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Abstract Land ocean silica fluxes pass estuaries.

Recent data suggest that the isotopic composition of

dissolved silica (DSi) is not altered during this

transition. This could have major implication for the

oceanic isotopic silicon cycle. To improve our

knowledge about isotopic Si cycling in estuaries we

investigate the silicon isotopic composition (d30Si) of
DSi of the Elbe Estuary and for the first time of tidal

marsh areas. DSi concentrations in the tidal marshes

were generally higher during seepage phase than

during bulk phase. Negligible tidal variation in d30Si
(1.71 ± 0.08–1.87 ± 0.13 %) occurred in the fresh-

water marsh. In the brackish marsh d30Si was higher
during the seepage phase than during the bulk phase,

with highest noted values being[2.78 ± 0.11 %. In

the salt marsh, seepage water had lower d30Si than
bulk water over a total range of 1.81 ± 0.03–2.62 ±

0.02 %. In the estuary in October, DSi concentrations

in the freshwater zone were diminished through

removal by diatoms. The d30Si of DSi increased from

1.43 ± 0.11 to 2.33 ± 0.08 %. In December, DSi

concentrations increased along the estuary through

lateral input from tributaries and tidal marshes. d30Si
values in the freshwater and brackish zones were

lower than in October. The most notable changes in

d30Si occurred in the tidal freshwater zone of the

estuary. This underscores that this zone modulates the

delivery of reactive silica from land to sea. If true for

other systems estuarine transformation would sig-

nificantly contribute to the long term control of the

silicon isotopic composition of the ocean.

Keywords Silicon isotopes � d30Si � Dissolved
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Introduction

The average silicon isotopic composition (d30Si) of

seawater largely represents the balance between inputs

from continental weathering (*68 %), delivered

mainly by rivers and high and low temperature

weathering of oceanic crust (*27 %) (Tréguer and

De La Rocha 2013). Groundwater also plays an

important role of Si delivery to the oceans (Georg et al.
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2009), its full extent however cannot be assessed at the

moment, due to the lack of data. The oceans have an

average d30Si (around?1 %), which is much closer to

typical riverine values (?0.5–?2 %) than to the

values of mid-ocean ridge basalt (-0.4 %) or dis-

solved silicon (DSi) emitted by axial deep sea

hydrothermal vents, suggesting the much greater input

of continental Si than that from oceanic crust (Tréguer

and De La Rocha 2013). However, there are severe

weaknesses in both our elemental and isotopic budget

for Si in the ocean, meaning that there is considerable

uncertainty in these estimates. For example, we have

only rough estimates for how much riverine DSi is

removed in estuaries and therefore never enter the

ocean (Michalopoulos and Aller 2004; Tréguer et al.

1995; Tréguer and De La Rocha 2013) and virtually no

knowledge to what extent the estuarine Si cycling

alters the d30Si of reactive silica before it reaches the
sea.

Estuaries serve as the interface through which

solutes and reactive solids [e.g., clays and biogenic

silica (BSi)] must pass during their transfer from the

terrestrial biogeosphere to the ocean if delivered via

rivers. These estuaries are complex environments,

showing stark river to ocean gradients in turbidity,

salinity, and pH (Bianchi 2007). Through colloid

formation, scavenging, reverse weathering, and the

production and sedimentation of biogenic materials,

significant quantities of river borne solutes are

retained in estuaries (Bianchi 2007), diminishing the

input of these salts to seawater. Likewise, dissolution

of estuarine materials (i.e., plant matter, suspended

particles, or material in sediments) may at times serve

as a source of solutes to the estuary, and ultimately, the

ocean, for example, as shown experimentally for silica

(Carbonnel et al. 2009; Pastuszak et al. 2008; Yamada

and D’Elia 1984).

The Si cycling in estuaries and its effect on the

elemental and isotopic Si fluxes are not well under-

stood, and this is especially true with respect to the Si

isotopes. In estuarine environments, the elemental Si

flux towards the sea and its isotopic composition can

be altered by various processes, such as DSi uptake

and BSi production by diatoms (De La Rocha et al.

1997; Sun et al. 2013), the dissolution of BSi

(phytoliths and diatom frustules) of terrestrial and

aquatic origin (Demarest et al. 2009; Loucaides et al.

2008; Pastuszak et al. 2008; Yamada and D’Elia

1984), reverse weathering processes (Delstanche et al.

2009; Michalopoulos and Aller 2004; Presti and

Michalopoulos 2008; Sun et al. 2014; Wetzel et al.

2014) that remove DSi during the production of clay

minerals from precursors such as BSi, and the lateral

input of DSi from tidal marsh areas (Struyf et al. 2006;

Vieillard et al. 2011; Weiss et al. 2013).

So far there exist few d30Si data from estuarine

environments. One dataset, from the tropical Tana

River Estuary, Kenya (Hughes et al. 2012), showed

that the d30Si signal was not altered along the salinity

gradient of the estuary, but followed conservative

mixing. Similar behavior has been observed in the San

Francisco Bay Estuary at a time of the year when DSi

concentrations were also conservative (De La Rocha

et al. 2011). Another recent dataset covers the

tributaries and the tidal freshwater part of the Scheldt

River, Belgium (Delvaux et al. 2013). This study

showed that the d30Si signal in the tidal freshwater part
of the estuary was altered by diatom blooms in

summer. In winter the signal in the tidal river was best

explained by conservative mixing with tributaries.

Further variations in the d30Si values were attributed

to differences in land use and lithology on the sub

basin scale.

To our knowledge, there are no other published

studies of the behavior of silicon isotopes in estuaries.

This general lack of data hinders the improvement of

our understanding of the silica cycle in the land ocean

transition zone that likely controls both the flux and

isotopic composition of terrestrial Si into the ocean.

To close this gap, we present here a study of d30Si of
DSi in the temperate Elbe Estuary, Germany. The data

include for the first time the lateral boundary of the

estuary, i.e., tidal marshes and also provides for the

first time seasonal data from such areas and from the

estuary itself.

Materials and methods

Study area

The Elbe River has the fourth largest river basin in

central Europe and drains an area of approximately

148,000 km2. The mean annual long term discharge at

the gauging station of Neu Darchau (536.4 km) is

704 m3 s-1 (average of years 1900–2011). Winter and

spring discharge is higher than 700 m3 s-1 with the

long term maximum of 1080 m3 s-1 in April (Kempe
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1992). The Elbe’s tidal Estuary is located in northern

Germany and drains into the German Bight, North Sea

(Fig. 1). It is a mesotidal coastal plain estuary with a

maximum tidal range of 3.6 m at the Hamburg

harbour. The 142 km long estuary can be divided into

a freshwater, a brackish water and a saltwater stretch

(Fig. 1). See Amann et al. (2012) for additional

details.

