Centre for

NERC Open Research Archive (S1305f) Ecology & Hydrology

MATLRAL EMYIRDMHENT RESEARCH COUNCIL

Article (refereed) - postprint

Jarvie, H.P.; Neal, C.; Rowland, A.P.; Neal, M.; Morris, P.N.; Lead, J.R.;
Lawlor, A.J.; Woods, C.; Vincent, C.; Guyatt, H.; Hockenhull, K.. 2012 Role of
riverine colloids in macronutrient and metal partitioning and transport, along
an upland—lowland land-use continuum, under low-flow conditions. Science of
the Total Environment, 434. 171-185. 10.1016/.scitotenv.2011.11.061

© 2011 Elsevier B.V.

This version available http://nora.nerc.ac.uk/19849/

NERC has developed NORA to enable users to access research outputs wholly or
partially funded by NERC. Copyright and other rights for material on this site are
retained by the rights owners. Users should read the terms and conditions of use of
this material at http://nora.nerc.ac.uk/policies.html#access

NOTICE: this is the author’s version of a work that was accepted for
publication in Science of the Total Environment. Changes resulting from the
publishing process, such as peer review, editing, corrections, structural
formatting, and other quality control mechanisms may not be reflected in this
document. Changes may have been made to this work since it was
submitted for publication. A definitive version was subsequently published in
Science of the Total Environment, 434. 171-185.
10.1016/j.scitotenv.2011.11.061

www.elsevier.com/

Contact CEH NORA team at
noraceh@ceh.ac.uk

The NERC and CEH trademarks and logos (‘the Trademarks’) are registered trademarks of NERC in the UK and
other countries, and may not be used without the prior written consent of the Trademark owner.



PR RPRRRPRE
OURWNRPOWOOOD~NO®U N

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

Roleof riverine colloidsin macronutrient and metal partitioning and
transport, along an upland-lowland land-use continuum, under low

conditions.

H. P. Jarvig C. Neal, A.P. Rowland M. Neat, P.N. Morri¢, J.R. Lead A.J. Lawlof. C.
Wood¢, C. Vincent, H. Guyatf, K. Hockenhuff

Centre for Ecology & Hydrology, Maclean Buildingra@®marsh Gifford, Wallingford. OX10
8BB. UK.

“Centre for Ecology & Hydrology, Lancaster. LaneadEnvironment Centre, Library Avenue,
Bailrigg, Lancaster LA1 4AP. UK.

3School of Geography, Earth and Environmental Seigboiversity of Birmingham, Edgbaston,
Birmingham, B15 2TT, UK
Keywords:

Colloid; cross-flow ultrafiltration; metal; phosphus; nitrogen; carbon; sewage; agriculture..

Abstract

An integrated assessment is made of the role efing colloids in macronutrient (nitrogen,
phosphorus and carbon), metal and trace elemetitiggeing and transport, for five rivers in the
Ribble and Wyre catchments in north-western Englander baseflow/near-baseflow
conditions. Cross-flow ultrafiltration was usedsparate colloidal (<0.45 >1kDa) and truly
dissolved (<1kDa) fractions from river water. Gleatterns were observed, along the upland-
lowland land use continuum, in the partitioning @rahsport of macronutrients and metals
between the colloidal, truly dissolved and acid#ade particulate (>0.45um, suspended)
fractions. Of these operationally-defined fracaneasured, colloids were generally more
important for both macronutrient and metal transpothe upland than in the lowland rivers.
The results suggest that organic moieties in wiggolved form from sewage effluent may have
a greater capacity to chelate metals. Organicaatloids in the upland moorlands and metal

oxide colloidal precipitates in the industrial nigénad a higher capacity for binding metals than
1
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the colloidal fractions in the urban and agricudtdowland rivers. Aggregation of these colloids
may provide an important mechanism for formatiotaoder suspended particulates, accounting
for a much higher degree of metal enrichment irattid-available particulate fractions of the
upland moorland and lowland industrial rivers tivathe lowland agricultural and urban rivers.
This mechanism of transfer of contaminants to laeggregates via colloidal intermediates,
known as 'colloidal pumping' may also provide a hagism for particulate P formation and the
high proportion of P being transported in the patate fraction in the uplands. The cross-flow
ultrafiltration data also allowed refinement of fitawn coefficients, by accounting for colloids
within the solids phase and replacing the filtgfe@ 451 m) fraction with the truly dissolved
(<1kDa) concentrations. These provided a cleagsciiption of the controls on metal and P

partitioning along the upland-lowland continuum.

1. Introduction

Rivers transport large quantities of macronutri€NtsP and C) and metals to the sea (Meybeck,
1982; Seitzinger et al., 2010), with important irogtions for not only pollutant flux transfers,
but also the water quality and ecology of riveakels and coastal areas (Carpenter et al., 1998;
Smith et al., 1999; Turner and Rabalais, 1994)he bioavailability, behaviour, fate and
transport of macronutrients and metals along thetig continuum from land to sea are
dependent on their partitioning between dissoleetlpidal and labile (acid-leachable)
particulate phases (Koukal et al., 2003; Vignatlet2005; Vignati et al., 2009; Wang and Guo,
2000). Routine water quality monitoring studieg#y use a single filtration step with a
membrane pore size of 0.45um to provide an operatseparation between “dissolved” and
“particulate” concentrations of macronutrients ametals, but several studies have shown the
role of sub-0.45um colloids as important metal avatronutrient ‘nano-vectors’ which pass
through the membranes pores and are therefore neelass part of the “dissolved” phase

(Horowitz et al., 1996; Morrison and Benoit, 200gnati et al., 2009). However, there is
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relatively little published data which directly nsesmes colloidal metal and macronutrient
concentrations and their partitioning in river watéGuo and Santschi, 2007; Lead and
Wilkinson, 2006; Shafer et al., 1997; Vignati et 8D09) . Using cross-flow ultrafiltration, this
study provides a first assessment of the role bbids in both macronutrient, metal and trace
element partitioning and transport along a contmuapresented by five river types draining
typical land use types in northwestern England. §tbdy is based on the Ribble and Wyre
basins of northwestern England which encompassla minge of land uses from upland
moorland to lowland agricultural, urban and indiaéettings. Given the time-intensive nature
of sample processing using cross-flow ultrafiltvatione bulk sample was taken at each of the 5
sampling sites under low-flow conditions. The walset within a wider context of
hydrochemical monitoring for a major Source-to-8ssearch platform within the Ribble/Wyre

basin in northwest England (Neal et al., 2011a;l Meal., 2011b).

The aims of the study were to (i) examine thetytdif cross-flow ultrafiltration techniques to
guantify colloidal and truly dissolved fractionsnmacronutrient, metal and trace element
transport in rivers; (ii) examine the controls oaaronutrient, metal and trace element
partitioning between colloidal, labile particulated truly dissolved phases along an upland-
lowland land use continuum and (iii) assess the oblcolloids as biogeochemical ‘nucler’
linking macronutrient and metal cycling in riverShese aims were addressed by the following
specific objectives, to: (a) directly quantify thartitioning of macronutrients, metal and trace
element concentrations between particulate, fittecelloidal and truly dissolved concentrations;
and (b) evaluate the affinity of macronutrientstaseand trace elements for colloidal and truly
dissolved organic carbon fractions and for solid solution phases, by considering both acid-

available particulate and colloidal fractions withihe solids phase.

2. Study Area
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The study area covers the rivers Ribble and Wyrenthwest England (SI, Fig 1), which have
catchment areas of 1084 kiand 273 krfy respectively. Both rivers flow southwards then
westward to the Irish Sea, draining upland areamitdtanding natural beauty (Yorkshire Dales
and the Trough of Bowland). In its lower reachbs, Ribble drains some of the major urban and
industrial areas of Lancashire (Accrington, BlaakhyBurnley and Wigan), whereas the Wyre
basin is much more rural in nature. The upper resc both rivers drain acid moorland, while
the lowland vales are dominated by grassland viideg and intensive dairy farming. The lower
Ribble valley has a legacy of the industrial retoln, with industrial and post-industrial urban

conurbations, including the impacts of mine waste mine water pollution and heavy industry.

Five river sampling sites were chosen to coverrdicoum of representative catchment land-use
types: upland moorland, lowland agricultural, lomdaurban and lowland industrial. Further
information on these sampling sites and catchmiesutacteristics can be found elsewhere (Neal
et al., 2011b).

* Upland moorlandthere were two upland sites, the Tarnbrook, enrtbadwaters of the
Wyre, and the Dunsop, a tributary of the Hoddet slidbsequently joins the lower River
Ribble. These upland sites represent acid moodasas impacted from long-term acidic
deposition, with minimum population and agricullyseessures

* Lowland agricultural the Eller, in the south-western Ribble basin,chlis dominated
by arable farming. The Eller drains into the loRver Douglas.

e Lowland urbanthe lower Douglas was chosen as a heavily urbdrsawage-impacted
site: the monitoring point was just downstream afav and Skelmersdale sewage
treatment works (STWSs).

e Lowland industrial the Hyndburn, which drains through Accringtontwat long legacy

of contamination from heavy industry, but no dirsetvage effluent discharges.
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3. Materialsand Methods

3.1 Sampling and filtration

Bulk river-water samples were collected and filtetierough 0.45um high-capacity capsule
filters prior to cross-flow ultrafiltration (see logv for details). A 0.45um filtration was chosen
as this is used as an operational separation betigdéesolved” and “particulate” fractions in
routine water quality monitoring programmes (Ndadlg 1997). Although formal definition of
“colloidal” refers to material within the 1 nm tquh size range (Lead and Wilkinson, 2006), in
this study the term colloidal refers to colloidaht@rial in the <0.45um fraction to allow

comparison with routine river water quality monitgy datasets.

Water sampling, filtration, cross-flow ultrafiltiah and chemical analysis were carried out from
8-13 September 2008. Sampling was targeted aflbassonditions. However, during the
weekend before sampling (6-7 September), a raief@ht meant that sampling was undertaken
on the falling limb of a small hydrograph, meanihgt flow conditions were slightly elevated
above baseflow (see Supporting Information, S| E)gFor example, the mean daily river flow
for the River Douglas during the cross-flow ulttadition survey was 6.5 is*, compared with

a mean daily flow of 5.0 s over the 2-year water quality monitoring period.

During the cross-flow ultrafiltration survey, a BGample of river water was collected at each of
the five sites using acid-cleaned polypropylengl&stbut on different days. Only one sample
could be processed each day due to the total topgined to collect, transport and process the
samples and undertake analysis of unstable analpe®xample, a working day for one sample
was over 9 hours. The programme could not be spagal@s diligence was required throughout
the exercise to safely transport the samples, eedaotamination and filtration errors and to
ensure that analyses were undertaken on the dayabfsis where appropriate. The details are as

described below.
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Samples were returned immediately to the laboratad; within 2 hours of sampling, each river
water sample was filtered through an Opticap XL4dpore 0.45 um capsule filter. To avoid
any adsorption to, or release from, the filter, firs 1 L of filtered river water was discarded.
The remaining filtered river water was collected ¢mss-flow ultrafiltration and a sub-sample
analysed for macronutrients, major anions and patamd trace elements. A sample of unfiltered
river water was used for measurement of pH, alkglisuspended solids total phosphorus and
total acid-available total concentrations of maod trace elements (see chemical analysis

section below).

Additional supporting data from routine water qtyaionitoring as part of the Ribble/Wyre
Source to Sea programme (Neal et al., 2011b) asedad to place the cross-flow ultrafiltration
study within wider context. Full details of theutmme monitoring and analysis programme can
be found in (Neal et al., 2011b). Routine samplWas undertaken fortnightly for twelve

months, starting on i’BFebruary 2008, with monthly sampling thereafterddurther year.

