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Abstract Although in Europe atmospheric deposi-

tion of sulphur has decreased considerably over the

last decades, groundwater pollution by sulphate may

still continue due to pyrite oxidation in the soil as a

result of excessive fertilisation. Inflowing groundwa-

ter rich in sulphate can change biogeochemical cycling

in nutrient-poor wetland ecosystems. Incoming sul-

phate loads may induce internal eutrophication as well

as the accumulation of dissolved sulphide, which is

phytotoxic. We, however, argue that upwelling sul-

phate rich groundwater may also promote the conser-

vation of rare and threatened alkaline fens, since

excessive fertilisation and pyrite oxidation also pro-

duces acidity, which invokes calcite dissolution, and

increased alkalinity and hardness (Ca2? ? Mg2?) of

the inflowing groundwater. Our observations in a very

species-rich wetland nature reserve show that sulphate

is reduced and effectively precipitates as iron sulp-

hides when this calcareous and sulphate rich ground-

water flows upward through the organic soil of the

investigated nature reserve. Furthermore, we show

that sulphate reduction coincides with an increase in

alkalinity production, which in our case results in

active calcite precipitation in the soil. In spite of the

occurring sulphate reduction we found no evidence for

internal eutrophication. Extremely low phosphorous

concentration in the pore water could be attributed to a

high C:P ratio of soil organic matter and co-precip-

itation with calcite. Our study shows that seepage

dependent alkaline fen ecosystems can be remarkably

resilient to fertilisation and pyrite oxidation induced

groundwater quality changes.

Keywords Upward seepage � Calcite � Sulphate

reduction � Internal eutrophication � Alkaline fens �
Pyrite oxidation

Introduction

Atmospheric deposition of sulphur oxides in Europe

was very high in especially the 1960s and early 1970s

(Stern 2005; Lefohna et al. 1999), but decreased
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considerably in the last three decades due to effective

policy (van der Swaluw et al. 2011; Fowler et al. 2007).

In the Netherlands for instance, annual atmospheric

deposition of sulphur decreased from more than

60 kg S/ha in the 1980s to current values of below

10 kg S/ha (www.RIVM.nl). Still, it is well known that

groundwater sulphate concentrations in many Dutch

aquifers are still increasing (Mendizabal et al. 2012).

This continuing increase has been attributed to oxidation

of pyrite by atmospheric oxygen in the subsoil, as a

result of lowering groundwater levels (Smolders et al.

2006; Boman et al. 2010) and oxidation of pyrite by

nitrate as a result of excessive fertilisation (Appelo and

Postma 2005; Juncher Jørgensen et al. 2009; Zhang et al.

2009). As a result, large amounts of sulphate are trans-

ported along the hydrological pathway to seepage areas,

a process likely to continue for the coming decades

(Van Beek et al. 2001; Mendizabal et al. 2012).

This redistribution of sulphur is commonly regarded

as a threat to downstream wetland ecosystems that

depend on upward seepage (Smolders et al. 2010). The

inflow of sulphate rich groundwater stimulates decom-

position of organic matter and release of phosphate and

ammonium, a process called ‘internal eutrophication’

(Jorgensen 1982). In addition, reduction of iron(hydr)-

oxides may result in decreased P-binding capacity of the

soil (Smolders et al. 2006; Lamers et al. 2001). Also,

sulphate reduction may lead to the accumulation of

dissolved sulphide (H2S, HS-) in the soil, which has a

(phyto) toxic effect, even at low concentrations (Koch

et al. 1990; van der Welle et al. 2008). Thus, due to

internal eutrophication and sulphide toxicity, the inflow

of sulphate-rich groundwater may result in deterioration

of natural vegetation characteristic of wet, nutrient poor

conditions.

However, oxidation of pyrite by excessive fertilisa-

tion and concomitant production of acidity also can

dissolve calcite, if available, along the flow path

(Mendizabal 2011). As a consequence, alkalinity

(HCO3
-) and hardness (Ca2? ? Mg2?) of the ground-

water strongly increase, which is beneficial for the

conservation and development of specific fen ecosys-

tems that, according to (Grootjans et al. 2006; Boyer and

Wheeler 1989), depend on continuous supply of base-

rich groundwater to maintain circumneutral pH and

nutrient poor conditions. These low productive ecosys-

tems (e.g. Junco-Molinion and Caricion davallianae

communities) have become very rare in most EU

countries and have high conservation value because they

harbour many rare and endangered plant species

(Šefferová Stanová et al. 2008). The nutrient poor

conditions in these ecosystems are often achieved by P

(co-) limitation (Olde Venterink et al. 2003), which can

be maintained under neutral to alkaline conditions by

Ca2? enhanced adsorption to metal oxides (Weng et al.

2011; Devau et al. 2009; Hinsinger 2001), by adsorption

to and co-precipitation with calcite (Boyer and Wheeler

1989; Karageorgiou et al. 2007; Plant and House 2002;

Wang and Tzou 1995) and by precipitation of calcium

phosphate minerals (Alvarez et al. 2004). As is shown by

various authors (Glaser et al. 1990; Hájková et al. 2011;

Nicholson and Vitt 1990; Boeye et al. 1995), increased

hardness and alkalinity of inflowing groundwater can

result in rapid changes in vegetation composition and

transitions from poor fen or even bog to rich fen.

Our working hypothesis is that upstream excessive

fertilisation and pyrite oxidation in calcium carbonate

rich soils leads to increased hardness and alkalinity of

groundwater, which might lead to increased pH

buffering and amelioration of internal eutrophication

in downstream groundwater fed wetlands. To test this

hypothesis, we investigated the hydrogeochemical

patterns in groundwater and soil moisture of the

Meeuwenkampje nature reserve. This reserve har-

bours a rare and highly endangered calcareous rich fen

vegetation and is surrounded by intensive agriculture.

The fen is known to have received upward seepage of

sulphate rich groundwater for at least the last 20 years

(Jansen and Kemmers 1995). Despite this legacy, the

fen does not show significant signs of deterioration.

Detailed vegetation recordings since the 1970s show

that it has a very stable plant species composition and

stable vegetation patterns, and it still harbours many

rare and endangered species typical of wet, alkaline

and nutrient poor conditions. In this contribution we

specifically focus on the biogeochemical processes

occurring in a seepage face within the reserve, which

harbours the highest biodiversity of the field, but also

receives groundwater with the highest sulphate

concentrations.

Materials and methods

Field site

The Meeuwenkampje nature reserve is located in the

centre of the Gelderse Vallei, a valley of Saalian
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glacial origin near the Dutch town of Veenendaal

(52�02057.2900N–5�32053.5000E, 7 m ?MSL) (Fig. 1).

The glacial valley is filled up with Late Pleistocene

and Holocene deposits and is bordered by sandy

moraines that have an altitude of up to 50 m ?MSL

(Jelgersma and Breeuwer 1975). Regional groundwa-

ter flow is dominated by the hydraulic gradient from

the moraines to the valley, resulting in strong upward

seepage. The morphology of the valley is dominated

by an up to 15 m thick eolian sand sheet or cover sand

deposit, originating from the last mayor ice advance

(Koster 2005). The cover sand deposits to the east of

the reserve are calcite rich ([1–2 % CaCO3), except

for the (younger) upper 2.5–4 m and are underlain by

an Eemian marine clay layer. In the Holocene, peat

started to grow in local depressions, eventually

resulting in raised bogs to the east and south of the

Meeuwenkampje reserve. From the 16th century to the

early 20th century, these bogs were excavated and

transformed into extensively farmed and poorly

drained hay meadows. From the 1930s onwards,

drainage of the valley intensified with the aid of

ditches and drain pipes and the area became one of the

most intensive agricultural areas of the Netherlands.

