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Abstract

An essential aspect of eutrophication studies tsame the ultimate origin of phosphate ions (P-
PQOy) associated with the solid phase of river sediseag certain processes can make these
ions available for algae. However, this is notraightforward task because of the diversity of
allochthonous and autochthonous sources that qatysB-PQ to river sediments as well as
the existence of in-stream processes that can elthrgspeciation of these inpatsd obscure
the original sources. Here, we present the restiisstudy designed to explore the potentials,
limitations and conditions for the use of the oxyggotope composition of phosphase®Op)
extracted from river sediments for this type oting. We first tested if the method commonly
applied to soils to purify P-P@nd to measure theit®Op concentrations could be adapted to
sediments. We then applied this method to a setdiments collected in a river along a

gradient of anthropogenic pressure and comparedisoéopic signatures with those from
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samples that are representative of the potentRDPinputs to the river system (soils and
riverbank material).

The results showed that following some adaptatithrespurification method could be
successfully transposed to river sediments witlgh level of P-PQ purification (> 97%) and
high '%0p measurement repeatability and accuracy (< 0.4%e.values for the potential
allochthonous sources varied from 11.8 to 18.3%ilenthe3*%0p value for the river sediments
ranged from 12.2 to 15.8%.. Moreover, a sharp irsgda 3%o) in the sedimeft®Op value
immediately downstream from the discharge poineéad®d the strong impact of municipal
wastewater. The calculation of the theoretical iapiuim 8180p values using the river water
temperature and0,, showed that the downstream sediments were inibduih, which was
not the case for the upstream sediments. Thisrdifte could be related to the contrast
between the short residence time of the trans&esyin the catchment head, which can
preserve the isotopic variability of the sourceenats, and the longer residence times and
higher P bioavailability in the lower catchmentspibly fostering the recycling of P-R©®y

the biota and the equilibration of the oxygen ipetsignature in P-POThese results
demonstrate the potential of the isotopic apprdaaassess the sources and in-stream turnover

of sedimentary P in river systems.

KEYWORDS: Phosphorus transfer, Agriculture, In-atre processes, Eutrophication,

Phosphate oxygen isotopes

1. Introduction

Phosphorus (P) associated with the solid phasel@signated as “particulate-P” often accounts

for the major part of phosphorus transferred fremetstrial to aquatic ecosystems (Kleinman et
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al., 2011; Kronvang et al., 2007; Sharpley etl#199). The impact of particulate-P on the
trophic state and eutrophication of the receiviggadic ecosystems, especially lentic
ecosystems, depends on the size of its potenbaibvailable fraction. The amount of P that
occurs as inorganic phosphate ions (P-P@ls), either in solution (dissolved P-BGorbed
onto, or precipitated within stream and river segtiis, is thought to represent the most readily
bioavailable P pool (Moorleghem et al., 2013). Hiere, an essential aspect of studies
dedicated to the restoration of eutrophicated acjeabsystems is to quantify P-P@ools in

river water and sediments and to trace the ultiragtgn of these pools (Kleinman et al., 2011,
Mellander et al., 2015).

However, this quantification is not a straightfordidask because of the diversity of the
allochthonous and autochthonous sources that naphsB-PQ to river sediments. Several
allochthonous compartments in the catchment caplgyyarticulate-Ro river sediments,
including pristine and weathered basement rockssted or agricultural soils, riverbank
sediments, etc. For example, the autochthonousiaddif P-PQto the sediments can occur
through sorption onto the sediments of dissolvépions supplied by sewage effluents or
the in-stream mineralization of sewage organic engdRoulenard et al., 2008). The in-stream
retention of dissolved P-R®y the sediments primarily occurs during low-flperiods when
the retention time of the sediment is long enougalliow the necessary physical-chemical
reactions to develop (Dorioz et al., 1998a, 198%ign et al., 2006; Pistocchi et al., 2012) and
is particularly intense immediately downstreamha point source pollution inputs.
Autochthonous P-P£pools can also come from the recycling of alloontbus particulate-P by
aqguatic flora or by microorganisms in the sedim&he biological uptake by biofilm is another
important seasonal process that is involved irretention of P-P@ons by thesediment

(Wang et al., 1999). These in-stream recyclingrabehtion processes, which help the P to turn

over within the river ecosystem, are expected ttriggered by the bioavailability of
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allochthonous P and to regulate the internal privdtyc of the river system. Their
guantification can be used to assess the efficieheyriver system to recycle and transform
any particulate P into more bioavailable PPlaut an efficient recycling can eventually
obscure the ultimate origin of the P-Pé&xported at the outlet.

It is often impossible to quantify and trace thi#éedlent sources of particulate-P that are
potentially involved in eutrophication using onhgetvariability in P speciation as determined
by classical chemical extraction methods (Burrual.et1989; Pacini and Gachter, 1999;
Poulenard et al., 2009; Walling et al., 2008). Assult, there a need to develop tools or/and
strategies that can be reliably used to tracenhi®rtant P compartment, particularly its
dominant inorganic P-PQraction, and to understand the extent and ratéhath particulate-P
is biologically recycled and modified within streamand rivers.

Oxygen isotopes could provide one such possible Td@ oxygen isotopic composition of
phosphated®Op) has already been successfully used to traceifees and study the P-PO
cycle in soils, freshwater and marine sedimentyi@eet al., 2014; Goldhammer et al., 2011;
Gooddy et al., 2016; Gruau et al., 2005; Melbyle2®13; Tamburini et al., 2014). This
approach is based on: i) the existence of measudifiérences in the abundance ratio'fl®
and*®0 atoms in the phosphate group of potential R-6tDrces (e.g. primary P-rich minerals,
chemical fertilizers, chemical detergents, phosplfraim wastewater, etc.); and ii) the fact that
biologically mediated processes have the possitiditnodify§'®Op in a predictable way
(Blake et al., 2005). The first property allows the/gen isotope composition of P-P be
potentially used as a source tracer in environnhegtiems, whereas the second property
allows it to be used to quantify the rate of biabadrecycling of P-PQ Two enzymatic
processes are mainly responsible for changes i&'{®® value. One is the isotope
equilibration between oxygen in P-P@nd oxygen in ambient water. This process, wtsch i

caused by reversible phosphorylation/dephosphaoylaeactions that are catalyzed by the
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inorganic intracellular pyrophosphatase enzymek@let al., 2005), is temperature dependent
and has been described by an empirical equatiomgjbelli and Nuti, 1973) that was recently
revised by Chang and Blake (2015). The seconckikitietic isotope fractionation produced by
the enzymatic hydrolysis of phosphoesters (LiargyBlake, 2006; von Sperber et al., 2015,
2014), the magnitude of which depends on the tymmpyme involved (e.g. acid or alkaline
phosphatases) and the final effect of which ongbtpic signature of the recycled P-Palso
depends on th&'®Op value for the original substrate, i.e. inhereffect (Liang and Blake,
2006). Small kinetic isotope effects are associaitigldl the initial stages of the abiotic reaction,
such as the sorption of P-P@nto the solid phases (Jaisi et al., 2010; Mettal.e2013b) or
biological uptake (Blake et al., 2005).