3.2 Cross-flow ultrafiltration

Cross-flow ultrafiltration (CFUF) was used to segiarthe colloidal and truly dissolved fractions
within the <0.45um filtered river water. A standldlillipore Pellicon 2 Cross CFUF system
was used, with a 1 kDa (~1 nm) nominal pore sigemerated cellulose membrane (05 m
surface area), connected to a peristaltic pump;guipment has been used by other
investigators for sampling and concentration oérine colloids (Cai and Guo, 2009; Guo et al.,
2001; Liu et al., 2007; Wilding et al., 2005). Bed use, the whole system was cleaned by
several recycling and flushing cycles using 0.1N®4Nhen with DDI water and then flushed
with 2L of the <0.45 pm fraction river water to chtmon the system. The CFUF system was

closed to minimise any sample contamination. 15 the filtered (<0.45um) river water was

6
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subject to CFUF under continuous recycling conetiain mode under the following conditions:
feed inlet pressure 15-20psi, retentate outletsoires10 psi and permeate flow rate 30-40 ml/min
(Liu and Lead, 2006; Wilding et al., 2004). Thevil of the retentate (in which the colloidal
material is retained and concentrated) was dirdude#f into a retentate flask and the permeate
(which passes through the ultrafiltration membrama$ directed into a large permeate container.
A constant volume of 5 L in the retentate flask wasntained by re-supply of the remaining 10
L of filtered (<0.45um) river water from a largereld container, using a secondary peristaltic
pump, at the rate of permeate production, untirémeaining 10 L of filtered river water in the
feed flask had been exhausted. CFUF was then cmatinntil the volume of retentate reached c.
1L. This final retentate volume was chosen to ache&retentate concentration factor of c. 15, as
recommended for recovery of colloidal material frower waters by Liu and Lead (2006) and

Liu et al. (2007). The volume of retentate cokec{/,) was recorded and compared with the

volume of permeaté) to calculate the concentration factof) {

cf=Vo !V,

Sub-samples of filtered river water, permeate ateintate were taken for chemical analysis as
described below. These concentrations were thed tascalculate a mass balance recovery

coefficient M), as follows:

Mr = (Cr. V) + (Co . V) 1 (Cr . M)

C: is the concentration of the analyte in the reten@is the concentration in the permeate,

is the concentration in the filtered (<0.45um) riwater andv; is the starting volume of filtered

(<0.45um) river water used for CFUF.
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3.3 Chemical Analysis

All the samples were stored in the dark at°C grior to analysis, to minimise sample
degradation. A summary of the chemical analyse®peed on the different water fractions
(unfiltered river water; <0.45 pm filtered river tea, CFUF retentate and <l1kDa permeate) is
shown in Supporting Information Sl Table 1. Fuéltalls of the chemical analyses can be found

in (Neal et al., 2011a; Neal et al., 2011b).

Suspended sediment concentration was determingarggtaically by filtering one litre of
unfiltered river water through a Whatman GF/C fid drying to 105°C.Conductivity, pH and
Gran alkalinity were also measured on unfilterad@as. Gran alkalinity was measured using a
Mettler-Toledo DL53 auto-titrator and a two-poii g.50 and 4.20 methodology and pH was
measured on the day of sampling using a Radion8K&401C glass electrode, taking care to
avoid de-gassing of the samples. Electrical cotntyc(25°C) was measured using a Jenway

4320 meter.

For the metals and trace elements analysis, subteamwere acidified to 1% with concentrated
nitric acid (Baker Ultrex 70%). The acidificatiotep was introduced to avoid sample
deterioration and release particulate bound commsne the case of the unfiltered samples. A
Perkin Elmer DV4300 Inductively Coupled Plasma-QgitEmission Spectrometer (ICP-OES)
was used to determine boron, silicon, iron, aluommand the major cations. The concentrations
of an extensive suite of trace elements were détedrusing a Perkin Elmer Elan DRC 11

Inductively Coupled Plasma-Mass Spectrometer (ICP:-M

The labile acid-available particulate fraction (A)ARas calculated as the difference between the
acid-leached concentrations measured from an erddtwater sample and the filtered (<0.45

pm) river water. The AAP concentration represant®perational measurement of the more

8
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labile acid-soluble fractions associated with susigel particulate matter, but excludes the more

refractory and acid unreactive components.

Molybdate reactive phosphorus (MRP) and ammoniumogen (NH-N) were analysed
colorimetrically using a Seal AQ2 discrete analysgemolybdenum blue and indo-phenol blue
chemistry, respectively. To avoid sample deteriomtMRP was measured on the day of
sampling. Total phosphorus (TP) was also determiryetholybdenum blue colorimetry as with
the MRP, but prior to analysis, the sample wasdated under strongly acidic conditions with
a persulphate oxidant to break down particulatamiggand polymeric colloidal forms of

phosphorus. Organic phosphorus (OP) was calcuést¢le difference between TP and MRP.

Chloride, nitrate and sulphate were determinedhbychromatography (Dionex DX100).
Organic carbon (OC) and total dissolved nitrogeldNJ were simultaneously analysed on a
Shimadzu TOC-V CPH analyser. Samples were prefaaidon the instrument’s autosampler
and aspirated to purge off most of the inorganrb@a and volatile compounds. The acidified
sample was combusted and a conductivity detecterdeed C while the total dissolved
nitrogen (TDN) was determined by chemiluminescer@eganic nitrogen (ON) was calculated
as the difference between the TDN and the inorgaiticgen species (IN: Nf-N + NO>-N +

NOs-N) in mg-N/I units.

Instruments were calibrated for each batch of saspsing a range of standard solutions.
Values exceeding the top calibration standard weuéed and the analysis repeated. The
measurements were validated using values fromrthlysis of internal QC samples, certified
reference materials and regular proficiency tessagples supplied by Aquacheck Ltd. The
analysis was conducted using methods which weralynaccredited by United Kingdom

Accreditation Service to ISO 17025.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

3.4 Validation of ultrafiltration membrane performae and mass balance

To provide an initial validation test for the CF@Erformance, two molecular probes (¥,
MW 0.136 kDa, and Vitamin B12, MW 1.3 kDa), wereayed. The KHPO,standard (16
HM) was used to determine how much of the macrantirP, might be being retained by the
membrane and CFUF apparatus. A mass balance ¥ergamefficient of 0.97 (corresponding
with 95% permeation) demonstrated negligible sorptosses of P during the cross-flow
ultrafiltration process, a negligible quantity wrttihe retentate fraction and thus excellent

permeation efficiency of the membrane.

The Vitamin B12 standard (0.2uM) was use to testife effectiveness of the membrane to
recover colloidal material with a molecular weigidgt above the nominal pore size of 1 kDa.
Very high retention (coefficient of 0.99) was ohst as assessed by estimating the retention
coefficient (RC), which equalled 1€{/ C;), whereC, andC; are the concentrations of standard
colloid molecules in the permeate and retentaspatively.

<Table 1>

For the CFUF survey, mass balance recovery coeffisi(Vl,) for each of the analytes is shown
in Table 1. A loss of material occurs whdn<1; contamination occurred whéfy > 1. For

most analyted\l; ranged from 0.85-0.98 (meadv,, 0.93+£0.1), demonstrating good recovery of
macronutrients, metals and trace elements durimgnbss-flow ultrafiltration process. There
appeared to be a 15% contamination of Si which haae arisen from the regenerated cellulose
membrane, and around 30% loss for Ce, Fe and Atglaross-flow ultrafiltration (see

Discussion section for further details).

3.5 Partitioning of macronutrients, metals and #agements between dissolved, colloidal and

macroparticulate phases

10
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Empirical partition coefficients are a widely-usaéans of relating dissolved and solid-phase
concentrations of metals, trace elements and matfents to the concentrations of suspended
particular matter in aquatic systems (Benoit etl#194; Neal et al., 1997; Turner and Millward,
2002; Turner et al., 1993). These are not trudlibgum coefficients as they are dependent on
factors such as pH, temperature and the concemisatif suspended solids (Benoit and Rozan,
1999; Pankow and McKenzie, 1991; Shafer et al.7L9%™ their basic form, the effective of use
has been questioned previously on the basis botheomeaningfulness of the AAP fraction and
the presence of colloidal material (Gustafsson@schwend, 1997; Neal et al., 1997). However,
for this study, partition coefficients provide uglwa simple empirical method for understanding
partitioning of macronutrients and metals. By gdime CFUF data, we were able to evaluate the
influence colloids on partition coefficients. Hetleree types of partition coefficients were

examined:

1. Ko, a distribution coefficient normalised to organarbon was used to assess the distribution

of macronutrients and metals between organic @lleidal and truly dissolved fractions

(Martin et al., 1995):

Koc = (MJ/COC) / (Makpa/ UOC)

WhereM is the colloidal determinand concentratih,xp, is the truly dissolved (<1 kDa)

determinand concentratioBOC s the colloidal organic carbon concentration Bl@(C is the

truly dissolved (‘ultrafiltered’, <1 kDa) organi@don concentratiork,.is dimensionless.

This approach allowed us to explore the complegeggability of colloidal organic C relative to

truly dissolved (macromolecular) organic C.

11
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2.Kq sta, Simple partition coefficient between the aci@itable particulate fraction and the

filtered (<0.45pum fraction), expressed in unitd.d&fg™

Kd std = Maap/SPM / Mg

WhereMaqpis the acid-available particulate concentrat®RMis the suspended particulate

matter concentration and; is the concentration in the filtered (<0.45 pmgfran.

This is a standard partition coefficient employedautine water quality studies which use an

operational (0.45 um) separation between dissawedabile particulate fractions.

3. Ky _crus @ refined partition coefficient, expressed in uoit$ kg, derived using the cross-flow
ultrafiltration data. Unlike&qy_siq Kg_cruraccounts for the colloidal concentration alongwtite
acid-available particulate concentration within thaid’ phase and the <1kDa fraction (rather

than <0.45um fraction) as the truly dissolved phase

Kd_cfuf = Msoiidd SPM/M<1xpa

WhereMgiq is the sum of the acid-available particulate cotreion and the colloidal

concentrationNaap + Mc)

3.6 Terminology for the chemical fractions measured
Within this study, the following terminology is wséor the chemical fractions reported:
« filteredis the concentration in river water which passesugh a 0.45 um filter

membrane;

12
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» colloidal is the concentration within the filtered river wafraction which is retained by
the cross-flow ultrafiltration membrane within tihetentate’ fraction (i.e. >1kDa <0.45
nm)

» truly dissolveds the concentration within the filtered river wafraction which passes
through the cross-flow ultrafiltration membraneoiihe ‘permeate’ fraction (i.e. <lkDa
fraction)

* acid-available particulate (AAH} the acid-leachable fraction of the suspended
particulate matter in the >0.45 um fraction, dadit®m subtracting the filtered
concentration from the concentration derived fronmaeaid digest on an unfiltered sample.
AAPIs not a measure of the total element associatidtie solid phase and the measure
Is an operational semi-quantitative one, that mipghtonsidered as the acid labile
component of suspended particulate matter. Itsigneh here is simply to provide an
initial estimate of measure of the labile partitel&action.

« labile solids (LS)s the sum of the acid-available particulate amitb@lal concentrations

4. Reaults

The results presented here represent the firssss®at of the colloidal component for five
samples taken from rivers draining a range of ctegolluted environments. They cover the
baseflow/near-baseflow component and not high-flag/this was beyond the capability of this

study; the findings must be viewed in this light.

