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Abstract. The Amsterdam area, a highly manipulated delta area formed by polders and reclaimesdriadgieswith high

nutrient levelsin its surface water systenthe polders receivepatially and temporallyariable amounts of water and
nutrients via surface runoffgroundwater seepage, sewer leakeayed via water inlet from upstream poldefBiffuse
anthropogenic sourcesuch agnanure andertilizer use and atmospheric depositiadd to the water quality problems in

the poldersThe major nutrient sources and pathways haveyetdieen clarified due to the complex hydrological system in

such lowland catchmentsith both urban and agricultalr area. In this study, the spatial variability of trgroundwater
seepage impact was identified by exploiting the dense groundwater and surface water monitoring networks in Amsterdan
and its surrounding polderswenty-five variables (concentrations of Tofdl TotalP, NH,;, NOs;, HCG;, SQ,, Ca, and Clin

surface water and groundwat®r and P agricultual inputs, seepage rate, elevation, lanske, and soil type) for 144 polders

were adysedstatistically and interpreted in relation to sources, transportanéths and pathwaysThe resultsmply that
groundwater is a large source of nutrients ingteater Amsterdamixed urbariagriculturalcatchmentsThe groundwater

nutrient concentrations exceeded the surface water Environmental Quality Standards (EQSs) in 93 % of the polders for TF
andin 91 % for TN Groundwater outflow into the polders thus adds to nutrient levels in the surface Migtecorréations

(R? up to 0.88) between solutes in groundwater and surface water, together with the close similarities in their spatial patterns
confirmed the large impact of groundwater on surface water chepgspgcially in the polders that have high seepatgs.

Our analyss indicats that the elevated nutrient and bicarbonate concentratiothe groundwater seepage originate from

the decomposition of organic matter in subsurface sedimemipled to sulfate reduction and possibly methanogeriBisés

large loads ofnutrient rich groundwater seepageo the deepespolders indirectlyaffect surface water quality in the
surrounding areabecauseexcesswater fromthe deep polders is pumped out amskd to supply water tihe surrounding
infiltrating poldersin dry periods The study shows the importance of tmnectiorbetween groundwater and surface water

nutrient chemistry in the greater Amsterdam avéa expect thatetking account of groundwatsurface water interaction is
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alsoimportantin other subsiding and urbanising deltas around the wavltere water is managed intensivétyorder to

enable agricultural productivitgnd achieve water sustainabliées.

1 Introduction

The hydrology of many lowland delta areashighly manipulated by huam activitiessuch as ditching, draining, and
embankingto enable agriculture andabitatonL o wl and deltas account for 2 % of
around 600 million people in 2000, and about 1400 million by 2060 as was estimated by Neuna&r(2015). The
reclamation of swamps and lakes and the drainage of peat areas to enable urbanisation and agriculture severtig change
hydrological, chemicaland ecological environment of these areas (Ellis et al., 2005; Yan et al., 2017). d awlemareas

are vulnerable for water quality deterioration by processes like salinization and eutrophication, which can be amplified by
climate change (Wu et al., 2015) and land subsidence (Minderhoud et al., 2017).

The Netherlands ia densely populated country where surface water salinization and eutrophication are common problems.
It is a typical highly urbanized country, with 2/3 of its land lying below mean sea level. In The Nethestaalisegulated
catchmentgalled polderdiave been developeaxver centuries by diking in and draining lakes and swafdpgsman, 1998)

Over 10 million people are living in the coastal area, mainly in the Western part wHelecene layer of peat and clay
covers Pleistocene fluvioglacial sandspecially the deepest polders receive large amotirgeoandwater seepage. The
surface water levels within the polder catchments are artificially controlled by pumping water out into the regional water
systems (called Boezem), which further accelerates groundwater seepage. Some of the deep poldgusaxihipiviudeep

saline groundwater into the surface water. The salt loading towards these polders is expected to increadag todinéy

further lowering of surface water levels in response to subsidengeOude Essink et gl201Q Delsmanet al, 2014).

Draining the peat polders has also legstbsidence and repetitive lowering of surface watet groundwatelevels. As a
consequence, nutrients are released due to peat oxidation (Helmdviarmaat, 2012). Another nutrient source is the large
scale agricultural application of manure and fertilizer. Although manure legislation was already enforced in 1986, surface
water quality in the area still does not meet the EU Water Framework Directive standards for chemical and ecological water
quality (Rozemeijer et al., 2014)he local water authority, called Waternet, is commissioned to improve water quality in a
costeffective mitigation program. The assessment of load contributions from different pollution sources is essential to set
realistic regiorspecific water quality targets and to select appropriate mitigation options.

Influences of groundwater on surface wafeality haverecentlygained more attention by hydrologigesg. Rozemeijer and

Broers, 2007; B Louw et al, 2010; Garrett et a| 2012 Delsmanet al, 2015). Rozemeijeret al. (2010)found that
groundwater seepagediarge impact on surface water quality ialowland agricultural catchmentA studyby Holman et

al. (2008 in the United Kingdom andhe Republic of Irelandalso suggested thathe groundwater contribution to surface
waternutrient concentrationis more important than previously thougRurthermore Meinikmannet al. (2015found that

lacustrine groundwater discharge contribufed more than 50% of the overa#ixternal P load in their study lake
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Vermonden et al. (2009) concluded that upward seepage from Méamlecanal delivered N{Qand Clto urban surface

water system. The impact of other landscape characteristics on surface watersnaligssoil type ad land use, has also

been exploredFor exampleVan Beek et al. (2007) found thatitnient rich peat layers will remain a potential source of
nutrients in surface water in many peat polders in the western part of The Nethavlandsd et al. (2009) foud that the

spatial patterns of nitrate and phosphate concentrations in the Ahja River catchment in Estonia were related to spatia
differences in urban and agricultural land use proportions. Vermaat et al. (2010) studied 13 peat polders in the Netherland:
and reported that agricultural land use largely determined the variability in nutrient concentrations anchizsplorbs

was observed in higher concentrations in urban areadritraral area by Meinikmann et al. (2015) In some studies, point
sourceslike effluent from sewage treatment plants dominated the phosphorus loads (e.geWalde012) but the
Netherlands is known thaveearlyinvestedin centralised sewage treatment works, thus avoiding the many individual spills
that are present is senbordering countrieU, 2017)

Previouswater qualityresearchn polder areas have mainly focused on ithpact ofland usetypes and topographyhe

impact d groundwater and flow routes on spatial water quality patt@rpsldershas not beersystematicallystudied Such

insight is highly needed, as a ceftective protection and regulation of water resources requires an integrated assessment of
water and contaminant flow routes in the water system as a wh@eneral however, water and ¢aminant flow routes in

urban settings are more complex than in rural aichass tothe highly variable surface permeability ahdman emissions of
pollutants.

This study aimed at identifying the impact of groundwater on surface water quality in the gailttenents of the greater
Amsterdam city areawhich isthe management area of Waterrtée organisation which manages dikes, regulates water
levels and pumping regimes and is responsible for the clean surface water, drinking water supply and wastatmatd.

