewater end member was represented by a single 
grab sample, the calculated effluent fractions are sensitive to the 
assumed δ18O-PO4 composition of effluent phosphate. The model results 
are therefore treated as first-order estimates rather than precise source 
apportionments. Where measured river δ18O-PO4 values fall outside the 
range defined by the upstream and measured effluent end members, 
these samples are interpreted as indicating end-member variability or 
plume heterogeneity, rather than being forced into the conservative 
mixing calculation.

4. Results

Across all samples (Table 1), δ18O-PO4 ranged from 12.5 to 17.9‰ 
(mean 16.7‰), while nitrate isotope compositions varied from 12.9 to 
20.5‰ for δ15N–NO3 and from 1.6 to 8.6‰ for δ18O–NO3, with river 
water δ18O remaining stable (− 6.88 to − 5.98‰). Soluble reactive 
phosphorus ranged from 240 to 885 μg L− 1 P (mean 277 μg L− 1), total 
dissolved phosphorus from 269 to 998 μg L− 1 P (mean 313 μg L− 1), and 
total phosphorus from 291 to 1050 μg L− 1 P (mean 371 μg L− 1), while 
nitrate concentrations were consistently high (40.7-119 mg L− 1 NO3

−

mean 44.9 mg L− 1) and ammonium remained low except in the effluent 
(0.010-0.306 mg L− 1 NH4

+).

4.1. Phosphorus concentrations and phosphate oxygen isotopes

Total phosphorus (TP), total dissolved phosphorus (TDP) and soluble 
reactive phosphorus (SRP) showed contrasting spatial patterns along the 
study reach (Fig. 2). The WwTW effluent sample contained markedly 
elevated TP (1050 μg L− 1 P), TDP (998 μg L− 1 P) and SRP (885 μg L− 1 P) 
relative to the river samples. River TP concentrations ranged from 
approximately 291 to 477 μg L− 1 P, with the highest values occurring at 
discrete downstream locations rather than showing a simple monotonic 
downstream decrease. TDP showed a similar, although less pronounced, 

Table 1 
Summary statistics of nutrient concentrations and isotope compositions along 
the study reach.

Parameter Min Max Mean Stdev

Phosphate δ18O (‰) 12.5 17.9 16.7 1.25
Phosphate δ18O equilibrium (‰) 16.3 17.2 17.1 0.20
Nitrate δ15N (‰) 12.9 20.5 14.8 1.55
Nitrate δ18O (‰) 1.6 8.6 5.1 1.7
Water δ18O (‰) − 6.88 − 5.98 − 6.05 0.19
Soluble reactive P (μg L− 1 P) 240 885 277 143
Total dissolved P (μg L− 1 P) 269 998 313 159
Total P (μg L− 1 P) 291 1050 371 167
NH4

+ (mg L− 1) 0.01 0.31 0.03 0.07
NO3

− (mg L− 1) 40.7 119 44.9 17.4
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spatial pattern. In contrast, SRP concentrations in the river varied over a 
narrower range, approximately 240–257 μg L− 1 P.

The δ18O-PO4 measurements represent phosphate isolated from 
filtered samples and therefore relate most directly to the dissolved 
inorganic phosphate fraction rather than to bulk TP. The contrasting 
behaviour of TP, TDP and SRP is considered further in the Discussion, 
particularly in relation to particulate or colloidal phosphorus and the 
interpretation of plume structure.

Phosphate oxygen isotope compositions also varied along the 
sampled reach (Fig. 3). Upstream river phosphate was characterised by 
δ18O-PO4 values close to 18‰, whereas the measured effluent phosphate 
end member was isotopically lighter, at approximately 14–15‰. 
Immediately downstream of the outfall, river δ18O-PO4 values shifted 
toward the effluent composition, producing intermediate values be
tween the measured river and effluent end members. This pattern is 
consistent with local mixing between background river phosphate and 
effluent-derived phosphate in the near field of the discharge.