4.1 Concentrations of macronutrients, metals andd elements within the filtered and

colloidal fractions

<Table 2a>

13
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The concentrations of metals, trace elements armdamatrients within the filtered (<0.45um)
fraction for the CFUF survey are shown in Table&ang with averages and ranges in
concentrations from longer-term monitoring at tame sites under the Ribble/Wyre Source to
Sea programme. The results showed that the saglested during the CFUF survey are
highly representative of wider longer-term watealfy conditions within the rivers over the two
year monitoring period. For many of the analytésciv were identified by Neal et al (2011b) as
having predominantly diffuse catchment sources eegCe, Ti, Ni, Al, Cr, dissolved organic
carbon (DOC) and Si), the concentration during@R&JF survey was higher than the mean
long-term value. This may correspond with thehglighigher than average flow conditions
during the survey and some greater diffuse soualisation during the time of the survey. In
contrast, other analytes linked to effluent or grwater (e.g. Ca, Sr, Mg, 3, Rb, Na and

Cl) were generally lower than long-term mean valdwsng the CFUF survey, reflecting a small
dilution effect. However, the samples collectedrythe CFUF survey were well within the

long-term ranges sampled in the Source-to-Sea study

Overall, there was a separation in filtered mactoent and metal concentrations between the
rural upland moorland, and the lowland sites whiakie greater anthropogenic influence. For
most determinands, concentrations were higheranaWwlands due to pollutant inputs from
effluents and/or contaminated land. Only Al, Ce,@ad Mn had higher concentrations in the
moorland rivers (Dunsop and Tarnbrook), reflecteeching of lithogenic minerals from the
organic-rich acidic soils in the moorlands. Desfliig, the upland streams were circum-neutral
as a result of buffering by groundwater inputs @med with base cations. There were much
higher concentrations of TP, MRP and major aniorsaations in the lowland urban river
(Douglas) resulting from proximity to sewage effitéputs. The industrial river (Hyndburn)
had very high concentrations of certain trace etémsuch as As and Ce, linked to contaminated

waterways and the legacy of heavy industry withm ¢atchment (Neal, 2007; Rowland et al.,

14
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2011). The agricultural river (Eller) had elevatahcentrations of suspended solids, TDN and
DOC, linked to farming activities and high concatitns of many of the base cations and Si
associated with greater weathering rates withliediagricultural soils (Jarvie et al., 1997; Jarvie
et al., 2008; Neal et al., 2005; Neal et al., 2011b

<Table 2b>

The percentage contributions of colloids within tittered river water are shown in Table 2b.
Bringing together the filtered (<0.45 pm) concetras and colloidal percentages in Tables 2a

and 2b, several key groupings of elements weretifch

* Elementsfound predominantly in colloidal form (i.e. average > 50% colloidal; Fe,
Ce, OC, OP, ON, Ni, Cd and Ti). Elevated filtered (<0.45 pm fraction) concentnas
of Fe, Ce and Cd were found in moorland riversgii@ Ce in the Tarnbrook), Cd (in the
Dunsop), although there is also an industrial seofdoth Fe and Ce, given the high
concentrations in the industrial river (Hyndburdjghest filtered concentrations of Ni
and Ti occurred in the urban river (Douglas) areafricultural river (Eller). OP and
ON had highest filtered concentrations in the unbva@r (Douglas), whereas OC was

highest in the agricultural river (Eller).

* Elementsin largely truly dissolved form (average <20 % colloidal; CI, IN, B, Si, Na,
Rb, K, Ca, Sr, Mg, SO,). Most of these elements showed a strong incriease
concentrations between the upland and lowlandsjJugrked to sewage, agricultural and
weathering sources from tilled soils. Cl, B, N&, R, SQ, Mg, Sr, Ca had highest
concentrations in the urban river (Douglas), wheiaarganic nitrogen and Si had
highest concentrations in the agricultural rivelt§g. Given the very low colloidal

percentages, these high-solubility elements areomdidered in detail here, as focus is
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placed on the wide range of macronutrients andIsyetaich partition between

dissolved, colloidal and AAP phases.

« Elementswith intermediate colloidal percentages (Ba, Mn, V, TDN, Mo, MRP, Se,
As, Sb, Cr, TP and Al). Highest filtered concentrations of these elemecturred in
the anthropogenically-impacted lowlands (with tleeption of Al). Mn, Mo, MRP, Se,
Cr, TP had highest filtered concentrations in th@uo river (Douglas), suggesting a
dominant sewage source. Ba, V, TDN, Sb had higiiesed concentrations in the
agricultural river (Eller). Highest filtered condeations of As were found in the
industrial river (Hyndburn). The percentage caldicontributions of these elements

tended to be lower in the lowlands, compared wWithuplands.

4.2. Relationships between filtered, colloidal @andy dissolved fractions

<Table 3>

Table 3 shows the regression relationships betwekwidal vs filtered and truly dissolved vs
filtered fractions and plots for example relatiopshare shown in Figure 1. A “cross-over”
point (Ce) between these two relationships is identifiethasintersection where a switch occurs

between either colloidal or truly dissolved concatibns dominating the filtered fraction.

For most determinands (TP, MRP, OP, TDN, ON, TiCv, Mn, Ni, As, Se, Mo, Sb and Ba),
the gradient was higher for the truly dissolvedilsred fractions than for the colloidal vs
filtered fractions. In most cases, colloidal flranos dominated under the lower filtered
concentrations in the upland moorland rivers (Dpresad Tarnbrook), but truly dissolved
fractions dominated at the higher filtered concatitns in the lowland rivers. Only TDN, V, As
and Ba have no intersection between the colloiddlteuly dissolved regression lines (i&.is

less than the lowest measured filtered concenirgtibis demonstrates that, for TDN, V, As and
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Ba, the truly dissolved fraction dominated righdrag the continuum between upland and

lowland river sites.

The remaining determinands (Al, OC, Fe, Ce anddlld)ad higher gradients for the
relationship between colloidal vs filtered fracsonTheC, for Al, Ce and Cd, showed that truly
dissolved fractions dominated at lower concentratio the lowland urban (Douglas) and
agricultural (Eller) rivers. Colloidal fraction®ahinated under the higher concentrations in the
rivers draining the upland moorlands (Dunsop anth@i@ok). For Ce and Cd, higher
concentrations were also found in both the filtetlad colloidal fractions in the industrial river
(Hyndburn). There was no cross-over point in thidocdal and truly dissolved regression
relationships for OC and Fe, since colloidal fomh©C and Fe were dominant right along the

continuum between upland and lowland river sites.

4.3. Partitioning of macronutrients, metals anddgeelements between colloidal and truly
dissolved organic carbon fractions

<Table 4>

The partitioning of macronutrients, metals anddralements between colloidal and truly
dissolved organic carbon fractions was examineagisic values (Table 4). The affinity of
macronutrients and metals for colloidal and trulsdlved organic carbon was highly variable
between determinands and sites. For the majdfritysodeterminandsS,. values were lower
than 1, indicating that the truly dissolved orgacacbon generally had a higher affinity for
macronutrients and metals than the colloidal orgaarbon. The monitoring site on the urban
river (Douglas), which was located immediately detmeam of a major sewage effluent
discharge, had the lowds}. values for many determinands, suggesting thabri@nic carbon
in the truly dissolved fraction from sewage effluaray have a high capacity for complexing

macronutrients and metals.
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Koc Values > 1 indicate a greater affinity for collaidather than truly dissolved organic carbon.
Fe had a greater a greater affinity for colloidgamic carbon in the moorland river (Dunsop),
the agricultural river (Eller) and the industriader (Hyndburn) K¢ values for Fe in these rivers
ranged from 1.27 to 3.84). Ce had a greater &ffior colloidal organic in the moorland river
(Dunsop) and the industrial river (Hyndburn), whigge values for Ce were 1.76 and 2.34,
respectively. Total P and OP in the industriaérifHyndburn) also had higher affinity for
colloidal organic carbon rather than truly dissdgganic carbonK,. 1.06 and 1.89
respectively). In the agricultural river (Eller)PGalso had a higher affinity for colloidal organic
carbon K¢ 5.05). In the moorland river (Tarnbrook) and egftural river (Eller), ON also had

a higher affinity for colloidal than truly dissolgerganic carbonK. 1.44).

4.4. Acid-available particulate fractions and thiéeets of including colloids within the
particulate fraction

<Table 5>

The concentrations of acid-available particulagetions expressed as a percentage of the total
acid leached concentration (%AAP) are shown in & &bl Analytes with the highest average
%AAP were Al (55%), Fe (46%), and MRP (44%); in tast Rb and Ba had less than 10%
AAP. The agricultural river (Eller) had the highés AAP for most analytes, reflecting a much
higher suspended solids concentration in river ma@ri@ning largely arable land (Table 2a).
Lowest % AAP for most analytes were found in theontemd river (Dunsop).

<Table 6>

Table 6 shows the AAP concentrations normalisestigpended solids concentrations (AAP/g-
SS). Highest AAP/g-SS values for P, Fe and Ce ¥eened in the moorland river (Dunsop);.
Highest AAP/g-SS for Al, Ti, V, As, Rb, Cd and Bame found in the industrial river

(Hyndburn). Highest AAP/g-SS for P, Cr and Mn wirend in the urban river (Douglas).
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The labile solids (LS/g-SS) is defined here asstima of the colloidal and acid-available
particulate concentrations normalised to the sudgeisolids concentration. A higher proportion
of analytes had highest LS/g-SS values in the raadrtiver (Dunsop) (Al, Fe, V, Cr, Se, Cd,
Ba). LS/g-SS values for Ti, Ce, As and Rb werdnbgg in with the industrial river (Hyndburn)
with LS/g-SS for P and Mn highest in the urbanri{i2ouglas). Despite the agricultural river
(Eller) having the highest %AAP values, none ofdhalytes considered here had highest
AAP/g-SS or LS/g-SS in the Eller. The greatestaases between AAP/g-SS and LS/g-SS (as a
result of inclusion of colloidal concentrations)en& for P, Ce and Cr in the industrial river
(Hyndburn), For all other analytes, the greatestdases as a result of including colloidal

concentrations occurred in the moorland rivers @mand Tarnbrook).

4.5 Use of cross-flow ultra-filtration data to reé solid-solution partition coefficients

<Table 7>

Theaffinity of each of the analytes for solid and $mn phases was assessed using two
empirical partition coefficients (Table 7Kq4 swiS @ standard and widely-used coefficient which
simply evaluates the partitioning between AAP ahdred (<0.45 pm) concentrationky ¢,
which is based on the cross-flow ultrafiltratiortaland uses theuly dissolved (<1 KDa)
concentrations, accounting for the colloidal coniions within the solid phase, along with
AAP. HighestKy siqvalues were found in the moorland river (Dunsap)dll analytes, apart
from Al, Ti and Cd, which had highet sqvalues in the industrial river (Hyndburn) and Ce ,
which had highesty swqin the urban river (Douglas). Lowds§ siqvalues were for Rb in the

agricultural river (Eller) and the urban river (Oybas).

Accounting for colloids within the solid phad€; cs resulted in an increase in the apparent

affinity of most analytes for the solids phase.e Dneatest increases betwd@nsqandKy cius
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were for Ce in the moorland river (Dunsop) and €the other moorland river (Tarnbrook),

with a 70 times and 48 times increase betweggrqandKy cur, respectively. In general, the
greatest increases betwd€nsgandKy crr Were for the moorland rivers: Al, Ti, Ce, As dbd

in the Dunsop; Mn, Se, Cd and Ba in the Tarnbrdeéc MRP, Fe and Cr, greatest increases
betweerkKy syandKqy cfur Were in the industrial river (Hyndburn) and fdo R the urban river
(Douglas). Once colloids are taken into accoumstranalytes had highest partition coefficients
in the Dunsop and all analytes had lowest partitioefficient in the agricultural river (Eller).
<Figures 2a & 2b>

Figures 2a and 2b show inter-element correlatiotriogs forkKy siyandKy crur. FOr theKy s
correlation matrix, there was a high degree of dagdter in inter-element relationships, with the
only positive correlations iy siqoccurring between As, Se and V. In contrast,dnpanting

for colloids and the truly dissolved fraction, e s Showed a dramatic increase in inter-
element correlations, demonstrating the importari@®lloids in controlling a wide range of

metal partitioning along the upland-lowland lanagsntinuum.

