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Abstract

The Importance of Micro-Scale Processes on the Release of

Macro-Nutrients from Estuarine Suspended Sediments

Emma L. Pidduck

The quality of water within an estuary is inseparable from the com-

ponent parts; suspended particulate matter (SPM) and the balance of

macro-nutrients. Long-term temporal variations and the horizontal

advection of both SPM and macro-nutrient concentrations are well-

constrained, but the vertical fluxes associated with micro-scale pro-

cesses, such as turbulence and flocculation, are poorly constrained.

The importance of three micro-scale processes on the interactions be-

tween SPM and inorganic macro-nutrients, nitrate (NO –
3 ), ammo-

nium (NH +
4 ) and phosphate (PO 3–

4 ), are examined in four field cam-

paigns and five laboratory experiments.

Field campaigns were conducted in two turbid estuaries. One field

campaign was conducted in the Seine estuary, France, and three cam-

paigns in the Tamar estuary, U.K., in order to consider the effects of

seasonal variations (spring, summer and autumn). Physical condi-

tions measured included current velocity, turbidity, turbulence and

particle size, were recorded using a suite of oceanographic instru-

mentation. Five different laboratory studies were conducted using

the same mini annular flume, with different background conditions.

Inorganic macro-nutrients were measured spectrophotometrically on

a continuous flow analyser (for NO –
3 and PO 3–

4 ) and fluorimetry



(NH +
4 ).

Three hypotheses are presented as potential mechanisms controlling

the release and uptake of macro-nutrients from sediments. Mech-

anism One (M1) described an exchange process between inorganic

macro-nutrients and flocculation/disaggregating particles. It was hy-

pothesised that flocculating particles would decrease water column

macro-nutrient concentrations, and vice versa. In this study, floccula-

tion was observed in both field sites, but there was no significant rela-

tionship between flocculation and macro-nutrient concentration. Sim-

ilarly, the five laboratory studies demonstrated no statistically signif-

icant relationships between flocculation and macro-nutrient concen-

trations.

Mechanism Two (M2) hypothesised that turbulence would enhance

the release portion of the exchange processes described in M1. Fur-

thermore, it was proposed that increased turbulence would break

bonds between macro-nutrients and the surface of particle faces. Tur-

bulence was observed to limit the floc size in all experiments (both

field and laboratory), but this study determined that it did not pro-

mote a significant release mechanism for inorganic macro-nutrients.

However, this study observed that turbulence played a key role in the

vertical distribution of PO 3–
4 and NH +

4 . In both the Seine and Tamar

estuaries, surface and near-bed concentrations were observed to be

statistically significantly different (p = < 0.05).

Finally, Mechanism Three (M3) hypothesised that increased salinity

provides additional salt water cations that would enhance flocculation



and M1. This study measured an increase in floc size with increasing

salinity in but did not enhance the proposed M1. Instead, as with

turbulence, differences in water density as a result of the salinity af-

fected the vertical distribution of NO –
3 .

This research concluded that micro-scale processes have no signifi-

cant impact on the water-column concentration of inorganic macro-

nutrients. Instead, it was observed that two of the three micro-scale

processes, turbulence and salinity, play a key role in the vertical dis-

tribution of inorganic macro-nutrients in the Tamar and Seine estuaries.
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Chapter 1

Introduction

`What do we tell people you're doing?'

Sarah Pidduck
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1. INTRODUCTION

An estuary is `a semi-enclosed coastal body of water which has a free connection

to the open sea, extending into the river as far as the limit of tidal intrusion, and

within which sea water is measurably diluted with freshwater derived from land

drainage' (Dyer, 1997; Cochran, 2014). They have long been identified as one of

the most important ecosystems on Earth. The typically opposing flows of the pre-

dominately riverine fresh water input and saline water associated tides provide

high concentrations of suspended sediment and macro-nutrients in the water

column, making them one of the most productive natural habitats in the world

(Dyer, 1997; Wolanski, 2007; Cochran, 2014). Although estuaries are a particu-

larly young and ephemeral feature, in terms of morphology and dynamics, they

retain their importance throughout time as vital economic and industrial path-

ways and have been extremely important in the development of most countries

(Dyer, 1997; Lotze et al., 2006).

The quality of water within an estuarine environment is inseparable from both

suspended particulate matter (SPM) (Fisher et al., 1988; Droppo and Ongley,

1994; Turner, 1996; Turner and Millward, 2002; Maggi, 2009), and the balance of

the macro-nutrients, nitrogen (N) and phosphorus (P) (Statham, 2012). Macro-

nutrients are defined as nutrients required by organisms to survive; including

plants, animals and humans. An excess of SPM may limit light penetration

through the water and, therefore, the primary productivity. On the other hand,

an excess input of macro-nutrients, also termed ‘eutrophication’, can lead to an

excess of primary productivity. Eutrophication describes the result of increased

nutrient concentrations that can lead to the increase in growth of ‘choking’ phy-

toplankton, such as algae (e.g. Gyrodinium aureolum and Alexandrium ). Subse-

quently, light limitation and a depletion of oxygen in the water mean that many

marine organisms (fish and shellfish) cannot survive (Painting et al., 2007; Du-

pas et al., 2015; Lemley et al., 2015). These algal events and toxins contaminate

sea food for human consumption (as well as birds and marine mammals), giving

2



1.1 Aims

rise to a number of different poisoning syndromes (e.g. neurotoxic shellfish poi-

soning).

Historically, the highly variable conditions within and between estuarine sys-

tems have made it difficult to clearly discern the relationships between sedi-

mentary processes, nutrient concentrations and the consequent biological im-

pact (Elliott et al., 1999). The high degree of temporal and spatial variability in

both SPM and macro-nutrient concentrations can be attributed to the changes

in factors such as river discharge, tides, weather and climate that further result

in changes to current speeds, turbidity, temperature and salinity (Dyer, 1997).

The delicate and complex nature of an estuary requires continuous monitoring

and management due to the anthropic stresses imposed on them. As such, it

is important to constrain each component, be it physical, chemical or biologi-

cal, and understand the corresponding interactions. Long-term temporal vari-

ations in both SPM and macro-nutrient concentrations are, individually, well-

documented (Kaul and Froelich Jr, 1984; Sin et al., 1999; Kormas et al., 2002;

Huang et al., 2003; Pérez-Ruzafa et al., 2005; Li et al., 2007) and in estuarine

environments with high riverine input and high SPM concentrations, it has gen-

erally been assumed that the dominant source of macro-nutrient concentrations

is due to horizontal advection (Jay et al., 1997), i.e. river input. However, ‘micro-

scale’ (see Figure 2.1) temporal variations and vertical fluxes of macro-nutrients

are poorly constrained (Statham, 2012; Couceiro et al., 2013).

1.1 Aims

The overarching aim of this research was to investigate the significance of ‘micro-

scale’ physical processes, such as flocculation and turbulence, as sources of in-

organic macro-nutrients from suspended sediments and their mobility in the
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1. INTRODUCTION

water column. Secondary aims include:

� To investigate the effects of ‘macro-scale’ seasonal changes on the ‘micro-

scale’ processes occurring in turbid estuaries.

� The identify controlling ‘mechanisms’ (see section 1.2 for each inorganic

macro-nutrient tested in this study.

1.2 Hypotheses

The primary aim of the study was to establish the importance of sediments and

small-scale physical processes as sources of inorganic N and P to the water col-

umn. With this in mind, it was proposed that several small-scale physical pro-

cesses could affect the release and uptake of N and P ions, depending on the

meso-scale conditions in the estuary. The hypothesised mechanisms were tested

in both field work and laboratory experiments, as described in the following

chapters.

Figure 1.1 (page 7) shows the proposed mechanisms that were tested in this

study. Figure 1.1A illustrates the small-scale physical processes occurring in

the water column (Maggi, 2009), all of which will be described in this chapter.

Starting Particle - Figure 1.1B represents a typical floc found in estuarine

conditions in terms of shape and structure. The coloured particles attached to

and surrounding the floc are ions of N and P species (colour and concentration

irrelevant). In this case, there are nutrients bound to the floc, held in the inter-

stitial water and in the surrounding water column.