To achieve this, we analysed regional surface water and groundwater quality monitoring data in combinatiem with
landscape charactstic variablesfor 144 polders N and P agricultal inputs, surfaceelevation, pave area percentage,
surface water percentage, seepage e soiltype represert by calcite, humusand clay percenages Our statistical
analyses yielded insight into the impact of groundwater on the surface water chemistry of the urban and rural polders of
Amsterdam. The presented approach contributes to realistic and effective water quegiflation in the Waternet
management areand can also be applied to other deltas in the world with adequate groundwater and surface water

monitoring data

2 Methods
2.1 Study area

This study focuses on the polder catchment landscape around the city of Amsterdam in The Nethbdantsle study
area spans 700 Kirfrom downtown Amsterdam situated in the northwest to the border of the province of Utrecht in the

southeast (Figl). Amsterdam is a losying highly paved citylocatedin the westerrpart of the Netherlands developed
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around the levees of the tidal outlet of the Amstel River about 700 years ago (Vos,Nxdd&jlays, the water system in
Amsterdamis connected to théarge fresh water body tfie Lake 1J (Fig. 1). Besides Lake lbther important large water
bodiesare the Amstel and Vecht rivers and thensterdarmRhine canal. This regional water systeaiso called the

0 B o e zcenmattghe Amsterdarrareawater systento the Rhine River(upstream)and thel ake IJsselandthe North Sea
(downstream)In the 19th and 20th centuriethe city expandedandmany new neighbourhoods and suburbs were built.
Polders and reclaned lakesform the main landscape in the southward extensiointhe city Some of these polders are at

several meters below Mean Sea Level (MSL) andrdh@enced by groundwater seepage.

2.1.1Landscape history and hydrology

Landscape history

Our study area is located in the western part of The Netherlands where large rivers and the sea have intensivelyointeracted f
millions of years. The main topogtaip feature is a Pleistocene sandy ice pushed ridge with elevations ranging from 0 to 30
m, which is located on the east part of the study area (Fig. 1, Fig. S1). To the west, the ridge is bordered by the broa
periglacial Pleistocene river plains of theifRe delta. During the Holocene, these sandy river plains were covered with peat
and clay, which are currently found at the surface throughout the western part of the Nethenaogsof Pleistocene

sands. The average thickness of the Holocene peatl@andover is 20 m, although it increases to over 50 m in former tidal

inlet channelgHijma, 2009)

In 1000 AD, about5000 yearsafterfirst settles appeared in these low lasydhe inhabitantstared mining peat, digging

ditches, constructing dikes, reclaiming former swamps and lakes, and pumping water out into a large scale drainage systel
(called Boezem). Speci al hydr ol o gciocnanl e cctaeBdcehbnge mtivateraagn | e d
around themFig. S1 andand Table Sin the Supplementary Information show the entire system of polder catchments
(indicated by numbers for reference) and boezems studied in this paper. Prominent on these maps are two deep polde
Horstermeer (#9) and Groot Mijdrecht (# 80), two former lakes that were formed after peat excavations. Drainage for lake
reclamation and groundwater extraction (Schot, 8p@2used further subsidence and increased seepage ofnpaiee

brackish groundwater from deaguifers(Delsmaret al, 2014).

The long history of marine influence stopped after closing off the estuarighaimdand sea in the 2@entury( Huisman,

1998) In 1932, the construction of the Closure Dike (Afsluitdijk) created the fretlr Lake 1Jssedut of the former salt

water Zuiderze¢ 6 S e o h h ® pratéct)the surroundings from floods and to enable land reclamation. The former marine
impact is still reflected by the presence of brackish groundwater in the shallow subsurface (Schit, 1992

The construction of the Amsterdam Rhine Caeglasated the study area into two parts (Fig. S1): the Centrignddh the

west and the Vechakes area in the east. In the Central Holland polders, relatively thick peat layers and pyrite rich clays are
still present in the shallow subsoil, as desaiby Van Wallenburg (1975)he Vecht &kes area is characterized by large

open water areas and a number of wetland nadsexves. The rest of the Vechkés area is mainly grassland used for dairy

farming. Soils in this area are generally wet and ircbrganic matter and clay (Schot, 1992


http://en.wikipedia.org/wiki/Expansion_of_Amsterdam_since_the_19th_century
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Mainly during the 28 century, theurban areakave been growing from the historic citgntres on river and tidal channel
levees into the surrounding lelwing polders.To facilitate the construction dfuildings,a 1-5 meteflayer of sandvasoften
suppliedon top of the original sedimentEhe thickness of this suppieh sandlayer is extremely variableven at a small
scale.The @ind suppletiongre either calcitepoor without shell fragmentsr calcte richwith shell fragmentshatindicae

their (pert) marine origin. The spatial distribution and sourcéshe sand suppletionzobably influence groundwater and
surface water chemistry, bate poorly registered.

Polder hydrology

Within the poldersthe water levels are artificially maintained betwéred bounday levels to optimize conditions for their
urban or agricultural land usBoezemwater levels always exceed the polder surface water levrishe case of water
deficiency, water is leénto thepolderditches from the boezem through pipes by gravity f{Bwg. 29. Pumping statios are
situated at the boezems to regulate the water levels in the polders in times of precipitationirexbessase of avater
surplus, pmping stations stapumping water out of the poldato the boezersystem (Fig. 2p

Theregionalflow directions in wet and dry periods the study area are depicted in BgThe AmsterdamRhine anal the
Amstel River, and the Vecht River atiee mainwater courseslischargingsurface water from the south to the nairth
periods of water surplus (Fig..3h periods ofwater deficiencyhowever the flow directiors arereversed in some parbf

the system.

There are six main sources of inlet water to compensatedtar shortage in dry periods (Fig. 3): @nsterdam Rhine
Canal (ARC): water of the ARC originates from the Rhine and is supplied as inlet water for the southeast polders and
polders in the southeast of Amsterdam city; AZ)istel River:the historic cana of the ity of Amsterdamare mainly
flushed by water from thdmstel River Via the canals, this water discharges to the downstream part of the ARC and further
into the North Sea; (3proot Mijdrecht and Horstermeedhe brackish surplus of seepagate from the deep poldeBroot
Mijdrecht (~1000mg CI L™ on averagpand Horstermeer~5600 mg Cl L") is pumped into the Boezem system and is
redistributedowardssurrounding polder&ink lines in Fig. 3); (4) Rijnland Water Authority distrigtolders in the far west

of the study area receive inlet from the neighboring Water Authority district Rijnland. The water quality of this source is
unknown. (5)and (6) Vecht River and Lake:lgolders along the Vecht River receive inlet water that partlyinates from

the Rhine and partly from Lake.|Polders clos#o Lake |Jreceive large amounts of water directly from the lake. Mdia

IJ water is also used to flush canals in the city of Amsterdam.