5. Discussion

5.1 Cross-flow ultrafiltration to quantify colloidend truly dissolved fractions in macronutrient
transport

The suitability of cross-flow ultrafiltration astachnique for separating and quantifying colloidal
and truly dissolved macronutrient fractions hasb#@monstrated by a combination of
molecular probes and mass balance recoveriesmblexular probes showed excellent
separation between permeate and retentate eitteeosthe 1 kDa membrane pore size, with
99% recovery of Vitamin B (MW 1.3 kDa) in the retentate and 97% recoveriKidtPO, (MW
0.136 kDa) in the permeate. Mean mass balanceedes were 94% for P, 99% for N and 95%
for OC demonstrating minimal contamination or I@sséthese macronutrients during the cross-

flow ultrafiltration process.
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Nitrogen and phosphorus concentrations in all foast (filtered, colloidal and truly dissolved)
were consistently highest in the lowland rivershef Ribble/Wyre catchment. Nitrogen
fractions were highest in agricultural river (E)ldinked to fertiliser sources. Phosphorus
fractions were highest in the urban river (Douglas)a result of large sewage effluent
discharges from Wigan and Skelmersdale STWs. Wde/of the inorganic N in the rivers (5-
8%) was colloidal, owing to the high solubility mitrate as the dominant N fraction. In contrast,

MRP had much higher colloidal percentages (11-52%h highest percentages (>40%) in the

moorland rivers (Dunsop and Tarnbrook) and the strakl river (Hyndburn). These percentages

are consistent with wider observations of colloi@akithin surface freshwaters (Cai and Guo,
2009; Haygarth et al., 2006; Haygarth et al., 1991ger et al., 1999). Colloidal material
constituted a much higher proportion of the orgdnims N and P, compared with the inorganic
forms. Between 41 and 72% of organic nitrogen ead®idal, with highest colloidal ON
percentages in the moorland rivers (Dunsop andbFaak) and in the agricultural river (Eller).
Between 26 and 87% of OP was colloidal, with higlvedoidal OP percentages in the
agricultural river (Eller) and industrial river (IHgburn). Between 56 and 80% of OC was
colloidal with highest colloidal percentages in theorland rivers (Dunsop and Tarnbrook).
Colloidal fractions dominated the OC loads in dlthe rivers. In general, colloids were more
important for macronutrient transport in the uplatizhn the lowlands. For TP, MRP and ON,
colloids dominated at lower concentrations in tpand moorland rivers (Dunsop and
Tarnbrook), with truly dissolved fractions domimegiat higher filtered concentrations in the
lowland rivers. This is shown by the intersecti@tvizeen colloidal and truly dissolved
concentrations when plotted against the filterd@l4Sum) fraction and the higher gradient for

the truly dissolved concentrations of all macroieutr fractions, except OC
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5.2 Controls on macronutrient partitioning betwemiloidal, acid-available particulate and
truly dissolved phases

Substantial concentrations of filtered P and N veererganic fractions (up to 429 pg-P &s
organic P and 1.4 mg-N'Las organic N). Therefore, distribution coeffidenormalised to
organic C K,c) provided a means of exploring the partitionindNoand P fractions between
organic C in colloidal and truly dissolved phasé&fieK,. values revealed that most P and N
fractions had a greater affinity for the truly diksed (<1 kDa) organic C than colloidal organic
C. This is most pronounced in the urban river (§las), which had the lowekt value.
However, it is likely that a high proportion of thely dissolved MRP in the Douglas is
orthophosphate in addition to any organic-P congddkom sewage effluent. With the
exception of the upland moorland river (Tarnbrody), values for OP were higher than for
MRP and TP an&,. values for ON were higher than TDN. This indichtieat organic P and N
fractions generally have more affinity for colloidaganic C than the inorganic fractions. Only
in a few situations did the macronutrient affinidy colloidal organic C exceed the affinity for
truly dissolved organic C (i.&.. > 1): ON in the moorland river (Tarnbrook) and the
agricultural river (Eller) and OP in the agriculttiriver (Eller) and the urban river (Hyndburn).
These were also the sites which had the highelstidal percentages of ON and OP, as

discussed above.

Here, discussion of partitioning with respect toillaacid-available particulate fractions is
restricted to P (the acid-available MRP fractiohjah is also regarded as the most readily
available particle-bound fraction (Ekholm, 1994)3,there were no corresponding labile
particulate measurements were available for N. grbportion of MRP transported as acid-
available particulate P was higher in the uplamdgre up to 62% of MRP was as AAP in the
moorland river (Dunsop). The percentage of AAP &Rvleclined from uplands to lowlands,

falling as low as 27% in the industrial river (Hyndn). Highest values &y si.ashowed that the
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highest suspended particulate affinity for MRP wathe upland moorland river (Dunsop).
Lowest suspended particulate affinity for MRP washie agricultural (Eller) and urban
(Douglas) rivers: these sites are dominated by gewath very high MRP concentrations that
may exceed the P-sorption capacity of the suspepaetulate matter. By accounting for
colloids within a wider ‘solids phase’, tif& s partition coefficient used the results of cross-
flow ultrafiltration to quantify partitioning betves solids (both macroparticulates and colloids)
and the truly dissolved fraction. There was naificant change betwedfy sandKqg crur for
the Eller and Douglas, indicating that colloidadtions had little impact on the partitioning of
MRP between dissolved and particulate phases. keawtor the Hyndburn, there was a
dramatic (5-fold) increase Ky crur aboveKy si¢ demonstrating the importance of colloids in P
transport in this lowland industrial river systeccounting for colloids as solids also resulted
in a 3 fold increase iKq cur aboveKy swin the Dunsop, withy cs in the Dunsop 6 times

higher than in the Hyndburn and ¢.150 times highan in the Eller.

Whilst suspended solids concentrations were highttre lowlands, the affinity of P for
suspended solids was considerably lower in thedods than in the uplands, potentially
resulting from (a) lower P sorption capacity linkeda greater history of exposure to P and
fewer available P sorption sites per unit masstiqudarly in the urban Douglas, linked to very
high AAP/g-SS concentrations and very high MRP eoi@tions in the truly dissolved phase)
and/or (b) higher concentrations of larger parsicieith lower specific surface area and thus

lower P sorption capacity per unit mass (in thecagpural Eller).

Colloids play a much greater role in P transpothimithe filtered (<0.45 um) fraction the
upland moorland rivers (Dunsop and Tarnbrook) &edndustrial river (Hyndburn). In the
uplands, links between the high proportion of iltered (<0.45um) P fraction being transported

as colloids and the high % AAP may indicate thdlioodal aggregation may result in formation
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of macroparticulates, via the process of colloigamping’. Colloidal pumping is the process
by which particle-reactive species are rapidly aldsd onto colloidal particles, which in turn
coagulate into macroparticulates (Honeyman ands8ant1991; Stordal et al., 1996; Wen et al.,
1999). Uptake of P into/onto these colloids aredrteubsequent aggregation may play a role in
reducing P bioavailability relative to more readiipavailable truly dissolved fractions which
dominate in the sewage dominated lowland urbanagnidultural rivers. In the Hyndburn, the
high proportion of the <0.45um P fraction as caltowas not linked to a high % AAP value,
suggesting a decoupling of colloidal and AAP fraci and perhaps greater colloidal stability in

the Hyndburn.

In the Douglas, there also appears to be a decaupfiP between colloidal and AAP fractions,
albeit via a different source. The combinatiovefy low colloidal percentages for P in the
<0.45 um fraction, low %AAP but very high AAP/g-88hich is not substantially increased
from AAP/g-SS to LS/g-SS, i.e. when colloids areliiled within the solids phase) suggests a
different source of suspended particulate P: efhach suspended solids from sewage or
sorption of phosphate to suspended solids, i.& eatloidal intermediates being of lesser

importance than in the uplands.

5.3 Cross-flow ultrafiltration to quantify colloidend truly dissolved fractions in metal and trace
element transport

Mean mass balance recoveries after CFUF for motlsnend trace elements exceeded 85%.
The exceptions were Al, Fe and Ce, where sliglutlyelr recoveries (mean 70-75%) indicated
losses during cross-flow ultrafiltration, possilaly a result of precipitation of oxyhydroxides and
sorption/deposition within the ultrafiltration egunent; this is consistent with results reported

elsewhere (Guo and Santschi, 2007; Wilding e28I04; Wilding et al., 2005).
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The upland moorland streams (Dunsop and Tarnbtwadhigh filtered concentrations of Fe,
Ce, Cd and Al concentrations linked to mobilisatiomcid runoff from peaty soils, although
there was also a clear industrial source of Fear@@eCd in the Hyndburn. There was also a
strong industrial source of As in the industriakr (Hyndburn). For the other elements, there
was a strong upland-lowland transition with lowencentrations in the upland moorland rivers
(Dunsop and Tarnbrook) and highest concentrationise sewage-impacted urban river

(Douglas) and agricultural river (Eller).

For many metals, colloids dominated the filtere@d.4&um) river water in the uplands, whereas
truly dissolved fractions were proportionally gesain the lowland rivers. In the uplands,
mixing of acid-runoff with much higher alkalinitygundwater and resultant buffering of the
runoff from acid moorlands may well result in rapidersaturation with respect to easily
hydrolysable metals of low solubility under neautnal conditions and the production of
colloidal forms (Neal et al., 2011a,b). Fe wasdhb metal which was found predominantly in

colloidal form along the entire upland-lowland tséion.

5.4 Controls on metal partitioning between colldjdecid-available particulate and truly
dissolved phases

Many easily hydrolysable metals, such as Fe, AITGeCr and Cd, had high concentrations in
the truly dissolved phase. These easily hydrolgsatetals might be expected to have very low
solubility at the pHs encountered, and therefoeentajor part of the truly dissolved loads may
be associated with complexation by macromoleculgamc ligands which stabilise these metals
in solution (Neal et al., 2011a; Neal et al., 2008ts et al, 2008). There are other ions such as
sulphate, fluoride, hydroxyl and bicarbonate thayyroomplex with particular metals, but this
aspect is beyond the scope of the work. Indeethehniguly-dissolved metals concentrations

occur in the lowlands where the pHs are higherwhere there are industrial and sewage
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effluent sources. Thus, it seems that source denfpossibly with increased complexation by
pollutants that are at their highest concentratiormder low-flow conditions at the time of CFUF

sampling) override pH controls in these systems.

The higher concentrations of easily hydrolysabl¢atsan the truly dissolved fractions within
the sewage-impacted urban river (Douglas) werectftl in the very low,. values. ThesK,.
values indicated a markedly higher affinity of metar the truly dissolved organic C fraction in
the lowlands, compared with the upland river sitiescontrast, Fe and Ce had greater affinity
colloidal than truly dissolved organic carbon ie thpland moorland river (Dunsop), lowland
agricultural river (Eller) and lowland industriaver (Hyndburn). The upland moorland rivers
(Dunsop and Tarnbrook) and lowland industrial rig¢@yndburn) tended to have high€s.
values, yet there was no correlation across tke bietweel,. values and DOC concentrations.
This suggests that differences in the chemisttpheforganic carbon in truly dissolved and
colloidal phases between upland moorland, lowlagdgcultural, urban and industrial rivers are
more important than organic carbon concentratp@rssein controlling the complexation or
chelation of metals. For example, in the caseepfcBncentrations were found to increase over
many years for an upland site in mid-Wales andftiliewed increases in DOC concentrations.
In this case, although there was a correlation éetwe and DOC, the relationship occurred
because the DOC promoted colloidal Fe formationerathan just incorporation of Fe into or

onto to the DOC macromolecules (Neal et al., 2008).

