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Abstract

Estuarine environments are considet@tenutrient buffer systems as they regulate the
delivery ofnutrients from rivergo the ocean. In the Humber Estuary (UK) seawater and
freshwater mixing during tidal cyclefeads to the mobilisation of oxic surface
sediments (4 cm). However, lesfrequent seasonal events can atsobilise anoxic
subsurface B0 cm) sedimentsyhich may havdurtherimplicationsfor the estuarine
geochemistry. A series of batch experiments were carriedrositirface andubsurface
sediments taken from along tkalinity gradientof the Humber Estuary. The aim wias
investigatethe geochemical processésiving major element (N, Fe,,&ndMn) redox
cycling and trace metélehaviourduring simulated resuspension eveiitse magnitude

of major nutrient and metal release was significantly greater during the resuspension of
outer estuane sedimentgather than from inner estuarisedimentsWhencomparing
resuspension durface versus subsurface sedimenty the outer stuary experiments
showed significant differences in major nutridsghaviourwith sediment depthin
general,any ammonium, manganese attrdcemetals(Cu and Zn)released during the
resuspensioexperimentsvererapidly removed from solutioasnewsorption sitegi.e.
Fe/Mn oxyhydroxides) formed Therefore Humber estugr sedimentsshowed a
scavengingcapacity for these dissolved speca®l henceanay act as an ultimate sink
for these element®ue tothe large aerialextentof the outer estuary iettidal mudflats

in comparison with the inner estuary aréhe mobilisation of the outer estuary
sedimentgmore reducing and richer sulphidesand iron) mayhave agreater impact
on the transport and cycling of nutrients amdce metalsClimate changeassociated
sealevel rise combined withn increasindgrequency of major storm events in temperate

zones which are more likely tanobilise deeper sediment regiongill impact the



36 nutrientand metal inputs to the coastal waters, and therefore emtralikelihood of

37 eutrophicationn this environment.
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1. Introduction

Estuaries are highly dynamic coastal environments reguladelyery of
nutrients and trace metg[§Ms) to the ocear(Sanderst al, 1997 Statham, 2012 In
most coastal ecosystems in the temperate zone, nitrogen controls primary productivity
as it is usually the limitinghutrient; therefore an increakéoad flowing into such
oligotrophic waters could lead to eutrophication, and the subsequent environmental
impacts due to hypoxia, shifts the biological communityand harmful algal blooms
(Howarth, 1996 Abril et al, 200Q Boyer & Howarth, 2002 Robertset al, 2012
Statham, 201R This hasbeenthe focusof attentionbecauséhuman activities over the
last century have increaseutrogen fluxes to the coast due to intensive agricultural
practices,and wastewater and industrial dischargétowarth, 1996 Canfield et al,

2010.

River inputs are the main nifgen sources to estuarine watersorganic
nitrogen is generally the major portiaf the total dissolved nitrogen inputs to an
estuary however organic nitrogemay sometimese significant (2090% of the total
nitrogenload) (Seitzinger & Sanders, 199Redwell et al, 1999. The speciation and
distribution of nitrogen along the salinity continuum will be controlled by complex
dissimilatory and assimilatory transformations coexisting at a rasfgexygen
concentrationgThamdrup, 202); but denitrification is considered the major removal
process to the atmosphere in shallow aquatic environn@tatham, 2012 Anammox
and dissimilatory nitrate reduoth to ammonium (DNRA) can also play a role in the
nitrogen cycle, although threrelative importance in different coastal environments is
still a matter of debatéSonget al, 2013 Robertset al, 2014. The organic nitrogen

pool will be cycled during microbial metabolisand thus it also plays an important
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role in estuarine geochemistridowever this pool is difficult to characteriseas it
comprises a wide variety of compoundspstly complex high molecular weight
compoundghat are more refractory and less bioavailable tham molecular weight
compoundgqSeitzinger & Sanders, 19970rganic matter burieth the sediments will

be involved inearly diagenesis through a combination of biological, chemical and
physical processes. In fact, high rates of organic matter oxidation are expected in
estuaries due to the sediment accumulatates organic matter flux into the sediment

and organic madtr burial(Henrichs, 199p

Estuarine sediments may also have accumulated contaminants sddfsas
carried byriver loads Sediment geochemistry and dynamics will conth@ mobility
and bioavailability of TN, and thereforesediments subjected to reoxidation processes
may bea potential sourcéSalomonset al, 1987 Di Toro et al, 199Q Allen et al,
1993 Calmanoet al, 1993 Simpsonet al, 1998 Saulnier & Mucci, 2000Caetancet
al., 2003. Trace metals can be in solution, sorliedr co-precipitatedwith different
mineral surfaces and organic matter, lbuanoxic sediment#on sulphides are thought
to be the main solid phases controlling TM mobili8alomonset al, 1987 Huerta
Diaz & Morse, 1990 Allen et al, 1993. When sediments are exposed dwic
conditions, dissolved Fe and Mn will precipitate rapidly as amorphous and poorly
crystalline Fe/Mn oxyhydroxidesncorporating the released TMs by-precipitation
and/or adsorptioBurdige, 1993 Calmanoet al, 1993 Simpsonet al, 1998 Saulnier
& Mucci, 200Q Gunnarset al, 2002 Caetanoet al, 2003. These newly formed
minerals will be transported, mixed, and may&eentually buried into the underlying

anoxic sediment again

In aquatic sediments, there is a vertical progression of metapauesses

determined by the use of the available electron acceptors during organic matter

4
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mineralisation(Canfield & Thamdrup, 2009 The sequential utilization of the terminal
electron acceptors is based on the thermodynamics of the process and the free energy
yield (Stumm & Morgan, 197¢ Froelich et al, 1979 Berner, 198D At the surface,
dissolved oxygen can diffuse a fewillimetres into the sediments (thexic zone),

where aerobic respiration is the dominant metabolic pathway. Beneath, there is often a
suboxic zonewhere nitrate is actively reduced and nitrite accumulates as its reduction
intermediate (thenitrogenouszone). Below, zones dominated by metal reduction (the
manganousand ferruginous zones), sulphate reduction (thesulphidic zone), and
methanogenesishig methaniczone) occur in sequen¢€anfield & Thamdrup, 2009
DissolvedFe normally accumulates below Mn in the sediment colwgimee it is less
mobile and more sensible to oxygén general, besides the effects of advection and
bioturbation, Mn and Fe cycling in aquatic sedimeimply vertical diffuson that
depends on gradiemroncentrations and different environmental factors (pH, oxygen,
hydrogensulphide concentrations, organic matter, suspended particulate matter, etc.)
(Canfield et al, 2009. Finally, in anoxic sedimentssuphate reduction,the major
anaerobic mineralization process in coastal sedimesgsilts inthe accumulation of

dissolvedsulphide(Jgrgensen, 1971982 Middelburg & Levin, 2009.

However, in coastadnd estuarinsediments, these geochemical zorzesl the
correspondent metabolic zoneme not namally well delineated and they tend to
overlap becaussedimentprofiles areoften disturbed by mixing andioturbation
(Segrensen & Jagrgensen, 19&ler, 1994 Postma & Jakobsen, 199lortimer et al,
1998 Canfield & Thamdrup, 2009 Rapid redox changes at the sedimeater
interface due to successive cyclessetiimentsusgensionand settlingwill control the
speciation and cycling of nutrients and trace elements on actidi timescale

(Morris, 198§. Yet, less frequently, seasonal or annual resuspension events can affect



112 sediment to depths that are not disturbed normaliych will ater the biogeochemistry

113 of the system(Eggleton & Thomas, 2004The pairing of in situ hydrodynamic and

114 erosion observations during a moderate storm and es8roathe magnitude of benthic

115 nutrient release at increasing erosion thresholds show that resuspension events may
116 significantly influencenutrient budget of shallow estuarine systefikalnejaiset al,

117 201Q Couceiroet al, 2013 Percuocoet al, 2015 Wengroveet al, 2015. Nutrient

118 release during resuspension can dssociated tahe entrainment ofparticles and

119 porewaters into the water column and also to reactionseehlfy suspended particles

120 (Kalnejaiset al, 201Q Couceiroet al, 2013.