The drainage of the valley had drastic implications for

groundwater flow patterns: upward seepage areas to

the east of the current reserve turned into infiltration

areas. Combined with the intensification of agricul-

ture, this led to a strong deterioration of the very

species rich fen meadow vegetation found throughout

the valley. At present, only a few hectares of such fen

meadows remain, among which the Meeuwenkampje

reserve. The reserve is located in a local depression in

the cover sand deposits, which is filled up with

calcareous gyttja, reed-sedge peat and sphagnum peat.

Groundwater is flowing to the reserve from the former

bog areas in the north-east and is forced upward by the

hydraulic gradient imposed by the underlying regional

groundwater flow system (Jansen and Kemmers

1995).

The reserve houses a large number of species

typical for alkaline fen meadow and rich fen vegeta-

tion such as: brown mosses including Campylium

stellatum, Caliergonella cuspidata, Fissidens adian-

thoides; sedges including Carex hostiana, C. pulicaris

and herbs including Pinguicula vulgaris, Gymnadenia

conopsea, Cirsium dissectum, Dactylorhiza maculata

and Platanthera bifolia. The vegetation shows a

distinctive gradient, which largely coincides with the

local elevation (dm) within the field, from Cirsio

dissecti-molinietum nardetosum communities on the

relatively highest parts, via a very species rich small

sedge community at intermediate levels, to more

productive marsh vegetation with large sedges in the

lowest and most frequently inundated part of the field

(Fig. 2).

Sampling and analytical methods

Fieldwork for this study was carried out from spring

2008 to summer 2009. Ground- and surface water

levels within the field transect (Fig. 1) were monitored

using 2 piezometers equipped with Diver� dataloggers

at Mk2 and Mk4. The measuring interval of the

dataloggers was set to 15 min to be able to measure

hydrological events, with a relatively small duration

such as overland flow. Three existing piezometer nests

at the edges of the reserve at P1, P2 and P3 (see Fig. 1)

were monitored manually every 2 weeks since 1996.

Water quality of shallow groundwater, surface

water and soil moisture was sampled using Macro-

Rhizons (Meijboom and Van Noordwijk 1996) and

mini-filters along the transect within the reserve (see

Figs. 1, 2 for the sampling locations and depths).

MacroRhizons were placed at four locations: Mk1

(near the ditch), Mk2 (highest point, sandy subsoil),

Mk3 (seepage face, highest biodiversity) and Mk4

(lowest point, thick peat layer). For each location,

MacroRhizons were inserted at four depths (25–35,

50–60, 75–85 and 100–110 cm depth) and placed at an

angle of 45� to prevent infiltration of rainwater or

runoff along the sampler. Minifilters were placed at

125 cm depth. Deep groundwater was sampled at

relevant depths using the piezometers located at P1, P2

and P2 (see Table 1 for measuring depths). Samples

were taken nine times during the measuring period,

except for the deep groundwater which was only

sampled in July and October 2008.

All samples were divided in the field into three

portions: (1) a small portion (ca 2.5 ml) for direct in-

field pH, temperature and EGV measurements; (2) a

standard ICP tube filled to the brim, for element

analysis; (3) a 50 ml tube for chloride, carbon and

nutrient analysis. Samples taken from the MacroRhi-

zons were filtrated by the 0.2 lm porous membrane of

the sampler. All other samples were filtered through

0.45 lm Millipore filters. Sample bottles were placed

in melting ice during sampling and transport. Samples
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were taken directly to the lab after sampling and

analysed directly after arrival. Chloride was analyzed

on a flow injection analyzer (FOSS, FIAstar 5000).

Element content (Al, As, Ca, Cu, Fe, K, Mg, Mn, Na,

Ni, Ptot, Stot, Zn) was determined with ICP-AES

(Varian, Vista pro). Total carbon (TC) and total

inorganic carbon (TIC) were measured on a TOC

analyzer (Shimadzu 5050). Dissolved organic carbon

Fig. 1 Topography of the

Gelderse Vallei glacial

valley and location of the

study area. Red dots location

of Macro-Rhizons, dark

blue dots piezometers and

mini-filters, green dot

surface water sampling

point

Fig. 2 Depth of the macro-

rhizons (red dots), the mini-

filters and piezometers (blue

dots), and the surface water

sampling point (green dot)

along the transect depicted

in Fig. 1. Vegetation types

denoted as: A: Typho-

Phragmitetum, B: Cirsio-

molinietum typicum, C:

Ericetum teralicis

sphagnetosum, D: Cirsio-

molinietum nardetosum,

E: Cirsio-molinietum

orchietosum, F: Caricetum

elatae. Nomenclature

according to Schaminée

et al. (1995)
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(DOC) and nutrients (N-NH4, N-(NO3 ? NO2), Ntot,

P-PO4) were analyzed by segmented flow analysis

(Skalar SK12).

The hydrochemical computer program PHREEQC

2.1 (Parkhurst and Appelo 1999) was used to calculate

carbonate speciation based on measured pH and TIC

and saturation indexes for calcite, siderite, rhodochro-

site, gypsum and hydroxyapatite. Using the standard

database of PhreeqC, we tested whether the chemical

process interpretation that was based on the field

observations was in agreement with modelling these

processes.

Soil cores were taken at Mk2 and Mk3, at the end of

the monitoring campaign. The cores were taken at the

same depth and closely adjacent to the macrorhizon

probes. In addition we took a sample of the root zone

(0–10 cm depth) and a sample below the deepest

macrorhizon (120–130 cm depth). After collection,

the cores were placed under N2 gas in glass jars and

refrigerated. At the laboratory, the glass jars were

opened in a glove box under anoxic conditions, to take

a subsample from each depth for analysis of oxalate

extractable iron, aluminium, manganese and phos-

phate according to Houba et al. (1989). The remainder

Table 1 Average groundwater quality and relevant saturation indexes deep piezometers, with standard errors (n = 2) in italics