Mechanism One (M1) - Figure 1.1C - This theory describes an exchange

process associated with sorption and desorption of macro-nutrients and par-

ticles. Firstly, it is hypothesised that an increase in SPM concentration will
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1.2 Hypotheses

increase the opportunities for flocculation to occur and thus potentially create

new ‘pockets’ of interstitial water through the formation of larger macroflocs

(Eisma, 1986; Manning, 2001), as advocated by Krone (1963)’s order of aggrega-

tion. It is hypothesised that when two or more flocs aggregate, water containing

macro-nutrients would become trapped and encourage the sorption of macro-

nutrients onto the particle faces. This would reduce the concentration of macro-

nutrients in the water column, and increase the potential of transport and dis-

persion of both nutrients elsewhere in the estuary. It is not, however, proposed

to be a more efficient method than dispersion in the dissolved phase (Tian et al.,

1992; Cruzado et al., 2002), but an additional unquantified component of macro-

nutrient distribution in a turbid estuary. On the other side of the exchange, the

increase in SPM concentration provides an additional source of already-bound

macro-nutrients that, when exposed to other micro-scale processes, undergo des-

orption from the faces and lead to an increase in water-column macro-nutrient

concentrations. When the micro-scale processes are in equilibrium (i.e. floccu-

lation is limited by turbulence), it is anticipated that no flux will be observed,

but that where one process is dominant, an uptake or release of macro-nutrients

will occur.

Mechanism Two (M2) - Figure 1.1D - Increased levels of turbulence both aid

and hinder the process of flocculation (Eisma and Li, 1993; Markussen and An-

dersen, 2014). Turbulence forms flocs through constructive collisions, but higher

levels of shear will fracture weaker floc joints creating disaggregation (Manning,

2004). When the process of flocculation is increased by turbulence, flocs will ag-

gregate and as described in Mechanism One, new pockets of interstitial water

will be created. However, the primary hypothesis of Mechanism Two is that the

turbulence physically breaks the bonds between sediments and attached nutri-

ents, instead of a chemical process or exchange. It is further hypothesised that

increased turbulence may also affect the charge of the particle faces and there-
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1. INTRODUCTION

fore change the strength of the attraction between the particle faces and PO 3–
4

/ NH +
4 ions in the water.

Mechanism Three (M3) - Figure 1.1E - During the flood tide, sea water

flushes the estuarine system increasing the salinity, thereby increasing the con-

centration of salt water cations and anions in the water column (Figure 1.1E).

Gardner et al. (1991) has shown that increased salt water cations in the water

leads to ion exchange between cations (e.g. Mg2+, Ca2+) and NH +
4 , on the parti-

cle face. Similarly, PO 3–
4 is also subject to ion exchange processes as described

by Pomeroy et al. (1965); Jones (1989). As another potential exchange process,

Mechanism Three may encourage uptake and release of macro-nutrients.

1.3 Objectives

To address the aim of this study, the main objectives of this thesis are as follows:

� In order to determine the impacts of micro-scale physical processes on

sediment-nutrient behaviour, hydrodynamic conditions, including salinity,

turbidity, current velocity, etc. and inorganic macro-nutrient concentra-

tions will be recorded at a high temporal resolution in both field and labo-

ratory experiments.

� To determine the effects of ‘macro-scale’ processes on sediment-nutrient

behaviour, identical field campaigns will be repeated in different seasons.

� A laboratory experiment, consisting of multiple runs, will seek to constrain

each of the hypotheses discussed previously and compare results with field

studies.
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1. INTRODUCTION

1.4 Thesis Structure

Background literature is presented in chapter 2 where existing understanding

of both sediment and nutrient behaviour in estuaries is explored. Chapter 3

describes the instrumentation and methods employed in the fieldwork. Chap-

ters 4 and 5 provide examples of two contrasting macro-tidal turbid estuaries,

whereby the objectives in section 1.1 were met. Any variations from the meth-

ods described in chapter 3 are highlighted in the respective chapters. Finally,

in chapter 6, preliminary work is presented on determining relationships be-

tween sediments and nutrients by way of a laboratory experiment. Chapter 7

presents a discussion of the results obtained in this study, including conclusions

and future work.

8



Chapter 2

Physical and chemical properties

of estuaries

`Why did you choose this subject in particular?'

Terry Cox
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2. PHYSICAL AND CHEMICAL PROPERTIES OF ESTUARIES

This Chapter introduces the individual components of this interdisciplinary re-

search before discussing the relationship between each component. The section

refers to the aforementioned Mechanisms with a view to identifying supporting

literature, as well as gaps in research. Each topic is broadly reviewed but analy-

sis and evaluation was only conducted on areas that relate to the main aims and

objectives of this research, as presented in section 1.1.

Estuaries are a constantly evolving, dynamic environment that provide the trans-

formation zones from fresh water to salt water, between land, coastal seas and

the global ocean (Pritchard, 1967; van Rijn, 1993; Dyer, 1997; Flemming and

Hansom, 2011). They originated from the Flandrian transgression during the

last ice age, approximately 10,000 years ago, making them relatively ‘young’ on

a geological timescale (Emmett et al., 2000; Dyer, 1997; Simenstad and Yanagi,

2011). Their form is continually altered by the erosion and deposition of sedi-

ment, while sea level rise due to climate change can cause drastic effects (van

Rijn, 1993; Dyer, 1997; Lotze et al., 2006). Estuaries are susceptible to large

inputs of nutrients from the land, from both anthropogenic and natural sources,

making them ecologically highly productive. Natural sources include riverine

input and precipitation, while anthropogenic sources include agricultural fer-

tilisers and storm sewer outfalls. However, the number of different nutrient

species within an estuary is limited by the broad variations in conditions, such

as temperature and salinity (Dyer, 1997; Simenstad and Yanagi, 2011; Wolan-

ski and Elliot, 2016). Furthermore, each estuary responds differently to these

varying conditions, with differing magnitudes and time scales for each physical

process, as well as varying aquatic conditions.

Figure 2.1 shows the typical temporal and spatial range of physical processes in

an estuarine environment. These scales were designed to categorise the differ-

ent processes occurring within an estuary. Each scale was created using existing

10



Figure 2.1: Diagrammatic representation of the temporal and spatial scales
affecting estuaries. Micro-scale processes include turbulence and �occulation.
Meso-scale processes include semi-diurnal and spring-neap tides. Macro-scale
processes include seasonal variations. Mega-scale processes include major
morphological changes as a result of climate change.

literature and an analysis of the typical timescales reported, and the physical

size of the process, where quantifiable. ‘Mega-scale’ processes, such as sea level

rise due to climate change, take place over decades and centuries and can affect

the entire estuary (Dyer, 1997; Struyf et al., 2004; Pachauri et al., 2014). This

study ignores ‘mega-scale’ processes.

‘Macro-scale’ physical processes include seasonal and annual variations (Bale

et al., 1985; Childers et al., 1993). Seasonal variations can affect the physical

conditions; wetter-than-normal conditions experienced in winter may provide

additional river run-off and thus increase the amount of sediment or macro-

nutrients transported into the estuary (Bale et al., 1985), as well as diluting

saline water. In drier, warmer periods, the surface water temperature may in-

crease as a result of increased solar radiation, thus changing the density and

stratification of the water column (Simpson et al., 1990). Longer term effects,

particularly across the equator, can include the El Niño–Southern Oscillation

11



2. PHYSICAL AND CHEMICAL PROPERTIES OF ESTUARIES

(ENSO) (Dyer, 1997) and monsoon events (Khodse and Bhosle, 2012). ‘Macro-

scale’ chemical processes are typically related to anthropogenic events such as

industrial revolutions and land development. The effects of such industrial rev-

olutions have been documented for many estuaries, worldwide (Cun and Vi-

lagines, 1997; Billen et al., 1999; Ruiz-Fernandéz et al., 2002; Sritrairat et al.,

2012). Macro-scale processes for SPM and macro-nutrients have both been well-

documented, both individually and as related components of an estuary (Correll

et al., 1992; Smith et al., 1999; Dauer et al., 2000; Weller et al., 2003; Soataert

and Middelburg, 2006; Howarth, 2008). However, these studies have predom-

inately considered the horizontal advection associated with increased riverine

flow, or the impact of seasonality on biology within the estuary (Jickells et al.,

2015; Wengrove et al., 2015). This study included a short-term seasonal investi-

gation of the Tamar Estuary (spring, summer and autumn) in order to consider

the impact of seasons on micro-scale physical process, such as increased turbu-

lence in adverse weather conditions.

‘Meso-scale’ processes are typically between a day and a month in duration, and

include physical processes such as spring-neap cycles, semi-diurnal tides and

short-term weather events (Boersma and Terwindt, 1981; Griffin and LeBlond,

1990; Allen and Duffy, 1998a,b). Weather events typically last for between 2

and 5 days and generate a number of different effects (Pugh, 2004); for example,

in a low pressure system, wind can affect the estuarine circulation, while the

creation of surface waves can generate additional mixing and turbulence (Dyer,

1997; Allen and Duffy, 1998a). Cyclic changes in sea level are caused by semi-

diurnal and spring-neap tides (Kvale, 2006). The currents produced in these

tidal movements generate turbulence and internal waves, create mixing and in-

voke further erosion, deposition and transport of sediments (Dyer, 1997). Chem-

ically, the nutrient concentration of an estuary is affected predominately by the

meso-scale weather events. Varying weather conditions may lead to changes in

12



the amount of river run-off, as well as the dilution of estuaries and rivers and

thus may invoke M3 (Salinity).