A pronounced low δ18O-PO4 value of 12.5‰ was observed at 
approximately 220 m downstream. This value is lower than the 
measured effluent end member collected during the survey and there
fore falls outside the range predicted by conservative mixing using the 
measured upstream and effluent samples. The same location also coin
cided with elevated TDP and TP concentrations relative to most other 
river samples. This sample is therefore identified as an out-of-envelope 
value in relation to the measured end members. Possible explanations, 

including effluent end-member variability, plume heterogeneity, 
analytical uncertainty, additional phosphorus inputs, and local biogeo
chemical effects, are considered in Section 5.2.

Measured δ18O-PO4 values were compared with the calculated 
temperature-dependent equilibrium composition shown in Fig. 3. Most 
river samples were close to the calculated equilibrium value, while a 
small number of samples, including the low value at approximately 
220 m downstream, showed larger offsets. The significance of these 
offsets depends on analytical uncertainty, uncertainty in the calculated 
equilibrium value, and uncertainty in the effluent end-member compo
sition, and is considered further in Section 5.2.

Application of the two-end-member mixing model provided first- 
order estimates of the apparent local contribution of effluent-derived 
phosphate to the sampled dissolved inorganic phosphate pool (Fig. 4). 
For samples falling within the measured upstream–effluent isotope 
range, calculated effluent contributions were generally within the range 
of approximately 20–55%. The calculated fractions varied substantially 
between adjacent sampling positions and did not show a simple down
stream dilution trend. This variability is consistent with the sampling of 
different local water masses within a laterally structured plume. Samples 
indicated by arrows fall outside the model bounds defined by the 
measured end members, highlighting the sensitivity of the calculation to 
end-member composition. These samples are therefore treated as 
boundary-condition cases rather than precise fractional contributions.

Fig. 2. Downstream evolution of phosphorus species.

Fig. 3. Downstream evolution of phosphate oxygen isotopes (δ18O-PO4) in upstream river water, WwTW effluent, and downstream samples along the study reach. 
The dashed line shows the temperature-dependent equilibrium value.
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4.2. Nitrogen concentrations and nitrate isotopes

Nitrate concentrations in the river were high and relatively uniform 
along the sampled reach, with values consistently around 40–41 mg NO3 
L− 1 (Fig. 5). Nitrite concentrations were below detection limits in all 
river samples, and ammonium concentrations were very low, generally 
<0.02 mg NH4 L− 1. This indicates that dissolved inorganic nitrogen in 
the river was dominated by nitrate at the time of sampling. In contrast, 
the WwTW sample (SW-20) showed a distinct nitrogen composition, 
with substantially elevated nitrate concentration and elevated ammo
nium relative to the river samples.

Despite the contrast between effluent and river chemistry, no sys
tematic downstream increase in nitrate or ammonium concentrations 
was observed in the river following the discharge. River concentrations 
instead remained stable within a narrow range, indicating that the 
effluent nitrogen signal was not clearly resolved against the large 
background nitrate pool over the spatial scale and hydrological condi
tions sampled.

Nitrate isotope compositions in the river also showed limited spatial 
variability. δ15N–NO3 values in river samples generally ranged between 
approximately +13 and + 15‰, while δ18O–NO3 values clustered be
tween about +2 and + 8‰ (Fig. 6). These values are consistent with a 

nitrate pool dominated by upstream source inputs and within-reach 
transport, with little measurable perturbation from the WwTW 
discharge. In contrast, the WwTW effluent sample exhibited elevated 
δ15N–NO3 of approximately +20.5‰ and slightly higher δ18O–NO3 
values, consistent with sewage-derived nitrogen that has undergone 
processing within the treatment system.