The agricultural river (Eller) had the highest centration of suspended particulate matter,
linked to higher rates of soil erosion from ardlled. This corresponded with the highest metal
% AAP values in the Eller, as a result of erosibdetdrital soil-derived particulates. In general,
there was an increase in the percentage of tatdlaamilable metals as AAP going from the

uplands to the lowlands, linked to higher suspersiéids loads in the lowland rivers. However,
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the agricultural river (Eller) had consistently I@&vAP/g-SS values. This indicates that
suspended solids derived from soil erosion hadn@tal concentrations, likely as a result of

larger particle sizes, with a lower specific suefacea for metals sorption.

The upland moorland river (Dunsop) and the indaktiver (Hyndburn) had consistently higher
AAP/g-SS values, demonstrating much higher levelaetal contamination per unit mass.
When colloids are included within the solids phake,increase in concentration from AAP/g-
SS to LS/g-SS was greatest in the upland moorliaedsr(Dunsop and Tarnbrook) and the
industrial river (Hyndburn). This correspondedhiiicreases in the affinity of metals for
particulates, as seen by the large increasesHKipmyto Ky cis in the uplands and in the
Hyndburn. There was an important difference betwbe detrital suspended solids derived
from soil erosion in the agricultural river (Ellewyhich have relatively low affinity for metals
compared with the organic-rich colloids in the uqola and metal oxide precipitates in the
industrial rivers, which appear to have a high capdor binding metals. Aggregation of these
highly contaminated colloids may provide an impotta@echanism for formation of
macroparticulates (>0.45 um), via the colloidal pimy mechanism, with wider implications for
metal and trace element transport and bioavaitgifloneyman and Santschi, 1991; Koukal et
al., 2007; Vignati et al., 2009). The high concations of metals in truly dissolved form
immediately downstream of the sewage works on tharuriver (Douglas) indicate that
macromolecular organics in the truly dissolved kBh) fraction may play an important role in
chelating metals in sewage effluent dischargeangzmion studies (Neal et al., 2011a)
examined the behaviour of Ti along the river furthiewnstream of these sewage discharges and
saw marked losses of filtered (<0.45um) Ti dowrastre This likely resulted from transfer of
the dissolved species to larger (>0.45um) aggregadecolloidal intermediates. Indeed, the

colloidal intermediates and colloidal pumping metghm may provide an important mechanism
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for in-stream changes in the fractionation and\mdability of metals during their transport

through the fluvial system.

The weak inter-element correlations Ky sigvalues and the dramatic improvement in inter-
element correlations foKy s demonstrates that partition coefficients derifrech CFUF
datasets (which account for colloids in the sofidase and use the <1kDa truly dissolved
fraction) provide a clearer description of the chehcontrols on metal and P partitioning along
the upland-lowland land-use continuum. Accounforgeolloids and truly dissolved
concentrations does not result in a convergené® @f,s values between sites, so there is no
clear evidence of a true equilibrium partition dméént across the sites for any elements. This is
because these are empirical partition coefficiemtsch depend on a range of factors such as pH,
temperature and suspended solids concentratiort @lah, 1997). However, the strong inter-
element correlations foKy ¢ demonstrate (i) simple patterns in metal partitoefficients

along the upland-lowland land-use continuum, fi§ importance of colloids in controlling a
wide range of metal partitioning and transport éimgdthe value of CFUF as a technique to
separate and quantify the colloidal and truly digst components in the filtered (<0.45 pum)
fraction which is operationally defined as the &ilved’ fractions in routine water quality
monitoring studies. The simple patterns and stioteg-element correlations in partition
coefficients which emerge along the upland-lowl&rdl use continuum is all the more
remarkable, given the large differences in metdl macronutrient sources, concentrations and
background hydrochemistry between the upland modrlewland agricultural, urban and
industrial rivers sampled here. Indeed, thesdtsepuints to the critical role of colloids in
controlling partitioning of a wide range of metalsross the diversity of land-use types covered

by this study.

5.4 Colloids as biogeochemical ‘nuclei’ linking nacutrient and metals cycling in rivers
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The results of this study have shown the importai@®lloids for macronutrient and metal
transport in the filtered (<0.45um) fraction, whistclassified as “dissolved” in routine water
quality monitoring. In general, colloids were margortant for macronutrient and metal
transport in the filtered fraction of river watarthe upland moorland rivers, than in the
lowlands. A higher proportion of the filtered I@df macronutrients and metals were in truly

dissolved form in the lowland rivers.

There appears to be a significant difference betvilee lowland sewage-impacted and
agricultural sites (where relatively high detrigalspended solids concentrations arise from soill
erosion and sewage-derived solids), compared Wéhupland moorland streams and the
industrial rivers where the AAP/g-SS concentratiaresconsiderably higher. This may be
linked to a higher proportion of the suspendeddisdiieing derived from aggregation of colloids
via the ‘colloidal pumping’ mechanism. Along thartsition from upland moorlands to the
lowland agricultural, urban and industrial rivangtural organic carbon played a key role in
chelation of metals in dissolved phase, colloidrfation and colloid stability/aggregation and
thus a wider role in the their transport and bidabdlity. Differences in the chemistry of natural
organic matter from moorland peat sources in thangpto sewage effluent in the lowlands is
likely responsible for clear differences in paditing of metals and macronutrients between truly
dissolved and colloidal phases. Indeed, there werggnificant correlations between organic C
concentrations and colloidal or truly dissolved @amtrations, or partition coefficients across the
sites, suggesting that it is not simply the total@entrations of organic C that provide a major
control on metal and macronutrient partitioning #mat further information on the speciation,
chemistry and nature of the organic matter fronangé to lowlands is required to establish
process controls (Worsfold et al., 2008). Techeggsuch as NMR, FTIR and fluorescence
spectroscopy offer new possibilities to probe tile of organic compounds in metal partitioning

within the truly dissolved and colloidal phases ¢Glet al., 2002; Lead et al., 2006; Liu et al.,
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2007; McKnight et al., 1997; Simpson et al., 201w field-flow fractionation also allows
more detailed insight into the chemical composiagsociated with size distributions across the
colloidal and subcolloidal continuum (Gimbert et 2008; Gimbert and Worsfold, 2009;

Hassellov et al., 1999; Stolpe et al., 2010)

In the heavily sewage-impacted lowlands, unexpégtadh concentrations and proportions of
metals in the in the truly dissolved phase indith&t the organic matter in effluent has a high
capacity for chelating easily hydrolysable metdatawever, further work is now required to
establish whether the very high truly dissolvedaamtrations measured for the urban sewage-
impacted river (Douglas) may be an artefact ofviry close proximity of the sampling site to
the effluent discharge and that the macromoleauiganic-metal and macronutrient complexes
entering via sewage effluent may act as pre-cutsoeslloid and larger aggregate formation
during downstream transport within the river. Timay explain the differences observed
between the urban river (Douglas) and industnamr{Hyndburn). The Hyndburn sampling site,
while subject to effluent discharges, is not witmmmediate downstream proximity of any
sewage treatment works. Moreover, further wonkao® needed to establish the role of
macromolecular organic metal and macronutrient dexgs in colloid formation and
aggregation of intermediates for macroparticle fation during downstream transport. For
example, river reach ‘spiralling’ studies couldéaggmented using CFUF methods to allow more
detailed evaluation of the role of colloids in s&orming bioavailability and fluxes of metals and

macronutrient during downstream transport.

6. Conclusions
This study has demonstrated the value of cross-iibrafiltration for separating and quantifying
the contributions of colloidal and truly dissolviedctions for macronutrient and metals transport

across a range of rivers and along a continuum frpland moorland to lowland agricultural,
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urban and industrial land-use types. Clear diffees in the partitioning and transport of N, P, C
and metals between were observed between thedallltiuly dissolved and acid-available
(labile) particulate fractions, according to ditfat land uses along the upland-lowland
continuum. Colloidal components were generallyenorportant for both macronutrient and
metal/trace element transport in the filtered (8Qu4n) fraction in the uplands than in the
lowlands. The generally high concentration of maagily hydrolysable metals (Fe, Al Ce, Ti,
Cr and Cd) in truly dissolved form, above saturat@vels for their inorganic metal ions, in the
most heavily sewage impacted river particularlyhi@ lowland rivers, is indicative of the role of

macromolecular organic ligands from sewage efflireichelation of metals,

The study indicates important differences in thginrand nature of metal and trace element
transport along the upland-lowland continuum urieseflow/near-baseflow. In the lowland
agricultural and urban rivers, suspended solidewlerived from soil erosion and runoff from
urban surfaces, with a relatively low degree ofahehrichment compared with the upland and
industrial rivers. The organic-rich colloids irethplands and metal oxide colloidal precipitates
in the industrial rivers have a much higher capdoait binding metals. Subsequent aggregation
of these more highly contaminated colloids may mlean important mechanism for formation
of macroparticulates with a much higher degree effairenrichment than in the agricultural and
urban rivers. This mechanism of transfer of comtamis to larger aggregates via colloidal
intermediates, known as colloidal pumping, may glsavide a mechanism for particulate P
formation and the high proportion of P being trarggd in the acid-available particulate fraction

in the uplands.

Cross-flow ultrafiltration has allowed us to refisiandard empirical partition coefficients by
guantifying colloidal and truly dissolved comporenBy accounting for colloids within the

solids phase and replacing the filtered (<0.45paution) with the truly dissolved (<1kDa)
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concentrations, simple patterns and strong irfEment correlations in partition coefficients
emerged along the upland-lowland continuum, despéevide range in metal and macronutrient

sources, concentrations and background hydrochgnoisthe rivers sampled. This points to the
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important role of colloids in controlling the padidning of a wide range of metals that are
generally of low solubility, across a wide rangeigérs and land-use types. It also
demonstrates the value of using cross-flow ultrafilon as a technique to separate and quantify
the truly dissolved and colloidal components witbperationally-defined <0.45um “dissolved”
fractions. In this study, we have examined onedmy member under low-flow conditions,
where effluent and groundwater inputs will be maadiniHowever, there is likely to be large
variability in colloidal composition and concentoat across the flow range, including hysteresis
effects if supplies are limited. A vital next stepl be to examine hydrological controls, with a
systematic sampling campaign, to apply cross-fltivafiltration to river water samples,

collected across different flow regimes and antenedonditions.

References

Benoit G, Oktaymarshall SD, Cantu A, Hood EM, CadenCH, Corapcioglu MO, et al.
Partitioning of Cu, Pb, Ag, Zn, Fe, Al, and Mn beén filter-retained particles, colloids,
and solution in 6 Texas estuaries. Marine Chemi¥84; 45: 307-336.

Benoit G, Rozan TF. The influence of size distiitmiton the particle concentration effect and
trace metal partitioning in rivers. Geochimica Eis@ochimica Acta 1999; 63: 113-127.

Cai YH, Guo LD. Abundance and variation of colldideganic phosphorus in riverine,
estuarine, and coastal waters in the northern @Wwexico. Limnology and
Oceanography 2009; 54: 1393-1402.

Carpenter SR, Caraco NF, Correll DL, Howarth RWargley AN, Smith VH. Nonpoint
pollution of surface waters with phosphorus andoggen. Ecological Applications 1998;

8: 559-568.