Piezometer P1_1 P1_2 P2_2 P2_3 P3_2

Filter depth (m-MSL) From 0.22 -12.37 -0.12 -13.55 -6.44

To -0.78 -13.37 -1.12 -14.55 -7.44

pH (-) 7.15 0.07 7.5 0.14 7.65 0.07 7.2 0.14 6.9 0.0

EGV lS/cm 1,155 7.07 251 0.7 185 1.4 197 21.2 1,320 220

T oC 11.5 0.25 11.0 0.0 13 0.0 13.5 0.7 13.5 0.0

Cl mmol/l 0.89 0.03 0.28 0.005 0.23 0.01 0.27 0.06 1.71 0.02

Na mmol/l 0.83 0.02 0.30 0.005 0.27 0.009 0.27 0.02 1.25 0.22

K mmol/l 0.02 0.0004 0.02 0.0001 0.01 0.0002 0.06 0.06 0.02 0.0004

Ca mmol/l 5.74 0.21 1.05 0.018 0.77 0.005 0.72 0.01 5.45 0.83

Mg mmol/l 0.9 0.01 0.10 0.0003 0.08 0.002 0.09 0.01 0.26 0.05

Fe mmol/l 0.198 0.01 0.01 0.0005 0.004 0.0001 0.006 0.001 0.343 0.03

Mn mmol/l 0.011 0.0002 0.002 0.0001 0.001 0.000 0.001 0.000 0.016 0.002

DOC mmol/l 1 0.01 0.19 0.0006 0.07 0.002 0.12 0.07 0.76 0.07

TIC mmol/l 13.57 0.00 2.68 0.08 1.75 0.000 1.86 0.11 11.82 1.88

HCO3 mmol/l 11.49 0.12 2.46 0.01 1.65 0.012 1.57 0.02 8.94 1.56

N-NH4 mmol/l 0.1 0.005 0.13 0.02 0.02 0.0002 0.01 0.002 0.34 0.01

N-NO3 mmol/l \0.002 – \0.002 – \0.002 – \0.002 – \0.002 –

Nts mmol/l 0.1 0.03 0.1 0.03 0.05 – 0.09 0.05 0.39 0.04

P-PO4 mmol/l 0.003 0.0001 0.008 0.0003 0.002 0.0001 0.002 0.0004 0.007 0.0003

Stot mmol/l 1.19 0.09 0.02 0.0004 0.1 0.001 0.1 0.003 1.72 0.27

Ni lmol/l \0.03 – \0.03 – \0.03 – 2.8 3.26 \0.03 –

Zn lmol/l \0.08 – \0.08 – \0.08 – 4.1 4.62 – –

Cu lmol/l 0.05 0.00 \0.05 – \0.05 – \0.05 – \0.05 –

Al lmol/l \1.1 – \1.1 – \1.1 – \1.1 – \1.1 –

As lmol/l \0.07 – \0.07 – \0.07 – \0.07 – \0.07 –

Saturation index

Calcite 0.6 0.1 -0.3 0.1 -0.4 0.1 -0.9 0.1 0.2 0.1

Siderite 1.3 0.1 -0.2 0.0 -0.8 0.1 -0.7 0.1 1.2 0.1

Rhodochrosite 0.3 0.1 -0.4 0.1 -0.7 0.1 -1.1 0.1 0.2 0.1

Gypsum -1.2 0.0 -3.3 0.0 -2.9 0.0 -2.9 0.0 -1.1 0.1

Hydroxyapatite -7.6 0.4 -8.1 0.7 -7.8 0.3 -3.9 1.4 -8.9 0.1
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of the soil was dried in an oxygen free desiccator as

described by Begg et al. (1994) and grinded to 5 mm,

homogenized and divided into subsamples for further

analysis. Water content of the soil samples was

measured by weight loss during drying. Bulk density

was calculated using the core volume and material dry

weight. Total element content (Al, Ca, Cu, Fe, K, Mg,

Mn, Na, P, S, Zn, Ni, As) after destruction with

HNO3–HCl (Aqua Regia) was determined by analysis

with ICP–AES (Varian, Vista pro). Organic matter and

calcite content were determined by a four step

thermogravimetric analysis (TGA) at 105, 330, 550

and 1000 �C. Total carbon and nitrogen content were

determined using pyrolysis with a CNS analyzer

(Thermo Finnegan Flash EA-1112 NC). Clay content

and grain size distribution of the mineral parts were

determined by laser-diffraction (Konert and Vanden-

berghe 1997). An exploratory SEM–EDS analysis was

performed on dried soil samples to identify minerals in

the soil.

Chemical processes

Calcite dissolution and the consequent increase of

alkalinity and hardness are closely related to proton

release by pyrite oxidation. A simplified overview of

the primary reaction equations related to pyrite

oxidation, sulphate reduction and dissolution of calcite

are presented below.

Oxidation of pyrite by oxygen (due to drainage)

and/or nitrate (from fertilisation):

4FeS2 þ 15O2 þ 14H2O) 4FeðOHÞ3 þ 16Hþ

þ 8SO2�
4 ð1Þ

4FeS2 þ 12NO�3 þ 8H2O) 4FeðOHÞ3 þ 4Hþ

þ 8SO2�
4 þ 6N2 ð2Þ

Dissolution of calcite by CO2 and strong acid

(protons):

CaCO3 þ H2CO�3 , Ca2þ þ 2HCO�3 ð3Þ

CaCO3 þ Hþ , Ca2þ þ HCO�3 ð4Þ

Reduction of iron(hydr)oxides, nitrate and sulphate by

organic matter (represented as CH2O1):

CH2Oþ 4FeOOH þ 7Hþ ) 4Fe2þ þ HCO�3
þ 6H2O ð5Þ

5CH2Oþ 4NO�3 ) 2N2 þ 4HCO�3 þ H2CO�3
þ 2H2O ð6Þ

2CH2Oþ SO2�
4 ) 2HCO�3 þ H2S ð7Þ

Precipitation of iron sulphides, assuming alkaline

conditions:

2FeOOHþ 3HS� ) 2FeSþ S0 þ 3OH� þ H2O

ð8Þ

FeSþ S0 ) FeS2 ð9Þ

Results

Meteorology and hydrology

Annual precipitation in 2008 and 2009 (941 and

755 mm) was near the long term average value of

832 mm. Potential annual Makkink evapotranspira-

tion was 576 and 612 mm respectively. Shallow

groundwater levels within the reserve at Mk4 were

very stable and fluctuated between 12 cm above and

31 cm below land surface. Groundwater levels below

20 cm below land surface only occurred briefly in July

2008 and June 2009. Inundation of the lowest parts of

the field occurred from November 2008 to April 2009.

Inundation with short duration also occurred during

storm events out of this period. Inundation did not

occur at the slightly elevated location Mk2. Observed

piezometric heads at P1, P2 and P3 (Fig. 3) shows that

groundwater above the Eemian clay layer flows

towards the reserve and is forced upward by higher

piezometric heads in the underlying aquifers.

Groundwater quality measured in the deep

piezometers

Based on a hydrochemical facies analysis of the region

by Beemster et al. (2002) and water samples collected

from the deep piezometers (Table 1) surrounding the

reserve, two major groundwater types can be distin-

guished. Water samples containing substantial amounts

of sulphate (P1_12 (1.19 mmol/l), P3_2 (1.72 mmol/l)

respectively) represent groundwater above the Eemian

clay layer. Water samples below the Eemian clay1 Describing organic matter as CH2O is of course a simplifi-

cation, it contains for instance significant amounts of nitrogen

and phosphorous, which will be released when organic matter is

oxidized. 2 To be read as: piezometer P1, filter 1.
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originates from the moraines to the east of the valley

(Fig. 1) and contains almost no sulphate. At the edge of

the Eemian clay layer this ‘pristine groundwater’ is

forced upward (Fig. 3), which is reflected in the

groundwater composition at P2_1 (Table 1). Of specific

interest to this study is piezometer P1_1 because it is

positioned upstream of the Meeuwenkampje. Samples

taken fromthis piezometer confirm the inflow ofsulphate

rich groundwater to the reserve, from the north-eastern

direction. Also high chloride and ammonium concentra-

tions (0.89 and 0.1 mmol/l, respectively) reflect the

influence of intensive agriculture in the recharge area. In

comparison, the groundwater below the Eemian clay (i.e.

P2_2) has a chloride concentration of only 0.23 mmol/l,

which is a level typical for pristine infiltrated rainwater

originating from the moraines (Beemster et al. 2002).

Water samples containing high concentrations of sul-

phate also contain high levels of calcium and bicarbonate

alkalinity and are supersaturated with respect to calcite

and siderite. All groundwater samples were undersatu-

rated with respect to gypsum.