Finally, ‘micro-scale’ physical processes are typically short-term and localised

(Trevethan et al., 2007; Orton and Visbeck, 2009; Stacey et al., 2011), but can

have significant effects on water column structure, suspended sediment trans-

port and pollutant dispersion (Roberts and Webster, 2002; Thorpe, 2007). Micro-

scale processes have a temporal scale of between seconds and hours with most

processes contributing to meso- and macro-scale measurements. For example,

turbulence on a micro-scale as a result of a meso-scale process such as tides

can enhance the process of resuspension of SPM from the bed and increase the

SPM concentration within the estuary. Turbulence and SPM behaviour, includ-

ing particle size, have been previously studied (Shinnar and Church, 1960; Gore

and Crowe, 1989; Rashidi et al., 1990), however, the consequence of turbulence

on the relationship between SPM and macro-nutrients has not been constrained.

Examples of micro-scale physical processes include turbulence and flocculation.

While each of these has been well-documented (Thorpe, 2007; Manning et al.,

2006; Manning and Bass, 2006; Manning et al., 2010b), the processes have not

been related to nutrient biogeochemistry in estuaries. Fitzsimons et al. (2006)

investigated the kinetics of methylamines and ammonium with respect to cu-

mulative concentration within samples, as well as temporal release. This study

reported the sources of NH +
4 (and methylamines) during a tidal cycle, highlight-

ing the injection of pore-waters to the water column during sediment inundation

events. These results and studies closely mimic the hypothesised Mechanism

One, without consideration of the effects of flocculation.

The scales described in Figure 2.1 highlight the complexity of the estuarine envi-

ronment, of which it is further enhanced by the interactions between each scale.

With the aims and objectives in mind (section 1.1), the primary focus of this

13



2. PHYSICAL AND CHEMICAL PROPERTIES OF ESTUARIES

literature review will be to examine the current understanding of the physico-

chemical processes occurring at the micro-scale level in relation to sediments

and macro-nutrients. Some inferences will be drawn from the meso-scale level

to provide context.

2.1 Sediments in the Estuarine Environment

Input principally by the river watershed and controlled and manipulated by

tidal flow and waves, sediments play a role in macro-, meso- and micro-scale

processes (Grabowski et al., 2011). On a macro-scale, sediments form the bulk

of the topography of an estuary and as bed sediment they form the banks and

bottom morphology. These features are typically not static, with evolution oc-

curring from weeks to years, and so can contribute to meso- and micro-scale

sedimentary processes. On a meso- and micro-scale, suspended sediments are

known for their capacity to transport nutrients, pollutants and contaminants

during erosion and deposition cycles (Colin, 1995; Walling et al., 1997; Statham,

2012). Additional sources of estuarine sediments include continental shelf in-

put, erosion and resuspension of bed sediment, biological activity and aeolian

transporty (Grabowski et al., 2011).

Figure 2.2: Six images of �ocs taken from a LISST-HOLO instrument de-
ployed in the Menai Strait in 2012- courtesy of Emlyn J. Davies (2012).

The composition of sediments in rivers, estuaries and coastal zones varies greatly,

both spatially and seasonally. Changes in the composition of sediments can af-
yRelating to, or caused by, or carried by the wind
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fect the resuspension and transport, while changes in the structure of the sedi-

ments may limit or enhance the ability to retain nutrient-laden interstitial wa-

ter. Spatially, it has been seen that ‘patches’ of different types of bed-sediment

(i.e. sand, gravel and mud), or ‘segregation’ are found on the bed alongside each

other (Van Ledden, 2003), while suspended sediment has seen the incorpora-

tion of large sand particles into the compositional matrix together with smaller

clay and silt minerals, depending on the location in the estuary and the physical

conditions (Manning et al., 2011). On a macro-scale, the composition of sus-

pended sediment changes with the availability of organic matter, i.e. seasonally.

The variability of sediment composition will significantly affect the types and

concentrations of macro-nutrients that can be adsorbed onto the particle face

(Pavanelli and Selli, 2013).

2.1.1 Flocculation of Estuarine Sediments

Flocculation is the micro-scale process of aggregation of existing primary par-

ticles and suspended particles to form ‘flocs’. It occurs in rivers, lakes and

estuaries and the process is controlled by a number of different physical, chemi-

cal and biological factors, such as salinity, turbulence, particle concentration and

particle biology. Flocculation is not limited to cohesive sediments, as it has been

shown that with sufficient energy, sand can be incorporated into the floc struc-

ture when adequate biology based adhesion is present within the sedimentary

matrix (Manning et al., 2006, 2013).

2.1.1.1 Cohesive Sediments and Initial Bonding Mechanisms

Cohesive sediments (mud) are a mixture of organic and non-organic compounds

including, silt, sand, water and gas (Van Ledden, 2003; Maggi, 2005; Grabowski

et al., 2011). The smallest component of cohesive sediments are clay particles of

between 1 and 5 � m that are shaped like discs. Clay particles have negatively

charged faces that allow for the initial bonding to create ‘primary particles’ and
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subsequent flocculation (McAnally, 1999). Primary particles are typically be-

tween 5 and 20 � m in size with a ‘face-to-face’ bonding mechanism that forms

highly resilient structures. As the primary particles flocculate, they can form

‘macroflocs’ that can exceed 1000 � m in size. Macroflocs are typically filamen-

tous and random in structure (Maggi, 2005) (Figure 2.2).

Initial bonding of the clay particles is a complex interaction between turbu-

lent shear stresses, repulsive electrostatical and attractive van-der-Waals force

(Edzwald and O’Melia, 1975; Zhou et al., 1994; Hallez, 2012). Repulsive forces

are a result of the diffusive double layer (van Leussen, 1994). The negatively

charged faces of the particles, also expressed as the � potential (Mietta et al.,

2009), may be surrounded by a solution of cations, whereby the concentration is

high immediately adjacent to the particle face (called the ‘Stern layer’). Next to

the Stern layer is the ‘Gouy layer’ where the concentration of cations is less. The

type of mineral and the ion concentration has a great effect on the thickness of

the double layer and, thus, the strength of the repulsion experienced by two par-

ticles in close proximity (Maggi, 2005). Overcoming the repulsive forces relies

on hydrodynamic conditions and, once particles are within a certain distance,

particles may be kept together by attractive forces (Hallez, 2012). Research has

shown that the presence of biology, such as extracellular polymeric substances

(EPS), significantly enhances the cohesive strength of floc particle bonds (Kior-

boe et al., 1990; Paterson and Black, 1999; Maggi, 2009; Tolhurst et al., 2009;

Manning et al., 2010b).

The rate of aggregation and the strength of created flocs depends upon the afore-

mentioned � potential; uniformly charged particles with lower � potential are

more likely to aggregate than particles with a higher � potential. This, however,

is affected by the solution that particles are held in and is usually affected by

salinity and acidity of the water (Mietta et al., 2009).
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Figure 2.3: Illustration of the `double layer' (Gouy Layer and Stern Layer)
from Valioulis (1983).

2.1.1.2 Effect of Salinity on Particle Cohesion

Of particular interest in the initial bonding of clay particles is the effect of salin-

ity on cohesion, as well as the effect of salinity on macro-nutrient bonding with

particles. The naturally-occurring anions and cations present in salt water cause

a decrease in the repulsive strength of the double layer and, ultimately, elimi-

nation of the barrier with mid to high concentrations of salt water. The decrease

in the strength of the repulsive double layer encourages the cohesion of clay

particles and further aggregation (Valioulis, 1983; Maggi, 2005). This suggests

an inability of particles to undergo cohesion in fresh water situations based on

electro-chemical bonding alone. Drake (1976) reported that an average salinity

of 2 PSU will enhance the cohesion of clay particles, while Krone (1962) reported

that a salinity of approximately 6 did not produce any significant increases in

particle electrostatic cohesion. van Leussen (1994) and McAnally (1999) suggest

that the salinity required to increase cohesion is related to the mineral type. For

example, kaolinite has a much weaker bond than smectite.

The aforementioned effects of salinity on particle interactions highlights a con-

trast between salinity-sediment interactions and salinity-nutrient interactions.

An increase in salt water cations has been shown to enhance flocculation of par-
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ticles and thereby, as per M1 (SPM concentration increase) (Einstein and Krone,

1962; Kranck, 1981; Hunter and Liss, 1982), it would indicate that the creation

of interstitial water during aggregation could reduce the water concentration

of macro-nutrients. However, it has also been demonstrated by Gardner et al.