121 In this study sediments from four different sites along the salinity range of the
122 Humber Estuary (UK) were used in order to investigate the impact of sediment
123 resuspension othe redoxcycling and transport of the major elements diMiks to the

124  coasal waters The authors have worked in the Humber since 1@®8drtimer et al,

125 1998 Mortimer et al, 1999 Burke et al, 2009 and have observed the frequency and
126 magnitude of resuspension even®&mnallscale resuspensioaf the upperl-2 mm

127 occurs on a tidal cycle; medium scale resuspension of the ordentihetresoccurs

128 during large flooding or moderate storm events which occur approximately twice a year.
129 Very significant resuspensioeventsthat strip off the mud from intertidal ae@accur

130 on a timescale of several decades (a removal of about 10 cmirdéleintertidal

131 mudflat was observedollowing a storm in early 1996)Mortimer et al, 199§.

132 Accordingly, for this experiment, two sediment depthe (nobileoxic/suboxicsurface

133 layer, 31 cm, andthe suboxicAnoxic subsurface layer-B) cm) were selected to
134 simulate different timescales of resuspensindto analysetheir effects on nutrient and

135 TM behaviour
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Climate changassociated impactsill have effects orestuarine morphodynamics
(Townendet al, 2007 Robinset al, 2016. For the UK, a increase in the extreme
rainfall events (during the winter season) and long periods of low flow conditares
been predicteqJones & Reid, 20Q1Christenseret al, 2007 IPCC, 2013 Robinset
al., 2019. This combined with the selevel rise will ingease estuarine flood risk and
will have further implicationon sedimentransport patternson theposition of the
estuarine turbidity maxirum (ETM), and on the retention time of riveborne
substances (i.e. sedimetsdcontaminats) (Robinset al, 2016. The aim of this work
is to better understand the envirsental impact oflifferent sedimentemobilisation
events within the estuaryrhe more frequent disruption of subsurface sediments will
affect the geochemistry of estuarine sedimgmnisewater profiles may not reach steady
state between resuspension eges andthere may bémpacts on the nutrient and TM

fluxes to the sea.

2. Material and Methods

2.1Field sampling

The Humber Estuarys a macrotidal estuaryon the east coast aforthern
England Fig.1). It is 60 km in length,there are~115km? of mudflats, and is highly
turbid (Pethick, 1990 The Humber isalso considereda major source of nutrients for

the North Sed&Pethick, 190; Mortimer et al, 1998 Uncleset al, 1998.
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Boothferry (S1)

¥ Blacktoft (S2) North Sea

Figure 1:Map with the location of theHumber Estuarya), and detail of the sampling
sites (Boothferry (S1), Blacktoft (S2), Paull (S3), and Skeff(iB4)) (b).

Samples of intertidal mudflat sedimerasd river watemwere collected at low
tide during the same tidal cycle on the™15uly 2014 along the north bank of the
Humber EstuaryRig.1). The four sitesvere Boothferry §1) and Blacktoft £2) onthe
inner estiary, andPaull §3) and Skeffling §4) on the outer estuarylhese sitesvere
selected to covehe estuarinesalinity range(Mortimer et al, 1998 Burkeet al, 2005
Uncleset al, 2009. River water pH, conductivityand temperature were determined in
the field using a Myron Ultrameter Psill handheld multimekor the resuspension
experiments, iver water was recovered from eashmpling location into 2L acid
washed polythene containerand bulk samples of surface (0-1 cm) and subsurface
sediment(5-10 cm) were taken with a trowel and transferredo 1L acid washed
polythene containersNo airspacewas left in thecontainersin order to minimise
sediment air oxidationThese ver water and sedimengerestored at 4°C until used in
resuspension experiments (started withinhds§. Extra samples ofediments and river
water werecollected in 0.5L containers All river waters were filtered (<0.2um
Minisart®) and were storefibr samplecharacterisatiorfgsee below)Within 6-8 hrs of
sampling, at the laboratorporewaterswere recoveredrom sedimentsulsample by

centrifugation (30 min, 600@), filtered (<0.2um Minsart ®) and stored for further

8
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analysis(see below). Allthe subsamples of the dissolved phase used for metal analysis
were acidified(1% v/v)with concentrated HNgXo prevent metal losses to the walls of

the sample tubes and/or precipitation of oxyhydaites.

2.2 Samplecharacterisation and analytical methods

All the following physicochemical analyses of sediments and water samples
were carried out in triplicat¢pseudoreplicates from bulk sampleSediments were
oven dried at70°C (until constant weightprior to X-Ray diffraction analysis on a
Bruker D8 Advance diffractometesind XRay fluorescencXRF) analysis on @&
Olympus Innovex X5000 spectrometer. The percentagé acid volatile sulphide
(AVS) and pyrite were determired on freezedried sediments using the methods
described irCanfieldet al. (1986)andFossing andd@rgensen (1989spectively Total
extractableFe andextractableFe™ () were determined after 60 miextractionsin 0.25
M hydroxylamine HCILovley & Phillips, 1987 and 0.5 N HCI respectiveljLovley &
Phillips, 1986, both followed by ferrozine assayViollier et al, 200Q. Subsamplesf
10% v/v HCI acid and noeadd washed, oven dried70 °C),and ground sediment
sampleswere analysedfor total sulphur (TS), total carbonand total organic carbon
(TOC) on a LECO S€144DR Sulphur and Carbon Analyser by combustion with non
dispersive infrared detectiomotal inorgant carbon (TIC) was determined likie
difference between noracid washed and acid washed samplgst sediments were

analysedor particle size by laser diffraction on a Malvern Mastersizer 2000E

Ammonium was measured &l the prefiltered dissolvedohase samples ca
continuous sgmented flowanalyser(SEAL AutoAnalyser3 HR) (Y%oRSDwas 3% and
1% for fresh and brackiskaline waters respectivelyjpn chromatography was carried

out to determine niorganic anions (nitrate, nitrite, sulphate and chloride)
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Chromatographic analysis of higthloride samples requiredhe use of a column
switching methodBrunoet al, 2003 where matrix chloride anionserepre-separated
from the other analgsby a doubldn-line pre-column (AGSHC 4 mm). Then,nitrate
and nitrite wereanalysedwithout dilution by conductivity (DIONEX CD20 ED40
Electrochemical detectpB8% RSD) andspectrophotometrfor differentiation of nitrite
and nitrate(DIONEX AD20 UV absorbance detect¢225 nm)). In order to measure
chloride andsulphateconcentrations20-fold dilution samples were analysed on a
DIONEX 500 ( %R S D 2%k Iron and Mn in solution were detemmed after
acidification with 1% v/v. HN@ for TM analysis by iorcoupled plasmanass
spectroscopy (ICRMS) on a Thermo ScientifitCAPQc ICRMS. For the analysis of
brackishsalire waters a special protocol, in whigtecautions were taketo avoid
polyatomic interferencesyas appliegandCertified Reference Materi@CRM) wasrun

throughout(see Sipportinglnformationfor more details

2.3 Resuspension experiments

The 2L samples of river watecollectedwere directlyused to make up the
suspensions without amye-treatmenino deoxygenation or filtratiowasapplied).The
preparation of the sediment slurries prior to the starting of the mechanical resuspension
was carried out under nitrogen gas conditions to minimise the oxid&tiom thellL
bulk sedimensamplescollected,subsamples a80 g (w/w) wereweighedin triplicate,
and 120 ml of the corresponding rivevaterwasaddedin an open 500nl Erlenmeyer
flask, which wascovered with a foam bung that allowed gas exchange thigh
atmosphere, but excluded dust. Thereattes, slurrieswere maintained in suspension
using an orbital shaker (120 rpm) khboratay temperature(21+1°Q. Sediment

erodibility was assumedo be homogeneous among samplédiquots of 5 ml were

10
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withdrawn from all flasks atdifferentintervals fom 0.02 hrs (1 nm) to 336 Ins (two

weeks). The sampling frequency was progressively decreased with time in order to

more intensively monitor changes occurring at the start of the exper(stertterm

changestidal cycle scalgrelative to those occurring over longer time perigdsdium

term changes, -3 days) which would represent the duration of a very significant

resuspension event like suggeste&ainejaiset al. (2010) From the 5 ml aliquotghe

aqueous phase was separated from solids by centrdnggimin; 16000 g). Eh and

pH were determined using ldamilton PolyPlast ORP BNC and ®rion Dual Star

meter (with the electrode calibrated at pH 4, 7 and 10) respectiveijyeousphase

samples vere filtered and retained fanalysis.Subsamples weracidified (1% v/v

HNOs) for metal analysis by ICAMS, as mentioned above, with the correspondent

precautiondor high salinitysamplesNutrients in the aqueoyshase wereneasured as

described aboveand acid extractable F&s) was determinedmmediately on solid

residuesrom centrifugationfollowing the method described above.