2.1.2 Characterisation of regions

Basdon thegeolayy and paleohydrological histpias introducedh section 2.1.15 regiors wereidentified (see Fig. 4)The
5 regions are(l) the Zuiderzee margimegion,with shallow Wackishgroundwaterjies directly adjacent to the formsalt
water Zuiderzee, whictwas dammed ithe 1930s and transformed into the fresh watake l&sel(connected to &ke 1J)
which is now the biggest fresh wateservoir of The Netherland€) the deeppolders GroeMijdrecht and Horstermeer,

which are reclaimedakeswith clayeylake sediments at the surface. These polders are characterized by upconing of salt
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groundvater from deeper layer®ude Essinket al, 2005; Delsmanet al, 2014) and intensive arablé&rming (3) the
Central Hollandregion wherethe poldersare characterized by a relatively thick sequence of marine clays and intercalated
peats;(4) the Vechtlakes regia at the western margin of theei pushed ridge, characterized by shallow peat soils over a
sandy subsoil and large shalldakes and wetlands resulting from peat excavations (van L2@i0) with mostly dairy
farming and(5) the Ice pusheddge in the eastern part of the study area, which is characterized by permeablsoilandy
rechar@ of freshly infiltrated water, anth¢ mereabsence of draining water courses.

Our a priori expectation was th#fte groundwater quality of these 5 regidassignificantly different because of their
specific paleohydrological situatiaand presentlay groundwater flow patterns. Wberebre used theaegiors to evaluate

the groundwater quality patterns and dgive structure toour comparisons between groundwater and surface water
concentrations and loads

2.2 Data processing

The database that was compiled and used for this study covers 144 individual polders and rimahtllyssurface water

quality data, spatiotemporally weragel groundwaterquality data TN, NOs;, NH,;, SQ,, TP, Ca, HC@ and CJ, daily

pumping station dischge time series, angolder averages of the following statistic variablsand Pagriculturalinputs,

polder seepage rates, elevations, surface water and paved area percentages, and calcite, clay, and humus percentages o
upper soil layer.More information about the data processing and the database can be found in the Supplementary
Information

2.2.1 Groundwater data

A total of 802 observation wallof groundwater quality amvailable from the period 1912013(mostly after 198Q)largely
drawnfrom the National Groundwater Database DININO, DINOLoket) We selected analyses from theper50 m of

the subsurface, which corresponds withtthieknessof the first main Pleistocene aquifer in the area and the Holocene cover
layer.For our analysesn order to use as much of the available groundwater data as possible to cover the entire region and
all the polderswe averaged concentrations at individual monitoring screémsach monitoring welfor all sampling dates
available The large majorityof the groundwater quality data we used is from the last 30 years (for examplef 8b&6
chloride and 93% athe P measurementgre fromafter 1980). In this study area, we ot expect that using sondatafrom

before 1980creates a significant bias the results of the study, because hydrogeochemical processes in the reactive
subsurface such as sulfate reduction and methanogenesis btalgliaing effect on the water composition in this area.
Moreover, the overall flow patterns hamet changed much in the past 30 to 100 years, because the flow systems are
completely determined by the water levels maintained in the polder systems which have not chartgmer the past 100
years. However, the interface between fresh and salt wataovgnkto slowly move into the direction of a new equilibrium

(Oude Essink et al2010), but the process is known to be very slow and to continue over the next 200 years.
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To analyse the spatial pattern of groundwater qualityaveraged concentrations af the monitoring wells locatedni the
same poldelfor more details, see TabE2). For 24 polders out dhe polders withoutgroundwater quality data, the
concentrations werestimatedby Inverse Distance Weighted interpolatidmoweve using absolute levation difference
instead of distance. The greater #izsolute elevatiodifference, the less influence the polder has on the output value. The

equations are

# , prediction of target polde# , observed value of surrounding polddrsijumber of observation®, power parameter (2

in this case)A , absolute elevation differences of target polder with surrounding polBebsequently, to interpret the
groundwate quality patternsthe variation of concentrations in and between the 5 regionsvisaalizedusing boxplots
(HelselandHirsch, 2002)

Because our dataset contains both fresh aadkish to salinavater, we used thmassSQy/CI ratio of the samples as an
indicator of sulfatereduction SQ/CI ratios lower tharthe sea water ratio df.14 (Morris and Riley, 1966)point to the
occurrence of sulfateeduction(Appelo and Postma, 2006riffioen et al, 2013. Ratios above 0.14 pdito the addition of
sulfaterelativeto diluted sea watdahroughprocessslike pyrite (FeS) oxidation orthroughinput via atmospheric inputs,
fertilizers,manure or leakageand overflowof sewer systems

Average concentrations in groundwater for epolder were mapped to be compared with average annual surface water
concentrations (See section 2.2 Phe potential relationship between the solcd@centrations in groundwatéfN, NOs,

NH4, SQ, TP, Ca, HCQ@ and CJ, the N and P agricultat inputs and the landscape variables (paved area percentage,
elevation, seepage rate, surface water area percentage, lutum, humus and calcite percentageswétezplfred using

the Spearman correlation, whickduesthe influence ofoutliersandyieldsa rdbustcorrelationstatistic (HelseandHirsch,
2002).

To furtherexplore the statistical relations in our data set, scatter plots were made to evalugteSBCQGI, and nutrient
(NOs, NH, and PQ) concentrations in groundwater. We also explotieel links between alkalinity (over 9% of our
groundwater alkalinity wadominated by HC@ (Stuyfzand, 200§) Cl concentrationSQOy/Cl ratio and nutrients (TN, N

and TP) concentration§or our interpretation, we also used the calculated amount of codsampeoduced Sgn mg L™

relative to the SECI ratio of diluted seawater, using Eqg. (3):

YOOE ET 6GRM T € QO QWA QO 01 QIQMI 6 IYLIQI® & Q o
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In orderto understand the impact of cation exchange processes involving Ca and Na exchange during saimiZation
freshening ohquifers(Griffioen, 2004 Stuyfzand, 200pwe definedthe amount of exchandde., as:

0 0 6a 0O 7Toa T
Where,Na, is the amount of Na exchange; gw, ground water; seaw, seaNatgr 1 points to fresheningNa., < -1 to

salinizing conditions.

2.2.2 Surface water data

Loads represent the contributionpafldersto surface water qualitgf the regional water system weightper time unit To
eliminate the impact of the size of potdewe calculated daily load per arém kg ha' d™. This was calculated usirthe

daily average loaglof each solute divided ke polder aresa usingeg. (5):

, p #
Load p=¥+r aldea v
! F'primm

WherelL is daily loadkg d*, A is polder area (hal is daily solute concentration in mg'land Q is daily discharge in*rd
! Average daily load$or each year were multiplied by 365 to get average yearlyslpad areaMonthly surface water
quality measurements for the period 283 of 144 polders were extracted from the Waternet database. The
measurements wereomverted to daily time series bgtepwise interpolation between theonthly measuremesnt We
assigneda concentration afero tomeasurementselowthe detection limits Discharge data Q are daily measurema&vier
the same time period. An average over multiple pyumgpen presentyas taka for each polder-or further details about
the data processing we refer to Table S2.
The pumping discharge is regulated to reshbnwater surplus odeficiency conditions in the polder catchmetisingthe
pumping frequency datave proved thasoluteconcentrationsn pumped water arasually higher at the beginning of each
pumpingactivity (Van der Grift et al., 2006 The pumping ratemay alsanfluencewater quality in the polder. To eliminate
differences caused by pumping ratee usedhenormalized concentratioralculated usingq. (6):

, T R0 AA

1 ¢

In this equation, Gs the normalize concentrationrig L), Load per area is frorq. (1), Q is the pumping discharge {iyi

1), andA is the polder areém?).The statisticalmethodsthat were used fogroundwater qualitydescribed in section 2.2.1)
werealsoappliedto thesurfacewater rormalized concentrations.