32



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Chen J, Gu BH, LeBoeuf EJ, Pan HJ, Dai S. Spedpscharacterization of the structural and
functional properties of natural organic mattecfians. Chemosphere 2002; 48: 59-68.

Ekholm P. Bioavailability of phosphorus in agricutilly loaded rivers in southern Finland.
Hydrobiologia 1994; 287: 179-194.

Gimbert LJ, Haygarth PM, Worsfold PJ. Applicatidrflow field-flow fractionation and laser
sizing to characterize soil colloids in drained amdirained lysimeters. Journal of
Environmental Quality 2008; 37: 1656-1660.

Gimbert LJ, Worsfold PJ. Temporal variability ofllcadal material in agricultural storm runoff
from managed grassland using flow field-flow frac@tion. Journal of Chromatography
A 2009; 1216: 9120-9124.

Guo L, Santschi PH. Ultrafiltration and its Applicas to Sampling and Characterisation of
Aquatic Colloids: John Wiley & Sons, Ltd, 2007.

Guo LD, Hunt BJ, Santschi PH. Ultrafiltration belawof major ions (Na, Ca, Mg, F, Cl, and
S04) in natural waters. Water Research 2001; 380-1508.

Gustafsson O, Gschwend PM. Aquatic colloids: Cotg;egefinitions, and current challenges.
Limnology and Oceanography 1997; 42: 519-528.

Hassellov M, Lyven B, Haraldsson C, Sirinawin W t&enination of continuous size and trace
element distribution of colloidal material in nauwater by on-line coupling of flow
field-flow fractionation with ICPMS. Analytical Clmeistry 1999; 71: 3497-3502.

Haygarth PM, Bilotta GS, Bol R, Brazier RE, Butlel, Freer J, et al. Processes affecting
transfer of sediment and colloids, with associgteolsphorus, from intensively farmed
grasslands: an overview of key issues. Hydrolodgitatesses 2006; 20: 4407-4413.

Haygarth PM, Warwick MS, House WA. Size distributiof colloidal molybdate reactive
phosphorus in river waters and soil solution. W&esearch 1997; 31: 439-448.

Hilger S, Sigg L, Barbieri A. Size fractionation piiosphorus (dissolved, colloidal and

particulate) in two tributaries to Lake Lugano. Atja Sciences 1999; 61: 337-353.

33



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Honeyman BD, Santschi PH. Coupling adsorption artigle aggregation — laboratory studies
of colloidal pumping using Fe-59 labeled hematisvironmental Science &
Technology 1991; 25: 1739-1747.

Horowitz AJ, Lum KR, Garbarino JR, Hall GEM, LemieG, Demas CR. Problems associated
with using filtration to define dissolved tracemlent concentrations in natural water
samples. Environmental Science & Technology 1996954-963.

Jarvie HP, Neal C, Leach DV, Ryland GP, House Wah$bn AJ. Major ion concentrations and
the inorganic carbon chemistry of the Humber riv&i&ence of the Total Environment
1997; 194: 285-302.

Jarvie HP, Withers PJA, Hodgkinson R, Bates A, NdalWickham HD, et al. Influence of rural
land use on streamwater nutrients and their eccdbgignificance. Journal of Hydrology
2008; 350: 166-186.

Koukal B, Gueguen C, Pardos M, Dominik J. Influen€&umic substances on the toxic effects
of cadmium and zinc to the green alga Pseudokiratfeesubcapitata. Chemosphere
2003; 53: 953-961.

Koukal B, Rosse P, Reinhardt A, Ferrari B, Wilkind¢J, Loizeau JL, et al. Effect of
Pseudokirchneriella subcapitata (Chlorophyceaejl@&es on metal toxicity and colloid
aggregation. Water Research 2007; 41: 63-70.

Lead JR, De Momi A, Goula G, Baker A. Fractionatadrireshwater colloids and particles by
SPLITT: Analysis by electron microscopy and 3D &tton-emission matrix
fluorescence. Analytical Chemistry 2006; 78: 36@3-2

Lead JR, Wilkinson KJ. Aquatic colloids and nanaiokes: Current knowledge and future
trends. Environmental Chemistry 2006; 3: 159-171.

Liu R, Lead JR. Partial validation of cross flovirafiltration by atomic force microscopy.

Analytical Chemistry 2006; 78: 8105-8112.

34



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Liu RX, Lead JR, Baker A. Fluorescence charactéanaof cross flow ultrafiltration derived
freshwater colloidal and dissolved organic matB#remosphere 2007; 68: 1304-1311.

Lofts S, Tipping E, Hamilton-Taylor. J. The Cheali§peciation of Fe (lIl) in Freshwaters.
Aquatic Geochemistry 2008; 14: 337-358.

Martin JM, Dai MH, Cauwet G. Significance of colligiin the biogeochemical cycling of metals
in the Venice Lagoon (Italy). Limnology and Ocearaqany 1995; 40: 119-131.

McKnight DM, Harnish R, Wershaw RL, Baron JS, StBif Chemical characteristics of
particulate, colloidal, and dissolved organic maten Loch Vale Watershed, Rocky
Mountain National Park. Biogeochemistry 1997; 38:124.

Meybeck M. Carbon, nitrogen, and phosphorus tramdpgoworld rivers. American Journal of
Science 1982; 282: 401-450.

Morrison MA, Benoit G. Investigation of conventidmaembrane and tangential flow
ultrafiltration artifacts and their applicationtiee characterization of freshwater colloids.
Environmental Science & Technology 2004; 38: 68823%

Neal C. The fractionation of the elements in riweters with respect to the continental crust: a
UK perspective based on a river enrichment fagbpr@ach. Hydrology and Earth
System Sciences 2000; 4: 499-5009.

Neal C. Rare earth element concentrations in disgohnd acid available particulate forms for
eastern UK rivers. Hydrology and Earth System Smer?007; 11: 313-327.

Neal C, Jarvie H, Rowland P, Lawler A, Sleep D,@&eheld P. Titanium in UK rural,
agricultural and urban/industrial rivers: Geogesmc anthropogenic colloidal/sub-
colloidal sources and the significance of withiveri retention. Science of the Total
Environment 2011a; 409: 1843-1853.

Neal C, Lofts, S, Evans, CD, Reynolds, B., TippiEgNeal, M. Increasing iron concentrations

in UK upland waters. Aquatic Geochemistry 2008; 283-288.

35



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Neal C, Neal M, Reynolds B, Maberly SC, May L, k&rRC, et al. Silicon concentrations in
UK surface waters. Journal of Hydrology 2005; 308:93.

Neal C, Robson AJ, Jeffery HA, Harrow ML, Neal Mnigh CJ, et al. Trace element inter-
relationships for the Humber rivers. Inferenceshiydrological and chemical controls.
Science of the Total Environment 1997; 194: 321:343

Neal C, Rowland P, Scholefield P, Vincent C, WoGdsSleep D. The Ribble/Wyre observatory:
Major, minor and trace elements in rivers drairfragn rural headwaters to the
heartlands of the NW England historic industriaddaScience of the Total Environment
2011b; 409: 1516-1529.

Pankow JF, McKenzie SW. Parameterizing the equilbrdistribution of chemicals between
the dissolved, solidparticulate matter, and collbidatter compartments in aqueous
systems. Environmental Science & Technology 19912P46-2053.

Rowland AP, Neal C, Reynolds B, Jarvie HP, Sleepdlor AJ, et al. The biogeochemistry of
arsenic in a remote UK upland site: trends in &dirgnd runoff, and comparisons with
urban rivers. Journal of Environmental Monitorin@l2; 13: 1255-1263.

Seitzinger SP, Mayorga E, Bouwman AF, Kroeze C,s8alAHW, Billen G, et al. Global river
nutrient export: A scenario analysis of past aridriitrends. Global Biogeochemical
Cycles 2010; 24.

Shafer MM, Overdier JT, Hurley JP, Armstrong D, Wéh. The influence of dissolved organic
carbon, suspended particulates, and hydrology @edhcentration, partitioning and
variability of trace metals in two contrasting Wossin watersheds (USA). Chemical
Geology 1997, 136: 71-97.

Simpson AJ, McNally DJ, Simpson MJ. NMR spectrogcmpenvironmental research: From
molecular interactions to global processes. Pragresluclear Magnetic Resonance

Spectroscopy 2011; 58: 97-175.

36



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Smith VH, Tilman GD, Nekola JC. Eutrophication: iagts of excess nutrient inputs on
freshwater, marine, and terrestrial ecosystemsir&mwental Pollution 1999; 100: 179-
196.

Stolpe B, Guo LD, Shiller AM, Hassellov M. Size atmimposition of colloidal organic matter
and trace elements in the Mississippi River, PRarér and the northern Gulf of Mexico,
as characterized by flow field-flow fractionatidiarine Chemistry 2010; 118: 119-128.

Stordal MC, Santschi PH, Gill GA. Colloidal pumpirifvidence for the coagulation process
using natural colloids tagged with Hg-203. Enviramtal Science & Technology 1996;
30: 3335-3340.

Turner A, Millward GE. Suspended particles: Theierin estuarine biogeochemical cycles.
Estuarine Coastal and Shelf Science 2002; 55: 837-8

Turner A, Millward GE, Bale AJ, Morris AW. Applicain of the K(d) concept to the study of
trace-metal removal and desorption during estuanixéng. Estuarine Coastal and Shelf
Science 1993; 36: 1-13.

Turner RE, Rabalais NN. Coastal eutrophication tieaiMississippi river delta. Nature 1994;
368: 619-621.

Vignati DAL, Dworak T, Ferrari B, Koukal B, Loizeall, Minouflet M, et al. Assessment of the
geochemical role of colloids and their impact ontaminant toxicity in freshwaters: An
example from the Lambro-Po system (Italy). Enviremtal Science & Technology
2005; 39: 489-497.

Vignati DAL, Valsecchi S, Polesello S, Patroleccdominik J. Pollutant partitioning for
monitoring surface waters. Trac-Trends in Analytichemistry 2009; 28: 159-1609.

Wang WX, Guo LD. Bioavailability of colloid-boundd? Cr, and Zn to marine plankton. Marine

Ecology-Progress Series 2000; 202: 41-49.

37



10

11

12

13

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

Wen LS, Santschi P, Gill G, Paternostro C. Esteatiace metal distributions in Galveston Bay:
importance of colloidal forms in the speciatiortlod dissolved phase. Marine Chemistry
1999; 63: 185-212.

Wilding A, Liu RX, Zhou JL. Validation of cross-fle ultrafiltration for sampling of colloidal
particles from aquatic systems. Journal of Collmd Interface Science 2004; 280: 102-
112.

Wilding A, Liu RX, Zhou JL. Dynamic behaviour ofver colloidal and dissolved organic matter
through cross-flow ultrafiltration system. Journ&Colloid and Interface Science 2005;
287: 152-158.

Worsfold PJ, Monbet P, Tappin AD, Fitzsimons MRIEStDA, McKelvie ID. Characterisation
and quantification of organic phosphorus and ormgaitrogen components in aquatic

systems: A review. Analytica Chimica Acta 2008; 624-58.

38



1
2

1
1
1
13
14
15
16

NPFPOOONO O~ W

Table 1 Mass balance recoveh;) for cross-flow ultrafiltration survey on the RiebVyre.

