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Abstract Si fluxes from the continents to the ocean

are a key element of the global Si cycle. Due to the

ability of coastal ecosystems to process and retain Si,

the ‘coastal filter’ has the potential to alter Si fluxes at

a global scale. Coastal zones are diverse systems,

sensitive to local environmental changes, where Si

cycling is currently poorly understood. Here, we

present the first palaeoenvironmental study of estuar-

ine biogenic silica (BSi) fluxes and silicon isotope

ratios in diatoms (d30Sidiatom) using hand-picked

diatom frustules in two sediment cores (CBdist and

CBprox) from the Chesapeake Bay covering the last

12000 and 8000 years, respectively. Constrained by

the well-understood Holocene evolution of the

Chesapeake Bay, we interpret variations in Si cycling

in the context of local climate, vegetation and land use

changes. d30Sidiatom varies between ? 0.8 and

? 1.7% in both sediment cores. A Si mass balance

for the Chesapeake Bay suggests much higher rates of

Si retention (* 90%) within the system than seen in

other coastal systems. BSi fluxes for both sediment

cores co-vary with periods of sea level rise (between

9500 and 7500 a BP) and enhanced erosion due to

deforestation (between 250 and 50 a BP). However,

differences in d30Sidiatom and BSi flux between the

sites emphasize the importance of the seawater/

freshwater mixing ratios and locally variable Si inputs

from the catchment. Further, we interpret variations in

d30Sidiatom and the increase in BSi fluxes observed

since European settlement (* 250 a BP) to reflect a

growing human influence on the Si cycle in the

Chesapeake Bay. Thereby, land use change, especially

deforestation, in the catchment is likely the major

mechanism.

Keywords Diatoms � Estuarine sediments � Human

impact � Si isotopes

Introduction

Silicon (Si) is the second most abundant element in the

Earth’s crust (28%) and is coupled to the global carbon

cycle (Berner 1992). On geological timescales, the
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weathering of silicate minerals consumes atmospheric

CO2 by generating bicarbonate (Walker et al. 1981)

which subsequently precipitates as carbonate minerals

in the ocean. Diatoms—siliceous phytoplankton—

play a major role in the uptake and transport of carbon

in the water column and its sequestration in marine

sediments (the ‘biological pump’) (Honjo et al. 2008).

In the last decades, multiple studies have examined

the impact of climate and ecosystem changes on the

terrestrial and marine Si cycles (Conley et al. 2008;

Struyf et al. 2009). Frings et al. (2016) summarized

potential changes to the ocean Si budget since the Last

Glacial Maximum (LGM, ca. 21 ka BP). These

include variations in the river dissolved Si (DSi) and

particulate Si (PSi) fluxes due to changes in the

continental Si cycle, the dust flux and weathering

rates. An imbalance between the best estimates of the

sources and sinks in the ocean Si budget serves to

highlight our poor understanding of transition zones

between the terrestrial and oceanic realms (Tréguer

and De La Rocha 2013; Frings et al. 2016). In these

zones, the nature and magnitude of Si delivered to the

ocean can be altered (Dürr et al. 2011), but it is unclear

where and by how much. We can reduce this

knowledge gap by identifying and quantifying the

processes controlling the removal, retention or recy-

cling of Si in coastal zones.

Si isotopes

Silicon isotope ratios (expressed as d30Si) are a

powerful tool for the analysis of shifts in Si budgets

in response to climate and vegetation changes (Leng

et al. 2009; Sun et al. 2011; Frings et al. 2014b, 2016).

The distribution of the three stable isotopes of Si (28Si,
29Si and 30Si) changes subtly due to isotope fraction-

ation induced by a variety of processes, including

weathering, clay formation or Si utilization by terres-

trial plants and aquatic organisms (notably diatoms,

but also radiolarians and sponges). Diatoms are the

dominant silicifying organism in many aquatic sys-

tems, and discriminate against the heavier isotopes of

silicon during the production of their frustules, with a

fractionation of approximately – 1.1% (De la Rocha

et al. 1997). This preferential uptake of the lighter 28Si

leaves their environment correspondingly enriched in

the heavier 30Si. Mass balance models require that the

silicon isotope ratios of both diatom silica (d30Sidiatom)
and the residual dissolved Si (d30Sidiss) vary

systematically as a function of the degree of conver-

sion of dissolved Si to diatom silica (Varela et al.

2004), forming the basis of d30Sidiatom as a palaeo-

productivity proxy.

This interpretation of d30Sidiatom assumes a constant

(or at least known) d30Sidiss of the source Si. This

assumption has been challenged even in the open

ocean over millennial timescales (Frings et al. 2016).

In more dynamic coastal zones, it is almost certainly

invalid. Here, d30Sidiss can vary depending on a suite

of upstream processes determining Si export from

terrestrial sources, and can subsequently be modified

by DSi utilization by diatoms. To deconvolve the two

competing influences on d30Sidiatom, an independent

constraint on diatom production would be useful. This

could be achieved though the determination of

biogenic Si (BSi) fluxes as a proxy for diatom

production. These fluxes are influenced by various

parameters, controlling diatom production like nutri-

ent inputs, salinity and pH in the euphotic zone and

those that control diatom frustule deposition and

recycling rates like the composition of the food web,

water pH, and oxygen conditions in the deeper water

layers (Sun et al. 2014).

The flux of DSi transported to the ocean is

ultimately set by the weathering rate of silicate

minerals, but can be modified by changes in the

amount of Si stored in the terrestrial soil–plant system,

and the various ‘fluvial filters’ (including soil systems,

wetlands, estuaries) it must traverse before reaching

the ocean (Meybeck and Vörösmarty 2005; Struyf and

Conley 2012). These filters have been shown to alter Si

isotope ratios during the transport of Si from the initial

weathering process until its delivery to the ocean. In

estuaries Si utilization and deposition by diatoms most

likely reduces the river-ocean DSi flux. Reverse

weathering—the in situ formation of new aluminosil-

icate minerals—in coastal zone sediments can further

reduce the land–ocean Si flux (Krause et al. 2017;

Rahman et al. 2017). Estimates of global DSi fluxes

from terrestrial ecosystems to the oceans are on the

order of 7 9 1012 mol (Tmol a-1) (e.g. 6.3 Tmol Si

a-1 (Beusen et al. 2009) and 7.3 Tmol Si a-1 (439 Mt

a-1) (Tréguer and De La Rocha 2013)). Including

particulate Si (PSi) yields a total annual flux of 153

Tmol a-1 (9206Mt a-1) (with 6 Tmol DSi a-1 (371Mt

a-1) plus 147 Tmol PSi a-1 (8835 Mt a-1) (Dürr et al.

2011), though the common assumption is that this PSi

is relatively unreactive.
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The terrestrial Si cycle

Because plant uptake is one of the largest fluxes in the

global Si cycle (Conley 2002), terrestrial Si cycling is

strongly influenced by the local vegetation at a given

site. It might be expected to vary following e.g.

ecosystem succession or perturbations. Plants use Si to

produce phytoliths—microscopic amorphous silica

bodies that convey structural, physiological and

ecological benefits to the plant—but the usage changes

with vegetation type. For example, grasses and crop

species have an particularly high demand for Si (Carey

and Fulweiler 2012). When the plant dies, the

amorphous Si (ASi)—a biogenic form of Si, suscep-

tible to dissolution—is returned to the soil where it is

either dissolved, eroded or stored (Frings et al. 2014a).

The dissolved ASi can be further recycled by local

vegetation, or lost to the fluvial system. ASi will

accumulate in soils when its supply by litterfall

exceeds its dissolution and export rates (Struyf et al.

2010). In contrast, a decreasing Si supply (which

might be induced by vegetation change), can lead to

diminishing soil ASi pools. In general, ecosystem

disturbances tend to decrease the recycling of ASi, and

consequently increase Si export rates and decrease the

size of the soil ASi reservoir (Struyf et al. 2010;

Clymans et al. 2011).