In freshwater ecosystem studies, the us&@p is at an early stage (Davies et al., 2014). For
river sediments, the lack of a standardized metbaxtract, purify and analyZe°Op is a
hinderance. In this study, we first adapted thenmethat is commonly used for soils to
sediments and validated the capability of this métto provide precise and accurate results.
We then applied this method to riverbed sedimewi® fa river in the French Alps with the
following objectives: i) to characterize the vailip of the 5'°0p signatures in the riverbed
sediments and the potential external sediment ssygwils, riverbank materials) in an
exemplar river system; ii) to explore the potentiatitations and conditions of using the
isotopic tool to assess the respective role ofreatenputs and internal recycling processes to

build up the P-P©budget of the riverbed sediments in this river.

2. Materials and methods

2.1 Site description and sampling



123 The Redon River is a small alpine torrential trdwyt(i.e. a shallow high-gradient, high-energy
124  stream with an annual average discharge of G/5 at the outlet) of Lake Geneva (France).
125 The sediment dynamic of this river has been alréaidysively studied (Al-Charideh, 1988;
126 Dorioz et al., 1998b; Feuillade and Dorioz, 1992ntid et al., 1989; Poulenard et al., 2008)
127 making it a particularly appropriate site for thegent exploratory study. The total catchment
128 surface area is 3,300 ha with a land use that snsiainly of forests (1,100 ha) in its upland
129 part and grasslands (1,200 ha) and cultivated &ardd (300 ha) in its lowland part. Several
130 wetlands (20 ha) are present, while urbanized aeasoncentrated near the outlet, close to the
131 shore of Lake Geneva. The Redon River is impacydabkh point and diffuse sources of P.
132 The main point source of P is located in the lopeat of the river and consists of inputs of
133 predominantly dissolved P from a wastewater treatrpant (WWTP), whereas the main

134 diffuse sources occur in the upper part of thehsatmt, consisting mainly of particulate-P
135 from agricultural and forested lands (Fig. 1).

136 The soils are mainly Cambisols, formed from thetiveiang products of quaternary moraine
137 material consisting of a large range of mainly asdous sedimentary, metamorphic and

138 igneous rocks from the Rhéne glacier (Nicoud etl#193). The soil mineralogy is comprised
139 of a mixture of minerals inherited from the weathgrof this heterogeneous parent material
140 and their secondary weathering products. Previtugies (Dorioz et al., 1998a, 1998b) have
141 shown that the Redon River sediments are Ga@® (10 to 20% CaCg¢)pH > 7). Their fine
142 (< 200 p) fraction is dominated by loamy and samdyerials, with an organic matter content
143 between 2 to 4.5%. The clay fractions (7-11%) cstnsiostly of soil-derived illite, biotite and
144  chlorite (Poulenard et al., 2008). The water inReelon River is bicarbonated-calcic.

145

146 [Figure 1]

147



148 2.2 Sampling strategy and sample preparation

149 Details regarding the sampling sites and samplomglitions are given in Tables 1 and 2. Three
150 types of samples were collected: i) eight riverbediments collected at six locations (A, B, C,
151 D, E and Fin Fig. 1) along a downstream gradi¢imd use that changes from forested to
152 mixed agricultural/urban areas, thus representiggadient of increasing anthropogenic

153 pressure; this includes two samples collectedragastlets draining a small agricultural sub-
154 catchment (locations A and B in Fig. 1) that isresgntative of the type of agriculture

155 practiced in the Redon River catchment (Dorioz Berhi, 1994); ii) four samples

156 representative of the potential sources of riveiraents, including cultivated topsoil and deep
157 horizon, riverbank material, and soil from a 2 hetland, hydraulically connected to the river;
158 and iii) two samples from sediments from Lake Gen@presenting an average reference for
159 the local superficial lacustrine sediments (coéeldn 2012 and provided by the EDYTEM

160 laboratory).

161 Given that it was difficult to access the river pedvas not possible to visit all six riverbed

162 sediment sampling locations at the same time. Tloesions were first sampled at the end of
163 March 2012 (B, C and F), and five (A, B, D, E andaere sampled (again) at the beginning of
164 September 2012. Both periods were low-flow periodsere the September period corresponds
165 to the lowest weekly discharge period of the y8amples were taken in areas of preferential
166 accumulation of fine sediments. At each locatiamgle samples of the entire sediment matrix
167 were taken manually at 3-5 different points anahthnéxed to obtain an average sample (0.5-1
168 kg dry weight). Simultaneously, the electric conduty (EC) was measured and a water

169 sample was collected to determine the SRP (sohelletive phosphorus) concentration and
170  water oxygen isotope compositich'{O,,). Hourly water temperatures were obtained from
171 automatic recorders at the outlet. The riverbamkpda was collected in the upstream, forested

172 part of the catchment (see Fig. 1). The cultiva@tisamples were collected in the same small



173 sub-catchment used to sample the streamlet sedirffeigt 1), as this sub-catchment is known
174 to represent zones of maximum soil erosion rishkéRedon catchment (Dorioz and Ferhi,
175 1994). In addition to taking a topsoil sample, ek soil sample was taken at a depth of
176 approximately -70 cm to account for the possibtesien of deep soil materials along ditches
177 or/and soil embankments. These two samples weeenglot by pooling five subsamples (200-
178 300 g) collected in different locations within aglie field or its embankment. The pooled

179 samples were then air-dried and sieved at 200 |fonebanalysis. No river water samples were
180 collected for the analysis of tlé®Op values for the dissolved P-R@lthough these could

181 have been useful in the interpretation of the beersediment data. The decision not to sample
182 the river water was due to the very low concerdretiof dissolved P-P@ecorded in this river
183 (Table 1), which makes it extremely difficult toadyze the3*®Op in the current state of the
184 analytical protocols.