No systematic downstream enrichment in δ15N–NO3 was observed 
following the WwTW discharge. River δ15N–NO3 averaged 14.2‰, with 
a 3σ range of 2.1‰. δ18O–NO3 showed greater variability, averaging 
5.1‰ with a 3σ range of 5.1‰, and included one downstream value 
similar in magnitude to the WwTW effluent value near the location of 
the low δ18O-PO4 sample. However, this was not accompanied by a 
corresponding enrichment in δ15N–NO3. The nitrate isotope data 
therefore show no coupled downstream increase in δ15N–NO3 and 
δ18O–NO3 that would provide isotopic evidence for substantial denitri
fication over the sampled reach.

Overall, the nitrogen concentration and isotope data indicate that 
nitrate behaved much more conservatively than phosphate over the 
study reach. The WwTW effluent was chemically and isotopically 
distinct, but its signal was strongly buffered by the large background 
nitrate pool in the river. This provides a comparatively stable nitrogen 
isotope framework against which the more spatially variable phosphate 

Fig. 4. Apparent local contribution of effluent-derived phosphate estimated from a two-end-member δ18O-PO4 mixing model. Values represent the sampled water 
mass and should not be interpreted as cross-section-averaged effluent contributions. Upward and downward arrows indicate samples that fall outside the model 
bounds defined by the measured upstream river and WwTW effluent end members. These boundary-condition cases reflect sensitivity to the selected end-member 
compositions and are interpreted as evidence of end-member uncertainty or plume heterogeneity rather than as precise fractional estimates.

Fig. 5. Downstream evolution of nitrogen species. Concentrations of nitrate (NO3) and ammonium (NH4) in upstream river water, WwTW effluent, and downstream 
samples along the study reach. Nitrite was below detection in river samples.
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response can be interpreted.

5. Discussion

5.1. Hydrodynamic control and plume structure

The combined concentration and isotope data indicate that hydro
dynamic structure exerted a strong control on nutrient behaviour 
downstream of the WwTW. Rather than becoming rapidly mixed across 
the full channel width, the effluent appears to have remained as a 
laterally structured, right-bank plume over the sampled reach (Fig. 7a). 
Under these conditions, effluent-influenced water and background river 
water can be transported downstream in parallel, so downstream dis
tance alone is insufficient to describe water-mass evolution or interpret 
isotope patterns. This is particularly important for the phosphate data
set, where spatial variability in TP, TDP and δ18O-PO4 is more readily 
explained by interception of plume-influenced water masses than by a 
simple one-dimensional downstream trend.

The persistence of lateral heterogeneity over several hundred metres 
highlights that near-field effluent mixing can be slower than is often 
assumed when river reaches are treated as laterally well mixed. Longi
tudinal dilution may occur while cross-channel homogenisation remains 
incomplete, particularly where a bank-side discharge enters a relatively 
wide channel. In this study, the right-bank location of the discharge, the 
approximately 50 m channel width, the lateral sampling pattern, and the 
spatial variability in phosphorus concentrations and δ18O-PO4 all sup
port interpretation of a laterally structured plume. As a result, chemical 
and isotopic gradients may persist across the channel even where lon
gitudinal concentration changes appear weak.

This hydrodynamic context helps explain the contrasting responses 
of nitrate and phosphate to the effluent input. Nitrate concentrations in 
the river showed little spatial variability, not necessarily because plume 
water was absent from downstream samples, but because the back
ground nitrate pool was large and the effluent contribution did not 
measurably perturb the bulk river nitrate signal under the sampled 
conditions. Phosphate concentrations and isotope compositions, in 

Fig. 6. Downstream evolution of nitrate isotopes (δ15N–NO3 and δ18O–NO3) in upstream river water, WwTW effluent, and downstream samples along the 
study reach.

Fig. 7. Conceptual model of nutrient behaviour downstream of a wastewater discharge in a shallow, laterally heterogeneous river. Blue circles represent mixing and 
red circles biological cycling. (a) Plan-view schematic showing a bank-attached effluent plume transported downstream with incomplete lateral mixing. (b) Cross- 
section showing relatively rapid vertical mixing but slower lateral exchange, such that plume-influenced water occupies the near-bank part of the channel while 
remaining laterally structured. (c) Contrasting nutrient responses, with phosphate showing greater sensitivity to plume interception and biological isotope resetting, 
and nitrate behaving more conservatively because of buffering by the background nitrate pool. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.)
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contrast, displayed stronger spatial structure because the background 
phosphate pool was smaller and because δ18O-PO4 is sensitive to both 
source mixing and subsequent biological isotope resetting. Plume 
interception therefore produced a more detectable and spatially variable 
phosphate signal than was observed for nitrate.