Additional impacts on the terrestrial Si cycle are

caused by human activities (Struyf and Conley 2012;

Vandevenne et al. 2015). For example, it has been

shown that deforestation leads to an abrupt export of Si

from the ASi pool to the soil- and groundwater

(Conley et al. 2008; Vandevenne et al. 2015). d30Si
measurements of soil waters have revealed the impact

of changes in vegetation, land use and hydrology on

the terrestrial Si cycle (Vandevenne et al. 2015).

Diminished ASi storage in soil systems was attributed

to increasing Si harvest and erosion of surface soils. A

shift of d30Si towards heavier values can be linked to

the depletion in light isotopes in cultivated landscapes.

Vandevenne et al. (2015) further showed that BSi

dissolution and the release of light 28Si back to the soil,

is of minor importance in areas dominated by cropland

since the harvest of plants lead to lower recycling rates

at the vegetation-soil interface. Agriculture has been

found to increase the d30Sidiss in soil water, through the
harvest of crops containing low d30Si. This increase in
d30Sidiss is also visible at the river-basin scale (Del-

vaux et al. 2013). Moreover, anthropogenic processes

like damming, agriculture and fertilization (mainly

inputs of N and P) can decrease DSi fluxes. A body of

literature shows that riverine silicon isotopes faithfully

record these changes. For example, damming of the

Tana river triggered increased river d30Sidiss values

(Hughes et al. 2012) (Table 1).These studies provide a

conceptual and empirical framework with which to

relate changes in river d30Sidiss to catchment Si

cycling.

Si cycling in coastal zones

Due to their position between the terrestrial and

oceanic compartments of the global Si cycle, coastal

zone sediments are well suited to record an integrated

history of catchment Si cycling, providing information

on the effects of both natural environmental changes

and human activity. Coastal marine areas are among

the most productive ecosystems worldwide and often

have a long history of human disturbances (Jickells

1998). Nutrient replete conditions favor high produc-

tivity and typically, the dominance of diatoms.

Relatively short water residence times (from weeks

to months) make them sensitive to environmental

changes on geologically short timescales (Jickells

1998) that might be difficult to resolve in more

buffered ocean waters. Major Si inputs to coastal areas

are provided through terrestrial ecosystems trans-

ported via tributaries, groundwater flow and direct

overland flow (Laruelle et al. 2009; Tréguer and De La

Rocha 2013). The suite of climate and land use

parameters that together form terrestrial Si cycling

therefore determine d30Sidiss values in adjacent aquatic
ecosystems like rivers, lakes and estuaries (Hughes

et al. 2012).

Si cycling in estuaries

Observations of decreasing DSi concentrations in

freshwater ecosystems in response to eutrophication

(Conley et al. 1993) stimulated research on Si cycling

in coastal zones (Chou and Wollast 2006). However,

Si budgets in coastal areas are still relatively rare.

Mangalaa et al. (2017) identified four major factors

that influence the Si cycle in coastal zones:

(i) lithogenic supply through changing weathering

rates, (ii) diatom uptake related to population size and

composition, (iii) mixing ratios of sea water and

freshwater and (iv) land use changes (related to
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changes in vegetation, soil system and hydrology).

Further, reverse weathering was recently suggested to

enhance the preservation efficiency of Si in coastal

zones (Aller 2014; Frings et al. 2016). DSi concen-

trations along the salinity gradient have been inves-

tigated to better understand recent Si dynamics in

coastal areas (Dürr et al. 2011; Barão et al. 2015;

Mangalaa et al. 2017). A 14-year monitoring period in

the Rhode River sub-watersheds of the Chesapeake

Bay (hereafter ‘CB’) revealed inter-annual variations

in Si fluxes linked to precipitation changes and water

discharge (Correll et al. 2000). Dry winters were found

to cause low DSi discharge and subsequent Si

limitation in the Rhode River estuary (Correll et al.

Table 1 Summary of the hypothesized processes influencing d30Sidiatom in coastal ecosystems

Process

Enhanced 

Natural 

changes 

δ30Sidiatom

Water mixing 

Enhanced discharge and enhanced DSi transport to 
the coastal zone via rivers and ground water flows. 
Enhanced runoff and erosion of the Si soil pool.

Changes in uptake and export rates of Si in the 
terrestrial watershed larger export of soil stored ASi.

Si (DSi and PSi) in the water column. Marine waters
30Siwater. 

Hu
m

an
 im

pa
ct

pool in soils.

Land use 
changes

Crops have a high Si demand and leave the soil 
depleted in light Si isotopes. Harvest of crops 

phytoliths back to the soil system. 

Nutrient 
inputs

Damming Slows down the discharge rate and the flow speed 
of the tributaries which leads to more diatom 

the coastal zone.

Decrease in 
δ30Sidiatom

Decrease in 
δ30Sidiatom

Increase in 
δ30Sidiatom

Depending on the 
30Sidiatom

increase or decrease 

Decrease in 
δ30Sidiatom

Increase in 
δ30Sidiatom

Increase in 
δ30Sidiatom

Depending on the 
nutrient and 
foodweb: δ30Sidiatom
increase or decrease limited system).

High demands of Si by plants can reduce the Si 
released to tributaries, ground waters and coastal 
zones. 
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2000). Seasonality in DSi supply and uptake (through

diatoms in the dry season) along the pH and salinity

gradient in Indian estuaries highlight the importance

of freshwater/seawater mixing ratios on the Si cycle in

estuaries (Mangalaa et al. 2017). Additionally, land

use, especially agriculture, amplified the mobilization

and discharge of DSi from the watershed to the studied

estuaries. Overall, the potential of estuarine ecosys-

tems to modify the river Si flux is large, but poorly

understood.

Sediment records are indispensable to gain longer-

term perspectives on Si cycling in coastal ecosystems.

Ultimately, we want to be able to disentangle the

effects of changing DSi utilization by diatoms, Si

recycling rates in the water column and varying

sediment deposition rates. This study aims to constrain

the Si fluxes from continents to coastal environments

by identifying the major processes controlling the Si

budget in the CB based on biogenic silica (BSi)

accumulation rates and the silicon isotope composi-

tion of diatoms (d30Sidiatom) in two sediment cores

covering most of the Holocene. Their proximal and

distal location relative to the main tributary, the

Susquehanna River (Fig. 1), allows us to distinguish

terrestrial from oceanic influences on the local Si

cycle. High sediment organic matter (OM) and clay

contents and low BSi concentrations\ 10 wt% make

diatom extraction and purification challenging but

achievable via hand-picking of individual diatom

frustules. Previously published data were used to

reconstruct precipitation, nutrient input, diatom

assemblages, vegetation patterns and human activity,

which provide a comprehensive framework for the

interpretation of DSi fluxes in CB sediments (Cooper

1995; Cronin et al. 2005; Kemp et al. 2005; Willard

et al. 2015).

In this study we focus on vegetation change—both

natural and anthropogenic—as a process perturbing Si

cycling within the CB catchment. We hypothesize that

d30Sidiatom varies as a function of catchment vegeta-

tion changes and hydrology conditions (including

salinity changes and shifts of the main water mixing

zone) driven by influences of climate change and/or

human activity on d30Sidiss. Proposed processes are

summarized in Table 1.

Study site

The Chesapeake Bay (Fig. 1), located on the East

Coast of North America, is a large estuary with a

surface area of * 11,500 km2. The majority of the

bay is relatively shallow (mean water depth of 8 m),

but a deep channel in the center of the CB (up to 60 m

water depth) provides a variety of habitats for different

kinds of phytoplankton. Its 166,000 km2 catchment

includes numerous tributaries that supply around

60 km3 a-1 freshwater to the bay (D’Elia et al.

1983). Presently, the main tributary—the Susque-

hanna River—delivers more than 50% of the fresh-

water and creates brackish conditions (surface

salinity\ 5%) in the northern CB (Malone et al.

1996).