185

186 [Table 1]

187

188 [Table 2]

189

190 2.2 Sediment and soil P chemical analyses

191

192 The total phosphorus (Pt) and Olsen Bstp concentrations were determined in all of the
193 samples. Bsen(Olsen et al., 1954), which is considered as bezpgesentative of the

194 bioavailable fraction of P in soils, has been shoovoorrelate linearly with P extracted from
195 the sediment in bio-assays with algae (Jordan-Bl€ll998). The Pt concentrations were

196 measured after a hot sodium hydroxide digestioe. tdtal inorganic and organic P in the

197 samples were determined according to Saunders dhdig (1955) as described by Fares et
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al. (1974). The spectrophotometric determinatioR-¢fQ in all of the extracts/digestates was
carried out using the molybdenum blue method (Myrgid Riley, 1962) at 882.0 nm on a

Cary 50 UV-Vis spectrometer (Agilent).

2.3 Isotopic analyses and data treatment

2.3.1 Extraction and purification protocol

We used the extraction and purification protocdiaity developed by Tamburini et al. (2010)
for soils (hereafter referred as to Th10), whichadapted for sediments. The Th10 protocol
consists of the following six steps:

i) extraction of phosphate from the soil/sedimeithv& M HCI, which in sequential extraction
mainly targets the P-R@ool (HCI-P) associated with Ca, but in our casedular extraction)
also P sorbed onto Fe and Al oxides;

i) dissolved organic matter (DOM) removal from t@ution using an Amberlite resin,

iii) ammonium phospho-molybdate (APM) precipitatiamnd subsequent dissolution,

iv) magnesium ammonium phosphate (MAP) precipitaind dissolution,

V) cation removal by a cation exchange resin (BthReG50 x8),

vi) silver phosphate (AgPOy) precipitation through the addition of an Ag-ammsolution to
the purified phosphate solution.

The goal of these steps, after HCI extractionp iavioid sources of oxygen (i.e. DOM, nitrate,
etc.) other than P-P&nd other contaminants, e.g. chloride, in thel Briger phosphate
precipitate.

We modified the Th10 protocol in several ways dlo¥es (Fig. 2 in the supplementary
material). First, the samples were sieved at 200nstead of 2 mm, since this finer fraction
contains the bulk of the bio-geochemically activie Aver sediments (Poulenard et al., 2008).

The liquid-to-solid ratio in the extraction stepsvaodified to 100:1 instead of 50:1, since the
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pre-tests showed that, with our highly carbonatstilsents, the solution did not reach the
targeted pH (1 £ 0.5). The quantity of sediment a@dsisted to have at least 10 umoles of P for
the purification, corresponding to 10 to 20 g @veid sediments. The DOM removal step using
an Amberlite resin was not performed as the suls#gieps successfully eliminated the
organic matter (see below). Finally, for samplethwi high calcium carbonate content, an
additional step had to be introduced to accountiferformation of a calcium molybdate
precipitate during the APM precipitation. To elirata the precipitate, we repeated the
subsequent MAP precipitation step twice.

The 1 M HCI extraction may hydrolyze some of thgamic or condensed P (Turner et al.,
2005) and the released Pi may bias the isotopigosition of the inorganic P pool targeted
here. To assess the existence of such a posdiiféetrextractions were run in duplicate using
80-labeled and unlabeled reagemsO-labelled 1M HCI solution was prepared by adding
approximately 0.05 ml dfO-enriched water (97%o, Aldrich) to 1 liter of 1 M solution.
Labeled and unlabeled solutions were analyzed'fi,. If hydrolysis occurred, it should

result in different isotopic compositions dependimgwhether labeled or unlabeled reagents
were used, i.e. a highéjrsoIO for the labeled sample compared to the unlabeted o this case,
we calculated the “real” isotopic value by a redisersion of the mass balance equation used

by McLaughlin et al. (2006b):

— (5180pl' 6180yyn1 — 5180pnl +5180y,1) (1)
(5180pl - 5180pnl— 61801 + 6180y,,1,1)

5180p

whered'®0y and3*®0,y are the isotopic composition of P-Pfor the labeled and unlabeled
samples, respectively, adtfO,; ands*®0,. are the isotopic composition of water for the
labeled and unlabeled reagents, respectively.

The efficiency and reliability of the modified Thp@otocol used here were evaluated by
considering the repeatability of the extractionffication process, the final ABO,yield and

its purity. The purity was assessed by i) dissguime obtained AgPO, and comparing the

10
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actual concentration of phosphate in the solutigh the theoretical concentration, i.e. the
amount expected if all of the solid mass wagP@, and ii) determining the C and N
concentration of the obtained /RO, on the elemental analyzer (Flash 2000, Termo
Scientific); these two concentrations are usechdieators of possible contamination by
organic matter and/or nitrate. The purity of théanied AgPO, crystals was also assessed
through quantification of the oxygen yield duringss spectrometry analyses. This was done
by graphically comparing the weight of the £, standards and samples introduced into the
machine against the peak area of the produced @Qdeén yield”), which is proportional to
the oxygen content in the sample. If other souof@scygen or contaminants were present in
the sample, the oxygen yield should be differeminfthe standard ABO,. P-PQ losses at
each step of the purification were also quanti{sek Pistocchi et al. 2014 for more details).
2.3.2 Isotopic analyses and cal culation of the theoretical equilibrium values

The oxygensotope composition of the purified ARO; was measured using a thermal
conversion elemental analyzer (Variopyro Cube Elgarg, coupled to an IsoPrime100
isotopic ratio mass spectrometer (IRMS) at the f¥artrition Group laboratory (ETH Zurich).
Two to three replicates of each sample were weigd@d to 60Qug) in silver capsules with a
small added amount of glassy carbon powder. Thed¢eature of the TC/EA furnace was kept
at 1450°C for pyrolysis.