Upland Lowland Lowland Lowland
moorland agricultural urban Industrial

Mean

Analyte Dunsop Tarnbrook Eller Douglas Hyndburn recovery
Si 1.13 1.14 1.02 1.06 1.02 1.07
Mo 1.3 0.97 0.99 0.98 1 1.05
Sb 1.07 0.96 0.99 0.96 0.99 0.99
Na 1.04 0.99 0.98 0.98 0.98 0.99
13 0.81 0.85 1.03 0.95 0.99
1 0.99 0.99 0.98 0.98 0.99
Cl 1.05 0.96 0.94 1 0.97 0.98
B 0.98 0.99 0.97 0.99 0.98 0.98
Ca 0.97 0.96 0.98 0.98 0.97 0.97
Mn 0.94 0.82 0.93 1.2 0.96 0.97
Mg 0.96 0.93 0.98 0.97 0.98 0.96
As 0.98 0.87 1 0.96 0.96 0.95
Rb 0.94 0.93 0.93 0.96 0.98 0.95
Se 1.1 0.8 1.02 0.93 0.88 0.95
ocC 0.94 0.8 0.94 1.09 0.96 0.95
Sr 0.95 0.88 0.95 0.96 0.98 0.94
P 1.09 0.8 0.87 0.96 0.97 0.94
SO, 0.92 0.88 0.91 1 0.98 0.94
Cd 0.99 0.81 0.91 1.05 0.81 0.91
Cr 0.85 0.81 11 0.85 0.94 0.91
Ba 0.9 0.76 0.97 0.96 0.96 0.91
Ni 0.94 0.79 0.89 0.88 0.93 0.89
Ti 1.07 0.79 0.6 0.85 0.92 0.85
\ 0.94 0.8 0.93 0.92 0.64 0.85
Al 0.83 0.65 0.68 0.72 0.85 0.75
Fe 0.87 0.58 0.67 0.61 0.86 0.72
Ce 0.87 0.59 0.58 0.64 0.78 0.69
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Table 2a: Comparison of the water quality and dbahtoncentrations in the <0.45um fraction
measured during the cross-flow ultrafiltration (GB$urvey in September 2008 and the routine
long-term (LT) monitoring for the Ribble/Wyre Soarto Sea programme from February 2008

A WNBEF

to March 2010

Upland Lowland Lowland
moorland agricultural Lowland urban Industrial
Analyte fraction Dunsop Tarnbrook Eller Douglas Hyndburn
CFUF survey 6.89 6.47 7.42 7.66 7.96
pH LT mean 7.82 7.1 7.95 7.76 8.37
(& range) (6.51-8.66) (5.94-8.94) (7.68-8.28) (7.56-7.95) (7.76-9.16)
Alkalinity CFUF survey 527 87 2118 2954 2107
(LEQ/L) LT mean 518 142 3054 2721 2404
(& range) (42-890) (9-426) (2340-3730) (2260-3380) (1060-3380)
Conductivity . CFUF survey 72.9 48.3 422 620 376
(S cm?) LT mean 99.5 64.7 548 704 430
(& range) (43.9-136) (45.3-94.4) (256-921) (455-1307) (230-1130)
Suspended . CFUF survey 1.3 5.8 56 11 3
solids LT mean 2.9 6.3 15.9 14.6 13.2
(mg/L) (& range) (0.4-29) (0.6-61) (2.2-340) (5.1-150) (1.6-102)
CFUF survey 0.440 0.849 0.155 0.255 0.559
Fe (mg/L) LT mean 0.195 0.368 0.173 0.201 0.262
(& range) (0.028-1.36) (0.122-1.04) (0.061-0.45) (0.102-0.403) (0.011-1.26)
CFUF survey 0.4 0.6 0.2 0.101 1.275
Ce (ngiL) LT mean 0.2 0.3 0.1 0.05 0.1
(& range) (0.01-0.6) (0.1-0.7) (0.02-0.5) (0.02-0.2) (0.002-0.6)
CFUF survey 10.1 14.3 15.1 11.3 9.4
OC (mg/L) LT mean 5.22 7.61 12.2 10.6 7.4
(& range) (1.46-17) (2.64-18.8) (7.11-24.9) (5.59-19.3) (3.16-17.3)
CFUF survey 7 12 19 429 58
OP (ug/L) LT mean 5 9 10 210 167
(& range) (4-13) (2-39) (6-72) (24-850) (8-480)
CFUF survey 0.4 0.4 0.8 1.4 0.7
ON (mg/L) LT mean 0.2 0.3 0.9 1.2 0.5
(& range) (0.3-0.7) (0-0.7) (0-5.6) (0-7.4) (0-1.3)
_ CFUF survey 2.11 2.55 3.35 3.38 3.12
Ni (ug/L) LT mean 1.0 1.6 25 2.6 1.9
(& range) (0.3-2.3) (0.8-2.9) (1.6-4.6) (0.7-5.4) (1.1-3.1)
CFUF survey 0.1 0.05 0.03 0.02 0.1
Cd (ngiL) LT mean 0.05 0.04 0.03 0.02 0.06
(& range) (0.01-0.1) (0.01-0.08) (0.01-0.6) (0.01-0.05) (0.01-0.2)
_ CFUF survey 1.4 1.6 5.1 6.5 2.6
Ti (ug/L) LT mean 0.9 1.9 3.7 6.5 2.1
(& range) (0.2-2.3) (0.3-12) (1.3-14) (0.5-13) (0.4-17)
CFUF survey 0.18 0.22 0.13 0.06 0.051
Al (mg/L) LT mean 0.09 0.14 0.08 0.04 0.04
(& range) (0.001-0.25) (0.02-0.34) (0.01-0.47) (0.01-0.18) (0-0.37)
CFUF survey 15 24 138 1080 131
TP (ug/L) LT mean 9 15 450 1460 62
(& range) (0-18) (3-54) (129-1250) (404-3000) (15-170)
CFUF survey 0.5 0.4 1.67 1.73 15
Cr (ug/L) LT mean 0.2 0.3 0.8 0.6 0.5
(& range) (0-0.6) (0.5-0.8) (0.3-1.6) (0.2-1.3) (0.2-1.2)
CFUF survey 0.1 0.1 2.1 1.2 1.46
Sb (ug/L) LT mean 0.1 0.1 1.2 0.8 0.9
(& range) (0-0.3) (0-0.3) (0.2-1.9) (0.1-1.3) (0.6-1.7)
CFUF survey 0.5 0.483 1.94 2.52 3.17
As (ug/L) LT mean 0.3 0.338 1.92 2.34 3.77
(& range) (0.2-0.6) (0.149-0.603) (0.604-4.42) (0.395-3.22) (0.25-7.75)
CFUF survey 0.3 0.3 0.6 0.772 0.601
Se (ug/L) LT mean 0.3 0.3 0.7 0.6 0.5
(& range) (0.2-0.5) (0.1-0.3) (0.4-1.2) (0.3-1.2) (0.1-0.8)
CFUF survey 8 12 119 651 73
MRP (ug/L) LT mean 4 6 340 1251 65 40
(& range) (0-12) (0-29) (110-964) (212-2600) (4-122)
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CFUF survey 0.1 0.04 2.0 2.2 1.0
Mo (ug/L) LT mean 0.16 0.08 1.8 1.9 0.9
(& range) (0.05-0.63) (0-0.51) (1.1-3.1) (0.8-3.9) (0.6-1.7)
CFUF survey 0.8 0.7 7.6 5.3 1.9
TDN (mg/L) LT mean 0.6 0.6 6.1 9.6 1.7
(& range) (0.4-1.1) (0.3-1.2) (3.6-9.9) (5.2-16) (0.9-2.6)
CFUF survey 0.3 0.4 2.6 1.0 0.6
V (ng/L) LT mean 0.2 0.3 1.8 0.9 0.5
(& range) (0.1-0.4) (0.1-0.9) (0.3-2.5) (0.2-2.5) (0.2-1.3)
CFUF survey 13 30 50 57 29
Mn (ug/L) LT mean 9 21 23 81 39
(& range) (2-35) (5-47) (5-55) (4-172) (9-102)
CFUF survey 16 22 66 37.4 52.6
Ba (ug/L) LT mean 17 24 62 36 58
(& range) (11-24) (17-34) (43-98) (24-58) (23-83)
CFUF survey 7.1 2.8 45 57 42
Ca (mg/L) LT mean 10 3.9 63 57 45
(& range) (2.7-15) (1.9-6.3) (47-75) (46-66) (3.7-58)
CFUF survey 18 11 130 176 138
Sr (ug/L) LT mean 24 15 182 195 166
(& range) (8-38) (9-26) (123-269) (138-258) (14-279)
CFUF survey 1.6 0.8 8.36 13.3 6.17
Mg (mg/L) LT mean 2.4 1.3 13 15 7.6
(& range) (0.7-3.7) (0.7-2.1) (4.1-16) (3-20) (1.2-12)
CFUF survey 2.0 15 11 30.5 13
SO4 (mg/L) [T mean 25 1.9 15 33 15
(& range) (0.9-3.6) (1-2.9) (10-32) (21-45) (4.5-25)
CFUF survey 0.6 0.5 6.1 12.5 3.99
K (mg/L) LT mean 0.8 0.7 7.6 13 4.2
(& range) (0.4-1) (0.5-1.3) (2.5-13) (1.5-23) (0.7-5.5)
CFUF survey 1.0 1.05 2.62 7.55 3.23
Rb (ug/L) LT mean 1.0 1.3 35 8.0 3.2
(& range) (0.8-1.5) (0.8-2.4) (1.9-7.6) (1.1-12) (1.0-4.6)
CFUF survey 45 4.03 9.59 45 21
Na (mg/L) LT mean 5.1 5.6 25 56 38
(& range) (3.5-6.1) (3.8-7.9) (12-91) (12-171) (5.5-154)
_ CFUF survey 25 1.91 5.33 5.04 4.27
Si (mg/L) LT mean 2.1 1.7 4.6 4.1 3.3
(& range) (4.8-12) (0.38-2.9) (0.81-6.0) (0.7-5.4) (0.53-4.6)
CFUF survey 9 8 53.6 103 59.8
B (ug/L) LT mean 9 9 54 95 67
(& range) (5-12) (5-15) (2-84) (13-140) (7-106)
Inorganic N .CFUF survey 0.4 0.3 6.8 3.9 1.2
(mg/L) LT mean 0.4 0.4 5.2 8.4 1.3
(& range) (0.2-0.8) (0.7-0.8) (1.3-9.9) (2.0-18) (0.3-2.5)
CFUF survey 6.0 5.9 29 37 23
Cl (mg/L) LT mean 8.2 9.4 44 63 50
(& range) (5.8-11) (6.31-14) (27-171) (24-308) (11-247)
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Table 2b Percentage colloidal concentration withanfiltered (<0.45 pm) river water fraction

collected during the cross-flow ultrafiltration say

5
Upland Lowland Lowland Lowlan@

moorland agricultural urban Industrigh

J

Analyte Dunsop Tarnbrook Eller Douglas HyndbL;lrQ
Fe 88 58 62 55 g5 +i
Ce 88 59 55 63 78 12
oc 80 68 56 66 60 13
op 68 38 87 26 2 14
ON 63 72 65 41 51 15
Ni 79 67 50 31 58 16
Cd 71 65 37 42 51 17
Ti 79 60 34 28 57 18
Al 55 64 26 45 43 19
P 59 48 24 17 61 20
cr 54 61 42 22 24 21
Sb 73 67 19 15 13 22
As 56 48 20 14 37 23
Se 45 45 36 17 30 24
MRP 52 42 13 11 51 o
Mo 40 71 12 9 12 9g
TDN 33 43 13 15, 23 o7
M 33 27 15 14 35 o
Mn e )
34 38 13 8 17 an