2.4 Sequential Extractions

To support the understanding of the changesTM speciation due to

resuspensignsequential extractions were performed concurrefthe partitioning of

selected metalsZfi and Cu) betweendifferent operationalhdefined geochemical

fractions was determined using th&essieret al. (1979) procedure as optimisefbr

riverine sediment®y Rauretet al. (1989) The extractions were carried out with the

original wet sedmentsand with thedried solid residues recovered at the end of the

resuspension experimentBour extractants were used M MgCl, at pH 7 (to

det er mi

carbonate® r

ne the “excWMalaQpe atkpH 8 '(for the bmundta- o n )

“we-akt aac da h1064M NHiOHc tHIC @586 v/iv HAC
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(for the bound toFe/Mn oxides) and 30% HO, at pH 2 (with HNOs) followed by
NH4Ac (for thebound to organic matter and sulphidé&d)e third step of the extraction
protocol was modified by reducing the extraction temperat{irem 96°C to room
temperaturg and increasing the extraction tirffieom 6to 14 hrs (overnight). With the
original wet sedimentshe first three steps of tlextractionprotocol were carried out in
an anaerobic chambaevith deoxygenatedeactants.Metal concentrationgassociated
with the residual phaseere not determinedlhe concentration of the metals in the
extractant solutionsvas analysedby ICP-MS following the petinent precautions (see

more details irBupportinglnformatior).

3. Results

3.1Sample Characterisation

3.1.1Sitecharacterisation

The kasic physicochemical parameters at the four samplingasiéeseported in
Table 1.During sampling the light brown surface sediments contrastesially with
the underlying dark grey materiaksxcept atS2 (Blacktoft), wher¢here washo colour
change but abundant plant material throughdh&full chemicalcharacterisationf the

river waters and pewaterds given inthe Sl.

12
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Table 1: Characterisation of the river waters at the four study sites. Conductivity,
temperatureand pH were measurenh situ. Eh was measuregrior to resuspension in
the laboratory.

S1 S2 S3 S4

Location
Longitude 0°5325(W) 0°43'57"(W) 0°14'a"(W) 0°04'13"(E)
Latitude (N) 53°43'3B" 53°42'28" 53°43'04" 53°38'F"
Conductivity

0.7383 5.731 30.48 36.42
(mS/cm)
Salinity 0.4 3.5 21.6 26.1
Temperature (°C) 20.0 19.7 19.2 19.5
pH 7.87 7.52 7.90 8.02
Eh (mV) +151+24 +109+23 +75+8 +75+4
NO3' (uM) 266 250 248 <LDL
NH," (UM) 7 7 12 23
MnZ* (uM) 1.4 1.0 0.6 23
SO,% '(mM) 0.8 3.4 16 22
Fe’ (UM) 0.1 0.1 1.2 1.8

3.12 Solid phase

The bulk mineralogy of thdried sedimentavascharacterise@ndall sediments
contained a mixture of quartz, carbonates (calcite and dolomité}jlicates(kaolinite,
muscovite, clinochlorealbite, microcling Pyrite wasonly detectedby XRD in the
subsurface sediments fro84. The average TIC, TOC and TS contents of inner estuary
sedimentgS1 and S2jvere 1.1%, 2.0%, and 0.17% respectively, with little systematic
variation with depti{Table 2) Theaverage TIC, TOC and TS contents of outer estuary
sedimentgS3 and S4jvere 1.66, 2.4%, and 0.35%, respectively, with both TOC and
TS increamg with sample depthThe average amownbf Fe in the inner and outer
estuary sediments wef® and4% by weight, respectivelyith 0.09% and 0.13%
associated with pyriteAVS wereonly deteted in the samples from the outer estuary
but not in all the replicates. Thiee associated with AVSn S3 and S4 subsurface
sediments waB.01 and 0.09% respectivelyowever it was not possible to quantify the

very little amount extracted from surface sampliBse average amount of ONb HCI

13
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extractable Fgé*(s) was 108 and 158mol gt in the innerand outer estuary sediments
respectively with no depth trend in the inner eaty,buta trend of increase with depth
in the outer estuary The bulk concentrations of Mn, Ziand Cu in solids are also
included in Tabl&. Finally, the particle grain sizéata(as the upper bound diameter of
50% of cumulative percentage of particlesy volume D50), showed that sediments
were finer in the outer estuary mudflaBediments in the inner estuary sites had less

water content and were classified as finer sands/coar¢8igiporting Information).
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Table 2:Characterisation of the solid phase of estuarine sediments from the four studiyhsitesors associated are the standard devigtidno )

of three (or two replicates in the case of XRF measurements of Mand@u).

S1 S2 S3 S4
Surface Subsurface Surface Subsurface Surface Subsurface Surface Subsurface
%TIC 1.71+0.31 1.01+0.69 0.69+0.22 1.09+0.19 1.43£0.06 1.38+0.21 1.75%£0.10 1.76x0.04
%TOC 1.28+0.29 2.34+0.68 2.48+0.21 1.75+0.15 2.06+0.04 2.58+0.17 2.17+0.04 2.69+0.03
%TS 0.16+0.01 0.18+0.01 0.18+0.00 0.14+0.01 0.22+0.00 0.35+0.00 0.31+0.00 0.52+0.01
Total Fe (%) 2.77+0.76 3.30+£0.74 3.05+0.63 2.89+0.52 3.75+0.74 4.07+0.85 4.48+0.99 4.28+0.89
%FeAVS nd nd nd nd <LDL 0.01 <LDL 0.09
%FePyrite 0.08 0.10 0.09 0.10 0.10 0.12 0.12 0.18
0.5 N HCl extractable
Fe (umol/g solids) 106+1 116+10 106+6 1054 12343 20618 9319 191+28
0.5 N HClextractable
Fe&* (% Fe'/ 52+2 61+5 53+1 53+2 39+1 8446 57+3 96+3
extractablg-e)
Mn (ug/g) 65618 78518 681+20 654+1 84716 969+3 758+14 73211
Zn (ug/g) 13243 149+1 13944 129+4 161+2 199+13 174+1 16716
Cu (ug/g) 30+4 33+4 31+2 27+2 39+2 31+3 33+2 37+11
Grain size (D50) (1m) 53 37 47 47 16 19 13 16

15
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3.2Major Element behaviour during sediment resuspension

Changes in the concentration of the maglements(nitrate, ammonium,
manganeseand sulphatg in solution,and 0.5N HCI extractable F?é’(s) during the
resuspension of estuarine sediments are shiowig.2 (inner estuarypndFig.3 (outer
estuary. The intial concentration (i.e. prior to slurry preparation and mechanical
resuspension)f eachspeciedn theriver waters(and solids in the case of reduced Fe)
have beenplotted withan open symbol on theakis. Nitrite was below the detection

limit (0.1 M) andhas not beemcluded.
3.2.1 Inner estuary

In the experiments using surface sediments from the innerrgssitas (S1 and
S2) nitrate seemed to be releasedmediately on resuspensioparticularly in S2
experiments(~400 uM) (Fig.2a). Nitrate concentrationghen remained relatively
constant in these tests until Ags, after which timeoncentrationsteadily decreased
towards the end of thest.In the experiments usingner estuargubsurface sediments,
nitrate concentration®llowed similar trends téhose exhibitedn the suface sediment
experiments (Fig@b), with S1 expements showing a progssive increase in
concentrations within the first 10 hr3here was significantly more data scatter

observed irthesetests (espeally at the later time points).