Located at the transition zone between the North

American continent and the Atlantic Ocean, the CB

and its catchment experience large variations in

nutrient inputs, sea level, vegetation, precipitation,

pH and salinity on seasonal to centennial time scales

10 MBSL

2 MBSL

Connection to 
North Atlantic 

20-60 MBSL

Sediment core
MD99-2209 
(CBprox)

Sediment core
MD99-2207 
(CBdist)

Susquehanna 
River discharge

Fig. 1 Chesapeake Bay with locations of sediment cores

MD99-2209 (CBprox, 38� 880 N, 76� 390 E) and MD99-2207

(CBdist, 38� 030 0500 N, 76� 210 4700 E) (Cronin et al. 2005)

123

Biogeochemistry (2019) 146:145–170 149



(Kemp et al. 2005). Local climate varies with the

North Atlantic Oscillation (NAO) (Hurrell 1995), with

positive NAO states leading to higher precipitation

primarily during winter (Vega et al. 1999; Cronin et al.

2005). Water mixing between freshwater and marine

water in the mesohaline center of the CB is important

for the distribution of nutrients in the estuary, includ-

ing Si and N (Brush 2009). Primary production in the

low salinity regions of the northern CB is generally

limited by light and phosphorus, and transitions to

nitrogen limitation in the higher salinity regions of the

CB (Malone et al. 1996; Fisher et al. 1999). Phyto-

plankton blooms in the CB main stem between

January and April are dominated by diatoms (*
56–80%). Main diatom taxa in the modern CB are

Skeletonema costatum and Cyclotella species (Hagy

et al. 2005; Marshall et al. 2006). S. costatum

dominates during the early part of the bloom, while

Cyclotella grows later in April/May. High primary

production leads to nutrient depletion (P and Si) in the

mid- and lower- CB at the end of the spring bloom

(April/May) (Conley and Malone 1992; Correll et al.

2000; Hagy et al. 2005).

Anoxic/hypoxic bottom waters during summer

have been observed in the CB since the 1950s.

Oxygen depletion in the mesohaline region during

spring and summer relates to freshwater discharges

and increased nutrient fluxes of N and P (Hagy et al.

2004).

Holocene development and summary of previous

work

The development of the CB since the LGM has been

driven by changes in climate, sea level and catchment

land use. Eustatic sea level rise of about 14 m between

9500 and 7500 a BP transformed the CB from a fluvial

deltaic system into an estuary, altering water chem-

istry and mixing conditions (Cronin et al. 2007).

Periods of increased sediment inputs from the water-

shed into the CB are connected with two major phases

of deforestation between 250 and 50 a BP (Pasternack

et al. 2001; Cronin and Vann 2003). A sixfold increase

in sediment accumulation associated with land clear-

ance around * 250 BP (Colman et al. 2002) reflects a

major perturbation to the watershed coincident with

European settlement. Increasing eutrophication, doc-

umented by N and P concentrations, led to a nearly or

completely anoxic condition in the bottom waters

during the last * 220 years, as indicated by the

preservation of laminated sediments in the northern

CB (Bratton et al. 2003b).

River discharge into CB is highly dependent on

regional precipitation and is therefore connected to

local and global climate variations (Cronin et al.

2005). Holocene precipitation estimates, based on

paleosalinities inferred from foraminiferal d13C and

d18O (Cronin et al. 2005) suggest drier conditions for

the Early Holocene (12000–5900 a BP) and wetter

conditions during the later Holocene (5900–250 a BP)

(Saenger et al. 2006). Pollen records from the CB

watershed demonstrate that catchment vegetation

varied during the Holocene and can be used to infer

climate and land use changes (Brush 2001). A shift

from Quercus (oak) to Pinus (pine) dominated vege-

tation around 6000 a BP has been linked to warmer

winter temperatures and increased humidity (Willard

et al. 2005). Increasing Ambrosia assemblages docu-

ment European settlement and large-scale agriculture

in the watershed since around 200 a BP (Willard et al.

2003). The CB watershed simultaneously changes

from a forested, freshwater-dominated site to a more

open ecosystem influenced by more saline waters

(Willard et al. 2005). Given the connections between

vegetation, Si (re)cycling and Si export rates from

soils outlined above, we expect to see coeval varia-

tions in Si cycling.

Holocene diatom assemblages in CB sediments

tend to be dominated by the centric species Cyclotella

caspia and Cyclotella striata (Cooper 1995) that are

tolerant of changes in environmental conditions like

salinity, temperature, water depth and nutrient inputs

(Van Dam et al. 1994; Cooper 1995). We found only a

few frustules of the more fragile S. costatum in the

sediment cores. Eutrophication and anoxia over the

last 250 years have led to decreased diatom diversity

since 1760 and an significant increase in c/p ratio since

1940 (centric (mostly planktonic) to pennate (mostly

benthic) diatom ratio) (Cooper and Brush 1993).

Materials and methods

Sediment cores (MD99-2207 and MD99-2209) were

retrieved during the MAGES V cruise of the Marion-

Dufresne in summer 1999 by the U.S. Geological

Survey (USGS) using a Calypso piston coring system.

Core MD99-2207 (38� 030 N, 76� 210 E, water depth:
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23.1 m) has a length of 2070 cm and core MD99-2209

(38� 880 N, 76� 390 E, water depth: 26.5 m) a length of

1720 cm (Fig. 1) (Colman et al. 2002). Sediment core

MD99-2209 (CBprox) is located proximal to the

Susquehanna River mouth and therefore predomi-

nantly influenced by freshwater discharge (modern

salinities between 10 and 12 PSU) (Colman et al.

2002) (Fig. 1). Sediment core MD99-2207 (CBdist) is

located distal to the Susquehanna River and is more

influenced by saline water (modern salinities between

15 and 18 PSU), due to its vicinity to the Atlantic

Ocean (Colman et al. 2002) (Fig. 1).

One cm thick samples were extracted from both

sediment cores every 10 cm for the more recent past

(CBprox: - 41 to 475 a BP; 10–390 cm; CBdist: - 37

to 3565 a BP; 10–500 cm) and every 20 cm (CBprox:

507–6729 a BP; 400–1600 cm; CBdist: 3942–12,352 a

BP; 528–2068 cm) for the remainder of the cores. The

temporal resolution of the samples varies between

both sediment cores and ranges from 2.5 to 1009 years

with a mean of 62 years in CBprox and from 2.3 to

665 years with a mean of 96 years in CBdist. One

reason for the large differences are the variable

sedimentation rates that range from 0.02 to 1 g cm-2

a-1 in CBprox and from 0.01 to 0.7 g cm-2 a-1 in

CBdist.

Chronology

The chronologies for both sediment cores are based on

previously published 210Pb, 137Cs and calibrated 14C

dates measured on mollusks and foraminifers, 29 14C

dates for core CBdist and 25
14C dates for CBprox, using

a reservoir age of 400 years (Cronin et al. 2000, 2003;

Colman et al. 2002). Linear interpolation between the

available dates was made to generate continuous age

models for both sediment cores. All ages are expressed

in cal a BP (i.e. years before AD 1950). Samples from

sediment core MD99-2207 covers the last * 12400

years and MD99-2209 reaches back to * 7600 a BP.

For further details on the chronologies, see Colman

et al. (2002).

Diatom preparation and d30Sidiatom measurements

Diatom frustules were extracted following Morley

et al. 2004. About 3 g of dry sediment was treated with

30 ml of 33% H2O2 and heated to 50 �C to remove the

organic matter. 5 ml of 5% HCl was added to remove

any carbonates. Heavy liquid separation using sodium

polytungstate at densities of 2.3, 2.2 and 2.1 g cm-3

removed the minerogenic fraction. To further separate

clays and divide the diatoms into different size

fractions, the samples were wet-sieved with 53 lm,

25 lm and 5 lm mesh sizes. After the visual inspec-

tion of all grain-size fractions between 300 and 400

centric diatoms from the genus Cyclotella were hand-

picked from the largest diatom fraction ([ 53 lm)

using a binocular microscope at 509magnification to

minimize contamination and potential species depen-

dent fractionation (i.e. ‘‘vital-effects’’) (Sutton et al.

2013). The investigation of only one genus provides

consistency in our isotope data reflecting the April/

May bloom periods and epilimnic water conditions.