Water quality patterns along the field transect

Chloride

Because chloride is inert, it is a suitable component to

trace the local spatial distribution of infiltrating rainwa-

ter and upward seeping sulphate rich groundwater

(Fig. 4) within the nature reserve. Local rainwater has

an average chloride concentration of 0.07 mmol/l

(www.lml.rivm.nl), which is concentrated roughly

three times after infiltration due to evapotranspirative

water loss. Chloride concentrations of the upward

seeping groundwater are much higher, with values of up

to 2.88 mmol/l. The low chloride concentrations at Mk2

thus indicate infiltration of rainwater and the formation

of a rain water lens (dashed blue line in Fig. 4). For-

mation of a rainwater lens is in agreement with condi-

tions described by Schot et al. (2004), given the slightly

higher elevation (2–3 dm) of this part of the field and the

presence of a sandy subsoil. The higher values at the top

of the profile at Mk2 indicate the concentrating effect of

evapotranspiration, while the slightly raised values at

the bottom of the lens point to dispersive mixing. Sub-

stantial shrinkage of the lens, by evapotranspirative

water loss, occurred only in the summer of 2009. The

upward movement of the bottom boundary layer of the

lens, resulted in a chloride concentration of 2.25 mmol/l

at a depth of 125 cm at Mk2.

At the lower sampling locations Mk1, Mk3, and

Mk4, infiltration of rainwater is very limited due to

the high groundwater levels, resulting in saturation

excess overland flow. Highest chloride concentra-

tions are found at Mk3. The slight upward decrease

of the chloride concentration here, was caused by

very limited dilution with rainwater (\2 %). The

absence of significant thickening or dilution at Mk3

points to flushing of the profile by upward seeping

groundwater.

Fig. 3 Regional geohydrological schematisatisation based on

drilling logs and piezometric heads. Numbers denote average

(n [ 250) hydraulic heads. The division in pristine and

anthropogenically influenced groundwater is based on Beemster

et al. (2002) and is supported by our measurements
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Sulphate

Sulphate concentrations in the rainwater lens (Mk2)

were very low (Fig. 4), and consistent with (recently)

infiltrated rainwater concentrated by evapotranspira-

tion. In the upward seeping groundwater, however,

sulphate concentrations were very high. The highest

sulphate concentrations, ranging up to 2.3 mmol/l,

were observed in the lowest MacroRhizon of Mk3.

Sulphate concentrations were rapidly declining in the

upward (flow) direction at Mk3 and Mk4. At Mk3 for

instance, the time averaged sulphate concentration

declines from 2.07 at a depth of 95 cm to 0.12 mmol/l

at 25 cm depth. Samples taken from the mineral

subsoil at Mk1 did not show significant decline in

sulphate concentration. High sulphate concentrations

at Mk3 and the minifilters at Mk2 and Mk4 coincide

with trace amounts of nickel (see Online Resource 1).

Spatiotemporal patterns

The observed hydrochemical patterns along the tran-

sect were very stable over time, for most parameters,

especially at the bottom of the profile (see error bars

Fig. 6). Observed temporal dynamics at Mk3 appear to

be associated with summer and winter periods. Fig. 5

gives an overview of the major changes in water

chemistry during upward seepage through the soil as

observed at Mk3: Fig. 5a is representative for the

situation after the wet winter period of 2008/2009;

Fig. 5b for the situation after the warm and relatively

dry summer period of 2008. Compared to the winter

measurements, summer measurements show a more

rapid decline of sulphate and stronger increase of DOC

and HCO3
- in the direction of flow. More detailed

information on the water chemistry at Mk3, which is

located in the most species rich part of the field, is

presented in Fig. 6. This figure confirms that sulphate

strongly decreases in the direction of flow. DOC

concentrations show a reciprocal trend: they strongly

increase in the upward flow direction (Fig. 6a), which

points to decomposition of soil organic matter as a

source.

The profile at Mk3 can be divided into two distinct

zones with respect to Ca2? and HCO3
- (Fig. 6b) In the

lower part of the profile (75–100 cm depth) HCO3
- is

slightly lower than Ca2? and a strong decline of Ca2?

concentration in the upward flow direction occurs,

Fig. 4 Time averaged

(n = 7–9) chloride and

sulphate concentrations

(mmol/l) as observed along

the field transect from ditch

to railway dike, standard

deviations presented as

subscript. Red dots macro-

rhizons, blue dots

minifilters, green dot surface

water sampling point
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which points to calcite precipitation (Eq. 4). HCO3
-

however declines less than proportionally with Ca2?,

which indicates production of HCO3
-. At 75 cm depth

Ca2? and HCO3
- concentrations are comparable. In

the upper part of the profile (above the gyttja layer),

the Ca2? decline is less steep and HCO3
- concentra-

tions show a strong increase in the direction of flow.

The pH (Fig. 6d) shows a decrease in the direction of

flow, and is rather stable over time up to a depth of

25 cm below soil surface. Above this depth, pH

increases and shows much more variation over time.

Soil water at Mk3 is supersaturated with respect to

siderite and at equilibrium (-0.1 \ SIcalcite \ 0.1)

with, or slightly saturated with respect to calcite

(Fig. 6c). All samples were undersaturated with

respect to Gypsum and Hydroxyapatite. Iron concen-

trations (Fig. 6e) were in the range of 0.1–0.2 mmol/l.

Manganese concentrations were stable at 0.01 mmol/l.

Although organic matter is clearly decomposed at

Mk3, phosphate levels remain very low in soil solution

(Fig. 6f). The highest P-PO4 level measured in the

profile at Mk3 was 0.90 lmol/l, but most of the

observed concentrations were below the detection

limit of 0.65 lmol/l. The highest Ptot observed in the

profile was 1.58 lmol/l, however most of the obser-

vations for this parameter were below detection limit.

Although NH4
? is likely to be released during

(anaerobic) decomposition, we observed a steady

decline in the concentration of this nutrient in the

direction of flow (Fig. 6f). Nitrate (N-(NO3 ? NO2)

concentrations were below detection limit (2.14 lmol/l)

in all samples taken at Mk3. Redox conditions were

considered anoxic, based on the absence of nitrate and

observed iron concentrations.

Analysis of soil cores

Results of the soil core analyses are presented in

Table 2 and Fig. 7. Clay, silt and sand content is

highest at 45–60 cm depth. Organic matter content is

relatively low (around 13 %) in the gyttja layer

(95–130 cm depth) and high in the overlying peat

layer (45–86 %). The early Holocene gyttja has an

extremely high calcite content of 60–70 % on dry

weight basis. The remainder of the soil profile has a

much lower calcite content, but is still calcite rich,

with a peak of more than 5 % at 25–35 cm depth

(Fig. 7b). Similar calcite profiles were observed by

Almendinger and Leete (1998) in calcareous fens in

Minnesota.

Commonly, a large part of sulphur in peat soils is

carbon bound, especially in humin and humic acids

(Casagrande et al. 1980). To get indicative informa-

tion of the location and amount of mineral S (Smin)

accumulated in the profile, the total S content (Stot) of

the soil samples (Table 2; Fig. 7c) has to be corrected

for organically bound S (Sorg). The C:S ratio of organic

matter is largely dependent on the S content of fresh

plant material and the level of decomposition. Based

on Kirkby et al. (2011) and Parton et al. (1988) we

assumed a C:Sorg ratio of 200:1 for non decomposed

peat in the profile and a C:Sorg ratio of around 100:1 for

the upper 30 cm of the soil, which is slightly more

decomposed. The value of 100:1 is consistent with the

C:S ratio found in the topsoil of the precipitation lens

at Mk2. When applied, this results in the Smin profile as

depicted in Fig. 7c. The estimated Smin profile is in

line with the observed soil water chemistry and visual

observations in the field, where a change from brown

to black coloured sediment occurred at a depth of

45 cm. SEM–EDS analysis confirmed the presence of

iron sulphide minerals in this part of the soil profile.

Moreover, the difference between total iron Fetot and

Fig. 5 Soil water quality profiles at Mk3 as observed at March

2009 and September 2008
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Feox content (as a proxy for reducible iron (van

Bodegom et al. 2003) (Fig. 7a) is of the same order of

magnitude as the estimated mineral sulphur content. In

addition, the concentration of the trace elements nickel,

zinc and arsenic (Fig. 7d, f), which are common

constituents of iron sulphides, are in comparison with

the lutum content (mineral particles \2 lm) clearly

elevated at 75–85 cm depth. This is in line with the

estimated mineral sulphur profile and direction of flow.