Ammonium concentrations in the experiments carried out with surface
sediments decreased imdmgtely after resuspension started (Fiy.@nd remained close
to detection levels until 48 hr&ghen concentrations transiently increased to around 20
30 pM before decreasing to | Owheotharftaednt r at i
ammonium concemations in experiments using subsurface sediments (fyig.2

increased immediately after resuspension started from <10 to ~@B® in S1

16
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experiments The ammonium increas@&as more progressivin S2 experimentsin
which concentrations doubled within tHiest hour. Then, bvels of ammonium in the
subsurface sediment experiments remained relatively constanttladteirst day of

resuspensian

In the experiments using surface sediments,” M concentrations were
initially verylow ( <5 pn M) , tharethe inhial @gpdeetration in the water column
(Fig.2e), and decreased to detection limit levels after the first day ofethespensign
coinciding with the peak observed in ammonium. In the experiments using subsurface
sediments Mn®", concentratins showed an immediate increase to -2Q0uM,

followed by a very rapid decrease (within hours) to close to detection (E¥gl).

Thesulphateconcentrations were low in the inner estuaxperimentsalthough
slightly higher at S2 due to its positian the salinity gradient, andhdreased only

marginally duringesuspensio(Fig.2g and ).

The 0.5N HCI extractable Fé represented between-18% of the totaFein
theseexperinments, being slightly lower in the surfadbanin the subsurface sedtients
experimentgFig. 2i and?2j). The percentagef acid extractable F?é(s) decreaseavith
time to a similar extenin all inner estuary experimen(between 2@10 pmol Fe?* g*

wereremovedwhich represented-4% of the totaFein the sedimenjs

17



334
335
336
337
338
339
340
341

Surface sediment resuspension Subsurface sediment resuspension

600 - 600
a b
s I s I I Be7 [
5400 1 — pFEE—g S 4004 I I Tl
s . | I T
o] T [o]
z \ z
200 - 200 A l j:
o
0 ] 0 "
0.0 0.1 1 10 100 1000 0.0 0.1 1 10 100 1000
50 - 50
c d
_. 40 = 40
g 5
230 = 30 1
h g ~
T T
Z 20 - Z 20 .1
: ]r l'!——-./z
10 - 1041 : = e
(] S
0 0l : . . : .
0.0 0.0 0.1 1 10 100 1000
25 - 25
e
.20 4 _ 20
= =
%15 4 2 15 1
g g
& 10 A & 10 4
=
s =
5 1 5
' '\*\‘\"k ]
u T T T = "l_"‘__ -— 0 T T T i
0.0 0.1 1 10 100 1000 0.0 0.1 1 10 100 1000
10 10
g h
= 8 1 - 8 1
= =
N :
N _ 1 T e _ P
g et g 4 e
2 2 4
— o o ssoe—o—o—° b o seet—"0o*
0 T T T r \ 0 T T T T \
0.0 0.1 1 10 100 1000 0.0 0.1 1 10 100 1000
= 100 - i = 100 i
z =
S 80 © 80
0 hd q
o
2604 ! [ lT’fI‘;T 5 60 4
E ¢ 1 = NI E 3 !
2 40 : {ttl\y—wl 2 40 111
+:". | Ij +.".‘. 1 I 1 l
& 20 - & 20 4 o1
('8 w
0 T T T T " 0 T T T T J
0.0 0.1 1 10 100 1000 0.0 0.1 1 10 100 1000
Time (hrs) Time (hrs)
—e—51 (0.4 psu) S2 (3.5 psu)

Figure 2: Major elemerttehaviourduring resuspension of inner estuary sediments. The
purple line with circles represents S1 (Boothferry) and the green line with triangles
represents S2 (BlacktoftPpen symbols on the gxis indicate the initial concentians

of the major elements the experiments (river water plus porewater contributja)

and the initial 0.5 N HCI extractable ¥g, in the sedimentsi,(j). Empty markers
indicate measurementd_.DL. The vertical error bars in all the figures regget one

standard deviation (1c) of triplicates.
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3.2.2 Outer estuary

The experiments usg surfacesediments from the out@stuary (S and ),
showed differences in the nitrddehavioubetweerthesites(Fig.3aand 3). The initial
nitrate concentrations i83experiments were higher thanS4 experimentand similar
to those found in the inner estuary sites; tteeyained relatively constaatverthe tess.
In contrastin the experiments using surface sediments fromn8rate concentratian
were initially very low, but increasd by six-fold within the first 48 hrs 90+30 uM)
andnearlyby 30-fold (~900+300 uM)by the end of thexperimentIn the testasing
subsurface sediments from,3trate concentratigbehavednitially similarly than in
the surface sediment testoowever, &er a week the concentratiohdroppedbelow
detectable level$~40 uM). The experiments usin§4 subsurface sbmentsshowed

very low nitrate concentrations (closeor belowdetection levelsjhroughout

Ammonium concentrations in experiments usimgter estuargurface sediments
were initially low (< 20 uM), similar to the concentrations in the origimaler water
and remainedo until the end of the tes{Fig.3c). Therewasa very differenttrend in
ammonium concentrations in the experimentsing sutsurface sediments (FRg),
which increased significantlghy ~2.5times)within the firstfew hours ofresuspensian
Ammoniumconcentration peaka the experimentaere260+20 (S3)and 130t40 (S4)
uM. Following theseinitial releass, ammoniumlevels in solutiordecreased t620 uM

by theend of thefirst weekto remain stableintil the endof thetests

In experiments using surface sediments, Mg concentrations increased
immediately on resuspension to three times {#8@M) the concentration of thever
water (Fig.3). This rapid release of Mn tthe solutionwas followed by a very rapid

decrease to close to detection le\@ld uM) after abou# hrs.In the experiments using
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366 subsurface sediments from S4, ¥im, concentrations sharply decreased from ~20 pM
367 to detection limits after the first 10 hrs of resuspensighereas for subsurface S3

368 experimentstherewasno clear releasaptake trend in Mﬁ(aq) concentrations (Figf3

369 Sulphates a more importanspeciesn solutionin the outer estuaryamplegdue
370 to the position of the sampling sites within the estuarine salinity gradient
371 experiments using surfasedimentssulphateconcentrationsemained fairly constant
372 throughout(Fig.3g). However, in the experimentsing subsurface sediments (Big,
373 sulphateconcentratiosincreased with timeparticularly in S4 experimes{from 21+1

374 to 342 mM).

375 Iron oxidationtrendsdiffered betweerthe experiments carried owtith surface
376 and subsurface sedimenthe initial amouns of 0.5 N HCI extractable Fég in the
377 surface sedimentsvere 54+3 (S3) and4046 (S4) pmol F&é* g (Fig.3i), which
378 represented around 40% of the tdd@ N HCI extractable=e and <9% of the totdFe
379 By the end of the @veeks, theFe’* ) decreaseé to around 20% and 10% the S3 and
380 S4 surface sediment slurries respectivélye initial amounts o&cid extradable Fé
381 in the subsurface sedimenf$9348 (S3)and 1B+27 (S4) umol FE€* g™ respectively)
382 represented more than 90% of the t&& N HClextractabld-e pool and ~30% of the
383 total Fe By the end of the tests, tipercentajesof the Fé+(s) decreased to ~21% of the
384 total Fe (45+3 (S3) and &6 (S4) pmol F& g™ (Fig.3j). Theseouter estuary
385 subsurface sediments experienced a rapldur change (from black to brown) during

386 the first hourof the experiment
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Figure 3: Major elemertiehaviourduring resuspension of outer estuary sediments. The
red line with squares represents S3 (Paull) and the blue line with diamonds represents
S4 (Skeffling). Open symbols on theyis indicate the initial concentrations of the
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major elements theexperimentgriver water plus porewater contributiof@h) and

the initial 0.5 N HCI extractable F:*QS) in the sedimentg,(j). Empty markers indicate

measurements <LDIThe verticalerror bars in all the figures represent one standard

devi at oftiplicatesl o)
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3.3 Trace metal mobility during sediment resuspension

The release aZn andCu during sediment resuspension experiments is shown in
Fig.4 and Fig.5. Data of Zn and Cu in solution have bemormalisedto show pg of
metal released per g (dweight) of sediment used in the experiment, therefore the

concentrations have been corredimdmoisture content.