(1991) that the increase in cations (and anions) associated with an increase in

salinity can break the bonds between NH +
4 and the particle faces. This is par-

ticularly relevant to Mechanism 3, which describes the potential for an increase

in the water column macro-nutrient concentration due to the increase in cations

and anions associated with increased salinity.

The information described in this section implies that there may be a balance be-

tween increased flocculation due to salinity, and increased desorption of macro-

nutrients from particle faces as a result of increased salinity. It is expected

that, with no salinity, flocculation will be negligible. As per the objectives in

section 1.1, to establish controlling factors in sediment-nutrient interaction, ob-

servations were made in estuarine conditions whereby both salt and freshwater

conditions were seen (Chapters 5 and 4). Furthermore, the laboratory experi-

ments (Chapter 6) were designed to establish differences in sediment-nutrient

behaviour in both fresh and salt water.

2.1.2 Aggregation and Break-up Mechanisms

The most important physical mechanism in the flocculation process are the col-

lisions between particles in suspension; this means that particles in suspension

need to be brought into contact. Turbulent shear is regarded as the most ef-

ficient way of achieving this (Manning, 2001, 2004; Winterwerp et al., 2006).

Conversely, it can also break fragile flocs at high shear stress levels. Collision

mechanisms between two particles are described below (Saffman and Turner,

1956; Broadway, 1978; Hunt, 1980; McCave et al., 1984; Tsai and Hwang, 1995).
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Brownian motion is the random moving of particles in a fluid as a result of

collisions with fast-moving atoms of molecules in the fluid. However, Brownian

motion has been shown to have negligible effects in estuarine waters (Krone,

1962; O’Melia, 1980; McCave et al., 1984; van Leussen, 1994; Maggi, 2005).

Concentration – increased concentration of particles increases the chance of

particle collisions, and thus flocculation. However, as flocs grow in size, they

may become more fragile and so are broken up by further collisions, limiting

their size and demonstrating an equilibrium mechanism as described in M1.

Differential settling is the process whereby particles with a larger settling

velocity will overtake those with a lower settling velocity. Differential settling

is still a subject of debate with studies by Burban et al. (1990) and Lick et al.

(1993) reporting that it has a significant impact on flocculation. Stolzenbach and

Elimelich (1994), however, reports that differential settling is inefficient for floc-

culation and may only occur in the incidences of very small particles and very

large particles. Stolzenbach and Elimelich (1994) reported that ‘when the ratios

of settling velocity and the excess density of two particles exceed critical values

determined by the theory, the trajectory of the small particle is closed in a re-

gion of finite size surrounding the large particle.’ This finite surround deflects

approaching/overtaking particles and alters the trajectory preventing particle

collision.

Turbulent and laminar shear enable particles carried by eddies to collide

and form flocs, while turbulent shear may disrupt flocs causing floc breakup.

Turbulent and laminar shear and differential settling mechanisms are the most

important for inter-particle collision and these are further aided by biological

processes. Turbulence (described in section 2.1.4) is a micro-scale process that

has, so far, not been related to the concentration of nutrients in the water col-
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umn. Further details are presented and discussed in section 2.1.4.

Figure 2.4: The conceptual relationship between sediment concentration,
shear stress and �oc size (from Dyer (1989)).

In relation to the scales of spatial and temporal variability in an estuary, SPM

concentration can form both a micro- and a meso-scale process. Mean SPM con-

centration ranges vary widely in estuaries globally. Short-term events, such as

an estuarine turbidity maximum (ETM), are micro-scale temporal events that

significantly increase the SPM concentration of the water column for a short pe-

riod of time. For example, in the Scheldt estuary, an ETM has been observed

with SPM concentrations of between 50 - 500 mg l� 1 with approximate time

scales of 1 - 2 h (Manning et al., 2007c). The effects of SPM concentration on wa-

ter column nutrient concentrations have previously been investigated in studies

by the likes of Mortimer et al. (1999); Fitzsimons et al. (2006); Shepherd et al.

(2007); Garnier et al. (2008, 2010); Bartley et al. (2012). However, there are few

studies considering the particle characteristics within these SPM concentration

increases. Of the few studies investigating nutrient concentrations in relation
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to particle characteristics and SPM concentrations, Pavanelli and Selli (2013)

reported that during flood events in the Reno River, Italy, nutrient concentra-

tions were shown to have a linear relationship with silt particle size. Pavanelli

and Selli (2013) concluded that silts appear to be the preferential vehicle for nu-

trient transfer. This research was conducted in a purely riverine environment,

but has relevance as silts are a common component of flocs in both the Tamar

(Bale et al., 1985; Tattersall et al., 2003; Bass et al., 2007) and Seine estuaries

(Avoine, 1982; Brenon and Le Hir, 1999; Garnier et al., 2010). Furthermore, silts

are commonly transported from the riverine environment into the estuarine en-

vironment (Grabowski et al., 2011), whereby they may be affected by different

physical processes that affect the nutrient bonds with the sediment.

The aforementioned physical mechanisms are not sufficient alone to cause ag-

gregation of suspended particles. The physico-chemical properties, including

repulsive and van der Waals forces, and organic compounds (such as polysac-

charides) on and within the particles have to be considered in flocculation. Van

Leussen (1994) and Winterwerp et al. (2002) utilised an efficiency parameter � c

to relate the likelihood for two aggregates to adhere and bond together following

collision, to physico-chemical properties of the sediment and surrounding water,

and to floc shape and structure (Edzwald and O’Melia, 1975; Maggi, 2005).

2.1.3 Composition of Flocs

Floc formation in the natural environment encourages a wide variety of flocs in

shape, size and composition. This is due to differing salinities, changing levels

of turbulence, and changing biology. Flocs range from being large and round,

to thin and stringy (Figure 2.2) with the structure forming as a result of the

flocculation process, deformation due to turbulence and collision with other ag-

gregates, consolidation and torquing (to twist or rotate). Floc structure also

dictates the response to different physical forcings and interactions with other
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particles (Maggi, 2005). Furthermore, flocs may be composed of up to 106 in-

dividual particles (Lick and Lick, 1988; Milligan and Hill, 1998; Manning and

Dyer, 1999).

2.1.3.1 Size, Porosity & Effective Density

Particle size is a difficult parameter to measure due to the complexities of the

shape and structure, and the vast number of methods and instruments avail-

able to measure floc size. At present, there is no accepted standard definition

of floc size (Maggi, 2005). Two of the most common methods used to determine

the size of the floc include a geometric average of the sizes measured in differ-

ent directions, and the diameter of a circumscribed sphere; equivalent spherical

diameter (ESD) (Maggi, 2005). Alternatively, the principles of laser diffraction

and light angle scattering can be used. Regardless of which method is used,

they both have the same disadvantage; invariably one or more dimensions of a

particle may be over- or underestimated, or missed altogether. This means that

assumptions must be made in the calculation of further values, such as effective

density and porosity. While a significant disadvantage, few methods exist for

the accurate measurements of particles with more than one dimension.

The varying methods of formation affect the subsequent size and shape of a

floc. For example, low shear conditions, such as in deep oceans, will predom-

inately produce long, chain-like flocs (Wells and Goldberg, 1993), while higher

shear rates found in estuaries will produce smaller, spherical flocs (van Leussen,

1994).

Particle size, while important to the composition of flocs, is not easily or accu-

rately measured. This is due to the inherently small size, often poor visibil-

ity in the water column and the number of planes/faces/dimensions of a floc.

Furthermore, there is no universal agreement as to what defines a ‘floc size’ or
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‘diameter’. In terms of the relationship between particle size and nutrient con-

centration, it could be theorised that the larger the particle and availability of

surface space, the more ions may bond with the particle, thus reducing water

column concentrations and increasing the possibility of uptake by flocculation.

As a one-dimensional value representing a typically three-dimensional particle

of irregular shape forms a practical but inaccurate measurement, the relative

changes in particle size distribution between samples is considered as a mea-

sure of flocculation or disaggregation in this thesis.

Porosity and effective density of particles are closely related. The porosity of a

floc is related to the space-filling ability of the floc structure; where the porosity

is high, the amount of interstitial, or pore water, is greater in the floc. Typically,

larger, filamentous flocs would be quite porous. As a result of the high amount

of interstitial water, a porous floc is likely to have a lower effective density (� 16

kg m� 3 (Fennessy et al., 1997)).

The interstitial water found in a floc is usually the water trapped by two or more

components of a floc, when formed. It is in this way, as well as particle surface-

bonding, that contaminants are transported in an estuary. They are trapped

in the interstitial water - disaggregation could release any unbound contami-

nant back into the water column. This is particularly relevant to the aim of this

study whereby the significance of sediments as a source of nutrients to the water

column is to be established. In areas of high SPM (� 2 g L � 1) and nutrient con-

centration, large porous flocs may be a source of nutrients when later broken up.