Due to its importance as a seaway, the shipping

channel has been deepened to the current depth of

14.9 m. The waterside has also been heavily altered by

dyke construction, which led to the loss of *55 % of

dyke foreland during the last century, minimizing the

area of tidal wetlands (UVU 1997, unpublished data,

available at www.portal-tideelbe.de). Roughly 79 km2

of dyke foreland in the estuary remain (Fig. 1).

Marsh sampling locations

Samples were taken at three locations along the

estuarine salinity gradient (Fig. 1). The freshwater

sampling took place in the Haseldorfer Marsch

(9�33.12500E, 53�39.11600N; 657 km). The tidal range

at this point is 3.1 m with a mean high tide of 1.8 m

above sea level (m.a.s.l. according to German height

reference system, Potsdam level; BSH 2010). The

marsh surface lies about 2.1 m.a.s.l. Inundation occurs

only during high spring tides and storm surges. The

sampling creek drains an area of 0.171 km2. Dominant

vegetation (see Table 1 for details on vegetation

cover) on the marsh surface are Phalaris aru-

dinaceae/Glyceria maxima and Phragmites australis

reeds. An artificial pond, which lies 1.6 m.a.s.l. and

which is connected to the main drainage creek, is

covered with Typha sp.

The brackish marsh site is located at the Neufelder

Marsch (9�1047.20900E 53�5408.07300N, 703 km) at the

beginning of the estuarine mouth. The tidal range at

this point is 2.9 m with a mean high water of

1.5 m.a.s.l. (BSH 2010). The marsh surface has an

elevation of 2.0 m.a.s.l. Only during spring tides the

marsh surface can be inundated. The area is mainly
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Fig. 1 Overview of tidal marsh and estuarine sampling locations in the Elbe Estuary
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covered by P. australis (45 %) and Elymus athericus

(15 %). The sampling creek drains an area of

0.167 km2.

The salt marsh sampling took place in the

Dieksanderkoog (8�52055.67400E 53�58026.24200N,
713.5 km) at the mouth of the estuary. The sampling

site has an area of 0.568 km2 and is divided by the

sampling creek. The northern part of the area is grazed

by sheep while the southern part was abandoned in

1990 and is no longer grazed. Vegetation on the

northern side is dominated by Festuca rubra, the

southern side by E. athericus meadow. The marsh

surface has a mean elevation of 2.1 m.a.s.l. The tidal

range in this area is 2.9 m with a mean high tide at

1.6 m.a.s.l. (BSH 2010). Even at spring tide most of

the area is not inundated.

For a more detailed description of the sampling

locations please refer to Weiss et al. (2013).

Sampling

Estuarine samples

Silicon isotope samples of the Elbe Estuary were taken

with a Niskin bottle approximately 1 m below the

surface during cruises along the main axis of the Elbe

Estuary on 11 October 2011 and 11 December 2011.

Temperature, pH, dissolved oxygen (DO) and salinity

were measured with a handheld sensor (pH, tem-

perature: Metrohm pH 827, Primatrode 6.0228.020 or

Aquatrode 6.0257.000; salinity and oxygen: WTW

350i ConOX) in a subsample. Isotope samples were

filtered through 0.45 lm polycarbonate (PC) filters

(Sartorius) and stored in acid cleaned opaque plastic

bottles at room temperature until analysis.

Tidal marsh samples

Samples were taken in the main creek of the sampling

area on 18 May, 7 July, and 11 November 2011 at the

brackish marsh, to cover seasonal variation, where the

variability of DSi concentrations throughout the year

was highest (Weiss et al. 2013). At the freshwater

marsh and salt marsh samples were taken on 24 and 30

November 2011, respectively. For 7–12 h surface

water samples were taken every hour with a plastic

bottle attached to a telescoping pole to cover the

seepage and the bulk phase of the tidal cycle. The

seepage phase is the time during ebb tide when the

water level in the creek is very low (\10 cm). The

Table 1 Summary of the characteristics of the three salinity classes in which the sampling sites were located

Sampling sites Salinity classes Elbe (km) Salinitya Area (km2) Dominant vegetationb, c Areal proportion (%)

Fresh Limnic 638–680 \0.5 40.58 Phragmites australis 37

Trees/scrubs 30

Mixed grassland 27

Brackish Mixo-mesohaline 680–705 5–18 20.68 Mixed grassland 41

Phragmites australis 17

Salt meadow 15

Saline Mixo-mesohaline/euhaline 705–721 5–30 17.90 Festuca rubra 22

Elymus athericus 20

Puccinella maritima 14

Spartina anglica 13

Total 79.16

For each salinity class possible salinity range is given as well as the dominant vegetation type of each zone. The area is the total area

of the salinity class in the Elbe Estuary (see Fig. 1). Note that the species resolution of the saline sampling site is higher, because

different vegetation maps were used
a Salinity characterization was taken from UVU (1997), Chap. 4, Table 4.2 (http://www.portal-tideelbe.de/Projekte/FRA1999/

Antragsunterlagen/UVU/Kartenband/index.html)
b Data for the zones between Elbe 638 and 705 km were taken from the vegetation map ‘‘Biotopenkartierung 2006’’, Zentrales

Datenmanagement der WSD Nord, www.portaltideelbe.de, May 2011. Data for the saline site were taken from the vegetation map

‘‘Salzwiesenkartierung 2006/2007’’, LKN-Schleswig-Holstein/Nationalparkverwaltung
c Italicised species names are wetland grasses
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water is a mixture of soil pore water and infiltrated

estuarine water (depending on previous flooding). The

bulk phase is the period of time where estuarine water

is flowing in or out of the tidal creeks in great volume.

In the first sample the physical parameters pH,

temperature, DO and salinity were measured with a

handheld sensor (same sensors named in ‘‘Estuarine

samples’’ section). Afterwards the isotope samples

were taken, filled into acid cleaned plastic bottles and

stored in a cool-box. In the laboratory, each sample

was vacuum filtered through a 0.45 lm PC filter

(Sartorius). The filtrate was stored in acid cleaned

plastic bottles at 4 �C in the dark until analysis.

The DSi concentrations in the estuarine and tidal

marsh samples were measured using standard colori-

metric techniques (Strickland and Parsons 1972).

Si isotopes

All work described here was carried out using high

purity (Merck Suprapur�) acids, deionized distilled

water (18.2 MX cm), and acid-cleaned labware

(PTFE and LDPE).