In the experiments carried out with inner estuarine sedimémgdttern of Zn
behaviourdepended on theedimentdepth. In the surface sediment experime@ts
concentratios increased immediately upon resuspension to valu@si®es thenitial
concentratios in the experimers (0.15:0.09 (S1) and0.12+0.04 (S2) g Zn g*) but
decreased with time to below the dgten limit by the end of the experimefiig.4a).

In contrast,in the experimentssing subsurface sediments (Big, Zn concentratios
did not increaseupon resuspensiacand decreased gradually to a fitelel closeto the
detection limit.Initially, Cu concentrations remained stabkeabout thdevelsin the
river water inthe four set®f experiments, but increased after ~10 hrs of resuspension,
reaching concentrations3-4 times their initial values (about 0.12+0.02 (S1) and

0.1+0.04(S2) ug Cu &) (Fig.4c and 4i).
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Figure 4: Zinc and copper released tthe solution from solids during resuspension
experiments usingl and SZedimentsZinc released fronsurface(a) and subsurface
(b) sedimerg; Cu released fromsurface (c) and subsurfaced) sediments.Open
symbols on the saxis indicate the initial concentrationstime experimengriver water
plus porewater contribution)error bars in all the figures represent one standard
deviati on ( 1lBmpty mdrkers indicgtd measarémesstOL and dashed
lines indicatehe LDL of the ICRMS analysis.

The resuspension experiments usiagter estuary sediments showadclear
releaseuptake trend for ZmndCu. Zinc was immediately releaseddolution,reaching
concentration8 to 6 timeshigher than the initial concentrations in the experiment, and
then concentrations rapidly decreased to initial concentration lévéls pg g2)
(Fig.5a and %). The greatest Zn concentrations were observed in experiments with S4
sedimentsSimilarly, there wasan immediate release of Cuttee solution followed by
a rapid decreasew(thin hours) tobelow initial concentration levelsThe maximum
concentrations were ~B3 pg Cu g* (Fig.5c and %), which were 2 to 6 timesthe

corcentratiors of Cuprior tothe mixing.
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428

429 Figure 5:Zinc and copper released the solution from solids during resuspension
430 experimentausing S3 and S4edimentsZinc released fronsurface(a) and subsurface
431 (b) sediments; G released fromsurface (¢) and subsurfaced) sediments Open
432 symbols on the Jaxis indicate the initial concentrations in the experin{gaer water
433 plus porewater contribution)Error bars in all the figures represent one standard

434 deviation (1oc) of triplicates.

435 3.4 Changesin metal partitioning during resuspension

436 Partitioning of Znand Cu in the sediments before and aftbe resuspension
437 experiment as determined by sequential extracti®reported in Figs. In all the
438 original sediments, Zn was predominantly associated widak acidextractable
439 fractions and Fe/Mnoxyhydroxides The trendsfor Zn partitioning changes were
440 similar in, both, surface and subsurface sediments6dand6b). After two weeks of
441 resuspensign Zn concentratiom slightly decreased in thebourd-to-Fe/Mn
442 oxyhydroxides fration and increased in the more weakbund fractions
443 (exchangeable andoundto-carbonats). In theboundto-organic matteand sulphides

444  fraction, Zn was only detected at thiedpointsamplesCopper partitioning (Figc and
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6d) showed similar changas all the samplesalthough very little Cu was extracted
from S3 and S4 subsurface sedimeritsthe originalsediments, almost all the Cu
extracted was associated with the Fe/Mn oxyhydroxides fradtlpon resuspension,
there was a general shift frometi-e/Mn oxyhydroxides fraction to the weak acid
extractable, and the organmattersulphidefraction Copper oncentrationgor each

leachatevere similaramongsamples.

Zn and Cu partitioning in surface sediments Zn and Cu partitioning in subsurface sediments
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Figure 6: Zinc and coppepartitioning changes aftestuarinesedimentresuspension
determined by sequential extractionsing Tessier et al. (1979) protocol with
modifications The concentratiofaveraged from triplicate$$ expressed ipg of metal
in the extractant solution by the mass of so(diy sedimentsjsed in theextraction
Zinc partitioning insurface (@) and subsurfaceb) sedimentsand Cu partitioning in
surface(c) and subsurfaced] sedimentsSites areordered according ttheir location
within the salinity gradient and the arrows repreddiet time of theexperiment(2-

weeks)
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460 4. Discussion

461 4.1 Geochemical character of river water andstuarine sediments

462 The four sites along the Humber estuary repretientgradual change from a
463 typical freshwater environment to an intertidal mudflat wiihackish waters This
464 salinity profile was similar to that measured in other surv@NBA, 1995 1996
465 Sanderset al, 1997 Mortimer et al, 199§. Along the salinity gradient, nitrate
466 concentrationdn the overlying waterslecreased wit increasing salinity andvere
467 inversely correlatedvith the ammoniumconcentrationsPreviously nitrate has been
468 described to show a conservathehaviouralong the mixing line, although there may
469 be specific locations that show net nitrate productionresnoval during the year
470 (Sanderset al, 1997 Barnes & Owens, 1998 Generally the ammonium
471 concentrations measuredere ofthe same order of magnitudé not slightly higher,
472 thantypical Humber watersWe observed increasing ammonium concentrations with
473 increasing salinity,but the 90s surveys showed that ammoniutmends varied
474 seasonallyAll porewates recovered were enriched in ammonium but not in nitrate.
475 This anmonium enrichment wasnhanced irthe outermostestuary sites, whiclwas
476 most likely a reflection ofn situ production from organic matter degradation during
477 sulphate reduction (Mortimer et al, 1998 and DNRA processes. Sulphate

478 concentrationincreased seawards.

479 All surface sediments used in the resuspension experiments were in contact with
480 air at the time of samplindg2recautions were taken during sampling to avoid oxidation
481 of redoxsensitiveelements but we annot discard partiadxidation of these elements

482 during sampling andransport before the sediment slurriegsere made up for the

483 resuspension experiment®he subsurface sediments collected in the inner estuary sites
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appeared to be moderatalgducingcompared to the subsurface sediments from the
outer estuary which appred to become more reducing @épth. The AVS
concentrations measured (<0.02 umol AV®)dn these Humber sediments were very
low, but still in the range of concentrations reportedegiuares andother aquatic
environmentgDi Toro et al, 199Q Allen et al, 1993 Fanget al, 2005. The dynamic
nature of the Humber leads to a continuous resuspension and reoxidation of sediments
which will buffer the AVS tolow concentratiog whereas pyrite will accumulate in
sediments with time as it is more stable than AVS. This would explain the presence of
pyrite in all the samples regardless of the absence of AVS. Furthermore, the availability
of dissolvedMn and nitrate will also influence the distribution of fredphidewithin

the sediment§Thamdrupet al, 1994 Sayameet al, 2009. Iron oxides react with free
sulphidesand, at the same time, the produdﬁﬂ"(aq) and HS reduce Mn@rapidly
(Thamdrupet al, 1994, which coutl be another reason for the low AVS detected.
Besides, theFe oxides produced in the reaction of Ma@ith F& g will fuel this
positive feedback mechanism. Alternatively, it cannot be discarded that the low AVS
extracted was aartefactdueto the paiial oxidation of sedimentduring sampling and
transport or during the handling in tlaboratory prior sediments were freezigied for
AVS-pyrite extractionThe betterdefinedredox stratification between the two sediment
depths sampled at the outer estuary sitessupported byn situ observationsdolour
change andodourof the sediments)Moreove, the total acid extractablee™ in the
subsurface outer estuary sedinganwhs~2 times the conteni the equivalent sediments
from the inner estuary. Thus, it seems that the outer estuary mudflats hold the largest

Fe-pool withintheHumber.