Effective density is calculated using a derivation of Stokes’ law, including the

particle size and settling velocity:

� c = ( � f � � w) =
Ws18�
DyDxg

(2.1)
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where � f is the density of the floc bulk, � w is the density of the water, Ws is the

settling velocity, g is the acceleration due to gravity, � is the dynamic viscosity,

Dy is the axis normal to the settling velocity, Dx.

The value is based on particle geometric self-similarity an assumes a constant

primary particle size. As such, it requires additional information (such as fractal

dimension) in order to highlight any anomalous results. It is, however, a partic-

ularly useful descriptor of the type of measured particle. The density affects

the rate at which particles can settle and so it is proposed that it will affect the

time in which nutrients could bond to particle surfaces; i.e. fast settling parti-

cles have less chance to adsorb nutrients. Those that do settle quickly, if they

have nutrients attached, the nutrients will be taken down to the bed whereby

they may be consolidated. In this thesis, only the LabSFLOC I instrumentation

was capable of measuring settling velocity in conjunction with particle size. The

advantages and disadvantages of this methodology are discussed in Chapter 3.

2.1.4 Turbulence

Turbulence is a naturally occurring physical process in the marine environment

that is responsible for the transfer of heat and momentum and dispersion of

solutes, organic and inorganic particles. Characterised by chaotic and stochas-

tic behaviour, turbulence has been identified as ‘the most important unsolved

problem of classical physics’ (Falkovich and Sreenivasan, 2006; Thorpe, 2007).

Thorpe (2007) defined turbulence as `an energetic, rotational and eddying state of

motion that results in the dispersion of material and the transfer of momentum,

heat and solutes at rates far higher than those of molecular processes' . This de-

scription includes the dispersion of flocs and the dilution of chemical species in

the water, such as N and P. Turbulence is characterised by a number of different

features; irregularity, diffusivity, rotationality, dissipation, energy cascade, inte-

gral length scales, Kolmogorov microscales and Taylor microscales (Kolmogorov,
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1941b,a; Tennekes, 1975).

Turbulence is produced by friction at the bed, and the shear stressyy linearly di-

minishes with height above the bed. Generally, there are two regions; inner and

outer. The inner region or the ‘wall region’ is the region close to the bed. This is

where, typically, the first 20 - 30% of the water depth consists of a logarithmic

layer of velocity increase from the bed (Dyer et al., 2004). The area close to the

bed can include a viscous sub-layer and this is dependent on the presence of any

bedforms (e.g. sandwaves, etc.). The velocity profile associated with turbulence

is affected by changes in the hydrodynamic conditions of the water column, and

in particular, the density stratification. Meanwhile, suspended sediment has

been shown to absorb turbulent energy, appearing as an increase in effective

viscosity (Krestenitis et al., 2007).

Turbulent Kinetic Energy (TKE) is the mean kinetic energy per unit mass asso-

ciated with eddies in turbulent flow. As eddies have been shown to affect the

properties of flocculation sediment (Krestenitis et al., 2007), it is a useful way

to characterise the conditions (Pope, 2000). TKE is typically characterised us-

ing root mean square (RMS) velocity fluctuations. In Reynolds-averaged Navier

Stokes equations, the TKE can be calculated based on the ‘closure method’ in

that TKE can be quantified by the mean of the turbulence-normal stresses (Pope,

2000):

k =
1
2

�
(u0

1)2 + (v0
1)2 + (w0

1)2
�

(2.2)

TKE can be produced by fluid shear, friction or buoyancy, or through external

forcing at low-frequency eddy scales. TKE is then transferred down the ‘energy

cascade’, and is dissipated by the viscous forces at the Kolmogorov scale (see

section 2.1.4.2). The full descriptive equation is written as follows:
yyDenoted � , is defined as the component of stress coplanar with a material cross section.

25



2. PHYSICAL AND CHEMICAL PROPERTIES OF ESTUARIES

�k
�t

+ uj
�k
�x j

= �
1
� 0

� u0
i p0

�x i
�

1
2

� u0
j u

0
j u

0
i

�x i
+ v

� 2k
�x 2

j
� u0

i u
0
j
� ui

�x j
� v

�u 0
i �u

0
i

�x j �x j
�

g
� 0

� 0u0
i � i (2.3)

Within Equation 2.3, the following components can be separated into the follow-

ing components (not limited to): TKE dissipation rate (� ), TKE production (P ),

transport of TKE (5 � T0):
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0
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0
i
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By examining each of the phenomena listed above, the TKE budget can be de-

termined for a particular flow. The aforementioned TKE and equations will be

considered in Chapter 3 (section 3.3.2.1) where the methods for calculating TKE

and Kolmogorov microscales are presented.

2.1.4.1 Diffusivity and Dispersion

Dispersion is the spreading of solid particles and particles of fluid by turbulent

motion (Thorpe, 2007). Turbulent diffusion, in contrast to dispersion, is the

transport of fluid properties, such as salinity, at a molecular scale. Diffusion by

turbulence occurs more rapidly than molecular diffusion and is, therefore, very

important in dynamic, fast-moving environments, such as an estuary (Roberts

and Webster, 2002), and forms a micro-scale process. Diffusion is particularly

relevant when considering the transport and movement of ions, such as N and P

species, in the water column. In turbulent environments, such as the ETM, the

rate of diffusion may be relevant to the bonding of ions to particles, or trapping
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within the interstitial water of flocculated particles. Dispersion, meanwhile, is a

relevant micro-scale to the particulates held in suspension. Together, dispersion

and diffusion may play a role in the relationship between sediments and nutri-

ents in the water column. These parameters, however, are difficult to measure.

2.1.4.2 Energy Scales & Measuring Turbulence: The Kolmogorov Mi-

croscale

One of the major challenges in modern physics is the accurate measurement of

turbulence (Falkovich and Sreenivasan, 2006). There are many methods to mea-

sure aspects of turbulence. Of particular relevance to this study are Kolmogorov

Microscales. Kolmogorov described how energy is transferred from larger to

smaller eddies; how much energy is contained by eddies of a given size; and

how much energy is dissipated by eddies of each size. There are three main

turbulent length scales, as shown in Figure 2.5: the integral scale, the Taylor

scale and the Kolmogorov scale, of which each can be expressed using Reynolds

numbers (Pope, 2000; Thorpe, 2007) and described the ‘energy cascade’. The

energy cascade describes the process in which ‘energy is transferred to succes-

sively smaller and smaller eddies’ and continues until the Reynolds number is

sufficiently small that the eddy motion is stable (Bakker, 2006).

The first scale, the integral scale, describes larger eddies and their characteris-

tic velocity, u0 � u(l0), is on the order of the root mean square (r.m.s.) turbulence

intensity: u0 � (2k=3)(1=2). The integral scale assumes that the energy of an eddy

with a velocity scale u0 is dissipated in time � 0 (Pope, 2000; Bakker, 2006).

The second scale of turbulence is the Taylor Microscale and it describes the tur-

bulent structures within the inertial subrange (the scales between the smallest

and largest turbulent structures). It is calculated as follows: � � (10vk=�)1=2.
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Figure 2.5: Turbulent scales as described by Pope (2000). From Bakker
(2006). The suf�xes EI and DI indicate that lEI is the demarcation line be-
tween Energy (E) and inertial (I) ranges, as lDI is that between the dissipation
(D) and inertial (I) ranges.

Finally, and the most relevant to this project, are the Kolmogorov microscales

(Kolmogorov, 1941b). Kolmogorov microscales, or Kolmorogov length scales, are

the smallest scales of turbulent flow and can be measured in lengths, time-scales

or velocities:

length scale: � = ( v3=�)1=4 (2.7)

velocity scale: u� = ( �v )1=4 (2.8)

time scale: � � = ( v=�)1=2 (2.9)

The microscales are based upon Kolmogorov’s first similarity hypothesis: `that in

every turbulent �ow at suf�ciently high Reynolds number, the statistics of small-

scale motions (l < l EI have a universal form that is uniquely determined by �

and v. Generally, smaller Kolmogorov microscale values indicate higher levels

of turbulence (smaller structures) (Mı̂kes, 2011).

The microscales are particularly relevant to this project as the length of tur-
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bulent structures in the water column (measured in � m) is directly compara-

ble to measured particle sizes. Using this parameter, it has been found that

particle size is limited by the Kolmogorov microscales (Berhane et al., 1997;

Van Leussen, 1997; Fettweis et al., 2006; Braithwaite et al., 2010). The Kol-

mogorov Length Microscale will be used throughout this thesis as an indication

of the level of turbulence in the water.