DSi was precipitated from the samples applying the

triethylamine molybdate (TEA-Moly) method as de-

scribed in De La Rocha et al. (1996). Firstly, the DSi

was precipitated overnight following the addition of

the acidified TEA-Moly solution to the sample. The

precipitate was collected by filtration onto a 0.6 lm
PC filter. The filter plus precipitate were then

combusted in a muffle furnace using platinum cru-

cibles. The samples were first brought to 500 �C for 2

h to remove organic compounds. The temperature was

then increased to 1000 �Cwhere it was held for 10 h to

volatilize the molybdenum, leaving behind relatively

pure silica (SiO2).

This silica was then dissolved in 40 %HF to yield a

final Si concentration of 229.9 mM (i.e., 4 lmol Si in

17.4 lL). When dissolution was complete, samples

were diluted to 518.3 lM Si and loaded onto ion

exchange columns filled with AG 1-X8 resin (100–200

mesh; Eichrom) following the protocol outlined in

Engström et al. (2006) and utilized previously in the

lab (De La Rocha et al. 2011). A solution of 95 mM

HCl plus 23 mMHFwas used to elute matrix elements

while Si eluted with a solution of 0.14 M HNO3 plus

5.6 mM HF.

Silicon isotope abundances in the samples were

measured using a Neptune multi-collector inductively

coupled plasma mass spectrometer (Thermo Scien-

tific). Samples were diluted with 0.16 M nitric acid to

71.2 lM Si and sample and standard beam intensities

and HF concentrations (*1 mM HF) were matched

within 10 %. The standards used were NBS28 and a

laboratory working standard of 99.995 % pure silica

sand (Alfa Aesar). A final concentration of 4.1 lM
magnesium was added to the samples and the

standards to allow monitoring of mass fractionation

during the isotopic measurements. For each measure-

ment, beam intensities at masses 25 and 26 (Mg), and

28, 29, and 30 (Si) in dynamic mode were monitored

for 1 block of 25 cycles of 8 s integrations.

Samples were first corrected for mass bias within

the mass spectrometer using the deviation of the

measured magnesium isotope ratio from its expected

value (see Cardinal et al. 2003; De La Rocha et al.

2011 for details). Samples and standards were mea-

sured sequentially such that each sample was brack-

eted by a pair of measurements of a standard, with thus

two samples measurements and three standard mea-

surements making up one final number for a sample.

Data are reported in delta notation relative to NBS28:

dxSi ð&Þ ¼ Rsam � Rstd

Rstd

� 103; ð1Þ

where dxSi is d29Si or d30Si, and Rsam and Rstd are the
29Si/28Si (for d29Si) or the 30Si/28Si (for d30Si) of the
sample and standard.

The precision for individual measurements of d30Si
was generally ±0.04 % (1r SD) on d30Si. The long

term precision (also 1r), including the column

chemistry, was ±0.07 %, based on 22 separate

samples of the standard measured between 6 July

2009 and 1 September 2010. Both the backgrounds

during analysis and the procedural blanks were

normally less than 1 % of the sample signal. Final

values obtained fell along the mass dependent frac-

tionation line expected for silicon of d30Si = 1.93(d29-

Si) (ESM Fig. 1).

Results

Tidal marsh areas

DSi concentrations in the main channels of the tidal

marshes were notably higher during the seepage phase

than during the bulk phase of the tide (Fig. 2). The
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effect was least in the freshwater marsh, with the bulk

phase concentrations averaging 202 ± 3 lM (i.e., the

average ± SD of all samples in the bulk phase of the

tidal cycle) compared to the 297 ± 10 lM average of

the highest concentrations during the seepage phase.

In the brackish marsh, the bulk phase concentrations

were generally \100 lM (the exact value differed

with the sampling month, being lowest in May), while

the maximal seepage phase concentrations ranged

from roughly 300 to 460 lM. Similarly, in the salt

marsh the lowest bulk phase concentrations were

\100 lM while the one maximal seepage phase

sample had a concentration of 534 lM. These results

indicate that all of the marshes were serving as a

source of DSi to the main channel.

The d30Si values of samples from the tidal marshes

fell between 1.71 ± 0.08 and 3.18 ± 0.05 % (Fig. 2)

and showed different tidal signals at each sampling

location. In the freshwater marsh, d30Si values were
similar during the seepage and the bulk phase, with the

five samples measured yielding an average of

1.74 ± 0.08 % (Fig. 2). In the brackish marsh the

seepage phase values were always higher than the bulk

values, with the average d30Si observed during the

seepage phase being 2.97 ± 0.22 % in May and

2.69 ± 0.12 % in November, compared to average

bulk phase values of 2.09 ± 0.09 % in May and

2.21 ± 0.28 % in November. These results further

suggest that the values of d30Si of DSi input from

seepage are seasonally variable. In the salt marsh the

pattern was reversed. Bulk phase d30Si values

(2.52 ± 0.11 % at the lowest DSi concentrations)

were higher than the one sample from the seepage

phase (1.81 ± 0.03 % at 534 lM DSi).

Because both DSi concentrations and d30Si differed
between bulk and seepage phases, at most of the sites

Fig. 2 DSi concentrations, d30Si values, and salinities at the fresh, brackish, and salt marsh sampling sites. DSi concentrations were

highest during seepage phase and lowest during bulk phase. Error bars on the d30Si data points represent 1r SD of duplicate analyses
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distinct correlations existed between d30Si and DSi

concentrations (Fig. 3). A positive correlation was

present at the brackish marsh (Pearson’s r2 = 0.63,

p\ 0.0001) while at the salt marsh the values were

negatively correlated (Pearson’s r2 = 0.64,

p\ 0.0001). At the freshwater marsh no correlation

was found (Pearson’s r2 = 0.09, p = 0.61).

Estuarine transects

Physical and chemical parameters

The monthly mean Elbe discharge, calculated from

daily mean discharge values at the gauging station at

Neu Darchau, during sampling was slightly lower in

October (543 ± 71 m3 s-1) than in December

(572 ± 155 m3 s-1; ESM Fig. 2). The same pattern

held for the discharge on the sampling days them-

selves of 419 m3 s-1 (October) and 472 m3 s-1

(December). Likewise, the mean temperature of the

estuary differed between October (10.4 �C) and De-

cember (4.0 �C).
Beyond these differences, the physical and general

chemical conditions [e.g., salinity, DO saturation, pH,

and concentrations of suspended particulate matter

(SPM)] along the Elbe Estuary sampling transect were

relatively similar between the two cruises (Fig. 4c–f).

During both cruises, salinity was negligible upstream

of 679 km, increasing only from 0.4 to 0.6 between

609 and 679 km. From 689 km onwards (mixing

zone), the estuary became increasingly brackish due to

the increased influx of seawater, with salinities

increasing to maximum of 17.7 in October and 19.4

in December towards the ocean end of the estuary

(Fig. 4c). In December, the salinity decreased between

719 and 724 km due to the turning of the tidal phase

from ebb tide to flood tide during the sampling. This

change of the tidal flow direction was accompanied by

the sampling of less saline water with higher (i.e. more

river-like) DSi concentration (Fig. 4b).