Except for the gyttja layer and the topsoil, oxalate

extractable phosphorous was below detection limit.

Assuming all non oxalate extractable P to be organic

results in high C:Porg ratios of 685:1 for the topsoil and

values of around 1,500:1 for the subsoil. The C:Porg

ratios of the soil correspond well with C:P rations of

fresh plant material as reported by Kemmers and Van

Delft (2008) for the Meeuwenkampje reserve. Compa-

rable C:P ratios were observed by Boyer and Wheeler

(1989) in British spring fed calcareous fen soils with

active calcite precipitation. The low phosphorous con-

tent of the peat can be explained by the absence of

fertilisation and strong upward seepage of extremely

phosphorous poor groundwater, together with a highly

reactive calcareous gyttja layer at the base of the peat.

Fig. 6 Time averaged soil

water quality profiles at

Mk3. Horizontal bars

represent standard errors

(n = 7–9), which indicate

the temporal variation
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Discussion

Redistribution of sulphur and carbonate

on a regional scale

Based on the hydrochemical facies analysis of the area

by Beemster et al. (2002) the observed water quality in

the observation wells P1_1 and P3_2, can be regarded

as representative for anthropogenically influenced

groundwater above the Eemian clay layer. We used

the Eqs. (1)–(7) in combination with our observations to

discuss possible sources of the elevated sulphate

concentrations, hardness and alkalinity and test whether

our findings are in agreement with the literature.

An important source of sulphate in Dutch ground-

water used to be atmospheric deposition. Peak atmo-

spheric deposition in the 1970s and 1980s in

combination with fertilisers containing sulphur can

account for an average SO4
2- concentration of up to

0.6 mmol/l in shallow groundwater under Dutch

agricultural fields (Oenema 1999). However, the

observed average sulphate concentration at P1_1 is

about twice as high (1.2 mmol/l) and even higher at

P3_2 (1.72 mmol/l) and at Mk3 ([2 mmol/l). Such

high sulphate concentrations cannot be explained by

air pollutant deposition and fertilization alone, indi-

cating an additional source (Van Beek et al. 2001).

Dissolution of gypsum can be ruled out, as this mineral

is not present in Dutch soils. The actual occurrence of

pyrite rich sand in the subsoil of the former bog area

however, is confirmed by observations of Poelman

(1972). Moreover samples with high sulphate concen-

trations taken at Mk3 and Mk4, also contain nickel

which is a common constituent of pyrite.

In line with Beemster et al. (2002), Mendizabal et al.

(2012), Smolders et al. (2010), Van Beek et al. (2001)

Table 2 Characteristics of soil cores collected at Mk2 (precipitation lens) and Mk3 (seepage face)

Unit Depth (cm-soil surface)

0–10 25–35 50–60 75–85 100–110 120–130

Mk2 Mk3 Mk2 Mk3 Mk2 Mk3 Mk2 Mk3 Mk2 Mk3 Mk3

CaCO3 (% d.w.) 0.9 2.6 0.9 5.2 0.3 2.0 0.2 2.6 0.2 70.8 60.8

Clay (% d.w.) 2.4 2.4 0.8 1.7 5.5 0.8 1.4 0.9 1.3 2.5

Silt (% d.w.) 11.8 14.8 4.4 8.8 23.3 1.8 6.9 2.5 7.2 12.0

Sand (% d.w.) 11.7 60.1 3.6 82.8 24.4 96.1 7.3 95.9 7.5 11.9

Org. mat. (% d.w.) 42.9 71.5 21.7 86.0 6.3 44.8 1.1 81.8 0.5 13.2 12.8

Dry bulk density (kg/l) 0.381 0.212 0.313 0.195 0.728 0.217 1.240 0.193 1.563 0.346 NA

Alox mg/kg 3,420 3,470 1,400 2,340 570 1,660 175 1,550 180 435 435

Feox mg/kg 10,450 8,995 3,060 14,795 335 1,800 61 3,480 61 5,340 5,365

Mnox mg/kg 125 125 19 115 2.9 43 2.4 69 2.2 150 140

Pox mg/kg 228 \100 \100 \100 131 127

Altot mg/kg 7,908 6,949 3,570 1,782 4,225 7,314 2,139 3,406 2,188 1,308 1,592

Catot mg/kg 9,587 21,626 7,647 32,632 2,108 17,414 771 21,128 736 285,122 250,493

Mgtot mg/kg 655 694 299 251 504 1,206 402 640 429 1,715 1,708

Mntot mg/kg 164 163 42 151 33.6 96 25.5 104 26.2 450 438

Fetot mg/kg 13,579 13,711 3,143 11,905 2,364 6,397 1,640 5,934 1,610 6,561 8,010

Ktot mg/kg 560 347 332 57 587 708 320 223 322 165 195

Natot mg/kg 126 298 70 280 30 217 19 389 25 178 159

Cutot mg/kg 19 32 3 4 2 6 1 4 1 1 1

Nitot mg/kg 15.3 12 6.7 6 3.4 13 2.7 21 2.4 4 4

Zntot mg/kg 62 110 7 7 3 10 3 28 3 4 5

Astot mg/kg 15.8 22 3.79 11 1.22 8 0.9 22 0.89 8 8

Ptot mg/kg 452 764 91 255 65 232 55 371 59 182 207

Stot mg/kg 2,003 4,233 894 4,536 278 3,628 128 5,190 84 1,047 954
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and Zhang et al. (2009) we therefore hypothesize that

oxidation of pyrite by oxygen and nitrate (Eqs. 1 and 2)

can be indeed an additional, and presumably major,

source of sulphate in our field setting. For example,

oxygen dissolved in infiltrating rainwater (0.35 mmol/l

at 10 �C, PO2 = 0.2 atm) can in theory be accountable

for a maximum of 0.19 mmol/l SO4
2- (Eq. 1). Infiltrat-

ing nitrate can even ‘produce’ up to 2.7 mmol/l SO4
2-

(Eq. 2), assuming a representative nitrate concentration

between 0.3 and 4.0 mmol/l for infiltrating shallow

groundwater under Dutch agricultural fields (Oenema

1999).

Oxidation of pyrite results, as mentioned, in the

production of protons, which in turn may lead to

dissolution of calcite (if present). The plausibility of

the dissolution by strong acid can be assessed qual-

itatively using index parameters as proposed by van

Helvoort et al. (2007). For instance the ratio between

(Ca2? ? Mg2?) and HCO3
- may indicate whether

calcite is dissolved by CO2 (produced by root respi-

ration and/or mineralisation) or by a strong acid.

Dissolution by CO2 will result in a (Ca2? ? Mg2?)/

HCO3
- ratio of 0.5 (Eq. 3); dissolution by a strong

acid in a 1:1 ratio (Eq. 4). For piezometer P1_1, we

Fig. 7 Soil quality profiles

at Mk3
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found an average ratio of 0.6 which is slightly higher

than expected when assuming dissolution by CO2.