2.1.4.3 Turbulence and Suspended Sediment

As highlighted previously, turbulence (and shear) can both cause and disrupt

the process of flocculation. Primary particles bonded electrochemically are typi-

cally resistant to turbulent action, plus small flocs are bonded in a stronger way

due to their low porosity and EPS on particles. Meanwhile, low-to-mid values of

shear rate can enhance flocculation.

Figure 2.6: Qualitative representation of the modal �oc size against the rate
of turbulent shear (G) for limited and unlimited residence time (Winterwerp,
1993).

Figure 2.6 demonstrates the delicate balance between the generation of flocs due

to turbulence and the disruption. It should be noted that flocculation and coagu-
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lation are two different processes. Coagulation is the process by which colloidal

particles and very fine solid suspensions are combined into larger agglomerates

which can be separated via sedimentation, flocculation, filtration, and other sep-

aration methods. G is a measure of the rate of turbulent shear and is expressed

as follows:

G =

r
�
v

(2.10)

Where � is the energy dissipation rate per unit mass and v is the kinematic

viscosity. Kinematic viscosity is the ratio between the dynamic viscosity and

the density of the water and has units of m2 s� 1. The rate of turbulent shear

can also be expressed as the inverse of Kolmogorov length microscales: G = l � 1
k

(Winterwerp, 1993).

2.2 Nutrients in the Estuarine Environment

As key elements in primary productivity, in both terrestrial and marine environ-

ments, nitrogen (N) and phosphorus (P) are often classed as ‘limiting’ nutrients

(Hecky and Kilham, 1988; Vitousek et al., 1997; Tyrrell, 1999; Worsfold et al.,

2008; Statham, 2012; Jickells et al., 2015). Nutrients are elements that are ac-

tively taken up by organisms and are essential in processes of living organisms,

such as reproduction and growth. Of the 30 bioelements (chemical elements vi-

tal for life) that have been identified, the macro-nutrients N and P are required

in greater quantities. N forms a component of amino acids and is found in all cell

proteins. N is also of great importance to the rate of primary productivity, and

the production of arable crops, forests and marine phytoplankton relies heavily

upon the availability of inorganic N (such as nitrate or ammonia) (White, 1993;

Hessen, 1999; Tyrrell, 1999; Jickells et al., 2015). P, on the other hand, is vital

for all living organisms as it forms a principle constituent (nucleic acid) of bones,

nerves, brain tissue and teeth (Hessen, 1999; Williams, 2001). Other macro-
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nutrients include, calcium (Ca2+), chloride (Cl– ), magnesium (Mg2+), potassium

(K+), sodium (Na+) and sulphate (SO 2–
4 ). Macro-nutrients, despite being crucial,

can be detrimental if an excess occurs.

Despite strict legislation to maintain the balance of natural waters, water qual-

ity has remained a key global issue. Eutrophication and harmful algal blooms,

such as blue-green algal blooms, in estuarine and coastal waters have also been

attributed to increased fluxes of N and P (Howarth, 2008). On a ‘mega-scale’ (see

Figure 2.1), nutrient concentrations in U.K. rivers have been significantly in-

creased by human activity, spanning centuries and decades before control mea-

sures were implemented (Seitzinger et al., 2005; Statham, 2012; Moore et al.,

2013; Jickells et al., 2015). In 2003, the cost of annual freshwater eutrophica-

tion control in the U.K., was estimated by Pretty et al. (2003) to be between £75

- 114.3 million in 2003. Since then, the Environment Agency have, in line with

the European Union Urban Waste Water Treatment Directive (UWWTD), spent

approximately £1.3 bn capital in attempts to reduce the point sources of P (En-

vironment Agency, 2012). Despite this expenditure, the EA report that, still,

36% of rivers will fail to meet the P threshold set by the UWWTD (Environment

Agency, 2012). Smith et al. (1999) wrote that `human activity has profoundly al-

tered the global biogeochemical cycle of N' and stated that `humans have approx-

imately doubled the rate of N input into the terrestrial ecosystem' . Indeed, Smith

et al. (1999) explained that current levels of anthropogenic input of N are at

least equal to that of all natural sources combined. Similarly, Burt et al. (2011a)

reported that ground-water dominated rivers demonstrate increasing levels of

nitrate and propose that it could be decades before surface-water concentrations

decrease to values consistent with water quality legislation (Burt et al., 2011b;

Tappin et al., 2012). In the Seine estuary, France, before 2000, most effluents

from Paris were treated with a ‘standard’ activated sludge treatment of carbon,

thus releasing high concentrations of ammonium to the water. This increase in
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ammonium to water column caused a significant growth in nitrifying bacteria

and a subsequent dissolved oxygen deficit (Aissa-Grouz et al., 2015). Subse-

quent efforts to reduce the issues associated with untreated waste have yielded

the elimination of ammonium from effluent and 30% of the nitrate formed was

denitrified, considerably improving water quality in the Seine estuary (Aissa-

Grouz et al., 2015).

Point sources and non-point sources of nutrients, including anthropogenic in-

puts, to the marine environment are summarised in Table 2.1. Notably, sedi-

ments as a source of nutrients to the water column were not identified by Smith

et al. (1999).

Table 2.1: Sources of point and non-point chemical inputs from Smith et al.
(1999).

Point Sources
Waste water effluent (municipal and industrial)
Runoff and leachate from waste disposal sites
Runoff and infiltration from animal feedlots
Runoff from mines, oil fields and unsewered industrial sites
Storm sewer outfalls from cities with populations > 100,000
Runoff from construction sites with an area > 2ha
Non-point sources
Runoff from agriculture (including return flows from irrigated agri-
culture)
Runoff from pastures and rangelands
Urban runoff from unsewered areas and sewered areas with popu-
lations < 100,000
Septic tank leachage and runoff from failed septic systems
Runoff from construction sites with area < 2 ha
Runoff from abandoned mines
Atmospheric deposition over a water surface
Activities on land that generate contaminants, such as logging, wet-
land conversion, construction and development of land and water-
ways
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2.2.1 Nitrogen in the Marine Environment

N is a non-metal that, in the form dinitrogen (N2), is the most abundant, but

least reactive, form of N in the global environment. As a colourless, odourless,

inert gas, it contributes to approximately 78%, by volume, of the Earth’s atmo-

sphere (Capone et al., 2008). N2 also exists as the following inorganic species;

nitrate (NO –
3 ), nitrite (NO –

2 ) and ammonium (NH +
4 ). It can be converted into

organic N compounds such as amines, amides and amino acids. Both forms of N

are found in the particulate and dissolved phase (Capone et al., 2008).

Figure 2.7: A schematic of the marine N cycle – adapted from Hanrahan et
al. (2002).

Nitrogen is converted into bio-available forms by one of three processes (listed

below), while the process of denitrification converts fixed N back into gaseous

species.

� Fixation – N2 gas is converted, either by micro-organisms or root nodule

symbiosis, to NH +
4 . A natural example of N fixation is lightning.

� Nitri�cation – the process of oxidisation of NH +
4 into NO –

2 through am-
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monium oxidising bacteria (AOB) or ammonia oxidising archaea (AOA).

Nitrification then continues to oxidise NO –
2 into NO –

3 by way of bacteria

such as nitrobacter .

� Ammoni�cation – when plants or animals die, organic N is converted back

into NH +
4 by forms of bacteria and/or fungi.

There are three routes for N to enter an estuarine environment; atmosphere,

groundwaters and, primarily, rivers. In estuarine waters, N occurs at small

concentrations in its inorganic and organic forms. The most prominent of the

inorganic forms are NH +
4 , NO –

2 and NO –
3 ions, which play a crucial role in

the nitrogen cycle. The species abundance depends on the location within an

estuary: for example, an unperturbed system may have a concentration of 0.01 -

0.1 mg L� 1 NO –
3 in estuarine waters compared to between 0 - 30+ mg L� 1 NO –

3

in riverine waters. The Tamar estuary has a typical NO –
3 concentration of 12.4

mg L � 1 (Tappin et al., 2012). Figure 2.8 highlights the operational definitions of

N in the marine environment (Galloway, 2003). Total oxidised N (TON) (not in

Figure 2.8) is defined as NO –
3 + NO –

2 and will be used throughout this thesis

(referred to as NO –
3 ), assuming that NO –

2 represents only a minor component

of the total nitrate plus nitrite under oxic conditions (Tappin et al., 2012).

N in the marine environment occurs both naturally and anthropogenically. Nat-

ural sources include the fixation of gases by cyanobacteria and algae, and the

breakdown of nitrogeneous matter in sediments, water and excrement from

biota (Capone et al., 2008). Riverine input of N is estimated to be between 35 - 64

Mt yr � 1 (Tappin, 2002). However, the natural concentrations of approximately

0:1 mg L � 1 may be enhanced by anthropogenic sources.