The diatom frustules were dissolved in 0.5 ml

0.4 M NaOH before cation exchange chromatography

(Georg et al. 2006) to remove Na and any other

cationic contaminants. Analysis of column eluates by

ICP-OES did not reveal any contamination, with Si/Na

molar ratios always much greater than 25. Al was

always below detection limit. The final Si solutions as

well as the standards (NBS28, diatomite) were diluted

to 0.6 ppm Si in an 0.1 M HCl matrix and doped with

0.6 ppm Mg for mass-spectrometry. d30Sidiatom was

assessed on a Neptune MC-ICP-MS (multi collector

inductively coupled plasma mass spectrometer) using

matrix-matched sample-standard bracketing at the

German Research Centre for Geosciences Potsdam

(GFZ) following standard protocols (Oelze et al.

2016).

Mg isotopes were monitored in dynamic mode to

correct for instrumental mass bias following (Cardinal

et al. 2003). The corrected ratio of 30Si to 28Si is:

30Si
28Si

� �
corr

¼
30Si
28Si

� �
meas

�
30SiAM
28SiAM

� �fMg

where (30Si/28Si)meas is the measured value and

(30SiAM/
28SiAM) are the atomic masses of 30Si and

28Si. fMg was determined using the beam intensities on

masses 24 and 26. The Si isotope ratios are given

relative to the NBS28 standard. Three individual

bracketed measurements (standard-sample-standard)

were averaged for d30Si and d29Si, respectively:

d30Si ¼ Rsam

Rstd

� 1

� �
� 1000
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where Rsam and Rstd are the corrected ratios of
29Si and

30Si to 28Si. Drift of Mg peak for a subset (26) of

samples made conventional standard-sample bracket-

ing (SSB) the preferred option to correct for instru-

mental mass bias. The mean offset between SSB and

Mg-corrected ? SSB for the 48 other samples was

0.06 ± 0.07%. Figure 2 shows all 74 d30Sidiatom
samples used in this study in a three-isotope plot

d29Si vs. d30Si. The plot indicates the absence of

polyatomic interferences during mass spectrometry

because all samples fall on the expected mass

fractionation line (gradient = 0.5056) (Reynolds

et al. 2007). The secondary reference materials,

Diatomite and BHVO-2 were prepared and measured

throughout the same sessions. Analysis yielded values

of 1.25 ± 0.06% (n = 10) and - 0.30 ± 0.04%
(n = 3), respectively (2SD), in line with published

values (Reynolds et al. 2007; Savage et al. 2014).

Typical internal precisions of all samples were

B 0.05%. In this lab a long-term precision of 0.14%
(expressed as 2SD) was determined, which we use

here as our analytical uncertainty estimate, determined

through 133 measurements of reference material

BHVO-2 (Oelze et al. 2016). Signal intensities on

each of the isotopes resulting from instrumental

background and acid blanks were always\ 1% of

sample intensities.

Biogenic Si

The biogenic silica (BSi) concentration in CBdist and

CBprox sediments was determined using a sequential

alkaline extraction method (DeMaster 1981; Conley

and Schelske 2001). About 30 mg of dried and

homogenized sediment material was dissolved in

40 ml of 0.1 M Na2CO3 by shaking and heating at

85 �C for 5 h. A 1 ml aliquot was subsampled after 3,

4 and 5 h of reaction and neutralized with 9 ml

0.021 M HCl. The DSi concentrations of all samples

(n = 242) were determined colorimetrically with a

SmartChem 200 discrete chemical analyzer using the

molybdate-blue methodology (Eggimann et al. 1980).

Ascorbic acid was used as a reductant. The BSi

content was calculated by determining the intercept of

a least-squares regression between total extracted Si

Fig. 2 Three-isotope plot

(d29Si vs. d30Si) from CB

sediments covering all

measured diatom samples

from CBprox and CBdist.

Errorbars reflect

measurement uncertainties

(2r). The solid line

indicates the mass

fractionation line with a

gradient of 0.5
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and extraction time (Conley 1998; Sauer et al. 2006).

Additionally, 87 duplicates were measured (36% of all

samples) with an average standard deviation of 0.167

(CBprox: 0.104, CBdist: 0.212).

XRF

The elemental composition of 99 freeze-dried and

homogenized sediment samples was determined using

a Thermo Scientific Niton XL3t GOLDD ? X-ray

fluorescence analyser (ThermoFisher Scientific Inc.,

Waltham, MA, USA) at Lund University, Sweden set

to mining mode (Cu/Zn) for 180 s, detecting elements

in the range of Na to U. Titanium concentrations

(ppm) are presented here to provide additional infor-

mation on detrital input within the uppermost 400

(CBprox, * 507 a BP) and 500 (CBdist,* 4324 a BP)

cm of both sediment cores, respectively. Calibration of

the XRF device was performed against a soil standard

reference material (SRM 2709a San Joaquin Soil)

(Mackey et al. 2010).

Results

CBprox, d
30Sidiatom

d30Sidiatom in core CBprox varies between 0.84 and

1.74%, with a mean of 1.31% (Fig. 3a). d30Sidiatom is

relatively consistent at ca. 1.2%, with the exception of

low isotope ratios between 900 and 1440 cm sediment

depth (* 5800 and 6700 a BP) and values between

0.87 and 1.01% from 540 cm sediment depth

(* 1000 a BP) until the core top. The sediment

interval from 290 cm depth upwards (* 250 a BP) is

characterized by the greatest d30Sidiatom variability,

including the minimum and maximum values of the

record (Fig. 3a).

CBprox, BSi

BSi concentrations in CBprox vary between 2.29 and

6.28%, around a mean of 4.57% (Fig. 3a). An interval

of high BSi concentrations between 1655 and 855 cm

sediment depth (* 7000–5000 a BP) is followed by

lower values between 2 and 4% until 600 cm sediment

depth (* 1300 a BP). Greater variability in the

uppermost 525 cm (ca. 1000 years) accompanies a

higher sampling resolution. The BSi accumulation rate

ranges from 0.001 to 0.192 g cm-2 a-1 with a mean of

0.076 g cm-2 a-1. Two maxima in the mid Holocene

around 1285 cm (6500 a BP) and between 1440 and

1580 cm sediment depth (6700 and 6725 a BP) reach

0.119 and 0.192 g cm-2 a-1, respectively. At 760 cm

sediment depth (around 2000 a BP) the BSi flux

increases from around 0.006 to between 0.026 and

0.064 g cm-2 a-1 until 340 cm sediment depth (340 a

BP). A further sharp increase towards a BSi flux

maximum of 0.129 g cm-2 a-1 occurs at * 60 cm

sediment depth (8 a BP, CE 1942) (Fig. 3a).

CBdist, d
30Sidiatom

d30Sidiatom in sediment core CBdist varies between 0.84

and 1.68% with a mean of 1.29% (Fig. 3b). The Si

isotope record is relatively stable through most of the

core, with the exceptions of some values\ 1%
between 2048 and 1748 cm sediment depth

(12,350–11,720 a BP) and two positive excursions

around 950 (1.43%) and 620 cm (1.50%) sediment

depth (* 7300 and * 4700 a BP). d30Sidiatom vari-

ability with a higher resolution and values between

1.17 and 1.68% occurs above 165 cm core depth

(* 250 a BP) (Fig. 3b).

CBdist, BSi

BSi concentrations in CBdist vary between 0.81 and

4.11% around a mean of 1.92%. Relatively stable val-

ues throughout the sediment core precede an abrupt

increase around 240 cm sediment depth (680 a BP)

from 1.03 to 4.11%. The BSi flux varies between 0.001

and 0.067 g cm-2 a-1, with a mean flux of

0.015 g cm-2 a-1. Three maxima at around 888

(7000 a BP), 565 (4500 a BP) and in the topmost

165 cm (since 250 a BP) can be attributed to changes

in total sedimentation rates. A stepwise increase in BSi

flux from below 0.004 to 0.024 g cm-2 a-1 at * 180

cm sediment depth (314 a BP) is followed by a second

increase to 0.067 g cm-2 a-1 at 130 cm core depth

(* 134 a BP) (Fig. 3b).