Furthermore, te mudflats of the outer Humber estuary accumdldieer

materials andhey appeared tbave a slightly higheFOC contentthanthe innerestuary
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509 sediments Organic matter often accumulatés finer grained sediments, and its

510 concentrations in coastal sediments are often lower at the sediatntinterface

511 (Mayer, 1994. The organic matter depletion in the surface layer relative to the
512 immediate subsurface suggests that frequent mobilisation of surface sediments leads to
513 greater organic matter geadation which will be especiallyimportant in the areas of

514 maximum sediment mobilisation (i.e. ETM, which &tuated in the inner estuary

515 (Abril et al, 2002 Middelburg & Herman, 2007 Metabolizableorganic matter is

516 progressively depleted along thestuary and despite the high rates of sediment
517 accumulation irthe outer estuary, which allow high organic matter burial, this organic
518 matter will be likely morerefractory and may be further degraded during early

519 diagenesigHenrichs, 1992Tyson, 1995

520 4.2 Geochemical responses of major elements to sediment resuspension

521 In order to compare the relative impact ofmadl-scale versus anore major

522 resuspension everthe discussion about the changeghe geochemicadbehaviourof

523 the major elementsbserved and their potential implicatioms estuarine geochemistry
524 will be framed by two timevindows (Fig.§. Firstly, the mmediate changes upon
525 sediment resuspension in river wat®hich aremportant as they will occur naturally at
526 any type of resugmsion eventffom regular tidal cycledo less frequent extreme
527 events) Secondly longer timescale changes expected durirgjomstorms which

528 potentiallymobilise deeper sediments that are not normally distudorettypically last

529 2-3 days in the Humber regiothamb & Frydendahl, 1991EASAC, 2013. For the

530 immediate changes)et differences between the average concentration after the first
531 hour of resuspension (as a final concentration datum) and the original concentrations of

532 the river water (RW) have been calculated. Changes durimgjar storm timescale
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533 have beemepresented by the difference between the average concentration over the first
534 hour and the concentration at 48 hrs of resuspenSiocean inteng turbulent shear

535 was reproducedarticle settling was not consideted
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Figure 7: Major elements changeduring sediment resuspension experiments at
different time windows. mmediatechanges(left) and changesover a major storm
timescale(48 hr9 (right) for nitrate @ b), ammonum (c, d), dissolvedMn (e, f),
sulphate(g, h), and 0.5 N HCI extractabléez"(s) from solids (i, j). Light and dark
coloured bars represent surfacand subsurfacesediments respectively *Delta
calculated for 72rs whendatumfor 48 hrs was not available.

Nitrate shoved no big releases in the short term (Fa&), wvith the exception of
S2 whichmaybe explained by oxidation of reduced nitrogen spdmseausgorewater
did notaccumulatenitrate. A combination of @idation processesay also explaithe
nitrate increasein the longer timescale (Fith). For example the later significant
increasean nitrate concentration in the experiments using S4 surface sedimayts
part be associated with nitrification processaspbserved byCouceiroet al. (2013)
Although a proportional ammonium consption coupled to the production of nitrate
was not observenh this experiment, coupled nitrificatieshenitrificationcanoccur very
fast, especiallyif other oxidants such as Mn oxides are competing with the oxygen for
the oxidation of ammonigo N, and organicN (Luther et al, 1997 Anschutzet al,
2000. Thereforein this mosaic of redox reactns, a combination ofesobic oxidation
of organic matterand nitrification may be the majornitrate source. The nitrate
produced ould be subsequently used in other reactidnsfact under longer time
intervals (22 weeks), the concentrations of nitrdtecreased progressively possibly due
to the development of suboxic conditions in the experiments (i.e. conditions developed
perhaps in isolated micmiches in the bottom of the flagk§Triska et al, 1993
Lansdownet al, 2014 Lansdownet al, 2015; such that denitrification could be
supported despitihe constantnflux of air to the experimentés such, the longer term

removal of nitrate observed in these experiments may betefactof the experimental

30



562 setup (i.e. the higher sediment to water ratios used)rmaagnot be representative of

563 nitratedispersion following a large resuspension event.

564 Ammonum showed significant releases (7240 nM) in the first hour of
565 resuspensiom the experiments carried out with subsurface sediments $®mand S4
566 (Fig.7c), likely due to the accuntation ofammonium in the porewatef outer estuary
567 mudflatslike suggested byorgan et al. (2012) However,other processesuch as
568 reversible desorption from sediments and/or-eanhange reactionkkely have also
569 contributal to the ammonium increag®orin & Morse, 1999 Kalnejaiset al, 201Q
570 Morganet al, 2012 Percuocoet al, 2015 Wengroveet al, 2015 since porewater
571 contribution to the mixture by simple diffusion cannot explain the concentrations
572 reached The anmoniumreleasd in those experimentwas completely removed after
573 48 hrs(Fig.7d). Transitory ammonium release also occuriedS1 and S2 surface
574 sediment experimentmd these peaks coincided with the depletion of Ninsolution
575 Nitrification and ammoniumoxidation to N by Mn oxidescould havecontributed to
576 the ammoniumremoval proessesAny Mn2+(a@ product of these reaction pathways
577 would readily react with the oxygen present to regeneeatetiveoxides which will act
578 as a catalysts to continue the oxidation of ammonium and orblficither et al,
579 1997. or, if suboxc conditions,Mn2+(aq) may react withnitrate (Sgrensen & Jgrgensen,
580 1987 Murray et al, 1995 Luther et al, 1997. In the natural environment, the
581 occurrence and magnitude of nitrification depends on the availabilipxyden and
582 ammonium(Canfieldet al, 2005, and it will play a major role ithe nutrient exchange
583 processes within thesedimertwater interfaceas the nitrate produced will, in turn,
584 sustain denitrificatior{fBarnes & Owens, 199&/ortimer et al, 1998. In the Humber,
585 an intense zone fantrification-denitrificationhas been associated with &M due to

586 the enhanced chemical amndicrobial activity as suspended particles provide a large
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additional surface are@arnes & Owens, 1998Viortimer et al, 1998 Uncleset al.,
1998. On the other handjitrifiers can be inhibited bgulphideconcentration, light,
temperature, salinity and extreme pl@anfield et al, 2005. The inhibition of
nitrification by sulphidecouldfavourthe preservation of ammonium porewater(Joye

& Hollibaugh, 1995 Morgan et al, 2012, which may be a possible reason for the
limited evidence of nitrification irsome ofthese experiments and may help to explain
spatial differences in coupled nitrificati@enitrification within this estuary.
Alternatively, re-adsorption of ammonium onto particles,likely to be an important
removal process (especially Bs/Mn oxides wee likely to be forming in experiments
as a result of metal oxidatipeee below) which, in the natural estuary systems may be
key for the nutrient bufferingapacityof the sedimentgMorin & Morse, 1999 Songet

al., 2013.