One of the greater anthropogenic sources of N to the marine environment is

N-fertiliser used in agriculture. Smith et al. (1999) estimated that between 37
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Figure 2.8: The operational de�nition of N and typical concentrations in ma-
rine water (mg L � 1 N) (adapted from Robards et al. (1994)).

- 82% of all emissions to surface water in Europe are the result of N-fertiliser

and Vitousek et al. (1997) noted that the production of agricultural fertilisers

increased from < 10 million metric tonnes in 1950 to approximately 80 million

metric tonnes in 1990, with a predicted increase to 135 million metric tonnes by

the year 2030. The N-fertiliser produced is applied to cropland in the form of an-

imal manure, for which the regulatory standards are much less stringent than

those applied to human sewerage (Vitousek et al., 1997). Smith et al. (1999) ex-

plained that a small fraction of applied fertiliser is not required by the plants for

growth. As well as diffusion through land to the surface layer of water bodies,

a surplus of N may accumulate in soils, migrate into groundwaters or enter the

atmosphere as nitrous oxide (Smith et al., 1999).

Further input of N to the water column arrives through the burning of fossil fu-

els such as coal, gas and oil. Vitousek et al. (1997) disclosed that the burning of

fossil fuels transfers fixed N from geological reservoirs to the atmosphere and in
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the high-temperature combustion of fossil fuels, a small amount of atmospheric

N2 is fixed. Vitousek et al. (1997) further estimated that greater than 20 Tg y� 1

of fixed N is emitted to the atmosphere during fossil-fuel combustion.

A third mechanism involves the fixing of N through leguminous crops such

as soybeans, peas and alfalfa. The crops support symbiotic N-fixing micro-

organisms who derive much of the required N directly through the atmosphere

(Vitousek et al., 1997). Fixation of N in excess of natural background rates

in communities that legume crops have replaced represents a new source of

anthropogenic N to coasts and estuaries. It is estimated by Galloway et al. (1995)

that N fixation by leguminous crops is between 32 and 53 Tg y� 1, while Smith

et al. (1999) estimate that approximately 40 Tg y� 1 is fixed - the variations occur

as a result of difficulty in measuring the fixation, in comparison to industrial

measurements (Vitousek et al., 1997).

A fourth, and final input to the N cycle, arises not from anthropogenic N fixation,

but from the release of natural N from long-term biological reservoirs. Activities

such as biomass burning, deforestation, land clearing and conversion, drainage

of wetlands and the consequent oxidation of organic soils can be termed ‘mobil-

isation’ and can account for a proportion of the anthropogenic contribution to

the N cycle (Vitousek et al., 1997). It is estimated that, combined, these activ-

ities could account for approximately 50 Tg y� 1. Furthermore, the drainage of

wetland removes a significant ‘sink’ (an accumulation of a mineral in soils, ef-

fectively taken out of the cycle for a period of time) for fixed nitrogen and thus

increases the mobility of N through soils into streams and rivers (Vitousek et al.,

1997).

2.2.1.1 Partitioning of N onto Particles in the Marine Environment

Tappin (2002) reported that over 50% of the annual global riverine N flux is in
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the form of particulate N, most of which is entirely organic. However, it is un-

clear how species of N transfer from the dissolved phase to the particulate phase

(Hedges and Keil, 1999). Fitzsimons et al. (2011) highlighted that the partition-

ingx of N to SPM may be different for each molecule. For example, NO –
3 and

NO –
2 are negatively charged, the same as the surfaces and edges of the particles

(Loder and Liss, 1985), and so bonding between the particle surface and NO –
3

and NO –
2 does not typically occur. Instead, NO –

3 is typically assimilated into

the pore-waters of sediments (Koike and Sorensen, 1988). NH +
4 , on the other

hand, is positively charged and so can form ionic bonds with the negatively-

charged sites on the particle surface. Despite the lack of bonding between NO –
3

and particle surface, it was still measured in this thesis as a method of deter-

mining the possible magnitude of uptake by interstitial water during creation of

flocs (Kalnejais et al., 2010). Ammonium was also recorded as a means of testing

all proposed Mechanisms.

The partitioning of N to the surfaces of the particle is dependant on the species

of N. NO –
3 and NO –

2 are not likely to be sorbed to sediments and so observable

fluxes of NO –
3 and NO –

2 are likely to be a result of advected river water into the

sampling site. NH +
4 , on the other hand, has been shown to bond with particles

and so is likely to be affected by the theories discussed in Chapter 1.

2.2.2 Phosphorus in the Marine Environment

Phosphorus is a highly reactive, non-metallic element that, like N, is essential

to living organisms. Unlike N, however, it is highly reactive and classed as an

‘allotrophic’ element, which means that the element can exist in many different

physical forms while retaining identical chemical composition (Williams, 2001).

In the environment, P mainly occurs as P minerals that are commonly found

in P rocks, suspended solids in rivers and oceans, and less commonly found in
xDistribution of a solute between two immiscible solvents.
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dust in the air (Ryther and Dunstan, 1971; Knauer et al., 1979; Eberlein and

Kattner, 1987; Williams, 2001).

P is often classed as a limiting nutrient as it is an essential element in living

organisms (Karl, 2000) and forms a major constituent of bones, nerves, brain

tissue and teeth (Hessen, 1999; Williams, 2001) as well as being a component of

adenosine triphosphate (ATP), the fundamental energy source for all life forms

(Thurman, 1985). In the terrestrial environment, P predominately occurs as P

minerals of the apatite family, or as inorganic phosphates of aluminium, cal-

cium and iron (Williams, 2001). In the aquatic environment, dissolved PO 3–
4

often dominates. Phosphates are naturally occurring throughout terrestrial and

marine ecosystems (Williams, 2001). P plays an important role in estuarine bio-

geochemistry with inorganic P (mono- or di-protonated orthophosphate) forming

the most bioavailable form of P in the environment (Worsfold et al., 2008).

Figure 2.9: The aquatic phosphorus cycle as de�ned by Worsfold et al. (2005).
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In contrast to N, marine P differs in two ways (Statham, 2012): 1) oxidation-

reduction processes do not play a significant part in the distribution of P; 2) P

does not exist in a gaseous form. Bacterial processes are responsible for the con-

version of dissolved organic phosphorous (DOP) into dissolved inorganic phos-

phorous (DIP).

Catchment run-off, including weathered rock (e.g. hydroxyapatite, fluorapatite

and berlinite) and agricultural run-off and sewage effluent, is the main source of

P in estuaries and deposition/settling of SPM is the major pathway for P trans-

fer from water to sediment. The settling of sediment allows for the trapping of

P within an estuary in undisturbed sediments as insoluble calcium components

(Emsley, 1980; Mitchell and Baldwin, 2005; Worsfold et al., 2008). Froelich et al.

(1982) and Howarth et al. (1995) estimated natural riverine fluxes of P to be be-

tween 2.6 and 3.3 � 1011 mol P yr � 1. When considering the anthropogenic input

through use of fertilisers and deforestation, the value rises to between 7.4 and

15.6 � 1011 mol P yr � 1 (Froelich et al., 1982; Howarth et al., 1995; Statham,

2012).

Additional sources (point sources) of P include waste water from waste water

treatment plants (WWTPs) and industrial processes, leakage from animal waste

storage facilities and sewered urban runoff. WWTPs inputs are more significant

during periods of low flow. Non-point sources include agricultural runoff, fer-

tilisers used for agriculture (Cole et al., 1990), erosion and sedimentation due

to human activities (such as digging or dredging), atmospheric deposition and

direct input by livestock.

P species can be characterised by a number of operationally defined fractions,

as defined by Worsfold et al. (2005) and illustrated in Figure 2.10. Of partic-

ular importance is the Molybdate Reactive Phosphorus (MRP) which is often
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Figure 2.10: Operationally de�ned aquatic P fractions from Worsfold et al.,
(2005).

assumed to be the inorganic P fraction, but may also contain acid-labile colloidal

and organic phosphorus. For the purposes of this thesis, inorganic P will refer to

MRP and will be the only form of P measured to determine possible micro-scale

processes occurring between sediments and macro-nutrients.