Recognition of this plume structure provides the physical framework 
for interpreting both the end-member mixing calculations and the 
isotope systematics. Mixing between effluent and river water occurs 
during downstream transport, but because lateral exchange remained 
incomplete over this reach, the resulting composition was not uniform 
across the channel. Each sample therefore represents the local mixture at 
that sampling position rather than a laterally averaged river signal. 
Without explicit consideration of this heterogeneity, isotope patterns 
may be over-interpreted as biogeochemical transformation when they 
partly reflect hydrodynamic structure.

5.2. Phosphate isotope behaviour: mixing, end-member uncertainty and 
possible phosphate isotope resetting

The phosphate oxygen isotope data indicate that local plume mixing 
was an important control on the observed spatial pattern in δ18O-PO4. In 
the near field of the WwTW input, several δ18O-PO4 values fell between 
those of the upstream river and the measured effluent sample, indicating 
that conservative end-member mixing provides a first-order explanation 
for the initial isotopic shift (Gooddy et al., 2018; Gruau et al., 2005). The 
two-end-member model suggests that approximately 20–55% of the 
local dissolved inorganic phosphate pool may have been derived from 
the effluent at plume-influenced sampling points, depending on lateral 
position. These values should be interpreted as apparent local effluent 
fractions for the sampled water masses, rather than as reach-averaged 
contributions to river phosphate.

The interpretation of δ18O-PO4 is complicated by the fact that the 
upstream river phosphate was already close to the calculated 
temperature-dependent equilibrium composition of approximately 
17.2‰. Conservative mixing between this near-equilibrium river phos
phate and isotopically lighter effluent phosphate can therefore generate 
intermediate values that move towards the upstream river composition 
as the effluent contribution decreases. For this reason, proximity to the 
calculated equilibrium value cannot by itself be taken as proof of post- 
discharge biological isotope exchange. Instead, the equilibrium com
parison is used here as an interpretive reference alongside the mixing 
model, lateral sampling position and phosphorus concentration data.

Several downstream samples were close to the calculated equilib
rium composition, while some plume-influenced samples were displaced 
from it. This pattern is consistent with a combination of conservative 
mixing and biological isotope resetting, but it does not define a simple 
monotonic downstream trend or allow a turnover rate to be calculated. 
The data show a spatial pattern in δ18O-PO4 relative to measured end 
members and calculated equilibrium, but travel times and biological 
exchange rates were not directly measured. The approach towards 
equilibrium is therefore interpreted cautiously as evidence consistent 
with short-reach phosphate isotope resetting, rather than as a quantified 
rate of biological turnover.

The low δ18O-PO4 value of 12.5‰ observed at approximately 220 m 
downstream requires separate consideration. This value falls below the 
measured effluent end member and therefore cannot be produced by 
conservative two-end-member mixing using the upstream and effluent 
samples collected during the survey. Several explanations are possible, 
including analytical uncertainty, an additional phosphorus source, local 
biogeochemical effects, interaction with particulate or colloidal phos
phorus, short-term temporal variability in the effluent, or lateral het
erogeneity within the plume. Analytical uncertainty alone is unlikely to 
explain the magnitude of the offset, given the duplicate precision of the 
δ18O-PO4 measurements. A separate unrecognised phosphorus source 
cannot be excluded entirely, but the coincidence of the low isotope value 
with elevated TDP and TP supports interpretation as a plume-influenced 

water mass. The most likely explanation is therefore that the single 
effluent grab sample did not fully constrain the isotopic variability of 
wastewater-derived phosphate entering or moving through the reach. 
The 220 m sample is therefore treated primarily as evidence of end- 
member and plume heterogeneity, rather than as part of a general 
downstream equilibration trend.