The net removal of reduced Mn and Fe in all the experimerisributed to the
series of oxidation reactions occurring during sediment resuspension in aerated
conditions, and the consequeasrecipitation of insoluble Mi/e oxyhydroxides (e.g.
birnessite and ferrihydrite). During oxic resuspension, abiotic omitlgirocesses are
expected to be the dominant mechanism operating. In contrast, microbially mediated
Mn- and Feoxidation are the dominant mechanism operating in raerophilic and
suboxic environmentgFroelich et al, 1979 Thamdrupet al, 1994 Canfieldet al,

2005. Dissolved Mn behaviourvaried significantly betwen thetwo resuspension
timescalesexamined There was a general immediate release of M from the
porewater tathe solution (Fig.7e) that was completely reversed within ajor storm
time interval (Fig.7f. The release and the later uptai{el\/ln2+(aq)appeared to be more
importantin the experiments carried out with inner estusuyface sediments-or the

inner estuaryexperimers, the release and uptake dﬂn2+(aq) closed numerically
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However, from the outer estuary, only the S3 surface sediex@etriments, showed an
equivalentMn-release and uptak@his fact and the initial concentration of Mg in
surface porewater may indicate thaggth sediments were poised at-Mduction at the
time of sampling. Site 4 surface experiments shosligthtly more Mnruptake because
Mn?*, decreased to levels below the inith* ., concentratias in the river water
As mentioned above, coupled ammonium and/or orgadnoxidation with Mn oxides
reductionmay also have been a sht@tm source of Mfi(q. SulphateandFe did not
showsignificantchanges in theesuspensioexperiments during the first ho(Fig.7g
and 7). After 4872 hrs, there was a ngtoductionof sulphaten the experiments with
an increasingtrend from S1 to S4 Although further conclusions about reaction
pathways cannot be drawn from this type of resuspension experiment, this trend
evidencesagain the more reducing condition®f the outer estuary sedimenighich
probably containedntermediatereducedsulphurspecies (e.gsulphides thiosulphate,
etc.) that wereoxidised to form sulphate during the experimentgFig.7h). The
differences in the concentration afid extractablé €™, over 48 hrs ofesuspension
(Fig.7)) becamealso more importantin the experiments usinguter most estuary

sediments due to thremore reducing nature and thhighercontent ofreactiveFe

To summarisgthe initial geochemical state of the sedimarid their position
along the estuarine continuuwere the biggestinfluence on the geochemical
progressionduring ther resuspensianThe availability of seawatesulphate which
likely promotes the developmensulphidic sedimentsand Fés) accumulationin the
outer estuary mudflatsnay be the major control on thogeochemicaprocesses, and
hence Fe and S-oxidation will dominate in tis part of the HumberHowever the

interlinks of N, Mn, Fe and S cycles and the spatiotemporal variability of the estuarine
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environments make extremely difficult to constrain which are the pahcgieaction

pathways occurring during resuspension events in natural conditions.

4.3 Trace metalbehaviour and changes during resuspension

Zinc and Cu were selectefor analysis because they are known to be
significantly enriched in the Humber sedimentsedto industrial contamination
(Middleton & Grant, 1990Caveet al, 2005 Andrewset al, 2009. Although the total
concertrations in the solid phase were not significantly different between samples,
during the resuspension experimentsriiease oZn andCu wassignificantly lower in
the experiments carried out withner estuarinesediments thamn thosewith outer
estuaine sediments.Despite all the precautions taken in the 4B analysis, the
determnation of trace elements in salimaters has been analytically challenging due to
the potential interference of the matrix in the sensitivity and the formation of
polyatomc ions (Reed et al, 1994 Jerez Vegueriaet al, 2013. However, the
difference between the concentrations measured immediately after the resuspension
started and the concentrateoafter 48 hrs indicated that, even if there weskyatomic
interferenceson the baselinethe trend were not an analyticakrtefact Despite the
differences in magnitudeZn and Cushowed ageneralreleaseuptake trend in the
experiments.The very rapid increase oZn and Cuin solution upon resuspension
(Fig.8a and8c) probablyoccurred due to a combination of mixiagd desorption from
different mineral phasg€almancet al, 1993 Cantwellet al, 2003. Salinity ha been
shown to promote metal desorptismcemetals can be mobilised as soletdhloride
complexeqGerringaet al, 200% Millward & Liu, 2003; Du Lainget al, 2009, which
may help to explain the higher concentrations of metals in the experiments carried out

with outer estuane sedimentsFurthermore, very early Fe/Mn colloids formed (before
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660 they aggregate to largparticle3 may have passed the filters usadd therefore any

661 metal associated would have been deemed as sdNeéesrthelessthe release of Zn

662 and Cu werayenerallyreversed to a considerable extend by the tima wfajor storm

663 (Fig.8b and 8dps a resujtmost probablypf co-precipitation and adsorption processes
664 to newly formed M#Fe oxyhydroxidegBurdige, 1993 Calmanocet al, 1993 Simpson

665 et al, 1998 Saulnier & Mucci, 2000Gunnarset al, 2002 Caetancet al, 2003. This

666 will evidence the importance of Fe/Mn transformations in the transport and fate of TMs
667 in the estuarine sedimewmater inteface (Du Lainget al, 2009. Further, the presence

668 of soluble orgaic compounds iy have influenceth thetrends observedas well.

669 The mobilisaion of TMs upon resuspension watso supportedoy the general
670 shitobser vedeaoiwamr dtso ' e ix metah gattitioninf(exehangealden s
671 and bouneo-carbonates)Althoughthe metal releasevas reversa in arelativdy short

672 term, changes in metal partitioning may have implications in rhé&ialailability. The

673 Zn released in the inner estuary experiments was <0.1% of the total Zn in the
674 experiment, which was within the range tbk Zn @sociated withthe exchangeable
675 fraction. Zinc showedo significant changes ipartitioning but the decreases in the
676 “ weak acibd e® x tarnadc t B-essalated frackonsd @ids not match
677 quantitatively with any Zn increase in other fractiofshe final sediments, whicmay

678 be probably explained by protocol limitations (see beloim).the outer estuary
679 experiments the average peak of Zn released was 11% of thal @n in the
680 experimentsThe Znreleasedo the solutionwas higher than the Zn associated with the
681 exchangeable fraction of these sediments, which suggests that Zn wasniiteliged
682 from other fractions. Probably Zn experienced a transient releas@itilikely sourced
683 from absorption complexes and returnechéav absorption complexesjinc speciation

684 varied among the outer estuary sediments, and only two of them showed changes that
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quantitatively matched (loss in the Fe/Mn oxidbesind fraction wa equivalent to the
increase in carbonates and orgam@ttersulphidefraction). On the other hand, the Cu
released tdhe solutionin the inner estuary experiments represented about 0.1% of the
total Cu in the solids, which coincided with the Cu foundhie exchangeable fraction.

In the outer estuary experiments, the average peak of Cu releabedstdution was

22% of the total Cu in solids, which suggests that not only the Cu associated with the
exchangeable fraction wasobilised Generallyin theinitial sediment sample€u was

only found associated with the Fe/Mn oxidesund fraction whereas, for the
reoxidisedendpointsediments, it was found in all the fractiofus, Cu may have
beenmobilisedfrom high-energy binding sites to weaker bingisites.Nevertheless
errors introduced during the extractsoar associated with protocol limitations cannot

be discarded.

Numerous limitations haveelen reportedor the * T eextmdtian rprotocol
(Gleyzeset al, 2002. The concentrations in the exchangeable phase were generally
very low or belowthe detection limif probably because the adsorptigsorption
processes areommally pHdependent, and therefore desorption of the specifically
adsorbed metals may not be complete at neutrg(Tgdsieret al, 1979 Du Laing et
al., 2009. Furthermorenone of theZzn andCu bound to organimattersulphideswere
extracted from the original sediments, which may seem contrary to what was expected
for initially sulphatereducing sediment§éDi Toro et al, 199Q Allen et al, 1993.
However the absence of Zn and Cu in this fraction may be explained by protocol
limitations since organic matter and sulphide dissolution may not be completed with the
reagents usedGleyzes et al, 2002 Anju & Banerjee, 2010 The inconplete
dissolution of some phases, matrix effeeisg changes in pH can lead to readsorption

(by complexation, precipitation, coprecipitation, agsion and loss on the vial walls)
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710 and redistribution of some metals during the extrac(Martin et al, 1987%. Further

711 limitations of the extraction procedure used may be the underestimation of the metals
712 bound to FAMn oxides(i.e. the changes applied the extraction time to compensate
713 the reduction of the extracting temperature, rhaye notbeen enough to dissolve all

714  the hydrous oxides, Gleyzesal, 2003.