DSi concentrations and d30Si

In general, during both the October and December

sampling cruises, DSi concentrations decreased down-

stream through the estuary (Figs. 5, 6), with varying

starting points of the decrease. In October, DSi

concentrations decreased from 164 lM at the furthest

upstream station (609 km, S = 0.4) down to 52 lM at

the most oceanward station (724 km, S = 17.8;

Fig. 5b). In December, DSi concentrations initially

increased, rising from 185 lM at 609 km (S = 0.4) to

a maximum of 203 lM at 669 km (S = 0.6). Follow-

ing this, DSi concentrations decreased, reaching

86 lM at the highest salinity (719 km, S = 19.4).

In contrast to DSi concentrations, the d30Si of DSi
generally increased downstream in the estuary along

the sampling transect (Fig. 4a). The overall average

d30Si of the upstream freshwater endmember (the

average of stations from 609 to 624 km) was

1.52 ± 0.15 % (n = 6), corresponding to an average

of 1.61 ± 0.16 % (n = 3) in October when DSi

averaged 164 ± 1 lM and of 1.42 ± 0.06 % (n = 3)

in December when the DSi concentration at these

stations averaged 187 ± 2 lM. In contrast, the higher

salinity stations (S C 1) had an average d30Si of

2.20 ± 0.14 % (n = 4) in October and of

1.87 ± 0.23 % (n = 5) in December. At most sta-

tions, the d30Si of DSi was lower in December than in

October.

Discussion

Behavior of d30Si in tidal marshes

DSi present in the tidal marsh channels during the

seepage phase contains DSi from the porewaters of the

marsh sediments. These porewaters represent waters

of different origin that have been (previously and

Fig. 3 d30Si as a function of DSi concentrations in freshwater

marsh (squares), brackish marsh (circles), and salt marsh

(triangles) samples. Black symbols seepage samples, white

symbols bulk samples. Error bars are 1r SD
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afterwards) subject to any of a numerous set of

biogeochemical processes. Isotope fractionation up-

stream, downstream, and within the marshes com-

bined with mixing control the d30Si of the porewaters
at any given time.

Figure 7 provides visual guidance for the discus-

sion of the isotopic silica cycling in the tidal marsh

areas in ‘‘The potential influence of hydrology’’ and

‘‘The potential influence of silica cycling within the

marshes and marsh soils’’ sections and offers a rough

overview of the factors influencing the isotopic Si

cycle in tidal marshes.

The potential influence of hydrology

The Elbe Estuary has a semidiurnal flooding regime

with two tides approximately every 25 h (BSH 2010).

Most high tides flood only the tidal creeks and do not

inundate the marsh surface. No infiltration of this

water occurs into the marsh soil because the hydraulic

pressure gradient between the soil and the creek allows

infiltration only if the inundation water level exceeds

the marsh surface (Gardner 2005a). However, inun-

dation of the marsh soil to this critical depths can occur

between September and March when storm surges

a d

b e

fc

Fig. 4 Physical and

chemical parameters along

the Elbe Estuary during the

October (filled circles) and

December (open circles)

cruise: a d30Si, b DSi

concentration, c salinity,
d dissolved oxygen

saturation, e pH, and
f suspended matter

concentration. Error bars

for the d30Si values are 1r
SD. Elbe km denotes the

distance from the Czech

border
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flood the marsh. All other things being equal, such

infiltration should decrease the porewater concentra-

tion of DSi and shift its d30Si towards a ‘‘marine’’

direction and generally pump DSi out of the tidal

marsh with increased seepage discharges.

Ordinarily, the seepage water in the tidal marshes,

which drains into the tidal creek, is drawn from the

pool of soil porewater within several meters of the

edge of the tidal creek (Gardner 2005a). Because of

the constant drainage, this water has shorter turnover

times than the soil porewater in the center of the marsh

and thus, one might predict a lower DSi concentration

and a less extreme isotopic composition.

The hydrological conditions of the sampling site at

the time of sampling is the likely reason that, unlike in

the brackish and salt marshes, the d30Si of the seepage
sample (1.71 ± 0.08 %) in the freshwater marsh did

not differ from those of samples taken during the bulk

phase (average = 1.80 ± 0.07 %; n = 4). The seep-

age sample consisted mainly of bulk phase water that

had infiltrated into the marsh soil during flooding in

the days and hours prior to sampling. In this case,

hydrology would be considered the dominant factor

affecting d30Si of seepage at the freshwater site.
The freshwater marsh soil has higher saturated water

conductivity than the soils of the other two marshes

(UVU1997, unpublished data, available atwww.portal-

tideelbe.de) and was flooded on three consecutive days

(26th–28th November) prior to the sampling day (30th

November) and in the hours immediately preceding

sampling. The inundation depth of the marsh surface

was 0.50–1.7 m. Under these conditions, infiltration of

the overlyingwater into themarsh soil is known to occur

(Fischer 1994; Gardner 2005a, b), replacing porewaters

with water from the overlying flood. As a result of this

infiltration of water into the soil, the water discharge out

of the marsh during the seepage phase was much higher

than on days without prior flooding (ESM Fig. 3). This

sponge effect of marsh soil soaking up infiltration water

and then releasing the excess during seepage has also

been reported by another study of tidal marshes in the

GermanWaddenSeaNational Park (Müller et al. 2013).

However, we would not expect hydrology to be con-

trolling the d30Si of seepage out of the brackishmarsh or

the salt marsh as they did not experience inundation

during the 68–70 days prior to sampling. It is unsur-

prising, then, that the d30Si of the seepage phase in these
twomarshes is both higher than in the freshwater marsh

and quite different from the values during the bulk phase

of the tide.

The potential influence of silica cycling

within the marshes and marsh soils

Assuming that the d30Si of DSi in the tidal creeks at the
end of the seepage phase approaches the d30Si of the

Fig. 5 a DSi and b d30Si as a function of salinity during the

October (filled circles) and December (open circles) cruise.