Based on a national assessment on ecosystem vulnerability, Environmental Quality Standards (EQSs) were set by the Wat
Boards HeinisandEvers, 200Y. For most ditches and channels in the clay and peat regions, EQSs of TN and TRrare 2.4
L™*and 0.15mg L*, respectively (Rozemeijer, 2014)e used these most common EQSs as reference concentration values.

For example, the EQSs of TN and TP were usedhe legend classifications in our surface water quality maps and were
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added as reference lines in our concentration boxplots. Percentages of polders exceeded these standards were calculatec
this paper.

2.2.3 Surface water compared with groundwatesolute concentrations

We statistically analysed the groundwater and surface water quality dataralstape charactstic variables by(1)
calculating the correlation coefficients between averaged groundwater solutes concentrations and normalizexticnscent

of surface water using the Spearman method,(ahdby selecting variables gsed orthe correlation matrix aboved be
integrated into multiple linear regression models for predicting surface water solute concentrations. Again, the Spearmar
methal was appliedand linear regression was based on ranks in order to avoid outliers to determine the oufbemes
explaining variable$or surface water concentratiomelude groundwater solute concentratiohsand P agricultwal inputs,
landscape charamtstics, and the S£CI ratio in groundwater We adopted the method described by Rozemeijer et al.
(2010), who descriltea form of sequential multiple regression analysis, where variables were added to the regression
depending on their effexbn thecoeffident of determinatiorR”. The regression analysis started with a singular regression
using the explaining variableith the highest coefficient of determinatioR?| for explaining the surface water quality
parameter under consideration. Subsequently bt regression modelwere searchedith two and three explaining
variables, where we accepted an additional variable only when the coefficient of determifdtiore&edwith at least

0.03. In this method, dependent variables can still add to the resfiras the coefficient of determinatior? Rf the
individual dependent variable pair is seldom larger than 0.7, pointiagn@ explaining power may still be present in the
uncorrelated pa (0.3). For comparison purposesg also used the surface water EQSs as reference concentrationivalues

thegroundwategual ity maps and boxpl ot s, al though the EQS6s ha

2.2.4 Solutes redistribution insurface water

Loadswere used to assess the impact of different polders as sources of solutes for the boezems and the receiving wate
bodies further downstream. In general, the spatial patterns can be distinguished through maps of the surface water solu
loads per area if there are no other influentlesvever,there are exceptions such as teemage watawhich ispumped out

of thetwo upconing polders Groot Mijdrecht and Horstermedrich is discharged into the Boezem system asdd as inlet

water for the surrounding polders during summer.sfiowthe impactof this inlet water orthe receivingpolder® water

quality, we analysed the inlet solute loads and the resulting surface water concentrations for polder BatiEroBoshol

(part of polder # 10Moorderpolder of Botshol (zuidndwest) with an area of 1.3 kfmeceives inlet water from the Amstel
boezem system thags asignificant contribuibn of seepage water that is pumpmd of thepolder Groot Mijdrecht.

Two models were applied for simple solute concentration calculations based on inlet water quality. Model 1 calculates the
accumulationof solutes in the water body, with evaporation as the only output for water (leaving the solutes behind). Model
2 models thecomplete mixing and outlet of both water and solutes via other routes like the outlet weir, infiltration, and

leakage. In reality, water leaves Polder Botshol partly via evaporation (Model 1) and partly via other routes (Model 2)
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Model 1(evaporation) # #% # A j6 X

Model 2(infiltration/outlet) # #% # A j6 1 W

wherg # s the predicted solute concentration after getting inlet watiématE # is the predicted solute concentration

the polderattime E the outlet measurementstire beginning of wet periodere taken a# ; 6 is the water volume in the
polder (800000 n?), which is assumed to be constant as water levels are tightly contslledis the estimated Cl
concentration in thénlet water (100 mg LY):; 1 is estimatedconstant inlet water volume, 6000 ai*. All parameters

are shown irsupplementary information Excel spread sheBte models werappliedin the year2006, 2008, 2009, 2010,
2011 and 2012

3 Results
3.1 Spatial pattern and statistical analysis of groundwater quality

Fig. 5 and Fig. 6 show the groundwater quality foruppermainaquifer under the 144 polders for Cl, Ca, HEL8Q, TN,

NH4, NOs;, and TP. The relations between groundwater solutes, landscape variables, and potential hydrochemical reactions i
the subsurface were explored by correlation analysis of whicrethiéts are shown in Table(yellow part) and Fig. 7 and

Fig. 8.

Cl, Ca,and HCO4

In Fig. 5, the Zuiderzee margin, where brackish groundwater is dominant, P25 and P75 of concentrations aredfetween 2
and 200mg L* Cl, 100-300 mg L! Ca, and400-1000mg L* HCO;. Relatively high concentrations of Cl, Ca and HCO

were also for théwo deep polders Groot Mijdrecli# 80)and HorstermeefUpconing areawith known upconing of salt
groundwater. The Central Holland area was dominated by fresh groundviltdowv Cl and Ca concentrations, but with
considerable amounts of HGOPolders with relatively higtchloride (>1000 mgL™) are distributed along the former
Zuiderzeemargin, plus théJpconing area which isvo deep polders with known upconing laickish water.Relative to the
regions above, thVecht lakes area and the Ice pushéder showed significantly less mineralized waters with lower 5ICO

and Cl concentrations. For example, the P75s of Cl in these two regions arelB6lmg L' andthe F75s ofHCO; below

350 mg L. The groundwater HC{OconcentrationgFig. 6) show an eastestincreasingtrend with highest concentrations

in both the fresh and brackish areas west of the Amsterdam Rhine Canal.

SO, and SO,/CI

The Zuiderzee margin and thipconingareashowed large ranges of $@oncentratioa (P25 and P75:-125 mg L* and 7

250mg L*, respectively with the SO,/Cl mass ratios generally lower thire0.14ratio for diluted seawatef he polders in

the eastern Zuiderzeeargin showed the highest average, 8vels (Fig. 6). The Central Holland areghibitedthe lowest

SO, concentrations with the smallest variability, wiiy/Cl P75typically lower than 0.14. Howevesomeoutliers in this
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region reached quite high salé concentration levels200 mgL™). The Vecht dkes and théce pushedidge showed
intermediatesulfate concentrations amygpically have &5Q,/Cl ratio clearly above 0.14

NHy4, TN, NOs, and TP

The higher groundwater NFand TP concentrations geneydbcate in the western part of the study gi@aiderzee margin,
Upconing area, and Central Hollareiors). Median NH, concentrations ithe Zuiderzee margit§6.4 mg L*) and Central
Holland (106 mg L") were far higher than in théecht bkes(2.1 mgL™) andIce pushedidgeregions (007 mg L%). The
same was observed for TP 7016, 0.2 and 0.06 mgP L™, respectively. Nutrient concentrations in thépconing area
(medians 5% mg NH, L™ and 014 mg P L) were relatively low compared with tiggoundwaterin the Zuiderzee margin
and Central Hollandreas althoughwe consider thé&lH, concentration levelt be substantial given the surface water EQS
of 2.4mg N L. TN showed the highest mediconcentration levels in the Zuiderzeargin and Central Hollanggions as
well asin the Ice pushed ridg@ 3 mgN L™). Thelce pushed ridgeegionalso showed theighestlevel of NOs In the latter
region nitrateis the main component of TN, while Ni$ the main component the othe regiors.