During each run, repeated measurements of an altstandard (Acros Organics &0, >
97.5%,5"°0, = +14.2%o) and two international benzoic acid stadd (JAEA 601 and IAEA
602,5'%0 = +23.3%0 and +71.4%o, respectively, IAEA, VienAaistria) were included and
used to calibrate and correct the instrumental.d‘rﬁeﬁlgoIO values presented in this paper are
reported in the standaddnotation with respect to VSMOW (Vienna Standardakl©ceanic
Water), i.e. as %o deviation values. Analytical utamties, as determined from the replicate

analysis of the standards, were estimated to lmwb@I3%o..

11
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In order to assess the extent to which the sedang®-PQ pools investigated in this study
could be secondary recycled P-R0e. P-PQ that has been cycled by the river biota), a
theoretical equilibriunﬁlsop value — i.e. the oxygen isotopic composition thegphate should
have if it is in equilibrium with the ambient watemwas calculated for each sample using the

following equation (Chang and Blake, 2015):

3
14.43-% —26.54

5180, = (6180, + 10%) -e 1@ —10° (2)

wheres'®Opis the calculated oxygen isotopic composition @f BRPQsample at equilibrium

in %o, 3'°0,, is the measured oxygen isotopic composition ofathter in %0, and T is the
temperature in degrees Kelvin.

Considering the stability of th#°0,, values during low-flow periods in the Redon Ridee to
the dominance of the ground water contributiorhtodischarge during these periods (Al-
Charideh, 1988), we used t&i€0,, of the river water measured at each sampling aathe
reference isotopic value for water in equation 2 d@nsidered both the minimum and
maximum temperatures measured over the periodnmgribeétween the sampling date and the
closest big storm flow event (around 10-20 day$ilda in the Supplementary Material), since
the sediments are (partially) renewed at each stionmn The temperatures measured at the
time of sampling fell within these ranges. For sksp to 12 (sources), we used $h%®,,
values measured in the local water sources, imatudiin, groundwater and soil water data,
and the extremes for the soil temperature measwuitad the previous 10 days at an agro-
meteorological station close to the studied siféss allowed us to have a conservative and
time-integrated estimate of the equilibrium intér¥or these samples, we also calculated the
deviation from equilibrium using the average streaater temperature and isotopic
composition, to verify whether or not théi'IBOp values would fall within the equilibrium range

once transferred into the river. For each sampkdeviation from equilibrium was calculated

12
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as the interval (in %o) between the measw‘r]éd)p values and the closest values for the

equilibrium range calculated from equation 2

3. Results

3.1 Method validations

Repeated extractions and purifications (n = 3 asr)he same sediment sample yield&dp
values with a standard deviation < 0.4 %o. This atglaility can be considered as acceptable,
since it is within the range of the precision obéal on the repeated standards measurements on
the TC/EA-IRMS.

The purity of AgPO, was 97%, as determined by analyzing the R4iR@he redissolved

AgsPO, (see section 2.3.1, Table 2 in the SupplementateNal). The carbon and nitrogen
concentrations were generally lower than 1% anéleQréspectively (Table 2 in the
Supplementary Material). The C content was comparathat measured in the internal
standard AgPO, (0.5%) and much lower than the 23-29% or 0.2% ntepdoy Weiner et al.
(2011) for C and N, respectively. The efficiencytlod purification procedure was confirmed

by the oxygen yield given by the mass spectron(&igr 1 in the Supplementary Material). All

of the samples were close to the regression lifinateby the AgPO, standards, indicating

that the amount of oxygen in the samples was ¢ofige stoichiometry of the pure compound.
Most of the labeled/unlabeled pairs did not shaynificantly differentéSlSOIO values. Only four
samples (2, 5, 8 and 9) showed different labeledustabeled values, meaning that the organic
P or condensed phosphate was hydrolyzed during@extraction. These values have been
corrected with equation 1, as all of the other galare the average of the labeled and unlabeled

results.
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3.2 P speciation

Table 3. P speciation and isotopic data

The P content and speciation varied strongly frora sample to another, with the Pt value
ranging from 459 to 1256 mgP/kg, Pi from 179 to 63jP/kg and Po from 36 to 450 mgP/kg.
Poisenaccounted for 0.7 to 10.6 % of Pt depending ors#imeples. The highespRn
concentrations (65-67 mgP/kg, representing 8.0t6% of Pt) were found in the river
sediments sampled immediately downstream from tNéT\W discharge. These variations are
the consequence of differences in the source,@r@sid deposition conditions of the
sediments as well as differences in the P inpatisabcumulate along the river (Table 1). The
downstream sediments (samples 5 to 8) and streasdehents (samples 1 and 2) were
enriched in Pt, Pi anddoRe,compared to the sediments coming from the healdeofatchment
(samples 3) or to the riverbank material (sample TBe same relative enrichment is observed
for the cultivated topsoil (sample 10) comparedddower horizon (sample 11).

Pt and BisenWere weakly and positively correlated (r2 = 0.g%; 0.01) as well as theygx{/Pi
ratio with Pt concentrations of r 2= 0.76 (p < Q,Qdroviding evidence that the P enrichment
process recorded by the downstream sedimentsaesnganied by an increase in the most
reactive fraction of the total P-R@ool. The highest Po concentrations were fourttien

topsoil samples (9 and 10).

3.3. Measured isotopic signatures and comparison thithe equilibrium values

The measured'®0, values for the HCI extracts varied between +11@%ep soil horizon,
sample 11) and +18.3%. (wetland soil, sample 9; Fag. No significant statistical
relationships were found between &80, values for the samples and their RisfRor Pi

content or ratios, nor with the water charactersstnotably the SRP concentrations. The

14



348 riverbank sample collected in the head of the catait (sample 12) corresponds to a weakly
349 weathered moraine, as confirmed by field obsermatioe. no visible weathering and no

350 vegetation or biofilm on the banks, since theyeamed at each storm flow, and by the P

351 speciation data (very lowoRenand Po fractions; see Table 3). This sample isesgmtative of
352 both the principal source of the upstream, unpetliigediments and the parent material of most
353 of the soils in this catchment (CIPEL, 1988).8&?),0 value (+15.9%0) indicates that it has a
354 mixed igneous/sedimentary origin, as this valuatsrmediate between tlfﬁésop values

355 reported for igneous or metamorphic apatite (apprately +7%o; Tamburini et al., 2012) and
356 for sedimentary apatite (between +17 and +23%o; Taimbet al., 2014).