123

154 Biogeochemistry (2019) 146:145–170



Table 2 Results of the mass balance calculation for the CB

based on DSi flux data (D’Elia et al. 1983) and BSi flux data

measured in sediment cores MD99-2207 and MD99-2209 in

Gmol a-1. Scenarios B to D describe modifications of the basic

mass balance considering specific input and output conditions

of the CB core locations
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Discussion

Mass balance: constraining the Si budget

in the modern CB

Si mass balances were calculated for the total CB

(surface area: 11500 km2) and the northern CB

(surface area 2300 km2) (Kemp et al. 2005). These

budgets are not intended to serve as a precise

calculation, but rather a quantitative estimation of

the Si cycle in the modern CB. These two separate

calculations serve to illustrate regional characteristics

of the bay. Furthermore, the northern CB is fed only by

the Susquehanna River, which simplifies the calcula-

tion. For the whole estuary, we use DSi fluxes of the

main tributaries (Susquehanna River 1.76 Gmol a-1,

James River 0.72 Gmol a-1, Potomac River 0.59 Gmol

a-1), as measured in CE 1982 (- 32 a BP) by D’Elia

et al. (1983) and an average BSi concentration (3.83

wt%) of both sediment cores at a depth of 10 cm

(approximately CE 1991 (- 41 a BP) in CBprox and

approximately CE 1987 (- 37 a BP) in CBdist). These

sediment BSi concentrations are similar to those found

by Cornwell et al. (1996) in the middle bay. For just

(A)

(B)

Fig. 4 a Dissolved Si

plotted against salinity in the

Chesapeake Bay during

April, May and June 1989

(- 39 a BP). Conservative

mixing line (dotted line)

using as end members the

mean DSi of tributary water

entering the bay during the

same time-slice and

assuming shelf water DSi

of * 2 lmol l-1 (D’Elia

et al. 1983). b Dissolved Si

plotted over time (year

1989,- 39 a BP). Data from

the Chesapeake Bay

monitoring program (https://

www.chesapeakebay.net/

what/downloads/cbpwater_

quality_database_1984_

present). Orange data points:

DSi in tributaries, blue data

points: DSi in the CB main

stem
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the northern oligohaline CB, we assumed that the main

source of the DSi is the Susquehanna River and use

only the BSi concentration from the upper 10 cm of

CBprox (Table 2).

The mass accumulation rate (MAR) for the calcu-

lation of the BSi fluxes was determined following

Ragueneau et al. (2001):

Jacc ¼ 1� /ð Þ � w � S � BSi ð1Þ

where w is the sediment density (2.6 g cm-3 (Colman

and Bratton 2003), S is the sedimentation rate

determined using the age model based on 14C dating

of CBdist and CBprox, and U is an average sediment

porosity of 0.95 (Colman et al. 2002).

The results of the mass balance calculation for the

CB estuary are shown in Table 2. In both cases, these

simple models suggest that much more Si is buried in

CB sediments than enters through rivers (319%;

scenario A, Table 2). This is also true when consid-

ering the northern CB separately (152%). We can rule

out a non-steady state explanation, since the total DSi

inventory of CB is less than the annual river flux. This

discrepancy, therefore, requires that we either under-

estimate the Si inputs or overestimate the BSi

deposition rate in the CB sediments.

Conley (1997) showed that BSi transported by the

Susquehanna River is equivalent to around 30% of the

DSi flux. If this fraction is representative of all major

CB river inputs, then the burial of BSi as a fraction of

total Si inputs decreases to 246% for the whole bay and

117%, for the northern section, respectively (scenario

B, Table 2). If we consider that groundwater—a non-

negligible flux in the global ocean Si budget—is also

important in the CB, this might explain some of the

discrepancy (Rahman et al. 2019). As previous studies

showed, groundwater contributes an additional max-

imum 40% of river DSi. Taking this value into

account, the burial of BSi relative to total inputs

decrease in our model further to 188% in the whole

bay and 89%, in the northern bay, respectively

(scenario C, Table 2) (Burnett et al. 2007; Niencheski

et al. 2007; Georg et al. 2009). In other words, even

with conservatively large estimates of the key but

unmonitored input fluxes, the supply of Si to CB

cannot account for its burial in the sediment.

Alternatively, our burial estimate may be biased

towards high values. The shape of the CB, with one

deep channel in the center, leads to uneven deposition

rates throughout the bay (Adelson et al. 2001). Kemp

et al. (2005) present hypsometric curves for the upper,

mid and lower bay that demonstrate that the deep

channel is only a small fraction of total area. The shape

of the bay favors sediment focusing from the slopes

into the deep parts. Since both sediment cores come

from the deep channel, an overestimation of BSi

accumulation rate is possible. Further, anoxic water

conditions in the deep channel may increase BSi re-

dissolution during summer (Villnäs et al. 2012; Siipola

et al. 2016), however, at the same time less bioturba-

tion would enhance the preservation of diatom frus-

tules in the sediments. Consequently the spatial

extrapolation to the whole bay area may cause an

Fig. 5 Steady-state model

explaining the influence of

d30Sidiss and BSi flux on the

d30Sidiatom signal in a system

with a steady supply of DSi.

Edited after Frings et al.

(2016). The Rayleigh

fractionation model

considering a finite pool of

reactant is not shown since

the difference in d30Sidiatom
is small and therefore

negligible

123

Biogeochemistry (2019) 146:145–170 157



overestimation of the calculated BSi flux in the mass

balance.

The calculation for the northern CB is further

biased by the arbitrary definition of the surface area. It

has been shown that due to two layer gravitational

circulation, bottom water undercurrents could trans-

port material from the central bay where the maximum

production occurs northward, creating the possibility

that a part of the BSi in CBprox was produced outside

and relocated to northern CB (Hagy et al. 2005).

Relatively high sedimentation rates and seasonal

anoxic bottom waters, as indicated by banded sedi-

ments in CBprox, also favor high diatom preservation

rates in the northern CB. To account for these issues

the BSi flux in the total and the northern CB the Si

output was arbitrarily reduced to 5.16 Gmol a-1 (50%

reduction) and 2.01 Gmol a-1 (75% reduction),

respectively in scenario D (Table 2).

Previous studies arrived at an average Si consump-

tion in estuaries of about 20% (calculated global

mean) e.g. Amazon River: 50%, Elbe River: 8%,

Yangtze River: 10-15%, Red River: 8.5% (DeMaster

2002; Zhang et al. 2007; Luu et al. 2012; Tréguer and

De La Rocha 2013; Amann et al. 2014). However, our

mass balance model suggests much greater retention

efficiency in the CB. Even considering the uncertain-

ties, an estimate of around 90% DSi retention is

plausible for CB, and is corroborated by the demon-

stration of DSi limitation (i.e. complete utilization) in

the CB (Correll et al. 2000). This is likely related to the

relatively long water residence time of 7.6 months

(Dettmann 2001; Du and Shen 2016) compared to

other estuaries (e.g. Guadalupe estuary; 1.07 months,

Deleware estuary: 3.3 months, all Danish estuar-

ies:\ 4 months) (Conley et al. 2000; Dettmann

2001) and thus lower flow velocity favoring relatively

high sedimentation rates.

A salinity-concentration plot for CB based on

monitoring data (chesapeakebay.net) (n = 1935) from

April to June 1989 (- 39 a BP), chosen to overlap with

the BSi data of the two sediment cores, represents the

peak growing season of Cyclotella and provides an

Fig. 6 Correlation-plot: BSi flux plotted against d30Sidiatom in CBdist (purple markers) and CBprox (green markers). Before European

settlement (filled cycles) and after European settlement (open squares). (Color figure online)
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independent line of evidence that Si retention in the

CB is high (Fig. 4a). The majority of the samples in

the main stem of the estuary (blue data points) fall well

below a conservative mixing line (Fig. 4a) indicating

active removal. Some samples above the conservative

mixing line might indicate re-dissolution of recycled

ASi in the water column, or local high DSi river

sources. Thus in the main stem most of the remaining

DSi is removed during the transport along the salinity

gradient of the bay with about * 2 lmol l-1 remain-

ing in the water column of the southern CB.

Plotted seasonally, the data show that DSi concen-

trations in the main stem are driven by seasonally

varying uptake and supply through the tributaries with

low DSi values in winter and spring (Fig. 4b). Low

DSi concentrations during the growth period of

Cyclotella favor the consumption of essentially all

available DSi. In this case, d30Sidiatom must reflect the

isotope ratio of the source waters.