Groundwater qualitywaried from fresh, lowmineralizedin the eastern parts (Veclakes andce pushedidge, Figure 4)
towards brackish, highly mineralized and nutrient rich groundwater in the northwest (Zuidargigeand Central Holland,
Fig. 4). This relationship was further indicated by the strong correlations between Ca and Cl (Speafiniar) Bnd
between HCQ TP and NH (R® 0.680.82 (Table 1 yellow par}. The spatialCa pattern corresponds largely with the Cl
pattern(Fig. 6), showing higher Ca concentrations in the brackish watérich is related to the high Ca concentrations in
(diluted) seawatefSection 4.1) The strong correlation between TN and /\R? 0.81) showed the dominance of Nid TN,
except in the suboxigroundwaters underthe Ice pushed ridgethere nitrate dominateBN. HCO;, TP and NH were all
weakly negatively correlated with elevation, indicating that higher concentrations etkisti@eper polders which are more
affected bybrackishgroundwater seepagio significant correlatiomvasfound with agricultual N and P inpig, exceptfor

a negative correlation betwegnoundwatefTN concentrationgnd N input(Table S2absolute valuéower than 0.)4 This
suggestshatnonagriculture soures of Ndominatein most areas.

In the more mineralized groundwater systems, sulfate reduction is a potential cause of the significant relationship betweer

HCO;, TP, and NH. From using the SECI ratio of the samples and comparing theith the SQ/CI ratio in seawaterHq.

3), it appears that most of the brackish groundwater showed signs of sulfate reduction. Figure 7 shows that the amount ¢

SO, consumed in the sulfate reduction process increased with the chloride concentration of the groundwater, and that sulfat

redudion was complete only in part of tligoundwatersNote that groundwatdrelow polders with excess S@re all in
water with CIL000 mg L. It follows from Figure 8 that high HCQ TP, and NH concentrations mostly occurred in
groundwater with a S{CI ratio lower than 0.14, indicating sulfate reductighich induces the release of N and P from the
mineralized organic matter in the subsurface and thdygtion of alkalinity during that processhaefore, thesevaters
typically haveincreasedHCO; coneentrations above 480 mg'L(Fig. 8A and 8B) andare oftenassociated wittbrackish

groundwater that once contained sulféfég. 8C: CI>300 mg L™). The hypothetical chemical relation between sulfate
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reduction (SQ consumed) and HCINH,/H;PO, productionfrom the mineralisation of organic matter can be found in the

reaction equation below (Stuyfzand, 2006):

¢3/ o®#/.( (0 )Y O &A
C&ABA ¢ odd# P® od@H B od»UYON U A O p

3.2 Spatial patterrs and statistical analysis of surface water quality

Fig. 9 and Fig. 10 shotie solute concentrations in the foegiors: Zuiderzee marginlJpconing aea,and CentraHolland,
and Vecht &kes Due to insufficient surface water quality data, no resultshosvn for several polders in the Amsterdam
city area (seé€ig. 4) and thdce pushedridge region The first is related to the monitoring priorities of the Waternet water
board, the latter is related to the almost absence of surface waterrggibis

Cl, Ca, andHCO3

Highest chloriddevels (>300 mgL™) were found in theUpconing polders with brackish seepayel in a minority of the
polders in the Zuiderzee margin and Central Holleeglors (Fig. 9 and 1Q)The high Ca and HC{xoncentrations in these
polders are also relatedtiee occurrence of brackish watetowever, most of theusface water in the Zuiderzee margin and
the Central Holland area is fresh with relatively low Cl contictions (Fig. 10). The Vechaltes area énibits the most fresh
and kast mineralized surface water.

SO, and SO,/CI

The highest S@concentration levels an80,/Cl mass ratiosnostly occurred in the Central Holland arespecially the
western partThe elevated Spand SQ/CI ratios indicate th@resence o$ulfatesources other than (relict) seawater in this
area, probablatmospheric depositiomgricultureand/or oxidation of pyrite exposed in the upper settich developed in
marine clay depositandar e de not e d (Walkenbérgld7b). IrctheZyiderzee margirand the two upconing
polders,the mediarSQ, levels are 8 and ® mg L™, respectively, and S{ICI mass ratios of the two upconing polders are
below 0.14 A generdly lower SQ with SO,/Cl ratios far exceeding the 0.1kre found in the Vechakes region.

TN, NH4, NO3; and TP

According to Fig. 9 and Fig. 10, surface water EQSs o ¥ mg N LY) and TP(0.15 mg P L'") were exceeded in most
poldersof the study areal he outliers withevenhigher nutrient concentrations are mainly located in the wésghe Central
Holland region.P25 and P75 of TP and TN in th&iiderzee margirand in Central Hollandegiors all significantly
exceeded EQS®r surface water. In the two upconing polders, poldesaEMijdrechtshowedhigherconcentration®f TP
and TN than polder Horstermedr.28 vs. 0.1Img P L™ and 5.4 vs. B mgN L™). Polderswith concentrationdelow the
EQS were mainlysituatedin the Vecht dkes areavherelarge open water aes exist In this region TP slightly exceeded
the EQS with anedianconcentration of 0.2¢hg L™, while the mediamN concentration o2.26mg L™ was just below the

EQS.The concentrations of N&nd NH, in the Vecht &kes area were relatively low agll.

12



© 00 N OO O A W DN P

I = e O o o
© ©® N o U~ W N B O

20

21
22
23
24
25
26
27
28
29
30
31
32
33

Similar to the results of groundwater, higher nutrient levels also exist in higher mineralized surface waters, which is also
indicated bythe correlation results (Table hlue part): Ca and HG@re both correlated with NHSpearman Rare0.64

and 0.67), TP (R? 0.55, 062), and TN R? 0,57, 047). In surface water, Ca and HgBad a significant correlatiokf 0.88).

This indicates that groundwater the probableource of the wateand nutrients inthe surface watepf the polders This
groundwaer impact was further supported by the correlations between the following pairs of golsteface waterCl

with Ca R? 0.55), HCQ (R? 0.52), SQ(R? 0.49 and NH, (R? 0.51), as well a§O, with TN (R? 0.57) and NQ@(R? 0.50). A

more directindication for the groundwater impact is tiNtt,, HCO; and Ca concentrations in surface water were positively
related to the seepage rate. In a similar way, the groundwater impact is suggested by the negative correlations betwee
elevation and the conceation levels of most surface water solutes (RR:0.67, NH;: R?-0.59, NQ: R?-0.40, HCQ: R? -

0.48, SQ: R?-0.47 and CaR?-0.57).