The contrasting behaviour of SRP, TDP and TP also indicates that 
phosphorus transport cannot be treated as a single homogeneous dis
solved pool. The δ18O-PO4 measurements represent phosphate isolated 
from filtered samples and are most directly related to the dissolved 
inorganic phosphate fraction. However, the greater spatial variability in 
TP and TDP suggests that particulate or colloidal phosphorus also 
contributed to the plume signal. This may help explain why phosphorus 
showed stronger spatial structure than nitrate, which was present almost 
entirely as dissolved nitrate and was strongly buffered by the large 
background nitrate pool. The isotope interpretation therefore applies 
specifically to the dissolved phosphate fraction, while the wider phos
phorus concentration patterns also reflect particulate and colloidal 
transport.

Abiotic processes are unlikely to provide a better explanation for 
samples approaching the calculated equilibrium composition. Frac
tionation of phosphate oxygen isotopes during interaction with mineral 
surfaces, particularly iron oxides, has been demonstrated experimen
tally (Jaisi et al., 2010). However, such processes do not generally drive 
dissolved phosphate towards a temperature-dependent equilibrium with 
ambient water. In natural aquatic systems, oxygen isotope exchange 
between phosphate and water is primarily associated with enzymati
cally mediated biological reactions (Blake et al., 2005; McLaughlin 
et al., 2013). The phosphate isotope data are therefore consistent with 
some biological isotope resetting within the reach, but the strength of 
this inference is limited by the single-survey design, the lack of direct 
travel-time measurements and the incomplete characterisation of 
effluent end-member variability.

Overall, the phosphate isotope data show that δ18O-PO4 integrates 
information on local plume mixing, end-member variability and possible 
biological isotope resetting. The key implication is that δ18O-PO4 values 
downstream of wastewater inputs cannot be interpreted using either 
conservative mixing or biological equilibration alone. Both need to be 
considered within the lateral plume structure of the receiving river, and 
with explicit recognition of uncertainty in the measured end-member 
compositions.

5.3. Background nitrate buffering and unresolved nitrogen 
transformations

The limited nitrate isotope response downstream of the WwTW re
flects the strong buffering effect of the background nitrate pool. Nitrate 
nitrogen and oxygen isotope compositions are largely inherited during 
nitrate formation and tend to remain stable during transport unless ni
trate is actively transformed or removed, for example by assimilation or 
denitrification. In this reach, the river contained a large background 
nitrate pool of approximately 40 mg NO3

− L− 1. Although the WwTW 
effluent nitrate was chemically and isotopically distinct, its contribution 
was insufficient to produce a clear downstream shift in bulk river nitrate 
concentration or isotope composition under the sampled hydrological 
conditions.

This interpretation does not require the absence of nitrogen trans
formation within the reach. Rather, it indicates that any such processes 
were not expressed as a measurable reach-scale change in the bulk ni
trate isotope signal. The large background nitrate pool would strongly 
dampen any isotopic effect associated with local nitrification, assimi
lation or denitrification. This is particularly important because ammo
nium showed greater spatial variability than nitrate, although at much 
lower absolute concentrations. Local NH4

+ variability may indicate 
plume influence or short-reach nitrogen cycling, but without δ15N–NH4 
measurements, dissolved oxygen or redox data, and direct nitrification- 
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rate measurements, the role of effluent-derived NH4
+ transformation 

cannot be resolved. DOC was not measured during this survey, so the 
potential role of wastewater-derived organic carbon in supporting local 
microbial nitrogen or phosphorus transformations could not be assessed 
directly.