A final line of evidence for the near complete

removal of DSi in the CB are the relatively high

d30Sidiatom values of 1.53% (CBprox) and 1.68%
(CBdist) in the top of both sediment cores i.e. around

1989 CE. It is commonly assumed that under condi-

tions of complete Si utilization, the diatom silica

would reflect the isotopic signature of the source water

(river water supplied through tributaries). Supporting

this, d30Sidiatom in both core-tops are in the range of

typical river water values (Frings et al. 2016).

Si isotope values measured in diatom frustules from

sediments are potentially controlled by three different

parameters: the Si isotope composition of the source Si

(supplied primarily through rivers and groundwater),

DSi utilization by diatoms (reflected by BSi flux to the

sediments) and the Si isotope fractionation as DSi is
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(A) CBprox
Fig. 7 Compilation of

datasets measured on CBprox

and CBdist through the

Holocene. a CBprox:

d13Cforam (Cronin et al.

2005), C/N ratio (Bratton

et al. 2003a), authigenic

Rhenium (ppb) (Bratton

et al. 2003b), d18Oforam and

d13Cforam (Cronin et al.

2005), sedimentation rate,

BSi flux, d30Sidiatom. Pine
pollen record (composite

from core MD99-2207 and

MD99-2209)(Willard et al.

2015). b CBdist: d
13Ctot

(Bratton et al. 2003a),

authigenic Rhenium

(Bratton et al. 2003b), C/N

ratio (Bratton et al. 2003a),

sedimentation rate, BSi flux,

d30Sidiatom. The green
shaded area indicates the

time period of the estuarine

development * 6000–7600

a BP (Cronin et al. 2007).

The blue shaded area

indicates a climate shift

towards wetter conditions

(5000 a BP). The grey

shaded area frames the time

since European settlement

(* 250 a BP). (Color

figure online)
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assimilated into the cells. Their influence on the final

d30Sidiatom is shown in Fig. 5, with DSi utilization on

the x-axis, initial d30Sidiss represented by the intercept
on the y-axis and the fractionation factor depicted by

epsilon (e). We minimized any effect of species-

specific fractionations by hand-picking diatoms from

the same diatom genus Cyclotella, and therefore

assume e to be constant, albeit uncertain. Thus for

the interpretation of our dataset we need only to

distinguish between changes in DSi supply and DSi

uptake. Since DSi utilization by diatoms can be

constrained by our measured BSi fluxes, a positive

correlation between d30Sidiatom and BSi flux would

indicate a production-control on the d30Sidiatom sys-

tem, i.e. moving along the x-axis of Fig. 5. Diatom

production can be altered by ecosystem changes (e.g.

salinity, pH, turbidity, N and P availability). In

contrast, an absence of correlation between d30Sidi-
atom and BSi flux would imply that d30Sidiatom is to

first-order controlled by the Si sources e.g. river

d30Sidiss, moving the y-axis intercept of Fig. 5. Two

processes in particular have the potential to change the

magnitude and/or isotopic composition of the supplied

DSi brought into the CB: climate shifts (e.g. more

precipitation might increase the DSi supply) and

vegetation changes (changes in terrestrial Si cycling

influences the d30Sidiss). To distinguish the different Si
sources is, however, challenging since there is not yet

a proxy for d30Sidiss.
In the following section, we will analyze the

variations in Si fluxes in the CB during the Holocene

to link BSi accumulation rates and isotope ratios to

environmental processes.

(B)Fig. 7 continued
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Long-term variability (Holocene)

Influence of climate variability between 12400

and 5000 a BP

It is assumed that nutrient fluxes are influenced by

climate (Meybeck and Vörösmarty 2005). In the CB

changes in Si cycling during the Holocene coincide

with sea level rise and vegetation shifts, supporting

this hypothesis (Fig. 7a, b). Since our d30Sidiatom
shows only a weak correlation (r2 = 0.2, p = 0.02)

with diatom productivity (BSi flux) (Fig. 6) we infer

that the influence of the river DSi flux must have had a

significant influence on the Si cycle in the CB.

Pollen data published for both CB sediment cores

imply a forested landscape dominated by Quercus und

Pinus in the Early- and Mid-Holocene (Willard et al.

2005). Ragweed and herb pollen appear at the time of

European settlement around 1700 CE (Brush 2009). In

general, the pre-anthropogenic forested landscape in

the CB catchment would have favored efficient Si

recycling rates at the vegetation-soil interface driven

by large uptake rates of DSi from the soils and a

release of Si from decaying plants. Enhanced decaying

of plants releases light 28Si back to the soil and results

in an ASi pool with a relatively light d30Si composi-

tion (Cornelis et al. 2010; Struyf et al. 2010; Vande-

venne et al. 2015). By implication the river Si fluxes

would be lower in magnitude and lighter in d30Sidiss.
d30Sidiatom in CBdist indicates an impact of fresh-

andmarine water mixing on d30Sidiss in the mesohaline

zone. Low d30Sidiatom (0.8–1%) in the early Holocene

can be explained by greater-than-modern river dis-

charge driven by meltwater generation from the

residual Laurentide ice-sheet (Willard et al. 2005).

The enhanced freshwater delivery would lead to an

increase in DSi flux to the CB, since discharge is

among the key drivers of silicate weathering rates

(Bluth and Kump 1994; Maher and Chamberlain

2014) and relatively more light DSi available for

diatom utilization. A lighter d30Sidiatom would be the

consequence (Cornelis et al. 2010). The increased BSi

flux corroborates the larger river Si discharge during

the early Holocene. The lack of correlation between

diatom production and d30Sidiatom shows the impor-

tance of d30Sidiss during that time.

Shortly after sea level rise in the CB the Si cycle

changes. The BSi accumulation rate in both sediment

cores increases between 7000 and 6000 a BP, in

particular in CBprox. This is probably linked to

additional nutrient supply (Si and N) from the newly

inundated areas (Fig. 7a). One would also expect an

enhanced residence time as the volume of the bay

increased, and thus less horizontal advection of

autochthonous BSi. The outcome could be greater

preservation of diatom frustules within the bay,

favored by slower flow-rates, less turbulence and

increasing water depth. Subsequently, maxima in

sedimentation rates are visible in both sediment cores.

Low d13Cforam values from this time have been

interpreted as indicating terrestrial C as the main

carbon source in CBprox (Fig. 7a) (Cronin et al. 2005).

However, it is conspicuous that after the period of

ecosystem change due to sea level rise, the BSi flux

returns to pre-event levels. This may be related to DSi

limitation and/or competition with other phytoplank-

ton groups, since the productivity as evidenced by

d13Ctot remains high in both sediment cores (Bratton

et al. 2003a). C/N ratios between 7 and 9 at both core

locations are relatively stable and suggest marine

based carbon as the dominant source, pointing to high

phytoplankton productivity (Kaushal and Binford

1999; Meyers and Lallier-Verges 1999) (Fig. 7a, b).

Differences between CBprox and CBdist are proba-

bly related to local processes. The proximity to the

Susquehanna River of CBprox implicates higher runoff

and nutrient supplies favoring productivity. Therefore,

any changes in salinity in the Early Holocene are

generally small and not recorded in the sediment. The

authigenic rhenium (Re) content, a proxy for salinity,

is relatively stable (Fig. 7a). Salinity at the distal core

location, however, increases abruptly around 7000 a

BP, coincident with enhanced productivity (higher

d13Ctot), which has previously been linked to increased

nutrient supply into the CB from the newly inundated

areas (Fig. 7b) (Bratton et al. 2003b). The increase in

sedimentary Re concentrations corroborate the grow-

ing influence of saline waters at CBdist following sea

level rise, since Re is a conservative trace element in

seawater with varying concentrations along the salin-

ity gradient (Bratton et al. 2003b). A shift of d13Ctot to

values[- 22% (Fig. 7b) at the same time implies

increasing productivity in the mesohaline region.