For the soil variables (lutum, humus and calcite), only humus showed correlations with TNGCa\ldnd Cin surfacewater

(Table ). Paved area percentage, surface water area percentage, calcite and clay peraedtagesultural N and P inputs

did not showabsolute valugof correlation coefficients above 0.4 with surface water quaity a slight negativeorrelation

was found between thagriculturalN input and the normalized concentrations of H@Osurface watefTable S2.

Surface water TNtorrelatel more closelyto NH, (0.77)thanto NOs (0.57), which reflects that Nilis generally the main

form of TN in the study arearlhis is especially true for the Zuiderzee margin, the Upconing area and the Central Holland
area Fig.9). The NQ and NH, contributions to TN are about equal in the Velgkes areaFor the Ice pushed riddeot

shown in Fig® due toinsufficient daty, a dominance of NQin surface water was expectad was the case in groundwater

of this area. ldwever,there is only limited amount of surface water that is draining the Ice pushed ridge directly

3.3 Groundwater and surface water gality comparison

A common spatiapatternin surface and groundwater chemistry is tpatders in theZuiderzee margin area, the two
upconing polders, and the Central Holland area suffer from a worse water quality situation than the polderedhtthe
lakes andice pushed ridgareas However, comparedith the underlying groundwater qualjityurface wateim the whole
areahasmuch bwerchloride bicarbonateand nutrientevels buthigherSQO, concentrations (Fig. 5 and Fig. 9he plders
generallyhave much higher TP and TNconcentrations irgroundwaterthan in surface water. The groundwater nutrient
concentrationseexceeded the surface water EQ8 93 % of the polders for TPand in 91 % for TN. Polders with
groundwaternutrient levels blew the EQSs were mainly found near Lake IJssel. Especially the gnwatet TN
concentrations in theeé pushed ridge severely exceeded surface water EQSs, which can be mainly attributed to the elevated
NO; concentrations. For TP in groundwater, the Zuiderzee imamgyd Central Holland areas show more significant EQS
exceedances coraped to the Upconing area, Ice pushed ridge and the \@dat brea.

Table 1shows that TP, Nlj HCO;, and CI concentrations in groundwater correlsid the same components in sudac
water ®% 049, 0.4, 0.688, and 069). In addition, HCQ@ in groundwater showednoderatecorrelations with nutrient
concentrations in surface water (TR 0.64), TN ®? 0.52), and NH (R? 0.51)). HCO; concentrations in surface water also
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correlated with nutrient concentrations in surface water @0.62), TN (R?0.47), and NH (R?0.67)). Based on these
correlations, we selected groundwater parameters and landstapeteristics to be integrated in multiple linear regression
models to predict concentrations of surface water compofiEalde 2) For most solutes (TP, NHTN, HCGQ;, and Cl, the

R? of the regression models is around 0.5, which indicates that ad@un&0% of the spatial variance in surface water can

be explained by specific groundwater chemistry parameieigriculturalinput, seepage, and elevati@amd humus For
NO;and SQ, the R of the regression models (inverse with\Elgon) are very low.18and 0.5, respectively. For all other
parameters, the groundwater HEEncentration was the best explaining variable for the surface water concentrations. The
spatial variation in HC®sy and Cagy were relatively well explained by only HG@y combined with Seepaffelevation
respectively (Eg. 13 and Eq. 15).

The regression models were significantly improved by including groundwater concentrations of JJBnNEI Eqg. 9, 11

and 16).For TN and NG, the R? also improved after adding Agricutural input. In regression modelgq. 10, 11, 12, 14,

and 15, the elevation of the polders also explained part of the spatial variation in surface water concentrations. When only
including polders with net groundwater seepage, thienRroved significantly foffP, NH, andHCOs.

The results abovstrongly suggesthat the groundwater composition puts limitations to the compliance of the receiving
surface water towards the EQ&efined for N and P.

3.4 Surface water solute redistributian

Figure 11 showsthat the solute loads of polders to the boezem are relatively high in the Zuiderzee mardilpcthvang

polders, and the Central Hollanegiors. The Vecht &kes area has large open water areas and showed st loads to the

boezem systenA clear similarity between the spatial patterns of the solute loads and the average seepage rate patterns wa
observed irfFig. 3 and Fig. 11. In general, polders with high seepage rates also disehatigely highloads to the Boezem

sysem. Some examples of poldersitiv relatively high seepage rates are polder #119 (Bethunepolder, 13" 7@
(Horstermeer, §. mm d%), #50 (Polder De Toekomst,22mm d*), #131 (Hilversumse Meent, 2.4 mat), #98 (Polder
Wilnis-Veldzijde, 37 mmd™), #80 (Polder Groot Mijdrecht en Polder de Eerste Bedijking (08£)ynmd™), #74 (Polder

de Nieuwe Bullewijk en Holendrechteen Bullewijker Polder noord, 1.8 mufi*) and #75 (Bijlmer, 2.0 mna™). The

highest loadsre discharged fromie two upcomg poldersGroot Mijdrecht(#80)and Horstermedi#79).

The influence of the redistribution of the large water volumes and loads from deep polders was also observed in Fig. 3 anc
Fig. 11. Polders that receive inlet water from Groot Mijdrecht and Horséer(eee section 2.1.1, Fig) showed relatively

high solute loadsindependent of their own seepage or infiltration fluxgsis especially holds for polders downstream of

Groot Mijdrecht and Horstermeer, like polder #73 (HolendreeleteBullewijkerPolder (zuid en west}0.05), #74 (Polder

de Nieuwe Bullewijk en Holendrechtegn Bullewijker Polder noord, 1.8 mdt), #104 (Noorderpolder of Botshol (zuid en
west),-1.4 mmd?), #105 (Noorderpolder of Botshol (Nellesteir),7 mmd™?), #106 (Poldede Rondehoepl.1 mmd™),

and polder #107 (Polder Waardassacker en Holendre@Hit5 mmd™).
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The impact of this redistributed water on polder water chemistry is demonstrated by a simple water and solute mass balanc
calculation for the receiving padd Botshol(see paragraph 2.2.4)ig. 12 gives thechlorideconcentration results of both the
6evapor at iionfd | andndildsdidude L2tshowrd tidad very simple model can easily explain the peak Cl
concentrationsgn the Polder Botshadlo be the result of the inlet afiater from the boezem and Grollijdrecht. The
6evaporationd mo#2066andethndr mhebéi néi | it D0OAltand@OL2Mosi ¢f theetimé, mo d
the measured concentrations are between the ceddutancentrations from both model$is aligns with the understanding

that water leaves Botshol via a combination of evapotranspiration and other outflow routes, suttratisrinfeakage, and

outlet.