Immediate changes (RW to ~1 hr) Changes over a major storm timescale (1-48 hrs)
25 4 0,15 25 4 0,15
20 - a 20 - b
15 { 0,00 154 o
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715

716 Figure 8:Zinc and Coppechange®ver time during sediment resuspension experiments
717 at different time windows. Immediate changes (left) and changes over a major storm
718 timescale (48 hrs) (right) for Zra(b) and Cu (c, d). Light and darkcolouredbars

719 represent surfacend subsurfaceedments respectively
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4.4 General implications of sediment resuspension for nutrient and trace metal

transport and mobility in estuaries

The oxidation of estuarine sediment duadémobilisationevents enhandethe
release oboth nutrients and metal3 he major element geochemical progression was
conditioned by lte depth of the sediment beingpbilised whereasthe releaseuptake
trend in TMs behaviourwas observedn all sediment typesThese findingsare in
agreement with other field and laboratory sésavhich used me sophisticated erosion
devices that showed hosediment erosion deptharies with turbulencéKalnejais et
al., 201Q Couceiroet al, 2013 Wengroveet al, 2015. Under natural conditions,
estuarine sediments are eroded when the eroding forcing exceeds a particular bed shear
stress or erosion threshofdan Prooijen & Winterwerp, 2030The dynamics of the
cohesive sediment in estuaries is extremely complex due to the interaction between
abiotic (hydrodynamics, cohesion, armouring fldation, consolidation, deposition)
and biotic processes (bioturbatidnpdeposition bioestabilisatioph (Wu et al, 1999
Blanchardet al, 200Q Sanford, 2008Van Prooijen & Winterwerp, 20)0However, in
this resuspensiorexperiment, the natural progressive erosion of sediments was
simplified and differences iresimenterodibility were not considered. It was assumed
that the cohesive particulate matter was aonouredto any extend and it was
resuspended fairly uniformhAlso, this study aimed to reproducg@atentialmaximum
release of nutrient and metals; bumder natural conditions, there will be further
seasonal variations associated with temperature, riverine loadstehsity of storms,

and tides (Sandert al, 1997; Barnes & Owens 1998; Mortinedral, 1998).

Nitrate (autochthonous or asproductof nitrification processesyasthe only
major nutrient that seesd to remain in solution for few days in both resuspension

scenarios simulated. Hence, although nitrate concentrati@ns low in the outer
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estuary, during anajor storm, important nitratenputs from the estuary to the coastal
waters may occumDuring sedimentesuspensigneny ferrous ironpresent(in solution

or associated with particles) will be rapidiyidised and hencé-e will be transported
mainly as ferric iron (as particles, catls, organicmatter complexed)ThereforeFe
supplied from resuspended sediments is likely to be an important source of Fe to the

coastal environment as suggesteKiainejaiset al.(2010)

The area of the outer estuary intertidal mudflats isldahgest in terms of aerial
extent(see Mortimeret al, 1998, and therefore the potential amount of sediments, and
consequently nutrients and metampbilised will be significantly larger during an
extraordinary resygension event than during normal circumstanédso nutrient and
metal fluxes will be determined largely by the flow conditions, which means that a
turbulent release (e.g. in storm conditions) may be relevant to the overall nutrient and
metal budgets (saaore in Supporting Information, SI.4h the outer estuarynudflats,
the larger amount dfe and thecontinuousavailability of sulphateseem to promote the
development of sulphidic conditions atdepth which are not observed in the inner
estuary sites.The total oxidation of the inorganic species released during the
resuspension of estuary sedimewtsuld equate toan oxygen consumptiof 20+10
mmol O, kg™, and to 7840 mmol O, kg™ for the inner and outeestuary sediments
respectively.This amount of oxygen removalbuld result in full deoxygenation of
surface waters at relatively low sollution ratios (15 ¢ for the inner estuary; 4 g
L for the outer estuary)However,well-mixed estuaries rarely exhibit water column
hypoxia(Paerl, 200B The kinetics bthe reoxidation processésspecially those of Fe
and S)are such that supply of oxygeoy(diffusion fromthe atmospher®r mixing with
adjacentoxygenated waters) is likely to prevent anoxic conditions from developing in

all but the very largest aemobilisationevents.
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Humber sediments may act as an ultimate sink fomtapr (Fe and Mn) and
trace metals; while for nutrients, they may act as a major source on some occasions, as
argued byMillward and Glegg (1997)Nutrient fluxes estimations showed important
differences in nitrate and ammonium fluxes when comparing resuspension of surface
and subsurface sediments. If subsurface sediments are mobilised, nitrate fluxes would
increase from 23.8 to 40.8 mmole&/day in the inner estuary, and from2.1 to-3.9
mmoles/ni/day in the outer estuary. Ammiom fluxes would increase fror2.0 to 4.6
mmoles/nd/day in theinner estuary, and from3.9 t032.3 mmoles/fiday in the outer
estuary. Considering the areas of the inner and outer estuary, these estimations suggest
that the whole estuary may act as an overall source of DIN rather than a sink when

subsurface sediments are mobilised.

During estuarine resuspension events changes in TM speciation due to redox
changes and desorption fraesuspendablsediments are likely to be the main source
of TMs to the water column; although direct diffusion ofgwaters from undisturbed
sediments can be also an important source of dissolved sgelEeso et al, 2002
Kalnejaiset al, 201Q. In these experimentfe release of Zn and Quas followed by
an uptake in a relatively sht timewindow (<48 hrs).Hirst and Aston (1983)
sugeested, that the metal concentraian the fluxes coming into the coastal waters
may remain at normal levels even when extraordinary amounts of sediments are
mobiliseddue to the rapid scavenging capacity of the newly formed minerals surfaces.
This is suported by data presented here as only transient metal releases were observed.
Others suggested that dissolved metals displayn-conservative mixing imacrotidal
environments which can be explained by the presence of additional metal sources
associatedwith sediments, and supports the importance of sedimastiilisation

patterns and frequency on TM bioavailability and transgtartino et al, 2002.
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Furthermore, these experiments showedt sedimentesuspensioted toa shift in TM
partitioning (i.e. a greater proportion &n and Cu werassociated with more weakly
bound fractions)In the natural environment, before sediments are ultimately scavenged
deeper in the sediment column, they will be continuously resuspéhded Cundy,
2001), so the transfer ofMs to weaker bundfractionswill have implications in their

bioavailabilityover time

Climate change will impact upon morphodynamics and ecological processes in
UK estuaries(Robins et al, 2016§. More frequent and intense episodes of extreme
precipitations oveBritain have been predictddones & Reid, 20Q1Christenseret al,
2007 IPCC, 2013. Therefore, m terms of budget, the more regulaobilisation of
undisrupted subsurface sediment will leadnimreagd nutrient and metal inputs to the
estuarine wateicolumn andmaybe ultimately to coastal waterswhich will have
important environmental implicationBurthermorechanges in the estuarine dymas
could compromise the conditions needed for estuarine sediments to reach steady state
before the next mixingevent takes place, which maaffect the sediment redox
stratification and the development wkll-defined geochemical zonations within the

sedmentprofile.

5. Conclusions

This study gives an insight into the complex moséigrocesses that result from

physical disturbances along tHeimberestuay continuum The position irnthe salinity

gradient washe dominant control on sediment geochemistry with a change from a
Mn/Fe-dominatedredox chemistry irthe inner estuary to a F&-dominated system in

the outer estuary.Therefore, understandinghe system dynamics and sediment
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characteristics ikey when studying nutrients and metal cycling along a salinity
continuum. Sediment resuspension resdltin the release of ammonium (where
enriched)to surface waterdr'he nitrate released appears to remain in solution for more
than 23 days.Reduced pools of MnfFe and sulphur speciesin sedimentswere
oxidised during resuspension resulting Mn and Feoxyhydroxidesprecipitation,
which producednew sorption sites fahe TMs released tsolutionupon resuspension.
Thus, rapid releases ammonium Mn*,qandTMs may be reversed in relatively short
(few days) timescalesvhich is important when assessing tbnerall environmental
effects of resuspension episodes on surface waters composition and nutrient and metal
cycling. In the Humber estuaryhe potentiakesuspension of outer estuary subsurface
sedimentsvould havea greatereffect on the coastal environment (in term&bemical
Oxygen Demand GOD), nutrient and metal release), aitdmay becomea more
important process in the future iiss predictedan increase in the frequency rofjor

storms that can abilise these deeper sedimedts to global warming
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