However, reduction processes (i.e. Eqs. 5–7) produce

additional HCO3
-, which influences this ratio and

makes dissolution by CO2 only, less likely. Moreover,

the average Ca2? concentration observed at P1_1

(5.74 mmol/l) and P3_2 (5.45 mmol/l) is about 2.5

times higher than expected from Eq. (10), even when

assuming a PCO2 of 10-1.5 atm in the soil of the

infiltration area, which is near the upper limit for

respiration and organic matter degradation (Appelo

and Postma 2005). The observed elevated Ca2?

concentration of the anthropogenically influenced

groundwater can thus be attributed to dissolution of

calcite by strong acid.

mCa2þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

10�5:8 � ðPCO2
=4Þ3

q

ð10Þ

Our observations at P1_1 and P3_2 show a rather

low SO4
2-/(Ca2??Mg2?) ratio compared to the

stoichiometry of Eqs. (1) and (2) in combination with

Eq. (4) (pyrite oxidation and dissolution of calcite).

This excess hardness may be explained by contribu-

tions of calcite dissolved by CO2, fertilisation related

strong acid (e.g. calcium ammonium nitrate) or acid

related to atmospheric deposition of nitrous oxides.

However, it may also point to partial SO4
2- reduction

along the hydrological pathway and thus to originally

even higher SO4
2- levels. Given the even higher

sulphate concentrations measured in the field transect,

the occurrence of peat layers in the cover sand deposits

upstream of P1_1 (Fig. 3) and the observed high

alkalinity in relation to hardness, we consider the latter

a plausible explanation.

Our hypothesis for the chemical evolution of the

groundwater flowing towards the reserve is summa-

rized in Fig. 8: pyrite is oxidized by oxygen and/or

nitrate infiltrated in the agricultural recharge area to the

northeast of the reserve, resulting in strongly elevated

sulphate concentrations in the groundwater (zone 1).

Acid produced in this processes dissolves calcite,

resulting in high calcium and bicarbonate levels.

During transport, part of the sulphate may be reduced

in local peat layers, producing extra alkalinity, which

may result in super saturation with respect to calcite

(zone 2). The hydraulic gradient of the regional

groundwater system forces the sulphate rich, calcare-

ous groundwater upward to the nature reserve (zone 3).

Fig. 8 Conceptual model of redistribution of sulphur and

carbonate minerals along the hydrological pathway. Distribu-

tion of the calcite rich sand is based on drilling records

abstracted from the database on the Dutch subsurface

(www.dinoloket.nl). The indicative location of the pyrite in

the recharge area is based on Poelman (1972)

Biogeochemistry (2014) 117:375–393 387

123

http://www.dinoloket.nl


Water quality changes during passage

of the organic toplayer

When seeping upward through the organic top-layer in

the reserve, the chemical composition of the sulphate

rich, calcareous groundwater changes significantly.

Since Mk1 is regularly influenced by inundation from

an adjacent agricultural ditch, and Mk2 contains a

small rainwater lens, we focus on Mk4 and especially

Mk3 to illustrate this chemical transformation.

Sulphate concentrations were observed to decline

strongly in the direction of flow at Mk3 and Mk4

(Fig. 4). The decline at Mk4 and especially Mk3 (see

Fig. 6a) is most conveniently explained by the occur-

rence of sulphate reduction and subsequent formation

of iron sulphides (Eqs. 7–9), which are common

processes in wet organic rich soils. Precipitation of

gypsum, as an alternative process, could be ruled out

due to undersaturation of all samples with respect to

this mineral. Adsorption of sulphate to metal oxides

surfaces is possible, but very limited at near neutral pH

conditions (Geelhoed et al. 1997; Ali and Dzombak

1996; Appelo 2000). Adsorption to metal oxide

surfaces is therefore not considered a plausible

alternative explanation for the observed decline of

sulphate. Moreover the almost complete reduction of

sulphate from soil solution is consistent with the

observed reducible iron profile (Fig. 7a), the estimated

inorganic S profile (Fig. 7c) and the profiles of trace

elements Ni, As and Zn (Fig. 7d, f). The occurrence of

iron sulphides in this part of the profile was confirmed

by a SEM–EDS analysis. The Fe concentrations

(Fig. 6e) in the range of 0.1–0.2 mmol/l can be

explained by simultaneous reduction of iron oxides

and sulphate, which is possible in an environment rich

in iron oxides (Postma and Jakobsen 1996). Our

measurements of reducible iron content in the soil

cores (Fig. 7a), confirm such an environment.

Reduction of sulphate is strongly dependent on

anaerobic decomposition of organic matter, because

low molecular weight organic compounds produced

during fermentation, are crucial as an energy source

for sulphate reducing bacteria (Wiebe 1981). Anaer-

obic decomposition of organic material and reduction

processes, will not only result in the production of

alkalinity (Eqs. 5–7) (Fig. 6b), but in the formation of

NH4
?, HPO4

2- and dissolved organic carbon (DOC)

as well. The observed increase in soil water DOC and

simultaneous decrease of sulphate in the (upward)

flow direction (Fig. 6a) support these decomposition

and reduction processes. Based on Eqs. (5)–(7) also an

increase is to be expected for HCO3
-, but the early

March 2009 observations (Fig. 5) shows a decline in

HCO3
- over the profile and the September 2008

observations, first show a decline, followed by an

increase in HCO3
- in the direction of flow. HCO3

-

concentrations dynamics are thus not only controlled

by the processes discussed here, but by some other

factors as well.

The profile at Mk3 can be divided into two distinct

zones with respect to Ca2? and HCO3
- (Fig. 6b).The

steep decline of both Ca2? and HCO3
- in the lower part

of the profile (75–100 cm depth) can be explained by

over-saturation with respect to calcite of the inflowing

water (Fig. 6c) and rapid equilibration due to calcite

precipitation, promoted by the very high calcite content

(up to 71 % of dry weight, Fig. 7b) of the gyttja deposits

in this part of the profile. Precipitation of calcite will

occur when a critical (super) saturation level is

exceeded. However, if crystallization surfaces are

available, nucleation will occur at lower saturation

levels (Stumm and Morgan 1996). The large amount of

calcite in the gyttja at MK3 provides a large reactive

surface area, kinetically enhancing calcite precipitation.

Above the gyttja layer, soil moisture is at equilib-

rium with calcite (-0.1 \ SIcalcite \ 0.1). In this part

of the profile, alkalinity is produced due to anaerobic

decomposition of organic matter (Eqs. 5–7). The

continuing addition of carbon to the water phase due

to decomposition of organic matter, explains the

increase of HCO3
- and a decrease of Ca2? due to

precipitation of calcite when over saturation occurs.

The occurrence of substantial amounts of calcite in the

peat overlying the gyttja layer (Fig. 7b) provides

evidence that active calcite precipitation has taken

place. In addition, the observed pH values (Fig. 6b)

show a slight decrease in the direction of flow, which

is consistent with calcite precipitation (see Eq. 4). As

calcite precipitation here is governed by the produc-

tion of alkalinity, the calcite precipitation rate is

governed by the sulphate reduction rate and ultimately

by the fermentation rate of organic matter. Observed

pH values are very stable over time up to 25 cm depth.

At this depth, the time averaged pH value increases

and shows more variation over time. Highest pH and

related rise of HCO3
- and SIcalcite at the upper

sampling point appeared to occur during sum-

mer. Possibly, outgassing of CO2, as observed by
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Almendinger and Leete (1998) in similar fens, causes

this pH increase.

The hypothesis of organic matter fermentation

constraining the observed processes was tested by

modelling sulphate reduction and calcite and iron

sulphide precipitation in the upper (mainly organic)

part of the profile with PhreeqC (Parkhurst and Appelo

1999). We stepwise added organic carbon (CH2O) to the

time averaged water composition as observed right

above the gyttja layer at 75 cm depth. In the model

setup, a large amount of iron oxides (goethite) was

assumed to be present and FeS and calcite were able to

precipitate. Our analysis showed that this simple system

and the addition of CH2O to the water phase were able to

explain the evolution of the upward flowing groundwa-

ter in the peat layer at MK3. Considering the use of

standard database constants, modelled and observed

concentrations of sulphate, Ca2? and HCO3
- match

very well (Fig. 9). Results indicated the likeliness of

simultaneous iron oxide and sulphate reduction, the

precipitation of iron sulphides and the precipitation of

calcite. Modelled hydrogen sulphide appears only at

very low concentrations in the water phase because of

excess iron and precipitation of iron sulphides.