Inverse red and blue triangles represent DSi and d30Si values
from conservative mixing from the October and December

cruise, respectively.Errors bars are 1r SD. (Color figure online)

continuous input
pure rayleigh

Fig. 6 Isotope fractionation during DSi removal along the

October cruise transect. Squares represent the measured d30Si
signal of DSi between 609 and 679 km, the error bars represent

1r SD. The lines show the theoretical evolution of d30Si under
continuous input and Rayleigh distillation models. The average

DSi concentration and d30Si value of 609–624 km (n = 3) was

used for the starting conditions

Biogeochemistry (2015) 124:61–79 69

123

http://www.portal-tideelbe.de
http://www.portal-tideelbe.de


tidal marsh porewaters, the generally elevated d30Si of
the creeks of the brackish marsh during the seepage

phase suggest that the porewaters contain DSi with

d30Si of at least 2.6 % to more than 3 % (Fig. 2). The

d30Si values of up to 3.2 % measured during the

seepage phase of the brackish marsh, if accepted as

reflecting the marsh soil solution, would be the highest

reported so far for soil solutions, which generally

range from -1.1 to 2.1 % (Opfergelt and Delmelle

2012). To put these valuesC3 % into an even broader

perspective, they sit at the upper end of those reported

for rivers, lakes, groundwater, and the ocean, which

generally range from 0.5 to *3.5 % (Alleman et al.

2005; Cardinal et al. 2010; De La Rocha et al. 2000;

Ding et al. 2004, 2011; Ehlert et al. 2012; Fontorbe

et al. 2013; Georg et al. 2006, 2009; Hughes et al.

2012; Opfergelt et al. 2011; Reynolds et al. 2006; Sun

et al. 2013; Varela et al. 2004).

Mineral weathering and other biogeochemical cy-

cling of silicon in soils strongly affects the d30Si of DSi
in the soil porewaters (soil solutions). This can be due

to the dissolution of solid phases which may have very

particular isotopic compositions. In addition, frac-

tionation of silicon isotopes may occur during many

reactions, such as the dissolution of primary silicate

minerals, the precipitation or dissolution of secondary

DSi

Plant BSi

Diatom BSi

Soil BSi

Al/Fe-oxides

Water import

Dissolu�on

Uptake Deposi�on

Desorp�onAdsorp�on

Uptake

Sediment import (Lithogenic Si / BSi)

Lithogenic Si

Deposi�on

+/-

+/-

+

+/-

+ -

Root system

Increases Al/Fe-oxide availability

+

Plant community type
- Growth height
- Growth rate
- Decomposi�on rate
- Li�er deposi�on rate
- Phytolith solubility
- Transpira�on rate

?
Phragmites australisElymus athericus

0.5 m

2-4 m

1

2
+/-
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Fig. 7 Schematic of factors and processes influencing the

isotopic Si cycle in the tidal marsh areas of the Elbe Estuary. The

upper panel 1 visualizes the morphological differences of an

Elymus athericus salt marsh and the Phragmites australis

freshwater and brackish marsh. The double headed arrows

indicate typical growth heights of the species. Listed are factors

that may influence the isotopic Si cycling in the marsh. The

lower panel 2 shows the processes and factors that were

discussed throughout ‘‘The potential influence of hydrology’’–

‘‘Isotope fractionation associated with net removal of DSi in

October’’ sections and their influence on the isotopic signature

of the soil porewater DSi (red box). The ‘‘?’’ indicates an

enrichment of 30Si in the porewater, the ‘‘-’’ a depletion of 30Si.

The ‘‘?/-’’ indicates that the direction of change in the d30Si
value of the soil porewater DSi can either have an decreasing or

increasing effect on the d30Si value, depending on factors like

the d30Si value of imported sediments or phytoliths of plant

matter. (Color figure online)
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minerals, and net removal of silicic acid (Si(OH)4) to

solid phases or exchange between silicic acid and

minerals such as clays, oxy-hydroxides, and amor-

phous (usually biogenic) silica (Basile-Doelsch 2006;

Michalopoulos and Aller 2004; Opfergelt and Del-

melle 2012; Ziegler et al. 2005). Additionally, frac-

tionation of silicon isotopes during the uptake of DSi to

form BSi by plants that produce silica phytoliths

(Opfergelt et al. 2006), and by silicifying microorgan-

isms (including but not limited to diatoms) could also

affect the d30Si of the porewaters and the seepagewater
in the tidal creeks (e.g. De La Rocha et al. 1997; Ding

et al. 2005). The fractionation effects associated with

BSi dissolution are still not fully understood. Demarest

et al. (2009) found discrimination against heavy

isotopes, while Wetzel et al. (2014) found no dissolu-

tion effect at all. Sun et al. (2014) found a fractionation

effect at the early stage of dissolution only in the DSi,

which d30Si signal decreased by -0.86 %. Roughly

speaking, precipitation of secondary minerals and

biogenic phases increases the d30Si of the DSi while

dissolution of themdecreases it for the reasons outlined

above. The initial effects of these processes on the

d30Si of the fluids can be augmented by successive

dissolution/precipitation or adsorption/desorption cy-

cles (Opfergelt and Delmelle 2012). Finally, soil

hydrology also plays its part, due to its influence on

the mixing of different water masses with potentially

quite distinct d30Si values.
Given the d30Si values during seepage in the

brackish marsh elevated are above the d30Si values
found in the estuary (1.3–2.2 %, excluding the two

most extreme data points), silica cycling in this tidal

marsh or within the soils themselves has had the

general effect of increasing the d30Si in the porewa-

ters. This could reflect a greater extent of removal of

DSi to abiotic and/or biogenic solid phases (a

possibility, which is not excluded by the concentra-

tions of DSi in the seepage waters of more than

300 lM). Alternatively, it might indicate adsorption

reactions, which favor the retention of the lighter

isotope over the heavier one on the surface of the solid

phase. Or it may suggest that dissolving solids (clays,

BSi) have a relatively high d30Si. We consider these

possibilities below.

The potential influence of marsh vegetation Silicon

cycling in tidal marshes is strongly influenced by

vegetation (Struyf and Conley 2009, 2011; Struyf et al.

2005, 2006, 2007). It is likely that the cycling of

silicon isotopes through tidal marshes is also heavily

affected by vegetation.

Monocots (such as grasses) favour the incorpora-

tion of lighter silicon isotopes over the heavier ones

during the uptake of DSi and production of silica

phytoliths, as shown for banana (Opfergelt et al.

2006), bamboo (Ding et al. 2008b), rice (Ding et al.

2005, 2008a), wheat, and corn (Ziegler et al. 2005).

Fractionation of Si isotopes for the overall process of

DSi uptake, transport within the plant, and phytolith

precipitation appears similar for these species, with a

value of about -1 % (n.b.: similar also to what is

known for silica biomineralization by diatoms).

Tidal marshes are grassland ecosystems dominated

by species such as P. australis, E. athericus, Typha

spp., Spartina spp. and P. arudinaceae, which all are

species known for their accumulation of silica (Raven

2003). In these plants, a portion of the DSi taken up

through the roots is precipitated in a controlled fashion

as BSi in specific, taxonomically-distinct bodies

known as phytoliths (Kaufman et al. 1981). Silicon

isotopes are fractionated during this process, resulting

in silica phytoliths with a d30Si that is lower than the

DSi available to the plants (Ding et al. 2005, 2008a, b;

Opfergelt et al. 2006). The BSi content of tidal wetland

plants can reach values of about 70 mg g-1 dry

weight, which is comparable to that of rice (Struyf and

Conley 2009, electronic supplemental material), and

thus represents a considerable (and dynamic) reservoir

of silicon in tidal marsh systems (Struyf et al. 2005).