4 Discussion

This study aimed at identifying the impact of groundwater on surface water quality in the polder catchments of the greater
Amsterdam city areaAccording to the statistical analysis of data over five regions in the study arkemrmfluencewas

identified. Solute concentrations in groundwater and surface water correlated well, althoughdvgater solute
concentrationsvere generallymuch highetthannormalizedconcentrations isurface waterThe latterseems logical given

the dilution of surface watdyy the precipitation surplus on an annual basis, with the annually discharged surface water being
a mixture of seeping groundwater and precipitatdareover similar spatial patterns in solute concentrations were found in
groundwater and surface watérhe findings on thedominance of groundwatenputs is also supported by the poor
correlation with agricultural nutrients inputs, which are usually assumed to be a large source of N and P in surface water
Polders that are influenced by groundwater seepadg redistributedeepagevater from nearby deep polders are at risk of
norrcompliance, asrgundwaterconcentrations exceeded the BNd TPEQSsfor surface water in more than 90% of the
polders. Consequently, the groundwater nutrients input hindbisvaty water quality targets in the surface water in those
lowland landscapes.

4.1 Key hydro chemical processes

In general, the groundwater chemistry corresponds with the geological history of the study #neapeat land polder
catchmentswithin the Dutch delta system of marine, perarine and fluvial unconsolidated deposibundant organic
matter is present ithe subsurfacge.g. Hijma, 2009) The presence of reactive organic matter in the shallow subsurface
depletes the infiltratinggroundwater from oxygen and nitrate, leading to an overall low redox potential in groundwater,
which enables théurtherdecomposition of organic mattdownstream

Our data strongly suggests thailfate reductionsometimes in combination with metiogenesisjs the main process
releasing nutrients (N, P) and Hg®om the orgard rich subsurface in the study arespeciallyin both the fresh and
brackish groundwater of the Zuiderzee margin, the Upconing poldersh@@antral Hollandhat are chaactreized bytow

SQy/Cl ratios(Table 1, Fig. 8 The Holocene marine transgressiomdoubtedlyinfluenced the chemistry of groundwatéry

15



© 00 N OO O A W DN P

W W N N N DN N DN DN DNMNDNDMNDNPEPEP PP PR PP R R R
P O © 00 N O 0o A W N P O O 00 N O OO W N PP O

salinizing processes that also increasalfate availabilityderived from diluted sea watdRefreshing of the aqgfars by

infiltration of fresh water from rivers and rain in more elevated polders and lakes further influenced part of the graundwate

We examined the amount of fresing and salinization using the exchange Na.{\N&nd investigated how this process may
have influenced the release of P as was suggested by Griffioen et al. (2004). Figure S2 shows that high Ps(amd HCO
shown) does occur in both refreshing water%al) and in salinizing water (Na<-1), but mainly when the SECI ratio is
below 014. Therefore, we infer that sulfate reduction/organicdenatecomposition is the prime process in releasing P, and
is more discriminating high P than cation exchange proce$kese isa high probability for sulfate reduction dominated

poldercatchmentso have very high HCgconcentration in groundwataccording to Eq. [1]in our study area, high HGO

concentration levels in both groundwater and surface water were mainly present in areas with marine sediments that contai

shell fragments and organicatter. The base level groundwater alkalinifyom the dissolution of shell fragmestand
carbonatemineralsis further increased bghe organic matter decompositiom the subsurfacélhis observation confirms the
earlier findings ofGriffioen et al. (2013who highlighted the relation between the nutrient concentrations andip@t@se
marine sediments. The main chemical reastiowolved are listed in Table 3

The seepage of the alkalized groundwater increases alkalinity of the surface water, witiclated by the high correlation
between groundwater and surface water HCé&nhd with Ca in surface water (Table).1Subsurface myanic matter
mineralization by processéike sulfate reductiomnd methanogenesis (Chapelle et287 Griffioen et al, 2013) (Table3
[2], [6]), is a proballe major reason for enhancedsurface water HCQin polders with brackish groundwater, like the
polders in the Zuiderzee margin and the Upconing polders (Fig. 8).

In the urban area of Amsterdam sand suppletion, whactes greatly in thickness and chemical compositisrgnother
source of alkalinity.Some of the sands contain shell fragments becalusigeir marine origin.However,little is known
aboutthe distribution of these calcitich sands.The poorly registeed spatial distribution and sources of the supplied
calciterich sands might complicate the assessment of their impasbanpolder water quality

Sulfate concentrations are higher in the receiving surface water than in the grouniveatescribe thesulfate surpluses
(Fig. 7) to additional sources affecting the surface water, includitrgospheric deposition, agriculturedputs sewer
leakage(Ellis, et al., 2003, storm runoff,and/or the oxidation of pyrite (F@S Pyrite is ubiquitously present this area

(Griffioen et al, 2013)and oxidizes in the topsoil, where either @ NO; can act as electron accep{@vallenburg, 1975).

We suggest that sulfancentrations are especially high in polders where shallow groundwater flow is enhanced by the

presence of tile drains in clay rich polders that needed this drainage system to prevent water tables rising intorthérroot zo
wet periods. Tile drain flowan bring the released $@ the surface water. For urban polders with high &bcentrations,
like the Zuiderzee margiregion polders, sewer systeteakage maype an additionalsource of SQ Aging and faulty

connections of pipes may result in a leg&af water with high SQand nutrient concentrations.
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4.2 Groundwater contribution to surface water composition

The groundwater in the upper 50 m of the subsurface of the study area is an important source of nutrients in théstudy area
surface water¢Delsman, 2015)Brackish groundwater especially seeps up into theepsldf the Zuiderzee margin region

and into the Upconing aredhe seepage of palewaring brackish groundateris driven bythe low surface water levels

after the lake reclamation anbet drainage via pumping stations. De Louw et al. (20409rted that this groundwater
seepage predominantly takes place via concentrated boils through the claptacmlvpelayer.

The excess water in the Upconing aieee-used as inlet water for seatdownstream polder catchments, which extends the
impact of the brackish, alkaline, and nutrient rich groundwater to a larger scale. The water redistribution disturbs the
6natural o surface water qual ity pangtpaders suchaas polddr Batskbhe g r o u
redistributed watetargely infiltrates and returnswith variable travel times via the groundwater system baclatdsvthe

deep upconing polders.

Groundwater seepage in our study area leads to eutrophicatioredisttibuting the discharge from some deep polders
further spreads the nutrients into the whole water system. Similar patterns are expected to exist in other lowlancthreas, whi
are highly manipulated by human activities. Typical delta areas where fdesprocesses are expected to release nutrients
from reactive organic matter and peat in the subsurface are the Mekong delta (Minderhoud et al., 2017), the Mississippi delt:
(Tornqvist et al., 2008) and the SacrameBtm Joaquin delta (Drexler et al.,08). In many of these areas the water
management shows resemblance to the Dutch situation. However, the large amount of groundwater quality and surface wate
guality data that was available in our study area is unique. Still, signals of groundwatercamfiuenutrient concentrations

were reported from eastern England (pers. comm. M.E. Stuart, British Geological Survey) and from the lowland parts of
Denmark (Kronvang et al. 2013).