357 Interestingly, the variability in thélsop values for the allochthonous sources that mayilplgss
358 contribute toward the river particulate-P load Wagher than the variability in the riverbed
359 sediments. Whereas while the soil, riverbank anerbed sediments collected in the head of
360 the catchment (samples 1 to 3 and 9 to 12) areseptatives of these sources (Dorioz and
361 Ferhi, 1994) and exhibi'®0, values varying by > 6 %o (from +11.8 to +18.3%o)sthariation
362 s reduced to approximately 2%o for the sediments@diately upstream/downstream the

363 WWTP and to 1%o for the outlet sediments (+12.818.8%o; Fig. 2a), thélsop signatures of
364 which were comparable to those recorded by thedaklements (samples 13 and 14; Table 3).
365

366 [Figure 2]

367

368 We compared the measur&"tﬁop values with the theoretical equilibrium calculateth

369 Equation 2 (see Table 2). The deviation betweercatmulated and measuré’tfop values is

370 presented in Fig. 2b. TIE%0, value for the riverbank moraine sample (samplewiz&) above
371 the calculated equilibrium by ca. 2%., as was thdame soil sample (9). This was not the case

372 for the cultivated soil samples that shovﬁé%Dp values that were either very close to (-0.1%o,
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topsoil, sample 10) or slightly lower than (-0.7%eep horizon, sample 11) the calculated
equilibrium values.

The riverbed sediment samples collected in thestlets of the agricultural sub-catchment
(samples 1, 2) exhibitaialsoIO values that were lower than the calculated equilib values by
ca. 2%o. For the sediments located within the mauoirdgeological network, the differences
between the measured and calculated equilibriunegagienerally tended to be lower (see
Table 3 and Fig. 2b): ca. + 1.5%0 in the middle papistream and downstream from the
WWTP discharge point (samples 4 to 6) and < 0.5%tHe sediments collected at the outlet

(samples 7 and 8) and the lacustrine sedimentsp(earh3 and 14).

4. Discussion

4.1 Significance and variability of the measured ashequilibrium 6180p values

The present study shows that the method origirestgblished and optimized by Tamburini et
al. (2010) for soils is suitable for Cag@ch riverbed sediment samples, following some
modifications to the methodology. However, as faitss it should be kept in mind that the
extraction is not entirely specific with regardstie nature of the extracted P-P®irst, 1 M

HCI can be used to extract the fraction that imnprily composed of Ca-bound P, which can

contain a broad spectrum of P compounds (moressrdeystallized apatite forms, CagO

bound P, etc.). This reagent can also extract $&A6), sorbed onto Fe and Al oxides, if used
as a single extractant. Thus, fﬁ&)p signatures obtained with this method corresporal to
pooled P-PQisotope signature of a mixture of different P fraies with a different degree of
stability, exchangeability and bioavailability (Ve et al., 2002) rather than to the signature of
a geochemically specific P-R@ompartment. Despite this limitation, the oxygsotope

composition of P-P@extracted from sediment using HCI can providerimiation that is not
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available with other methods, including the extenivhich a P pool has been biologically
processed or derived from primary inputs or secondathropogenic sources (Tamburini et al.,
2014; Dauvis et al., 2014).

The calculation of the equilibriuréﬁmoIO values is another critical point for the interptein of
theéilsoIO isotope data. Information regarding the kinetitghe equilibrium is only derived

from cell-free or soil incubation experiments (Bdadt al., 2005; Melby et al., 2013), but not
from conditions that are close to the natural si@tg strategy was to take samples during low-
flow periods because of the stability of 8180,, value and the temperature, but there is still
the question of how to choose appropriate timetpaimen calculating the theoretical
equilibrium values with equation 2. This is alstevant for soils where sharp variations in the
880, value in the soil surface layers due to the pregjue evaporation of the soil water
(Hsieh et al., 1998) might be a major source oeuainty. Amelung et al. (2015) suggest
calculating the equilibriurﬁlsop value with the annual averag€0, for rainwater, arguing

that the biological recycling of Ca-bound P in $si& long-term process. Using an annual
rainwaters*®0,, value and temperature values, the calculatedibguih value for the
agricultural soil samples (10 and 11) would inceshg approximately +2%o, resulting in
measured signatures below the equilibrium.

Except for a small number of studies (Elsbury gt24109; Gooddy et al., 2016; Markel et al.,
1994; McLaughlin et al., 2006a), freshwater ecaayst have been poorly explored in terms of
§'%0,. Our results expand the glola&fo, library for these systems, comparing, for thet firs
time, the oxygen isotope signatures of HCI-P ex&cdérom river sediment samples from
upstream to downstream with those of the main piatlesdlochthonous sources in the
catchment. The isotope signatures of the analyized sediments, ranging from +12.2 to

+15.8%o, lie in the interval reported in previousdies, i.e. +8.6 to 22.5 (Markel et al., 1994),
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+12.4 to 23.5%0 (Davies et al., 2014) and +9.7 t6.8%0 (Tamburini et al., 2014). The same is

true for our soil samples (Amelung et al., 2015mbarini et al., 2014; Zohar et al., 2010).

4.2 Biological recycling versus tracing the sourcassing 6180p values

4.2.1 Soils

Tamburini et al. (2012, 2014) have shown that tk#-P fraction in the upper and most
biologically active part of the oldest soil of achosequence was formed by secondary
minerals precipitated from Pi that were previouslgled by biota. The close-to-equilibrium
5*80p values measured in the agricultural soil sam{@asiples 10 and 11) can be viewed as
evidence that biological cycling had a large impatthe HCI-P fraction (which represents
roughly half of the Pt) in these samples. The Ba# supplied by the parent material and
fertilizations and is redistributed throughout #oél profile via biological activities. As the
parent material is low in PtoRenand Po, the high concentrations observed in {bsoib

sample (see Table 3), as in other cultivated ssilhe long-term result of the accumulation
and transformation of P favoring a high P bioavality, which supports the assumption of an
intense biological activity.