The common reed, P. australis, a significant species

in tidal marshes, in particular contains up to 10 wt-%

BSi (Struyf et al. 2009, electronic supplement mate-

rial). The storage of BSi in P. australis in a tidal

freshwater marsh in the Scheldt Estuary, Belgium,

alone accounted for 90 % of all BSi found in

vegetation in the marsh (Struyf and Conley 2009).

This BSi is several orders of magnitude more soluble

than clay minerals, primary mafic silicates, and

feldspars (Fraysse et al. 2009) and as a result it has

short turnover times compared to other particulate

silica components of soils. For example, it has been

shown for a tidal freshwater marsh that 50 % of the

BSi in litter of P. australis was dissolved after only

20 days and 98 % dissolved within the space of a year

under typical conditions for the marsh (Struyf et al.

2007). In this particular marsh the reed decomposition

was accountable for 40 % of the marsh DSi export.
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Through their removal of DSi from marsh soils and

their production of phytoliths with a relatively low

d30Si, P. australis and other marsh plants have the

potential to create high d30Si values in the tidal marsh

soil solutions. The uptake of DSi and production of

phytoliths and their associated isotope fractionation

would increase the d30Si of the DSi remaining behind

in the soil solution. This would be especially true

during times of the year when the plants are most

actively growing, increasing the size of the low d30Si
phytolith reservoir within a marsh. During times of the

year when dissolution of these phytoliths (e.g., from

plant litter) is greater than their production, however,

recycling of the phytolith silicon would likely lower

the d30Si of DSi, if not in the soil solutions, than in the
overlying waters of the marshes.

However, isotopically speaking, the recycling of

phytoliths is a complex issue. Due to the successive

increase of d30Si of the unreacted pool of DSi as it

moves upwards from the roots, the d30Si of phytoliths
in lower parts of the plant (for P. australis, this would

be in the stem) should be lower than in the ones

produced in the leaves and seeds (as shown for rice in

the laboratory and observed in the field in bamboo and

rice by Ding et al. (2008a). As phytoliths in the stems

are retained within the plant for significantly longer

than those in leaves or seeds, recycling of Si from

phytoliths should predominantly favor the dissolution

of phytoliths of higher d30Si, allowing the plants to

serve as a slightly longer lived sink of low d30Si
phytoliths. This could contribute to the d30Si enrich-
ment of the soil porewaters and help to explain the

high values observed in the brackish marsh.

The lower d30Si values during the seepage phase at
the salt marsh compared to the brackish marsh in

November could indicate a weaker influence of the

vegetation on the isotopic composition in the seepage

water. While in the brackish marsh a tall growing

species (P. australis) dominates, which is known for

its high transpiration rates and high BSi contents, the

salt marsh is dominated by E. athericus. This grass

does not grow stems as high as P. australis does, but

forms a dense leaf cover of 0.3–0.5 m in height, with

high potential for self-shading. Lower BSi contents

compared to P. australis (Weiss et al. 2012, Table 4),

may indicate differences in Si uptake rates, possibly

due to the self-shading effect (see Fig. 7 for a

comparison of these two plant communities). Addi-

tionally, the growth form of E. athericus would

decrease the phytolith retention time in the plant after

the vegetation period. Due to the lack of understanding

of the inputs and outputs of BSi and DSi and their

respective d30Si values, as well as a lack of knowledge
of the hydrology of the main creeks catchment, this

explanation is very speculative. Future studies are

needed to improve our process understanding of

different plant communities on the isotopic Si cycle.

The potential effects of adsorption and desorption of

DSi onto oxides Adsorption of DSi onto iron (Fe;

Delstanche et al. 2009) and aluminum (Al; Oelze et al.

2014) oxides is accompanied by isotopic fractionation

and could be an important part of the silica cycling in

marshes. Lighter isotopes are preferentially adsorbed,

driving an increase in the d30Si of DSi. For Fe oxides
the adsorption is pH dependant and reaches its

maximum around pH 9 (e.g., Hiemstra et al. 2007;

Jones and Handreck 1963). Al oxides are twice as

effective as iron oxides at adsorbing Si (Jones and

Handreck 1963).

The redox state of tidal marsh soils and therefore

the availability of Fe oxides are governed by hydro-

logical and biogeochemical factors, which interact in a

complex way. For example, on the one hand, inunda-

tion reduces the oxygen availability due to the low

oxygen diffusion in water compared to a porous

medium like a well-drained soil (c.f. Mitsch and

Gosselink 1993, p. 120), resulting in reducing condi-

tions favoring the formation of iron sulphides. On the

other hand, infrequent flooding paired with low

precipitation and high temperatures cause the drying

of the marsh soil and can even cause desiccation

cracks, allowing atmospheric oxygen to penetrate into

the soil. As a result, the oxidation of Fe sulphides to Fe

oxides is favored. Furthermore, the formation of Fe

oxides is regulated by plants, via the effect of root

aeration on the availability of poorly crystalline Fe for

microbial Fe reduction (Weiss et al. 2004). As the

fractionation factor related to absorption on Fe oxides

is positively related to their crystallinity (Delstanche

et al. 2009), the presence of plants may decrease the

influence of adsorption on the d30Si of DSi in the soil

porewater.

It can be assumed that the factors, which increase

the availability of Fe oxides in the marsh soil are more

prevalent in warmer months (i.e., May and July, but

not November), because at those times conditions

favor processes responsible for oxygenation of the soil
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(dense vegetation cover, better soil drainage, desicca-

tion cracks) and thus oxidation of Fe. Hence, the

influence of adsorption on d30Si values of the marsh

porewater in the November samples from all marshes

was most likely small. However, detailed studies are

needed to quantify the effect of the adsorption/

desorption process on the d30Si of DSi in pore and

seepage waters in tidal marshes.

Elbe Estuary

These d30Si values represent the first values measured

for the Elbe Estuary and only the third dataset from

estuarine systems (Delvaux et al. 2013; Hughes et al.