Simultaneously low variation in d30Sidiatom implies

that diatom productivity is not driving Si cycling in the

CB at that time. In a production controlled system the

Si isotopes would correlate with the BSi flux. The

simplest interpretation of the lack of correlation
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between d30Sidiatom and BSi flux would be complete

conversion of DSi by the diatoms. However, changes

in the water source (inferred by increasing Re amounts

in CBdist (Fig. 7b) mean we cannot rule out that the

d30Sidiss composition changed at the same time, which

could act to neutralize any effect of increased diatom

productivity on the frustule Si isotope ratio. Greater

influence of marine waters, with relatively high

d30Sidiss, could be overprinted by the release of Si

enriched in relatively light isotopes from the newly

flooded shoreline. The increased DSi utilization by

diatoms in the northern CB would further lead to an

increase of d30Sidiss at location CBdist. Superimposing

processes like precipitation, vegetation and water-

mixing conditions drive the Si isotope signal in

different directions and could reduce the individual

effects of diatom production and varying DSi supply

on the d30Sidiatom and lead to a relatively stable signal

(Table 1).

Enhanced BSi fluxes between 6800 and 6000 a BP

indicate increased diatom production correlated with

higher sedimentation rates. Two minima in d30Sidiatom
(0.8–0.9%) could be caused by the release of

relatively light Si from an additional Si source.

Possible sources could include the amorphous Si

(ASi) from soil pools in the newly-inundated water-

shed and ASi stored in plants (phytoliths), both

characterized by lighter isotopic signatures (Frings

et al. 2016). An increased supply of relatively light Si

in DSi fluxes would change the d30Sidiss in the bay

water and consequently in the diatoms.

It has been shown that increased export of DSi from

soil pools preferentially releases 28Si and lowers the

d30Sidiss of soil water in a terrestrial ecosystem

(Vandevenne et al. 2015). Locally enhanced erosion

in near-shore parts of the catchment due to sea level

rise and subsequent flooding could lead to the release

of Si stored in these pools. Additionally, a decrease in

secondary mineral formation rates would lead to a

lighter d30Sidiss signal since clay mineral formation

preferentially incorporates the lighter 28Si isotope

though the magnitude of fractionation and its mani-

festation both depend on clay mineralogy, which itself

reflects parent lithology, temperature, soil desilication

(Si depletion) and hydrology (Opfergelt et al. 2012).

It is perhaps surprising that there is no major

difference in the d30Sidiatom signal before and after sea

level rise (Fig. 7b). Changes in salinity—which would

have been particularly pronounced at the location of

CBdist—might be expected to result in distinct

d30Sidiatom changes. Superimposing processes and Si

sources could minimize this effect on the isotope

record. Enhanced transport of BSi from the northern

CB to the distal core site for example could modify the

isotope record at CBdist. Very low BSi concentrations

(B 2%) in parts of the sediment cores prohibited the

measurement of Si isotopes and make this question

challenging to answer.

Climate shift * 5000 a BP

A composite pollen record for sediment cores CBprox

and CBdist (Fig. 7b) shows a doubling of pine pollen

abundance in the CB watershed between 5500 and

4800 a BP (Willard et al. 2005). This was linked to

increasing winter temperatures and wetter conditions

since * 6000 a BP. Decreasing Re concentrations

and simultaneously increasing d13Ctot in CBdist indi-

cate decreasing salinities (i.e. greater river runoff) and

increasing productivity, supporting the interpretation

of a shift towards wetter conditions (Fig. 7b). We

observe a peak in BSi flux (around 4700 a BP) while

d30Sidiatom is relatively stable. Increased precipitation

and an enhanced freshwater runoff could have led to

additional DSi inputs at that time. Previous work

suggested that an increase in river flux would lead to a

decreased d30Sidiss (Ding et al. 2004). At the same

time, increased diatom production would drive the

isotope signal towards heavier values (Fig. 5), coun-

terbalancing a lowering of river d30Sidiss and explain-

ing the relative stasis of the record. The hand-picked

Cyclotella diatoms represent late spring/early summer

production after the main spring bloom. At that time

river runoff might have been smaller compared to

early spring, where maximum river runoff creates

large DSi fluxes (Fig. 4b). Further, diatoms starting to

bloom in January have already diminished the DSi

concentration in the main stem of CB (Fig. 4b) (Hagy

et al. 2005). The superposition of increased DSi

delivery and an enhanced diatom production could

explain the constant Si isotope record in CBdist

(Fig. 5).

Another possible influence for an increased Si flux

could be land use changes in the watershed. A decline

of Poaceae (grasses) and Tsuga (Hemlock, conifer

tree) around 5000 a BP points to human influence on

vegetation patterns even before European settlement

(Willard et al. 2005). Nevertheless, there is no
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indication for changes in Si cycling in the proximal

sediment core around that time. The BSi isotope

record, as well as the BSi flux remain stable between

5000 and 6000 a BP. One explanation could be the

location of CBprox: high river runoff and the domi-

nance of freshwater discharge throughout the year

could superimpose small changes in Si isotope com-

position. In contrast, generally low BSi concentrations

in the mesohaline area south of the mixing zone

increase around 4700 a BP. Higher DSi input caused

by increased land use and erosion in the watershed

could lead to enhanced diatom productivity only in

CBdist. If we assume that the location of CBprox always

was Si replete, we wouldn’t see any change here.

To summarize, our results show that sea level rise

between 8000 and 7000 a BP influenced the Si budget

in the CB reflected by increased BSi production.

However, the duration and intensity of this impact is

related to the main source of the nutrient. Since CBprox

is closely linked to the terrestrial ecosystem through

river runoff and groundwater fluxes the change in the

Si budget is higher than in CBdist. There, ocean water

with a more constant isotope signal (De La Rocha et al.

2000) and a low DSi concentration potentially buffers

the influence of short term changes in terrestrial Si

fluxes. However, ecosystem shifts driven by water

mixing (marine vs. freshwater) modifying the Si

budget are only visible in the distal sediment core.

Fig. 8 Variation in d30Si
and BSi from sediment cores

CBdist and CBprox over the

last 550 years compared

with proxy data sets

measured on the same

sediment cores. CBprox: BSi

flux, d30Sidiatom, Ti,
Ambrosia pollen (Willard

et al. 2003) and nitrogen

concentrations (Brush

2009). CBdist: BSi flux,

d30Sidiatom, Ti and
authigenic Rhenium

(Bratton et al. 2003b). Green

shaded columns indicate

deforestation periods in the

Chesapeake Bay watershed

(Pasternack et al. 2001).

Gray shadings reflect human

impact in the CB watershed

indicated by increasing

Ambrosia pollen

concentrations. (Color

figure online)
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Short-term variability and human impacts

since European settlement

Land use changes linked to human activity have been

shown to influence the continental Si cycle (e.g. Struyf

et al. 2010). We hypothesize a visible impact on the

coastal Si budget in CB sediments caused by humans

changing Si cycling within the catchment. Our results

show that the d30Sidiatom has varied between 0.84 and

1.74 (CBprox) and 1.17 and 1.68% (CBdist) during the

last * 500 years. Since there is no unambiguous

correlation (r2 = 0.2, p = 0.02) of d30Sidiatom with

diatom productivity (Fig. 6) additional processes

besides diatom production must control the d30Sidi-
atom values in the CB (Table 1).

Previous studies have shown the impact of land use

changes since European settlement (* 250 a BP) on

the CB estuary. Low d13Cforam and d18Oforam reflect

enhanced freshwater and C fluxes in the northern CB

caused by increased terrestrial inputs from the water-

shed (Cronin et al. 2005) (Fig. 7). Eutrophication

caused a decrease in diatom diversity and an increase

in the ratio of centric (mostly planktonic) diatoms to

pennate (mostly benthic) species (Cooper 1995) due to

spreading anoxia and habitat loss (Kemp et al. 2005).

Ragweed pollen (Ambrosia) horizons in both CB

sediment cores supports the expansion of agriculture

after 200 a BP (Willard et al. 2005). Simultaneously,

the vegetation in some nearshore regions of the

watershed shifts to a species composition typical for

brackish marsh conditions, suggesting an increasing

influence of saline waters either due to human impact

(channelization, damming, land use) or greater inflow

of ocean water from the Atlantic (Willard et al. 2015).