The absence of coupled downstream enrichment in δ15N–NO3 and 
δ18O–NO3 indicates no detectable isotopic evidence for substantial 
denitrification over the sampled reach and hydrological conditions. 
Denitrification typically produces coupled increases in both isotope ra
tios as nitrate is progressively consumed (Böttcher et al., 1990; Sebilo 
et al., 2003, 2006; Seitzinger, 1988), but such a trend was not 
observed here. However, this does not rule out denitrification occurring 
at other times, in localised sediments, within slower-flowing marginal 
zones, or under different hydraulic or redox conditions. It also does not 
exclude nitrification or assimilation occurring at rates too small to be 
detected against the large background nitrate pool.

The laterally structured plume also means that nitrogen processing 
may not have been spatially uniform across the channel. Samples 
collected nearer the bank may have experienced different velocities, 
residence times, sediment contact or organic matter availability than 
mid-channel samples. Such spatial differences could influence local ni
trogen transformations, but the sampling design was not intended to 
quantify hydraulic residence times or bank-specific processing rates. The 
nitrate isotope data should therefore be interpreted as showing no 
detectable reach-scale nitrate transformation signal, rather than 
demonstrating that nitrogen cycling was absent.

Overall, nitrate behaved much more conservatively than phosphate 
at the scale resolved by this survey. This difference reflects not only the 
dissolved nature of nitrate, but also the large background nitrate pool, 
which buffered any effluent-related or process-related isotope signal. In 
contrast, phosphate showed stronger spatial structure because the 
background phosphate pool was smaller, δ18O-PO4 is more sensitive to 
biological isotope exchange, and wider phosphorus patterns may also 
include particulate or colloidal transport. The contrast between nitrate 
and phosphate therefore highlights that nutrient isotope responses 
downstream of wastewater inputs depend on both biogeochemical 
reactivity and the size and form of the background nutrient pool.

5.4. Implications for monitoring and interpretation of wastewater-affected 
rivers

The results of this study show that robust interpretation of nutrient 
behaviour downstream of wastewater discharges requires explicit 
consideration of both lateral mixing structure and nutrient-specific 
reactivity. Where effluent forms a laterally confined plume, the 
assumption of complete cross-sectional mixing may not be valid over 
short spatial scales, and different water masses can be transported 
downstream in parallel. Under these conditions, the chemical and iso
topic composition of any individual sample reflects both longitudinal 
distance from the discharge and lateral position relative to the plume 
(Volkmar et al., 2011; Bowes et al., 2014). Measurements collected at a 
single downstream location may therefore not capture the full 
cross-channel variability in effluent influence.

This has direct implications for sampling design. Downstream 
monitoring of point-source inputs should not assume complete lateral 
mixing unless this has been demonstrated for the reach and flow con
ditions being sampled. Where the outfall is bank-side, or where plume 
persistence is likely, sampling at multiple lateral positions is preferable 
to reliance on a single mid-channel or bank-side sample. At a minimum, 
the lateral position of each sample should be recorded and interpreted as 
part of the chemical and isotope dataset. Where regulatory or investi
gative monitoring depends on representative downstream concentra
tions, additional hydraulic information, such as flow gauging, dye 
tracing, ADCP measurements or high-frequency sensor deployment, 
would help determine whether a sample represents local plume water or 
a more mixed river signal.

For phosphate, incomplete lateral mixing is particularly important 
because both concentration and δ18O-PO4 can respond strongly to local 
plume interception. Samples collected within plume-influenced water 
may capture phosphate that is chemically enriched and isotopically 
distinct from the background river pool, whereas samples collected 
outside the plume may better represent upstream or more fully mixed 
river conditions. Phosphate oxygen isotopes are therefore most useful 
where the aim is to evaluate the interaction between source mixing and 
biological cycling, but they should be interpreted alongside phosphorus 
fractions, end-member composition and hydrodynamic context. In 
particular, single effluent grab samples may not fully characterise end- 
member variability, so repeated effluent sampling or sensitivity anal
ysis should be considered where quantitative source fractions are 
required.