The most common fertilizers used in the area h‘)é%p values that are higher (16.2-22.5%o) or
lower (9.5%0; Guyard 2010) than the values for tlugli®ed agricultural soils. Even if we cannot
exclude that the observed equilibrium values weatg the result of a mixing between the
parent material (close to +15.9%0) and a lightetilfeer input, we assume that the fertilizer has
little influence because the fertilizer inputs aheost totally cycled over the long-term (> 1
year) and the amount applied is too small (2-3%1efHCI-P soil stock) over the short-term
(one season).

The high and above-equilibriuai®0, value in the wetland surface soil (sample 9) daa a

reflect the impact of biota, e.g. plants. 'lajl&)p value for this sample (18.3%0) cannot be
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explained by the mixing of any of the potentialubmaterials present in the area (i.e. bank
material or cultivated soil), as +18.3%. is too datside the range of the values (11.8 and
15.8%o0) recorded by these input materials. The salyrce with a sufficiently higB\lsop value
would be plant-derived phosphate. Phosphate intplarenriched in®0, with thes'®0, values
ranging from 28 to 31%. (Pfahler et al., 2013; Tanmdiet al., 2014). This suggests that the
extracted fraction might partially originate frohretrelease of P from plant litter, either directly
or via decomposition. A significant fraction ofshenriched P pool that is not taken up by
microbes (Liang and Blake, 2006; Oberson and J@@85) might have precipitated or been
sorbed into the soil mineral pool. Interestinghistsample had a particularly high Po
concentration. Preferential sorption/desorptiorctieas with soil minerals could also have
helped increase trﬁésop value for this sample. However, previous studegetreported both
negative and positive fractionation associated wattption (Jaisi et al., 2010; Melby et al.,
2013b). In any case, this effect is probably toals(&1 %o) to justify the observed value by
itself.

When compared to the equilibrium values calculaisdg the average river conditions (the
values in brackets in Table 3, Fig. 2b), the sulsnbankment sample and the wetland topsaoil
are no longer found within the equilibrium rangéeTsituation is different for the agricultural
topsoil sample, the actuéflsop value of which falls within the equilibrium rangaganing that
under these conditions the oxygen isotopic comjposélone would not help to distinguish

between a sedimentary P-P@bol inherited from this soil and in-stream reegtP-PQ.

4.2.2 River sediments upstream and downstream from the wastewater treatment plant
discharge
The September sampling showed that the input obiid fvastewater was marked by a

threefold increase in the SRP concentration irrither water sampled upstream and
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472 downstream from the discharge point (Table 1), eqgamied by a drastic change in the Pt, Pi
473 and Rysenconcentrations in the corresponding sedimentsléTalb No changes were detected
474 in the Po content, meaning that the impact of thiatalischarge on this pool in the bed

475 sediments was negligible (Dorioz et al., 1998akristingly, despite the small distance (< 100
476 m) separating the upstream and downstream sie8™%Bp values were also distinct, with a
477  difference of 3%.. Upstream from the WWTP dischgvgent, the P pools in the sediment are
478 mainly impacted by sources comprising a mixturewadrbanks and agricultural soil erosion
479 (materials similar to samples 12 and 1, 2). 1{®p value (12.2%.) and P speciation for

480 sample 4 were intermediate between those of ttegee materials.

481 The two September samples (4 and 5, immediatelyagre and downstream from the WWTP)
482 deviate from the isotopic equilibrium values (by5-and +1.4%o., respectively; Fig. 2b),

483 suggesting the existence of conditions that pretrentomplete biological turnover of P at both
484 sites (also see Gooddy et al., 2016). Under thengsson that biological equilibration is the
485 dominant process during sewage treatment (Gruak, &005), thed **Op value for dissolved
486 Pifrom the WWTP would vary between 13.0 and 14.88ng equation 2 (confirmed by the

487 value of 14.0%0 measured by Guyard, 2010), meatiagthe higheb *°Op value downstream

488 (15.8%0) cannot be interpreted as the result ofHangibetween wastewater derived P and P
489 from the upstream sediments. One possible exptanédr this could be that part of the Pi

490 injected into the river by the WWTP is rapidly (lih a few meters from the injection point)

491 and continuously sorbed onto the sediment partiaeslso hypothesized by Dorioz et al.

492 (1998a), and that the heavier isotopologues arfenemially sorbed. However, there is no

493 consensus regarding the associated fractionatasi €t al., 2010; Melby et al., 2013b). An

494 alternative explanation would be that the upstreample 4 represents a local anomaly, and the
495 signature of the downstream sediments, samplertyedefrom local riverbank erosion. Sample

496 12 can be considered as representative of riverbeat&rial and it$ °Op value is comparable
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to that of sample 5. However, this hypothesis igkaly as it does not explain the drastic
change in P speciation observed in the sedimentastoeam from the WWTP (see Table 3).
Only the locality situated immediately downstreaoni the WWTP discharge point could be
sampled in March 2012 (sample 6). The SRP, P& Pasen cONcentrations were as high as
those found in sample 5, which was collected int&aper, and much higher than the
concentrations measured further upstream, at &t once again providing evidence for the
strong impact of the WWTP discharge on the rivet sediment P pool. THE?Op value for
sample 6 was similar to the September sample (®&)phlthough it was close to the
calculated isotopic equilibrium. The lack of a refece value equivalent to sample 4 in March
means that it is not possible to conclude whetheobserved value resulted from the complete
equilibration of the sedimentary P-P@ool or if it was instead produced by selectivigpgon
processes as we suggest for sample 5. A repeatedrsd sampling of the sediments

immediately upstream and downstream from the WW@ilRdcpossibly clarify this point.