Internal eutrophication

Sulphate reducing bacteria are dependent on intermedi-

ate products of organic matter fermentation, such as

lactate, as a source of energy. The process of fermen-

tation of organic matter not only releases inorganic

carbon, but also DOC and nutrients like NH4
? and

PO4
3-. This release of nutrients is commonly referred to

as ‘internal eutrophication’, and may lead to deteriora-

tion of natural vegetation of nutrient-poor sites.

Although organic matter decomposition and iron

oxide reduction was apparent at Mk3, no elevated

phosphate concentrations were observed. Both Ptot and

P-PO4 concentrations were low, with maximum

observed values of 1.58 and 0.9 lmol/l respectively,

especially when compared to adequate P concentra-

tions for optimal plant growth (Hinsinger 2001). The

observed values were in line with the findings of

Kemmers and Van Delft (2008), who identified

phosphorous as growth limiting nutrient for the

vegetation of the Meeuwenkampje.

Several processes may be responsible for the low

phosphate concentration found in soil solution at

MK3. Phosphate, for instance, can co-precipitate with

calcite. According to Plant and House (2002), calcite

precipitation is not hampered by phosphate incorpo-

ration as long as the phosphate concentration in

solution is less than 20 lmol/l, which is the case in our

soil. Use of regression data on co-precipitation rate

and phosphate concentration data from several labo-

ratory and field studies (Danen-Louwerse et al. 1995),

yields an incorporation rate of 2.36 lmol P-PO4
2- per

mmol Ca precipitated for the highest observed

P-PO4
2- concentration of 0.9 lmol/l. Besides incor-

poration in freshly precipitated calcite minerals,

phosphate can adsorb both electrostatically and chem-

ically to calcite surfaces already present in the soil

(Karageorgiou et al. 2007). Given the vey low

saturation indexes (\-5), direct precipitation of

phosphate as hydroxyapatite is not likely. Another

important sink for phosphate is adsorption to clay or

metal oxides. As shown by Weng et al. (2011),

adsorption of phosphate to metal oxide surfaces, in

presence of organic acids and Ca2?, is strongest at

neutral pH. Weng et al. (2011) attributed this to the

synergistic effect of Ca2? adsorption, which strongly

increases phosphate adsorption and governs to a large

extent the pH dependency. Another perhaps more

likely explanation for the low phosphate concentra-

tions is simply an extremely low phosphate content of

the deposited organic matter. Boyer and Wheeler

(1989) found an extremely low P content in plant

material from fen sites with a calcite rich soil. Given

Fig. 9 Development of Sulphate, Ca2? and HCO3
- concentra-

tions in the Mk3 profile as modelled with PhreeqC (standard

database) using stepwise addition of organic carbon (Corg) in a

system closed to with respect to CO2. Symbols and error bars

denote time averaged observed concentrations and temporal

variation, lines denote concentrations modelled with PhreeqC
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the range of our observed C:P ratios (685:1 to even

1,500:1) and the low values for oxalate extractable P,

this is the most likely explanation for the low

phosphate concentrations in our soil solution at Mk3.

Since the phosphorous content of the soil samples is

extremely low (Fig. 7e), only small amounts of

phosphorous can be released during decomposition

of organic material or reduction of metal oxides.

Based on the results of the PhreeqC model (Fig. 9),

2.26 mmol C is needed for reduction of sulphate and

iron oxides and precipitation of FeS. Taking this

amount of carbon and the observed (weight) C:P ratio

of 1,500:1 results in the release of only 0.6 lmol P.

Combined with active precipitation of calcite and

large amounts of reducible iron, this implies very low

availability of phosphorous in the profile. Decompo-

sition of organic matter will, in our case, thus not lead

to internal eutrophication due to release of phosphate.

Ammonium, another nutrient linked to internal

eutrophication, was counter intuitively observed to

decline in the direction of flow (Fig. 6f). As there is

active sulphate reduction, this decrease cannot be

caused by nitrification, because nitrification needs the

presence of oxygen (Regina et al. 1996; Goreau et al.

1980). Moreover nitrite and nitrate concentrations

measured as N-(NO3 ? NO2) remained below detec-

tion limit. We presume that physical adsorption to

organic matter or clay as proposed by Triska et al.

(1994) is, given the above, a more likely explanation.

Sustainability of the Meeuwenkampje alkaline fen

Sulphate reduction will continue as long as sulphate

rich groundwater enters the soil profile. Given the very

low phosphate content of the soil and the occurrence of

active precipitation of calcite, internal eutrophication

is not likely to become a problem.

For now, the reduction of sulphate did not result in

phytotoxic levels of sulphides, due to the presence of a

large amount of reducible iron in the soil. However,

without further supply the amount of reducible iron in

the soil is limited (Fig. 7a), and iron oxides present in

the soil will eventually be transformed into iron

sulphides. An important question for the conservation

of the fen is for how long sulphide levels will remain

low. A rough estimate can be obtained by comparing

the amount of reducible iron and the influx of sulphate

rich groundwater according to the stoichiometry of

Eq. (8). The amount of reducible iron left in the zone

where sulphate reduction takes place (45–90 cm—soil

surface), equals on average 10 mmol/l soil. Although

groundwater sulphate concentrations might vary on

longer timescales, we assume the sulphate concentra-

tion of the inflowing groundwater to be stable at a

concentration of 2 mmol/l, which we consider a

conservative estimate. Based on regional geohydro-

logical model calculations with SIMGRO according to

Cirkel (2010) and calculations by Jansen and Kem-

mers (1995) the average upward flux at Mk3 can range

between 1 and 3 mm/d. Based on these values, the

amount of reducible iron in the sulphate reduction

zone is estimated to last for the next 15–40 years. In

addition, above 45 cm depth, large amounts of reduc-

ible iron are present in the soil, providing an extra

buffer against sulphide toxicity. Sulphide toxicity is

thus not likely to be of concern in the near future.

Due to accumulation of sulphides in the soil, the

system will become increasingly vulnerable to hydro-

logical changes (Schiff et al. 2005). Decline of local

groundwater levels due to drainage, groundwater

abstraction or climate change, will result in oxidation

of organically bound sulphur and of accumulated iron

sulphides, which result in elevated sulphate concen-

trations and acidification, and by consequence in

dissolution of calcite. This stresses the importance of

fine-tuned water management in this fen ecosystem.

However, to gain better quantitative insight to the

vulnerability of the system, a more detailed analysis of

different sulphide species in the soil is needed.

Synthesis and conclusions

In this paper we discussed the biogeochemical effects

of upward seepage of calcite saturated and sulphate

rich groundwater through an organic fen soil. Inflow of

sulphate rich groundwater into the organic wetland

soil of the studied fen resulted in decomposition of

organic matter and reduction of sulphate. These

observations are consistent with those of others e.g.

Jørgensen (1977), Lamers et al. (2001), as well as with

a recent scheme proposed by Smolders et al. (2010)

that illustrates the eutrophying and phytotoxic effects

of sulphate, originating from upstream pyrite oxida-

tion, on downstream wetland nature reserves.