In contrast, nitrate showed little measurable response over the same 
reach. Its concentration was dominated by a large background nitrate 
pool, and its isotope composition was not strongly perturbed by the 
effluent input under the sampled hydrological conditions. This does not 
exclude local nitrogen transformations, but it means that nitrate isotope 
signals may be difficult to interpret below wastewater inputs where the 
background nitrate pool is large relative to the effluent contribution. 
Under such conditions, ammonium, dissolved oxygen, DOC, redox 
conditions, δ15N–NH4 or high-frequency concentration measurements 
may provide useful complementary information.

More generally, the study highlights that the downstream distance 
required for complete mixing should not be assumed to be fixed. It will 
vary with river flow, discharge rate, channel width, depth, turbulence, 
outfall position and bank geometry. The plume in this study remained 
laterally structured over the sampled 400 m reach, but the full down
stream mixing length was not determined. Future studies and moni
toring programmes would benefit from extending lateral sampling 
further downstream and linking isotope data with direct hydraulic 
measurements to determine when a point-source signal becomes cross- 
sectionally mixed.

From a management perspective, these results indicate that mitiga
tion priorities downstream of WwTW discharges are likely to differ be
tween nutrients. For phosphorus, the strong near-field response suggests 
that point-source controls at the discharge, together with an under
standing of plume structure, are likely to be central to managing 
downstream impacts. For nitrate, the large background pool implies that 
catchment-scale loading may dominate over short-reach in-stream 
removal or localised outfall effects under similar conditions. In this 
WwTW context, nutrient behaviour therefore points to a practical 
distinction between near-field point-source management for phosphorus 
and broader catchment-scale management for nitrate.

6. Conclusions

This study shows that nutrient isotope behaviour downstream of a 
wastewater discharge can be strongly shaped by the interaction between 
lateral plume structure and nutrient-specific reactivity. Over the 400 m 
reach sampled here, the effluent did not behave as a fully cross- 
sectionally mixed input, but instead remained laterally structured 
within the channel. As a result, downstream nutrient concentrations and 
isotope compositions reflected both distance from the outfall and sam
pling position relative to the plume.

Within this hydrodynamic framework, phosphate and nitrate 
showed contrasting behaviour. Phosphate oxygen isotopes were sensi
tive to local plume interception, with near-field isotope compositions 
broadly consistent with first-order mixing between effluent and river 
phosphate. Further downstream, several δ18O-PO4 values were close to 
the calculated temperature-dependent equilibrium composition, 
consistent with some possible biological isotope resetting of phosphate 
within the reach. However, because the upstream river phosphate was 
already close to equilibrium, and because travel times and isotope ex
change rates were not directly measured, these patterns should be 
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interpreted as spatial evidence for mixing and isotope resetting rather 
than as quantified rates of phosphate turnover.

The low δ18O-PO4 value observed at approximately 220 m down
stream fell outside the conservative mixing envelope defined by the 
measured upstream and effluent end members. This highlights the 
sensitivity of two-end-member calculations to end-member selection 
and supports the need to consider effluent variability and plume het
erogeneity when interpreting phosphate isotope data downstream of 
point-source inputs.

In contrast, nitrate concentrations and isotope compositions 
(δ15N–NO3 and δ18O–NO3) showed little measurable response to the 
discharge over the same reach. The effluent nitrate signal was strongly 
buffered by the large background nitrate pool, and there was no 
detectable coupled isotopic enrichment indicative of substantial deni
trification under the sampled hydrological conditions. This does not 
exclude local nitrogen transformations, but indicates that any such 
processes were not resolved in the bulk nitrate isotope signal during this 
survey.

More broadly, the results demonstrate that rivers receiving point- 
source inputs cannot always be interpreted as laterally well-mixed 
one-dimensional systems over short spatial scales. Integrating hydro
dynamic context with multi-nutrient isotope measurements provides a 
stronger basis for interpreting nutrient behaviour in plume-affected 
river systems, particularly where source mixing, end-member uncer
tainty, background nutrient buffering and biological reactivity operate 
together.
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