2012). As such, they provide some of our first insights

into the influence of the estuarine transition on the

d30Si of DSi delivered from the continents (via rivers)

to the sea. The d30Si data from both the October and

December estuary transects, during which the d30Si of
DSi increased downstream by 0.4–0.6 % show that the

d30Si that enters the estuary can be altered by processes
occurring in the estuary. This is something, whichmust

be taken into account in silicon isotopic budgets for the

ocean and how the average d30Si of seawater might

change over time. For example, Georg et al. (2006)

showed that a small offset of?0.2 % from the average

riverine d30Si of 1.0 % would change the average

continental input significantly from 0.8 to 0.98 % and

therefore change the Si isotopic input into the oceans

(DeLaRocha andBickle 2005;Georg et al. 2006). This

is especially important for estuaries because they are

features of transgressive sealevels (and are thus not a

continuously present feature of continental shorelines;

Dalrymple and Choi 2007). Due to transgression in the

20 kyr since the Last Glacial Maximum, for example,

the present day is marked by a considerably above

average number of estuaries compared to much of the

geologic past (Kennett 1982). Globally, the Elbe

Estuary might not be of significance for the Si cycle,

because important rivers and their estuaries (in terms

of Si delivery to the ocean) are located in the tropics

and subtropics (Beusen et al. 2009; Dürr et al. 2011;

Hartmann et al. 2010). Therefore future studies should

focus on these locations. However, it is a good

representation for temperate European estuaries, due

to similar biogeochemical properties, which are shared

with the Thames Estuary (Tinsley 1998), Delaware

Estuary (Sharp 2010; Sharp et al. 1982), and the

Scheldt Estuary (Soetaert et al. 2006) and as such a

good starting point to study the isotopic silica dynam-

ics in estuaries.

Isotope fractionation associated with net removal

of DSi in October

A shift in the isotopic composition of a reservoir (e.g.,

DSi in the estuary) induced by a removal process (e.g.,

BSi production) that fractionates isotope ratios is often

described using either of two simple models: The

Rayleigh model for distillation of isotope ratios within

a system where the DSi output (i.e., BSi production) is

much lower than the DSi input, and the continuous

input model where input and removal processes are of

similar magnitude (also called the closed and the open

system model, respectively):

Rayleigh: d30Si ¼ d30Si0 þ eðlnðfÞÞ; ð2Þ

Continuous input: d30Si ¼ d30Si0�eð1� fÞ; ð3Þ

where f is the fraction of DSi remaining at the

cessation of uptake, and d30Si0 is the silicon isotopic

composition of the initial DSi source. The d30Si0 used
in this study represented the average of the highest

upstream sampling stations 609, 619, and 624 km of

the October cruise. Finally, e is the Si fractionation

factor for diatoms relative to DSi expressed in permil.

Using the continuous input model, which would

represent a situation where DSi was put into the

estuary continuously along the flow path from the

sides or sediments, as well as coming from upstream,

the e estimated was-2.0 % (Fig. 6). For the Rayleigh

distillation model, which would represent a system,

where the only source of DSi was from upstream, the

estimated e was -1.8 %.

These values compare well to other estimates of

silicon isotope fractionation by diatoms. For example,

several authors have examined fractionation by indi-

vidual marine diatom species in laboratory ex-

periments, yielding results that ranged from -0.54 to

-2.1 % (De LaRocha et al. 1997;Milligan et al. 2004;

Sutton et al. 2013). In productive marine environments

fractionation of silicon isotopes during diatom growth

has been estimated fromdepth profiles ofDSi and d30Si
to be roughly-1.1 % (De La Rocha and Bickle 2005;

Fripiat et al. 2011). Isotope fractionation associated

with DSi removal by natural freshwater diatom

assemblages has also been estimated at -1.1 to

-1.6 % (Alleman et al. 2005; Sun et al. 2013).
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The distribution of DSi along the estuary

measured during the October transect (Fig. 4b) is

comparable to those from monitoring data mea-

sured in October in 1992–2009 (FGG Elbe 2012).

For example, the main feature of the DSi concen-

trations along the October transect is their sharp

decline beginning around 640 km (Fig. 4b). Ten out

of the 15 years of monitoring datasets also show a

distinct decrease of DSi concentrations after

640 km. This autumn drawdown of DSi concentra-

tions is thus a common occurrence in the Elbe

Estuary. Simple dilution can be ruled out as a

cause due to concentrations of DSi in the tributaries

feeding into the main channel of the estuary being

higher year round than in the main channel itself

(Amann et al. 2014). Diatom production and

adsorption are two processes that could be respon-

sible for the observed DSi concentration decrease.

The net DSi loss in the freshwater zone (calculated

from the difference between the DSi concentrations at

639 and 679 km and the water volume of this zone)

totals 28.55 kmol DSi. Although DSi uptake and BSi

production by diatoms in the Elbe Estuary was not

measured, it is possible to roughly estimate the rates of

DSi uptake by extrapolating from rates of primary

production (numbers were rounded the first decimal).

Rates of primary production by pelagic phytoplankton

in the maximum turbidity zone of Elbe Estuary

measured in April were reported as 1.7–4.2 mmol C

m-2 day-1 (Goosen et al. 1999). Diatoms represent

50–95 % of the phytoplankton population in the Elbe

Estuary (Wolfstein and Kies 1995). Taking 50 % as a

conservative estimate for this calculation the diatoma-

ceous rate of primary production would be

0.85–2.1 mmol C m-2 day-1. Assuming further, that

the primary production rates are higher in April than in

October due to the physiological state of the phyto-

plankton community, this estimate is most likely an

overestimation of the diatomaceous primary produc-

tion in October. Primary production rates can be

converted into DSi uptake rates by assuming a molar

Si:C ratio of 0.4. This value represents the minimum

value (average-SD = 0.79–0.43, rounded to 0.4;

Sicko-Goad et al. 1984 as cited in Conley et al.

1989) of 12 freshwater diatom species. The resulting

rates of DSi uptake could be then multiplied with the

surface area of the DSi loss zone (63.42 km2 between

639 and 679 km, only deep water and the shipping

channel considered) to yield a total DSi uptake in this

zone of 2.0–5.1 kmol Si day-1. Under these condi-

tions, the total DSi loss of 28.55 kmol DSi between

639 and 679 km would be achievable in 5–14 days.

This is a reasonable number considering a mean water

residence time of about 16 days between 639 and

680 km under the prevailing discharge conditions

(Bergemann et al. 1996). Additionally, DSi uptake

could have taken place in the shallower, less turbid

side branches of the estuary, where light is less

limiting to phytoplankton growth than in the main

stream (Kerner 2007). However, supplemental data of

NO�
3 and PO3�

4 concentrations (ESM Fig. 4), taken at

the same cruise, showed, that the DSi decrease was not

accompanied by a stoichiometric decrease of these

nutrients, as would be expected during phytoplankton

production. Nitrate concentrations decreased by

13 lM (from an initial concentration of 132 lM)

between 660 and 680 km, which is 20 km downstream

of the onset of the DSi decrease. PO4
3- concentrations

did not change in the zone of DSi decrease. It is

therefore not obvious that diatomaceous BSi produc-

tion have caused the decrease of DSi concentrations.