4.3 Other sources of nutrients

Besides the contribution from nutriemth groundwater seepage, this studgicated thathere are other possible sources of
nutrientsin the study aredn agricultural landsa part of the applied nutrients is typically lost towards the surface water via
drainage andunoff. The high groundwatelO; concentrationsn the Ice pushedidge are caugd bythe infiltration of
agricultual water(Schot et al.1992b). The highnitrateloads and concentrations in surface water and groundwater of the
polders in the southeast (e.g. # 1RRuyeveld, # 140(6 t  YXparigiriate from agricultural activities in surrounding polders

In the urbanpolderswithin the Amsterdam city that have no significaeepage (average seepage), TP and TN EQSs
arefrequentlyexceeded because of intensive human activitieh as application of fertilizer, feeding ducks and fish, and
point emissions like sewer overfldeakage from the sewer syst¢pers. Comm. Waternet)

In the study area, the most intensively urbanized polders are mainly infiltrating and are morel &ffeatéet water
containing high Cl and HC{xoncentrations than by groundwater. For deep urban polders, the sitsatiffarent. In these

polders, the influences of typical urbanization related water quality issues are masked by the large impakisbf bra
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nutrient rich groundwatezxfiltration. Althoughland use was incorporatéuvariabledike paved area percentagadN and

P inputs (as well as agricultural land percentaghown in Supplement Informatigiand useseems not be the dominant
landscape characteristic that governs the spatial patterns in polder surface water quality. Urban water quality is determine
by multiple factors, as was also concluded by several other st@iéelet al, 2007 Vermonden et al., 20095 owever, a

better measurement method or classification of paved area percentage may improve the explanatory power of this variabl
(Brabec et al., 2002

The Vecht ékes plderswith high surface water area percentggepresenting lakes that are mainly used foretion
purposesshowed relativelyow soluteconcentrations and loadis surface wate(Fig. 10 and Fig.11). In our study area,

many lakes and polders with large surface water areas show large infiltration rates due to their elevation relative to othel
polders (Vermaat et al., 201Yloreover, some of these lakes aeplenisied by inlet water that has passed a phosphate
purification unit In addition,the large open water area retains nutrient transport due to long residence times and ample

opportunities for chemical and biological transformation processes like denitrification, adsorption, and plant uptake.

4.4 Uncertainties

Due to thedisturbanceof urban constructionscombired with redistribution ofwater through artificial drainageoridors,

water flow inlowland urban aresis more conplex than in rural or netow-lying and freely draining catchments. Natural
patterns of water chemistry might be significantly disturbed and hydrochemical processes are masked. The understanding c
urban water quality patterns might improve if the monitoring program would be extended with tracers that are typical for
specific sources, such as sewage leakage or urban runoff. Most solutes that are currently measured can originate froi
various arttropogent and natural sources.

In the statisticalanalysis, for each pair of variables, only polders with complete data were taken into account, which could
result in a loss of information. Seepage data was simulated by a group of models of which the results may deviate from the
hard to measure actual page. We used averages of groundwater concentrations and soil properties, which caused a loss of
information on the spatial variation within the polders. The interpolation of groundwater qlzéiglso added uncertainty

for example hidden correlatiorier groundwater parametershe calculation of theagriculturalN and P inputs maglso

differ from the actual inputs due &rors in the nutrienbook keepingand model uncertaintietn addition, differences in
sampling methods and analytical proceduresveen groundwater and surface water quality monitoring prograaysadd
uncertainties.These uncertainties may all have influenced the data characteristics apart from the uncertainties in the

concentration measurements caused by the sampling, draraspd analytical procedures.

4.5 Perspectives
In future studes, urban lowland catchments with and without seemagid be studied separateyndmore detailed land use
or paved are@ategoriexould be included.The drainage and/or leakage from sewag&esys and the drainage via tube

drainsshould be taken into consideratidbrainage systemean provide ashortcut for solute transportowards surface
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water(RozemeijerandBroers, 2007), leading to higher solute concentratiorssirface waterHigh groundwatetevelsmay
inducegroundwater discharge via the sewage or drainage sys$kinms 2005) In addition, studying theemporal variation

of surface water quality will give moiiasights intohow the groundwatermpacton surface water qualifignctions, as well

as on soluteransportand pathwayin urban hydrological systesnA detailed monitoring network in several urban polder
catchmentswhichis anticipatedas further workcould yielda morecompleteinsight into water and contaminatb\v routes

and their effects on surface water solute concentrations and loads.

To the water management scenarias,our study showed that the groundwater nutrient loading towards surface water
dominates, reducing the amounts of agricultural nutrient snpugsht not contribute enough in improving the water quality.

This certainly holds for urban areas where agricultural inputs are absent (see Fig. S3). Given the large loads of N and P the
originate from one large polder with upconing brackish groundwatiee Groot Mijdrecht polder one of the solutions
proposed in Thdetherlands waso turn this area back into a fresh water lake. By doing so, the seepage of nutrient rich
groundwater would stop as the higher water levels would lead to neutral or even infiltratingoosndHowever, this
proposalled to a lot of protest among the niipalities and farming communities in the polder and was not considered
feasible given the economic values that were involved. This example shows that the reclamation of swamps and lakes fo
urbanisation or agriculture can lead increased nutrient loaglgfiace waters in the surroundings which are hard to mitigate.

This scenario has wider implications for water management in other urbanising lowland areas around the world.

5 Conclusion

In this paper, a clear groundwater impact on surface water qual#yideatifiedfor the greater Amsterdam arda was
concluded that this groundwater seepage significantly impacts surface water quality in the polder catchments by introducing
brackish, alkaline, and nutrient rich water. In genematrient concentrationsn groundwater were much higher than in
surface water and often exceeded surface water Environmental Quality Standards (EQSsYo(iof the polders with
available data for TP arid 91 %for TN) which indicates that groundwater is a large potentialcgoof nutrients in surface
water. Our results strongly suggest thayanic matter mineral&ionis a majorsource of nutrienté lowland deltas where
water levels are lowered to enable urbanisation and agricultural lantlighecorrelations (Rup to 0.88) between solutes
in groundwater and surface water confirmed the effects of surface-gvaterdwater interaction on surface water quality.
Especially in seepage polders, groundwater is a major source ldCCh, Ca and the nutrients N and P, leading to general
exceedances of E@%or N and P in surface waterEhe discharge and redistribution of nutrient rich water from reclaimed
lakes and swamps enhances eutrophication in downstream water resourcehaddé mitigateSurface water quality in
the Amsterdam urban area is also influenced by ghaater seepage, but other anthropogenic sources, such as leadting

overflowing seweramight amplify the eutrophication problems.
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Figure 1: Location of the research area (red) projected on the elevation map of The Netherlands (elevations in meters aboeam

sea level (MSL))
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Figure 5: Spatial variation of groundwater quality. 1-Zuiderzee margin, 2Upconing area (Groot Mijdrecht and Horstermeer), 3
Central Holland, 4-Vecht lakes, 5Ice pushed ridge (see Fig. 4). n is the amount of available data of each group. Boxplots skiwsv
distribu tion of solutes in the five regions The two horizontal dashed lines for Cl indicate fresh water (<150 mg t) and brackish
water (>300 mg L), respectively. Dashed lines represent EQSs for TN (2.4 mg'Land TP (0.15 mg L%). The dashed line in the
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