Ba 4w )
31 37 11 9 13 a5

Ca 25 42 11 7 10 .
ol B

Sr 24 36 10 8 10 o
Mg 20 32 10 7 9 o<
So4 21 23 11 8 11 90
K 13 17 10 7 8 oS4
Rb 12 15 10 7 8 8
Na 11 15 9 7 8 36
Si 10 10 9 37
B 9 6 8 38
Inorganic 39
N 8 5 7 6 7 s
=V

cl 6 3 7 6 7 11
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Table 3 Relationships between colloidal or trulysdilved concentrations and concentrations in
the filtered (<0.45um) river water fractio. is the “cross-over” point i.e. the filtered

concentration where a switch occurs between dom@aheither colloidal or truly dissolved
fractions; see text and Figure 1

Truly dissolved vs

filtered fraction

Colloidal vs
filtered fraction

Cross-over Concentration gradient r gradient | r’

filtered range for filtered

concentration | range

(Co)
TP (pg/L) 60 15-1080 0.87 0.966 0.15 0.904
MRP (ug/L) 26 8-651 0.90 0.998 0.10 0.836
OP (pg/L) 42 7-429 0.76 0.994 0.24 0.940
TDN (mg/L) 0.6 0.7-7.6 0.90 1.00 0.11 0.997
ON (mg/L) 0.9 0.4-1.4 0.69 0.985 0.36 0.82
OC (mg/L) NA 9.4-15 0.47 0.602 0.53 0.658
Al (mg/L) 0.13 0.05-0.22 0.33 0.64 0.67 0.879
Fe (mg/L) NA 0.155-0.849 0.37 0.627 0.63 0.833
Ti (ng/L) 2.5 1.4-6.5 0.84 0.994 0.16 0.87
Ce (ug/L) 0.1 0.1-1.3 0.21 0.737 0.79 0.975
V (ug/L) 0.2 0.3-2.6 0.88 0.997 0.12 0.845
Cr (ug/L) 0.6 0.5-1.7 0.83 0.938 0.18 0.406
Mn (ug/L) 13 13-57 1.00 0.972 -1.0 0.001
Ni (ng/L) 3.1 2.1-3.4 1.22 0.86 -0.22 0.164
As (ug/L) 0.2 0.5-3.2 0.75 0.929 0.25 0.59
Se (ug/L) 0.3 0.3-0.7 0.94 0.964 0.06 0.098
Mo (pg/L) 0.06 0.04-2.2 0.91 1 0.09 0.968
Sb (pg/L) 0.11 0.09-2.1 0.85 0.997 0.15 0.896
Cd (ug/L) 0.03 0.02-0.1 0.06 0.098 0.94 0.964
Ba (ug/L) 11 16-66 0.98 0.992 0.02 0.07
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Table 4: Organic carbon partition coefficient&..

Dunsop Tarnbrook  Eller Douglas Hyndbu@l
TP 0.36 0.42 0.24 0.10 1.06
MRP 0.27 0.34 0.12 0.06 0.4
oP 0.53 0.28 5.06 0.18 1.49
TN 0.13 0.34 0.12 0.09 01
ON 0.43 1.20 1.44 0.35 0kb
Al 0.30 0.81 0.27 0.42 or
Fe 1.90 0.65 1.27 0.63
Ti 0.92 0.70 0.41 0.20
Ce 1.76 0.67 0.96 0.87
V 0.12 0.17 0.14 0.08
Cr 0.30 0.71 0.57 0.14
Mn 0.13 0.28 0.12 0.05
Ni 0.92 0.92 0.78 0.23
As 0.32 0.42 0.19 0.09
Se 0.20 0.38 0.43 0.11
Mo 0.17 1.15 0.11 0.05
Sh 0.67 0.93 0.19 0.09
cd 0.63 0.85 0.45 0.37
Ba 0.11 0.27 0.10 0.05
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Table 5: Acid-available particulate concentratiamgoressed as a percentage of the total acid
leached concentration (%AAP)

Upland Lowland Lowland Lowland

moorland agricultural urban Industrial

Dunsop | Tarnbrook Eller Douglas | Hyndburn
MRP 62 52 51 26 27
Al 14 35 87 75 67
Fe 52 18 79 56 26
Ti 12 47 52 35 36
Ce 10 19 84 59 5.7
\% 11 18 35 20 16
Cr 6.3 12 29 29 1.3
Mn 14 9.3 40 46 21
Ni 3.2 1.5 26 15 5.7
As 8.1 8.7 39 10 8.6
Se 32 56 42 38 6.0
Rb 2.9 7.9 4.4 0.9 2.7
Cd 28 15 40 59 40
Ba 3.5 4.3 18 8.1 5.9
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Table 6: Acid available particulate concentrationsmalised to suspended solids concentration (AABY labile solids (LS/g-SS; i.e. acid-

available particulate + colloidal concentrationsymalised to suspended solids concentrations) Ui [1g/g-SS, apart from Fe and Al, which
are expressed as mg/g-SS]. Increase (X) denaemtitentration increases between AAP/g-SS and&S/@s a result of including colloids in
the labile solids concentration.

Upland moorland Lowland agricultural Lowland urban Lowland industrial
Dunsop Tarnbrook Eller Douglas Hyndburn
AAP/g-SS | LS/g-SS '&)”ease AAP/g-SS | LS/g-SS '(:‘()”ease AAP/g-SS | LS/g-SS '(:‘()”ease AAP/g-SS  LS/g-SS '&)”ease AAP/g-SS | LS/g-SS '(:‘()”ease

MRP 10000 13212 1 2241 3116 1 2196 2482 1 20727 27237 1 9000 21488 2
Al 22 97 5 20 44 2 15 16 1 15 17 1 34 41 1
Fe 365 664 2 33 118 4 10 12 1 30 42 1 67 225 3
Ti 146 968 7 240 402 2 97 128 1 309 474 2 480 974 2
Ce 35 312 9 24 85 4 23 25 1 13 19 1 25 356 14
% 34 121 4 15 34 2 25 32 1 22 34 2 40 114 3
Cr 27 244 9 11 62 6 12 25 2 63 97 2 7 129 19
Mn 1538 4843 3 534 2525 5 588 702 1 4436 4870 1 2500 4100 2
As 33 242 7 7.9 47.7 6 22 29 1 26 59 2 100 492 5
Se 13 131 10 2.2 24.2 11 2 4 14 8 10 70 7
Rb 22 113 5 155 43.4 3 2 3 55 9 30 121 4
cd 5 52 11 0.3 5.8 17 1 1 2 2 9 26 3
Ba 462 4350 9 172 1566 9 261 395 2 300 621 2 1100 3350 3
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Table 7. Empirical partition coefficienty siq(a standard simple partition coefficient betwdenadcid-available particulate fraction and <0.45
pm fraction) andq crf(a refined partition coefficient, derived from tbss-flow ultrafiltration data, which accounts tbe colloidal and truly
dissolved concentrations within the <0.45 um fagtisee text for details). Units: L kg Increase (x) denotes increases betwaegnsand

Kd_cfut
Upland moorland Lowland agricultural Lowland urban Lowland industrial
Dunsop Tarnbrook Eller Douglas Hyndburn
Increase Increase Increase Increase Increase
Ky std Ka_cruf (x) Ky std Ky cfur (x) Kq std Ky cfur (x) Ky std Ky cfur (x) Kq std Ka_cruf (x)
MRP | 1.25x10° | 3.46x10° 3 1.87x10° 4.50 x 10° 2 1.85x10* 2.41x10* 1 3.18x10* | 4.70x 10" 1 1.23x10° 6.05 x 10°
Al 1.20x10° i 1.19x10° 10 . 9.13x10° 5.52 x 10° 6 1.22x10° 1.69x10° 1. 269x10°  5.62x10° 2 6.7 x 10° 1.42 x 10°
Fe 8.29x10° | 1.29x10’ 16 | 3.88x 10* 3.34 x10° 9 6.6 x 10* | 2.03x10° 3! 1.16x10° | 3.69x10° 31 1.19x10° 2.70 x 10° 23
Ti 1.07x10° | 3.33x10° 31 1.53x10° 6.41 x 10° 4 190x10*  3.81x10° 2 478x10°  1.02x10° 2 1.83x10° 8.55 x 10° 5
Ce 8.62x10* | 6.07 x10° 70 | 3.95x10° 3.44 x 10° 9 9.44x10* 2.33x10° 2 1.33x10°  5.12x10° 4 20x10* 1.25 x 10° 63
v 9.73x10* | 5.15x10° 5 3.69x10° 1.14 x 10° 3 9.47x10°  1.42x10° 2 | 2.31x10*  4.15x10 2 6.16x10 2.72x10° 4
Cr 5.19x10* | 1.03x10° 20 2.33x10° 3.25 x 10° 14 . 7.38x10° 257 x10° 3 3.63x10"; 7.12x10 2 | 4.44x10° 1.14 x 10° 26
Mn 1.21x10° | 5.76 x10° 5! 176x10* 1.34 x 10° 8! 1.18x10* 1.62x10* 1 7.76x10* | 9.29 x 10 1. 8.65x10° 1.70 x 10*
As 6.79x10° | 1.12x10° 16 | 1.64 x 10* 1.89 x 10° 12 1 1.13x10* | 1.84x10° 2 1.05x10"  2.72x10° 3 315x10* 2.46 x 10*
Se 3.81x10° | 6.93x10° 18 | 7.93x10° 1.58 x 10° 20 | 2.39x10*  1.36x10° 6 | 224x10° 2.14x10° 10 | 1.66 x 10° 1.65 x 10° 10
Rb 2.32x10° i 1.34x10° 6 1.48x10* 4.89 x 10* 3 8.18x10°  2.79x10° 3 8.43x10° i 7.82x10° 9i 93x10* 4.08 x 10
Cd 5.31x10* | 2.11x10° 40 . 7.04x10° 3.36 x10° 48 . 252x10°; 5.0x10° 2 | 277x10°  1.13x10° 4 8.75x10* 5.32 x 10°
Ba 2.81x10* | 3.83x10° 14 | 7.80x10° 1.12 x 10° 14 | 3.94x10° | 6.72x10° 2| 8.02x10° | 1.83x10° 2.09 x 10* 7.31 x 10*
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Figure 1 Example relationships between colloidal &ualy dissolved concentrations vs filtered (<u#Atconcentrations, showing linear

regression lines. The dotted line and open squbeste the relationship between the truly dissblwd kDa) and the filtered fractions; the

solid line and solid diamonds denote the relatignbletween the colloidal and the filtered fractiomr further information, see text and Table

3.
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Figure 2: Inter-element correlation matrix plots fa) Kq s« (a standard empirical partition coefficient betwélee acid-available particulate
fraction and <0.45 um fraction) and (b)_lg(derived from the cross-flow ultrafiltration dagés and which accounts for the colloidal and truly
dissolved concentrations within the filtered (<O%) fraction); see text for details.
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Supporting Information

Sl Table 1 Overview of chemical analysis for thecfrons sampled during the cross-flow ultrafilivat{(CFUF) survey on the Ribble/Wyre

Fraction pH, Suspended | MRP | Total | Total Dissolved | Major Major Trace

alkalinity | solids P Dissolved | Organic C | anions | cations & metals
N boron

Unfiltered river X X X X X X

water

Filtered<0.45 pm

river water X X X X X X X

CFUF Retentate:

colloidal fraction

(>1kDa<0.45 X X X X X X X

Hm)

CFUF Permeate:

truly_dlssolved X X X X X X X

fraction

(<1kDa)
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S|, Fig 1: Map of the Ribble/Wyre catchment showiing river network, location of sampling sites amajor urban centres
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S, Fig 2: Hydrograph showing flow conditions iretRiver Douglas at the time of the cross flow diltration survey, relative to the flow time
series for the wider Ribble/Wyre Source to Seaqmtoj

Cross-flow ultrafiltration survey
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