One alternative is that the DSi concentrations

decreased along the transect due to adsorption of Si

onto SPM in the estuary. In October (as in December)

SPM concentrations began to increase notably from

639 km and showed maximal values generally be-

tween 659 and 679 km before tailing off over the rest

of the transect (Fig. 4f). The mineral phase of

suspended matter in the Elbe Estuary consists of

mainly silt \20 lm (70 wt%) and clay \2 lm (30

wt%) (Schwedhelm et al. 1988). At a weight fraction

of 50 %, illite is the dominant mineral in the 2–20 lm
fraction followed by kaolinite and chlorite at *20 %

each. The clay fraction\2 lm also consists of illite

(*45 wt%), kaolinite (*20 wt%) and chlorite (*10

wt%), but also contains *20 wt% smectite (Schwed-

helm et al. 1988), the formation of which from such

precursor clay minerals would have removed some

DSi from solution. The SPM composition has thus the

prerequisites for DSi adsorption onto aluminum oxide

surfaces of the clay minerals.

Assuming the removal of DSi is solely due to the

adsorption of DSi onto clay mineral surfaces, the

adsorption capacity of the SPM must be as high as

309 mmol kg-1 to account for the loss of 28.55 kmol

Si, assuming an average SPM concentration of

161.6 mg L-1 between 639 and 679 km. This value
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exceeds all adsorption capacity measurements that

have made for metal ions (e.g., Manning and Goldberg

1996) or DSi (Delstanche et al. 2009) on clay minerals

by at least three orders of magnitude. To come close to

the adsorption capacity cited in the literature, the SPM

concentration in this zone would have to have been

[1000 mg L-1. These values do occur in nature in

fluid mud systems like in the Gironde Estuary (Abril

et al. 2000). SPM concentrations in the Elbe Estuary

rarely exceed 300 mg L-1 (FGG Elbe 2012) in the

surface water but can be up to six times higher near the

sediment (Goosen et al. 1999). Adsorption on sedi-

ment particles is thus most likely not the main cause

for the decline of DSi concentrations and the increase

of d30Si values in the freshwater part of the estuary, but
may be—in concert with diatom uptake—responsible

for the observed variations. It is also worth noting that

similarly high (if not higher) SPM concentrations

during the December transect did not result in a clear,

sustained increase in d30Si in this zone (Fig. 4f).

In conclusion we can say that our data does not

allow for an identification of the main cause for DSi

decrease. It is most likely that neither diatom BSi

production nor adsorption are the sole processes that

induce the changes of d30Si in the complex biogeo-

chemical setup of the estuary but an interplay of

multiple factors cause the observed pattern.

Whatever process removed DSi in this stretch of the

Elbe Estuary, the overall isotope fractionation associ-

ated with it, as calculated from these two simple

models, was -1.8 to -2.0 %.

As shown by this dataset the interplay of multiple

processes involved in the estuarine Si cycle and the

complex spatio-temporal patterns of estuarine biogeo-

chemical cycling prevents an straight forward identi-

fication and description of the cause of DSi

concentration changes. Better experimental setups

and sampling strategies of future studies are needed to

describe the estuarine isotopic silica cycle in the Elbe

Estuary and other estuaries around the world. This is

an important task because up to date riverine d30Si
values are used in modeling studies concerning the

oceanic isotopic Si cycle. Special focus should be laid

on tropical estuaries and volcanic islands as these are

the hot spots for DSi delivery to the ocean (Beusen

et al. 2009; Dürr et al. 2011; Hartmann et al. 2010).

The lack of comparable DSi decrease and d30Si
increase in December

The distribution of DSi in the Elbe Estuary during

December, with concentrations increasing until rough-

ly 669 km (when increasing salinities indicated dilu-

tion with seawater) was typical for this time of year as

shown by monitoring data from 1992 to 2009 (FGG

Elbe 2012). Increasing water residence time with

distance downstream paired with lateral DSi input

from tidal marshes (Weiss et al. 2013) and tributaries

(Amann et al. 2014) (ESM Fig. 4) could have led to

the observed increase in DSi along the estuary up to

this point. Additionally, high rates of organic matter

remineralisation in the maximum turbidity zone could

have enhanced rates of BSi dissolution in this zone (by

stripping the silica of its protective organic matter

cover; Bidle 1999; Bidle and Azam 2001) and thus

also contributed to the increase in DSi concentration.

However, the low water temperatures in December

(4 �C) would have minimized rates of silica dissolu-

tion as they are highly temperature dependent (Ka-

matani 1982), making the contribution of BSi

dissolution to the increasing DSi concentrations in

this zone most likely minimal.

In terms of d30Si over the entire freshwater region

(609–679 km) of the estuary in December, the values,

while slightly noisy, do not show systematic variation.

Excluding the anomalously low value of 0.92 %,

d30Si over this part of the transect averages

1.39 ± 0.11 % (n = 6). This closely matches the

value measured for the most upstream station

(609 km) in October (1.43 ± 0.11 %), the station

prior to the drop in DSi concentration and increase in

d30Si associated with the autumn growth of diatoms in

the estuary (see ‘‘Isotope fractionation associated with

net removal of DSi in October’’ section). As such, it

may represent the general ‘‘riverine’’ value of d30Si
input into the Elbe Estuary.

As DSi is mixed conservatively with water from the

German Bight the high d30Si values measured at

720 km suggest that the d30Si values in the German

Bight are higher than the average seawater. This may

be caused by the water exchange of the Wadden Sea

and the sediment itself, as the German Bight is not

very deep. It is known that DSi is exported from the
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Wadden Sea back barrier areas (Grunwald et al. 2010)

is derived from porewater of the tidal flats. There, the

d30Si values of this water could have been increased

by adsorption processes and clay formation, resulting

in higher d30Si values than normally observed in

offshore seawater. This, however, remains speculative

because d30Si data from the Wadden Sea area are

currently missing.

Conclusions

Silica cycling in the Elbe Estuary alters the silicon

isotopic composition of DSi being transported through

it to the ocean, especially during times of the year of

most likely biological net DSi removal. This finding is

new and of key importance to the long term control of

the silicon isotopic composition of the ocean. It

underlines the importance of estuaries in modulating

the delivery of reactive silica from the continents to

the ocean. The most notable changes in d30Si occurred
in the tidal freshwater zone of the Elbe Estuary, which

highlights the significance of this zone for biogeo-

chemical transformations of silica in tidal estuaries.

On a global scale estuaries could thus be able to

significantly change the riverine Si isotopic input into

the oceans and exert a major influence on the whole

oceanic d30Si signal.
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