Two periods of widespread deforestation in the CB

watershed around 200 and 50 a BP are linked to an

increased sedimentation rate recorded in both sedi-

ment cores (Fig. 8) (Pasternack et al. 2001; Colman

et al. 2002). The BSi fluxes begin to increase at the

same time (Fig. 8). In CBdist an abrupt increase in BSi

content coincides with a period of major deforestation

and intensive urbanization since around 150 a BP

(Pasternack et al. 2001). A more gradual increase of

the BSi flux in CBprox starts slightly earlier * 200 a

BP and correlates with higher nitrogen fluxes in the

northern CB (Fig. 8). Enhanced terrestrial runoff rates

together with increased nutrient inputs (preferentially

P, N and Si) would favor higher productivity in CB,

corroborated by increased d13Ctot for CBdist and

d13Cforam for CBprox (Fig. 7a, b). A distinct increase

in C/N ratios (Bratton et al. 2003a) in CBprox with a

maximum of 14.7 around 80 a BP (Fig. 7a) correlates

with the major deforestation phase in the CB catch-

ment supporting the idea of increased terrestrial

runoff.

Two minima in d30Sidiatom in CBprox (around 175

and 150 a BP, Fig. 8) coincide with the onset of the

deforestation periods in the watershed. Because the

diatom production remains relatively high, a change in

d30Sidiss has to be considered as the triggering

mechanism. As discussed above, low d30Sidiatom
values could be the result of an additional Si source.

One possible scenario would be enhanced 28Si release

from belowground soil pools due to depletion of the

soil ASi pool after deforestation. This interpretation is

supported by greater DSi export in streams draining

experimentally deforested ecosystems (e.g. Hubbard

Brook) (Conley et al. 2008).

Today, the mesohaline zone of the CB (location of

CBdist) tends to be depleted in DSi during the summer

months reflecting diatom uptake after the main bloom

during the winter/spring (Conley and Malone 1992).

The increase in BSi flux 150–200 a BP after early

deforestation can be interpreted as an increase in

nutrient delivery into the mesohaline zone (Fig. 8),

and, perhaps even a shift from a P limited to a DSi

limited system (Carey and Fulweiler 2012). Enhanced

P inputs and recycling would increase the primary

productivity and favor diatom blooms until DSi

becomes the limiting nutrient (Kemp et al. 2005).

d30Sidiatom values vary between 1.17 and 1.68%
and are not linked to the BSi flux (Figs. 6 and 8).

Again, that indicates the influence of a process acting

to change the freshwater end-member. Salinity is

constant since 500 a BP (shown by authigenic Re,

Fig. 8) but Ti concentrations measured on the same

sediment core suggest increasing detrital input

since * 130 a BP (Fig. 8). Higher BSi fluxes,

enhanced Ti inputs and a trend towards heavier

d30Sidiatom might reflect a causal relationship:

increased runoff leads to enhanced diatom production

and a heavier d30Sidiatom signal. Moreover, low

d30Sidiatom values are probably caused by an additional

Si source. As with the periods of deforestation,

possible sources include the relatively light Si from

soil pools and/or enhanced groundwater discharge.

An overall increasing trend in diatom Si isotope

ratios in the CB since European settlement likely
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reflects several processes acting in concert, including

diatom production, crop harvesting and damming of

tributaries, which all act to shift d30Sidiatom towards

higher values (Fig. 8, Table 1). In addition, due to its

proximity to the main tributary CBprox seems to be

more directly sensitive to changes in the watershed.

Stronger stratification and more anoxic conditions in

the northern CB (indicated by banded sediment

deposition in the topmost * 3 meters of the core

(the last * 270 a BP) would favor higher diatom

preservation rates in the sediment due to less

bioturbation.

Diatom Si isotope ratios and BSi fluxes are

uncorrelated indicating complex processes controlling

the Si budget in CB in the last 2000 years. CBprox is

directly influenced by Susquehanna River discharge,

so more likely records changes of Si cycling in the

watershed than CBdist. In contrast, the increase in BSi

flux coincident with deforestation during European

settlement (150 a BP) in CBdist, indicates a shift from a

nutrient limited to a nutrient replete environment for

diatoms caused by greater sediment supply.

Processes controlling the Si cycle

before and after European settlement

Our results indicate the influence of human activity on

Si cycling in the CB. To test the effects of the

underlying processes, we compare our data before and

after European settlement. Figure 6 shows measured

d30Sidiatom values against BSi fluxes. There is no

significant correlation between BSi flux and isotope

values either before or after European settlement. As

discussed above, this result implies that diatom

production is not the dominant control on d30Sidiatom,
and instead requires a changing d30Sidiss. In the

following we evaluate if these processes are different

before and after the period of increased human activity

since * 250 a BP.

Compiling a variety of proxy datasets in a principle

component analysis (PCA) shows different processes

potentially controlling our measured d30Sidiatom before

and after European settlement in the northern CB

(Fig. 9). Before European settlement (Fig. 9a) d30Sidi-
atom plots with authigenic Re and 15N on the second

axis, both reflecting changes in water masses and

terrestrial input into the bay (19.6% explained total

variance), while sedimentary BSi flux lies uncorre-

lated on the first axis (42.7% explained total variance).

These correspondences suggest that Si cycling before
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Fig. 9 Principal component analysis of CBprox a before Euro-

pean settlement and b after European settlement. d15N, %N,

%C, TN flux (Bratton et al. 2003a), d13Ctot, Re (Bratton et al.

2003b), d13Cforam, d
18Oforam (Cronin et al. 2005), discharge

(Susquehanna River) (Saenger et al. 2006), p/b ratio (Cooper

1995)
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the major human perturbations is controlled by Si and

nutrient delivery into CB, rather than by DSi utiliza-

tion through diatoms. Consequently, large amounts of

Si reaching CB from the continent might have

remained mobile and transported into the ocean.

In contrast, after European settlement (Fig. 9b)

d30Sidiatom depicts a strong covariance with BSi flux

and planktonic to benthic diatom ratio (p/b), proxies of

diatom productivity, while the input proxies Re and

d18O appear uncorrelated with d30Sidiatom. This can be
interpreted in terms of enhanced Si utilization and

deposition in CB sediments during times of enhanced

diatom productivity. Efficient drawdown of DSi by

diatoms have strengthened the filter capacity of CB

and led to a reduced Si flux into the ocean, as

suggested above by our mass balance calculation of

the modern CB. However, coastal ecosystems are very

diverse, and future work could assess how represen-

tative the Holocene development of the CB is relative

to the behavior in other coastal ecosystems.

Conclusions

The investigation of two sediment cores from the main

stem of the Chesapeake Bay illustrates the importance

of coastal zones in the global Si cycle. Our results

identify potential processes that can modify the

magnitude and isotope composition of Si fluxes

between the terrestrial and the oceanic Si cycles.

The modern Si cycle in the Chesapeake Bay

appears to be dominated by DSi consumption through

diatom production in spring/summer, which is respon-

sible for retaining the majority of Si supplied by its

tributaries. Through the Holocene, Si cycling in the

CB is sensitive to changes in sedimentation rate due to

both climatic change (i.e. sea level rise * 7000 a BP,

higher runoff since 2000 a BP) and human impact (i.e.

deforestation since * 250 a BP). Low 30Si/28Si

isotope ratios in the sediment core most proximal to

the Susquehanna River (CBprox) indicate the supply of

relatively low d30Si to the CB during periods of

increased erosion linked to deforestation. Local influ-

ences alter d30Sidiatom at each sediment core location,

with potential parameters including freshwater and

seawater mixing ratios, bottom water oxygenation

affecting preservation, erosion rates, river runoff and

net DSi supply.

As a hotspot of anthropogenic influence and lying at

the interface of the terrestrial and marine Si cycles, an

understanding of coastal zones is crucial to better

understand both the natural and the anthropogenically

altered Si cycles. However, competing processes,

linked to climate variations (e.g. precipitation, vege-

tation, or sea level changes) or human activity (e.g.

agriculture, damming or eutrophication) can be diffi-

cult to disentangle in complex estuarine systems. The

mechanisms modifying the land-to-ocean Si fluxes

might be further elucidated by investigations in less

complex settings.
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