4.2.3 Head and outlet sediments

The possible mixing of isotopically different se@m source materials coupled with
differences in the sediment retention time compdisahe interpretation of t#&%0p values for
the riverbed sediments. Under conditions of lowdgaal activity and a short residence time,
the isotopic signature of the sediments is expetedpresent primary source signatures. In
this context, an isotopic disequilibrium would icgle the existence of factors that limit the in-
stream P cycling, intended as uptake by the bioteacellular equilibration and subsequent
release. As judged from the present data, a limgituation for in-stream P recycling could
have been prevalent in the head of the Redon Ratehment, where strong out-of-equilibrium
8'®0p signatures have been recorded (see Table 3ign2h¥. This could be first related to the

physical conditions in this part of the catchmehigh-energy stream (total renewal of the
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522 sediments with each storm flow) and a short disgtdram the sources, i.e. riverbanks - which
523 both determined the short residence times. Thewbghic state of the running water (SRP <
524 10 pg P/l, N@Q< 0.5 mg N/I) and the low P bioavailability of theerbed sediments (as

525 indicated by low BisencoOncentrations) could contribute to limit the depenent of benthic

526 biota and thus P uptake and subsequent releasthd-same reasons the contribution of

527 extracellular mineralization of organic P is exgelcto be negligible. The lack of an isotopic
528 difference and the small differences in the ParRl Po content between the riverbank sample
529 (12) and the sediment sample (3) collected immeljiatownstream further confirms the direct
530 filiation between the source and the sediment.

531 The hypothesis that a rapid transfer does notfgignitly modify thes*®Op signature is further
532 supported by the disequilibrium signature recordeitie streamlet samples 1 and 2 and their Pi,
533 Po and Bisenconcentrations, as all of these parameters agemediate between the values
534 found in the analyzed deep and topsoil samples Jimggests i) a mixed origin for these two
535 sediment samples derived from both superficiaksaild ditch banks or field embankments;
536 and ii) that the biological activity was not intensr not long enough to equilibrate the original
537 P oxygen isotope signatures, consistently withettigected very short residence time of the
538 sediments in the streamlets (stream order of 1).

539 The situation was different for the sediments therte collected closer to the river outlet or in
540 the lake (stream order higher than 3). Close-talibgum values were found in these samples.
541 A corresponding increase in the SRP concentratioonning water (a factor of 8 between

542 upstream and the outlet; see Table 1), as thetr@sthie cumulative anthropogenic inputs in
543 the river, was also observed.

544  The equilibrium values observed in the lowest pathe Redon River suggest the occurrence
545 of processes that are able to efficiently recyletegedimentary P-ROThis hypothesis would

546 be consistent with the decrease indH©p values observed during the September campaign
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downstream from the WWTP discharge point, i.e. leetwsamples 5 and 8. There was a 3%o
decline in thes*®Op value between sample 5, which was collected idiaely downstream

from the WWTP discharge point, and sample 8, wiiak collected approximately 2 km
further downstream. This decrease was accompaniadstrong narrowing of the gap between
the measured and calculated equilibrishiOp values. Whereas this gap was +1.4%o for
sample 5, it was reduced to < 0.4%. for sample 8 T&ble 3). The isotopic equilibration
inferred by these data would likely occur in thdiseents, given that in this kind of torrential
rivers most of the biological activity essentiaiijkes place in the benthic system. Equilibration
could be further promoted by the longer resideme bf the sediments in the downstream part
of the river (Dorioz et al., 1989). It may have bedso driven by the enhanced bio-availability
of P in the lower part of the river, notably dowesim from the WWTP, as evidenced by the
sharp increase in the)B.,concentration starting from this point (see Ta}l€igs. 2a and 2b).
Most likely, the overall process should be viewenrenas the integration of a succession of
partial equilibrium occurring over different stoeagtages under similar equilibrium conditions,
as it is unlikely that the bulk of the P-PCGbuld be completely cycled by the benthic biota
during a single low-flow period.

However, we lack information about the real resgdetime of the sediments and the P
recycling rates in the Redon River. Considering tha measured°Opvalues for the

sediments collected near the river outlet (samplasd 8) are identical within error to those
measured in the upstream streamlet sediments (sarh@nd 2) and are within the range of the
values found in the possible sediment sourcesKgg&a), we cannot entirely exclude that the
8 0pvalues in these downstream sediments are simplgsdnherited isotopic values. More
direct evidence for the real residence time ofst@iments and the ability of aquatic biota to
efficiently recycle P-P@in the downstream part of the river is neededetmde between these

two hypotheses.
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572

573 4.3 Potential and limits of the oxygen isotopes tbo

574 We hypothesize that is possible to trace the piatestiurces of sediment particulate-P;PO
575 using oxygen isotopes, assuming a limited numbgoténtial sources and under conditions of
576 low biological activity and a short residence timehe river network. In the studied torrential
577 system, it appeared possible to trace these sourties head of the catchment (only two

578 sources, rapid and high-energy transfer, limitiogditions for the biological activity). It would
579 be also possible at the catchment scale, durintewimigh-flow periods, when the sediments
580 that originate from banks and agricultural soilstoo are rapidly transferred as suspended
581 matter and without significant interaction with ppsource discharge and biological activity. In
582 this case, the'®0p value would primarily be the result of a two @ndmbers mixing between
583 the cultivated soil (values close to 11-14%.) andaime material (values close to 15-16%o).
584 However, the isotopic tracing is expected to be &rightforward during the summer and
585 early fall periods, as the storm flows that ocduhat time primarily mobilize riverbed

586 sediments. Therefore, it could become more diffitmperform a quantitative assessment of
587 the original particulate-P sources usi&Op due to an overprinting of the sediment isotopic
588 signature induced by the high biological activiburing summer low flows, an even stronger
589 overprinting of the original isotopic signatureeigpected to occur in the downstream part of
590 the river, due to the input of anthropogenic, bakable P, a longer sediment residence time
591 and increased biological activity. This being the&3'®0p could then instead be used as a
592 tool to assess the in-stream biological turnovehefP.

593

594

595 5. Conclusion
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. In this study, we successfully adapted Tamburirilés method (2010) for soil for use
with river sediments to provide the first assessméthe variability in5**0Op from HCI-
extracted P in river sediments along a gradiemaasing anthropogenic impact.

. We observed a contrast betweendH®©p signature and the speciation of the sediments
collected in the head and at the outlet of thelzaent. The sediments that were collected
upstream have isotopic signatures that are far fsmopic equilibrium and within the range of
the signatures found in the possible sediment ssuice. riverbank material), while those
collected at the outlet show8Op values close to isotopic equilibrium. We relatsd
difference to the contrast between the highly dyicasharacter (short residence time) of the
transfer system in the head of the catchment (prasen of the isotopic signature of the
source material in the sediments) and the “quietediment transport system in the lower
catchment, which, along with the input of the biaiable anthropogenic P, likely fostered the
recycling of P by benthic biota, leading to an éhtation in the5'®0 signatures. However,
with the available data, we cannot exclude thastgeatures at the outlet were the result of the
mixing of sediments with higher (upstream/wetlaadisents) and lower signatures
(agricultural soil erosion).