However, we hypothesised that upstream excessive

fertilisation and pyrite oxidation as a source of

sulphate, not only leads to elevated sulphate concen-

trations as proposed by Smolders et al. (2010), but to
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acid production and dissolution of carbonate minerals

as well. Dissolution of calcite is reflected in the

observed high calcium and bicarbonate concentrations

accompanying the high sulphate concentration in

upward seeping groundwater. When this upwelling

groundwater enters the organic topsoil of the Mee-

uwenkampje fen, a reversal of chemical processes

occurs: sulphate reduction with accompanying pro-

duction of hydrogen sulphide and alkalinity. The

produced hydrogen sulphide precipitates as iron

sulphides (pyrite), while the produced alkalinity

results in the precipitation of calcite. The resulting

calcareous conditions in combination with high and

stable groundwater levels are beneficial for a wide

range of rare and endangered plant species (Wheeler

1980; Šefferová Stanová et al. 2008).

We also showed, that the degree of internal

eutrophication by phosphorous is highly dependent

on the C:P ratio of the organic material present in the

soil and the amount of phosphorous adsorbed to oxide

surfaces. Supply of dissolved phosphorous by upward

seeping groundwater is generally small due to the low

mobility of inorganic phosphorous (Hinsinger 2001).

For this reason, the soil phosphorous content is

generally minimal in unfertilized groundwater fed

areas. This reduces the risk of internal eutrophication

due to sulphate-reduction induced decomposition of

organic matter and/or reduction of iron(hydr)oxides.

For conditions resembling the Meeuwenkampje,

where active calcite precipitation occurs, co-precipi-

tation with phosphate, and phosphate adsorption by

calcite further inhibits the bioavailability of released

phosphate (Boyer and Wheeler 1989) and reduces the

risk of internal eutrophication.

The reduction of sulphate produces sulphide which, as

has been shown in various studies, is phytotoxic. Mostly,

however, these studies concern peat soils that receive

water from adjacent streams or ditches. The content of

iron(hydr)oxides of these soils is therefore often low and

insufficient to immobilize sulphides as iron sulphide

minerals. However, organic soils in groundwater fed

areas with a mineral subsoil, can contain large amounts

of iron(hydr)oxides reducing the risk of phytotoxic

sulphide levels. The analysed soil profile in the

Meeuwenkampje site, for instance, contains enough

iron(hydr)oxides to effectively immobilize sulphides.

In this contribution we have explained the underlying

biochemical processes maintaining the wet, calcareous

and nutrient poor conditions and consequently high

conservation values of the Meeuwenkampje site. In the

literature, sites resembling the Meeuwenkampje reserve

are mentioned for which our findings may be of interest.

Our observations might for instance provide an (addi-

tional) explanation for active calcite precipitation as

observed in pristine alkaline fens in Slovakia (Grootjans

et al. 2005), Minnesota (Almendinger and Leete 1998)

or fossil pyrite-calcite stratifications in former seepage

fed alkaline fens in the Netherlands (Van Delft et al.

2010). Moreover our observations stress the importance

of fine tuned water management in these precious, but

globally rare and threatened ecosystems. Since it is very

likely that climate change will alter the diversity of plant

species and plant communities through changes in the

water cycle (Witte et al. 2012), knowledge of the hydro

chemical functioning of these ecosystems will become

increasingly important.
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H, Wołejko L (2011) How a Sphagnum fuscum-dominated

bog changed into a calcareous fen: the unique Holocene

history of a Slovak spring-fed mire. J Quat Sci 27:233–243.

doi:10.1002/jqs.1534

Hinsinger P (2001) Bioavailability of soil inorganic P in the rhizo-

sphere as affected by root-induced chemical changes: a review.

Plant Soil 237(2):173–195. doi:10.1023/a:1013351617532

Houba VJG, van der Lee JJ, Novozamsky I (1989) Soil and plant

analysis, a series of syllabi. Part 5. Soil analysis proce-

dures. Wageningen Agricultural University, Wageningen

Jansen PC, Kemmers RH (1995) Ecohydrologisch onderzoek in

het natuurreservaat ‘Het Meeuwenkampje’. Rapport 398.

DLO-Staring Centrum, Wageningen

Jelgersma S, Breeuwer JB (1975) Toelichting bij de geologische

overzichtsprofielen door Nederland. In: Staalduinen WHZCJ

(ed) Toelichting bij de geologische overzichtskaarten van

Nederland. Rijksgeologische dienst, Haarlem, pp 91–93

Jorgensen BB (1982) Mineralization of organic matter in the sea

bed, the role of sulphate reduction. Nature 296(5858):643–645

Jørgensen BB (1977) Bacterial sulfate reduction within reduced

microniches of oxidized marine sediments. Mar Biol 41(1):

7–17. doi:10.1007/bf00390576

Juncher Jørgensen C, Jacobsen OS, Elberling B, Aamand J

(2009) Microbial oxidation of pyrite coupled to nitrate

reduction in anoxic groundwater sediment. Environ Sci

Technol 43(13):4851–4857. doi:10.1021/es803417s

Karageorgiou K, Paschalis M, Anastassakis GN (2007)

Removal of phosphate species from solution by adsorption

onto calcite used as natural adsorbent. J Hazard Mater

139(3):447–452

Kemmers RH, Van Delft SPJ (2008) Stikstof-, fosfor- en kali-

umbeschikbaarheid en kritische depositiewaarden voor

stikstof in korte vegetaties. Alterra-Rapport 1598. Alterra,

Wageningen

Kirkby CA, Kirkegaard JA, Richardson AE, Wade LJ, Blanchard C,

Batten G (2011) Stable soil organic matter: a comparison of

C:N:P:S ratios in Australian and other world soils. Geoderma

163(3–4):197–208. doi:10.1016/j.geoderma.2011.04.010

Koch MS, Mendelssohn IA, McKee KL (1990) Mechanism for

the hydrogen sulfide-induced growth limitation in wetland

macrophytes. Limnol Oceanogr 35(2):399–408

Konert M, Vandenberghe JEF (1997) Comparison of laser grain

size analysis with pipette and sieve analysis: a solution for

the underestimation of the clay fraction. Sedimentology

44(3):523–535. doi:10.1046/j.1365-3091.1997.d01-38.x

Koster EA (2005) Recent advances in luminescence dating of

Late Pleistocene (cold-climate) aeolian sand and loess

deposits in western Europe. Permafr Periglac Process

16(1):131–143. doi:10.1002/ppp.512

Lamers L, Dolle G, Van Den Berg S, Van Delft S, Roelofs J

(2001) Differential responses of freshwater wetland soils to

sulphate pollution. Biogeochemistry 55(1):87–101. doi:

10.1023/a:1010629319168

Lefohna AS, Husarb JD, Husarb HB (1999) Estimating histor-

ical anthropogenic global sulfur emission patterns for the

period 1850–1990. Atmos Environ 33:3435–3444

Meijboom FW, Van Noordwijk M (1996) Rhizon soil solution

samplers as artificial roots. In: Kutchera L, Huebl E,

Lichtenegger E, Persson H, Sobotnik M (eds) Root ecology

and its practical application. ISSR, Vienna, pp 793–795

Mendizabal I (2011) Public supply well fields as a valuable

groundwater quality monitoring network. Dissertation, VU

University, Amsterdam

Mendizabal I, Baggelaar PK, Stuyfzand PJ (2012) Hydro-

chemical trends for public supply well fields in The

Netherlands (1898–2008), natural backgrounds and up-

scaling to groundwater bodies. J Hydrol (0). doi:10.1016/

j.jhydrol.2012.04.050

Nicholson BJ, Vitt DH (1990) The paleoecology of a peatland

complex in continental western Canada. Can J Bot 68(1):

121–138. doi:10.1139/b90-017

Oenema O (1999) Vermindering nutriëntenverlies uit land-
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