. Uncertainties remain about the calculation of theildorium window. For aquatic
environments, the duration of the in-stream eqratibn processes should be taken into
account, together with the perturbation causedhayges in the hydrological regime. This
would require an experimental approach for a pregémation.

. In terms of the quantitative tracing of potentiattyculate-P sources, future
investigations should focus on winter high flow$iem rapid sediment transfer maximally
reduces the possibility of biological interactio@ the other hand, the sensitivityddfOp to

biological processes opens up new promising petisesdor studying in-stream processes. In
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situ labelling experiments could help develop thaseies by providing unique information
about the biological uptake, turnover and/or org&hmineralization.

. More insights about the way and extent the biolalgictivity controls P speciation in
the soil and sediments could be possibly providethb development of refined extraction

methods that are able to selectively and quaniéitiextract other P pools like the one

associated with Al and Fe hydroxidegsE and Po or finer fractions (e.g. < pfh, < 2 um).
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Table and Figure captions
Table 1. Characteristics of the sediment sampliteg.s
Table 2. Characteristics of the soil sampling sites
Table 3. P speciation and oxygen isotope compaositio

Figure 1. Redon River catchment and sampling sttes;capital letters refer to the sampling

locations, the numbers are the sample code.

Figure 2. Oxygen isotope compositioa?fgop) and deviation from isotopic equilibrium. The
gray circles represent potential source samplestewdircles represent riverbed sediment
samples, and Pols =oR{P: in % (note that the deviation of the potential rees from
equilibrium in this image have been calculated etiog to the average within-river

conditions).

Figure 3. Conceptual model describing the evolutibé®Op for the riverbed sediments in the

studied torrential system.
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Table 1 Characteristics of sediment sampling sites

Site SO  Sample Samplingdate Q EC SRP Altitude Drainage Land useof the Main sour ces of
code area drainage basin stream P
L/s mSicm mgP/L masl ha
A 1 1 September 3, <1 543 00012 576 4 Cultivated land ~ NPS (erosion of
2012 cultivated soils
and tiches)
B 1 2 September 3, 1 557 0.009 577 17 Cultivated land ~ NPS (erosion of
2012 cultivated soils
and tiches)
c 2 3 March 26,2012 35 598 0.008 696 510 Steep forest NPS (natural:
mainly river bank
€rosion)
D 3 4 September 3, 55 7203 0.027 510 2310 Forest and NPS (natural,
2012 cultivated land agricultural)
E 3 5 March 26,2012 105 654 0.056 508 2311 Forest and NPS (natural,
cultivated land  agricultural) + PS
(WWTP)
6 September 3, 55 753  0.092
2012
F 4 7 March 26,2012 340 597 0.062 405 3300 Forest and NPS (natural,
cultivated land  agricultural) + PS
(WWTP)
8 September 3, 85 975  0.067

2012

SO = Strahler stream order (Strahler, 1957)
Q = water discharge
EC = electric conductivity

SRP = soluble reactive phosphorus concentratiowater, measured on filtered samples (0.45 pm) éyrthlybdate-blue method

(Murphy and Riley, 1962)
NPS = Non-point source, PS = Point source

WWTP = waste-water treatment plant




Table 2 Characteristics of soil sampling sites

Sample Dateof sampling Location Sail Altitude Sampling conditions

code depth
cm m asl

9 September 3, 201Vetland topsaoil -1 to -5552 Organic soil, saturated

10 September 3, 201Zultivated topsofl ~ -10 to - 558 Cambisol on moraine deposit, dry
30

11 September 3, 201Zultivated soil -60 to - 558 Cambisol on moraine deposit,

(embankmenf) 70 saturated
12 September 3, 201Riverbank in a - 980 Wirm moraine deposits, saturated

forested upland area

# samples collected within an agricultural sub-catchment of 33 ha (Figure 1)




Table 3. P speciation and oxygen isotopes compasiti

Sample Sample type Pt dRen  Pi Po Rise/Pt 870, St.Dev. n Deviation from
code equilibrium (%o
mgP/kg mgP/kg mgP/kg mgP/kéo %o %o - %o

1 River bed 791 14 401 180 2.4 125 0.3 3 -24

2 sediments 75, 20 323 208 3.8 13.30.3 2 -16

3 528 8 411 78 1.7 155 0.6 4 +1.3

4 609 18 398 202 2.9 132 0.4 2 -15

5 1018 65 586 194 8.4 15.80.7 2 +14

6 962 67 470 166 10.6 15.2 0.3 3 <04

7 734 26 439 138 4.5 13.8 04 2 <04

8 736 21 324 90 5.2 128 0.1 3 -06

9 Wetland soil 1163 32 179 383 5.7 18.20.2 2 +21(+3.6)

10 Agric. topsoil 1256 43 631 450 6.2 140 04 20.4(<0.4)

11 Embankment/ 755 5 363 76 1.1 11.8 04 2 -0.7 (-2.0)
deep soil

12 Riverbank 511 3 305 36 0.7 159 0.2 2 +1.9 (+1.2)
(moraine)

13 Lake 459 15 365 121 35 129 0.3 2 <0.4

14 sediments g3 47 420 70 3.1 139 05 2 +08

@ As a sum of Pi and Po fractions

®See section 2.3.2 and equation 2

Values not in brackets are calculated accordingh®temperature and water isotopes conditiondatsampling site,
the values in brackets are calculated accordintht®“within-river” conditions

4Sediment samples are ranked according to the cooreding drained area
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Figure 2. Oxygen isotopes composition 6'80p and deviation from isotopic equilibrium.
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Highlights

* We provided the first assessment of the oxygen isotopic composition of
HCl-extracted phosphate in river sediments

*  We observe a contrast in the oxygen isotope composition between
upstream and downstream sediments

* This contrast can be related to anthropogenic impacts on the river system
and to the sediment residence time

*  We have shown that in some situations it is possible to trace particulate-P

sources of sediments with this isotopic tool