2.2.2.1 Partitioning of P onto Particles in the Marine Environment

Numerous studies have concluded that fluvial SPM is an abundant source of es-

tuarine P, providing between 27.6 and 60% of the total P (TP) (Deborde et al.,

2007; Fang, 2000; Nemery and Garnier, 2007; Shen et al., 2008). The exchange

between P, SPM and the water column is a complex relationship, involving sev-

eral physico-chemical and biological processes (Louchouarn et al., 1997). Pro-

cesses include molecular diffusion, increased temperature, water turbulence, gas

ebullition and bioturbation. Micro-scale physical processes such as turbulence

allow for the resuspension of sediments from the bed, as well as the accumu-
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lation of SPM in an ETM. The increase in SPM causes an increase in surface

area to water volume ratio and therefore facilitates the release of P from the

surface of particles, back into the water column (Kleeburg and Gruneberg, 2005;

Kalnejais et al., 2010). Undisturbed sediments contribute dissolved species via

pore-water diffusion across the sediment-water interface (Kalnejais et al., 2010).

The uptake and release of P to particles occurs as a two-step process: 1) rapid

surface adsorption onto (or desorption from) the particle surface; 2) a slow pen-

etration by solid-state diffusion of this phosphate into (or out of) sub-surface

horizons within the interior of the particles (Froelich, 1988). Step one has fast

kinetics of between minutes and hours in duration (micro-scale), while step two

has slow kinetics (meso-scale) (Fitzsimons et al., 2011).

The release rate of dissolved P to the water column has been said to be a result

of four primary environmental variables; temperature, dissolved oxygen concen-

tration, pH and redox potential (Kim et al., 2003; Hou et al., 2013). Hou et al.

(2013) also highlighted that research into the dynamic release of P has been lim-

ited to date. Of the limited research, Kalnejais et al. (2010) conducted erosion

chamber experiments to determine the solute release associated with known

shear stresses. The results of the study indicated the increased shear stress

lead to increase concentrations of PO 3–
4 , as well as copper, manganese, iron,

and silver. In this study, using Boston Harbour sediments, the release of solutes

from disturbed sediments contributed more to the water column, than could be

accounted for by conservative behaviour (Kalnejais et al., 2010). This study

seeks to investigate whether suspended particulate matter could contribute a

significant concentration of PO 3–
4 in the same way that resuspension events

were shown to contribute to the water column macro-nutrient concentration by

Kalnejais et al. (2010).
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2.2.3 Interactions of N and P with SPM in an Estuary

As transporters of chemical species and pollutants, understanding the interac-

tions between estuarine SPM and macro-nutrients is both an important and

complex task. It has generally been assumed that in estuaries with high river-

ine input and SPM concentrations, the lateral advection component is dominant

(Jay et al., 1997). However, the vertical flux of nutrients, and micro-scale flux

of nutrients from sediments to the water are also thought to be able to signifi-

cantly affect the macro-nutrient concentration (Jay et al., 1997; Kornman and de

Dekere, 1998). The release of macro-nutrients from sediments depends on both

the sediment geochemistry and local hydrodynamics (Lorke et al., 2003). Of the

studies conducted previously, many have examined direct fluxes under quies-

cent conditions, usually based on molecular diffusion (Fitzsimons et al., 2006;

Warnken et al., 2000; Berelson et al., 2003), with little evidence of consideration

of fluxes within the field. At a micro-scale, interactions between estuarine SPM

and macro-nutrients consist of several different chemical processes, such as rem-

ineralisation, adsorption, desorption and ion exchange (Froelich, 1988; Lucotte

and d’Anglejan, 1988; Loring et al., 1983; Fitzsimons et al., 2011). However, the

aforementioned processes are highly affected by the physical conditions in which

they take place (Fitzsimons et al., 2011). A brief description of each process can

be found below.

� Remineralisation – the transformation of organic to inorganic forms me-

diated by biological activity.

� Desorption – the phenomenon whereby a substance is released from or

through a surface (Nic et al., 1997; Thompson and Goyne, 2012). It occurs

in a system being in a state of sorption equilibrium between bulk phase

and an adsorbing surface.

� Adsorption – the adhesion of atoms, ions or molecules from a gas, liquid
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or dissolved solid to a surface (Nic et al., 1997). Note that this process is

different from absorption whereby a �uid permeates or is dissolved by a

liquid or solid.

� Ion exchange – the exchange of ions between two electrolytes or between

an electrolyte solution and a complex (Harland, 1994).

Adsorption processes are of particular interest in relation to Mechanism One of

the physical theories outlined in chapter 1. It was hypothesised that an increase

in SPM concentration attributed to hydrodynamic processes, may enhance the

uptake of nutrients through sorption of sediment to the particle faces. With in-

creased availability of SPM comes increased surface area with enhanced oppor-

tunities for the bonding of macro-nutrients with particle surfaces. This uptake

could then be further enhanced by the formation of flocs and the trapping of

interstitial water into the floc matrix, decreasing water column concentrations.

Adsorption has been shown to be particularly important in the control of con-

centrations of P in soils, lakes and estuaries (Pomeroy et al., 1965; Khalid et al.,

1977; Stirling and Wormald, 1977) and so Mechanism One may be relevant to

estuarine PO 3–
4 concentrations.

Similarly, it could also be hypothesised that an increase in SPM concentra-

tion enhances the possibility of desorption of previously bound nutrients. The

desorption reactions of these nutrients typically have two phases: an initial

rapid-release associated with loosely bound ions on the surface of the particle

(Froelich, 1988; Fitzsimons et al., 2006, 2011), followed by a slower release of

ions held within the sediment matrix (Froelich, 1988; Luthy et al., 1997; Turner

and Millward, 2002). Temporally, the slower release phase of desorption relates

to the meso-scale processes identified in Figure 2.1, as constituents originally

bound to the surface migrate into the matrix of the solid over a period of weeks

to months (Millward and Liu, 2003). To complicate things further, the aforemen-
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tioned desorption, are dependent on the residence time of water, nutrients and

SPM in the estuary (Morris, 1990) - all of which are controlled by meso-/macro-

scale physical processes.

Mechanism 2 of the detailed aims outlined in chapter 1 proposed that the in-

fluence of turbulence on particles in the water column might increase the con-

centration of macro-nutrients. Turbulence has been shown to both enhance and

limit the generation of flocs in the water column, as it is synonymous with the

increased energy required to increase SPM concentrations (Braithwaite et al.,

2010). With relation to macro-nutrient concentrations, it is thought that in-

creased turbulence could break down particles, releasing nutrient-laden inter-

stitial water from the floc matrix. Further to this, it is proposed that increased

turbulence will break down any weak bonds between PO 3–
4 and the particle sur-

face.

The process of ion exchange is relevant to Mechanism 3 (described in chapter 1),

particularly with regard to NH +
4 . It was proposed that with increasing salinity,

and therefore cation availability, the concentration of macro-nutrients in the

water column may increase due to ion exchange between surface-bound NH +
4

ions and salt water cations such as Mg+ and Ca2+.
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Chapter 3

Methods & Instrumentation

`She's going to look at the Estuarine Turbidity Maximum... did I get that right?'

Andy Pidduck
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3.1 Introduction

This chapter describes the methods and instrumentation used in the fieldwork

and laboratory experiments reported in chapters 4 and 5. Any variations from

the methods described in this chapter are stated in the respective chapters. The

mini annular flume methods for the laboratory experiments can be found in

chapter 6. The aims of this chapter are as follows:

� To select and evaluate suitable instrumentation and processing methodolo-

gies for the measurement of hydrodynamic conditions.

– Instrumentation needs to achieve a high temporal resolution (at least

1Hz) in order to capture the micro-scale processes occurring in the

water column.

– Instrumentation must be easy to deploy.

� To optimise methods for the measurement of N and P species (NO –
3 , PO –

43

and NH +
4 ) within the typical ranges found in the Tamar and Seine estuary.

� To establish a sampling regime that captures meso- to micro-scale pro-

cesses occurring in the water column, while remaining practical in terms

of processing and sampling.

Section 3.2 provides an overview of the sampling strategy and setup, while sec-

tions 3.3 and 3.4 present details of the instrumentation and methodologies used

to acquire physical and chemical data, respectively. As highlighted in chapter 1,

for the purposes of this study, nitrate + nitrite is referred to as ‘nitrate’.

3.2 Field Methodology

Fieldwork was conducted in two estuaries; the Tamar estuary (UK) and the

Seine estuary (France). Fieldwork locations were selected based on the typi-

cal range of SPM concentrations, with both locations falling within the tidal
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(a) CTD and LISST apparatus. (b) ADCP Mount location and set-up.

Figure 3.1: a) The CTD and LISST strapped together for pro�ling in a hori-
zontal orientation. The LISST provided suf�cient weight to enable a vertical
pro�le of the water column. b) The ADCP mounted on bracket with battery
pack at the Tamar estuary sampling site, Calstock (picture taken at low tide).

trajectory of an ETM although this was a desirable parameter, not a required

parameter. The Tamar estuary had mid to high SPM concentrations (0.1 – 2 g

L � 1) with a meso/macro-tidal regime providing a broad range of turbulent con-

ditions (Davies, 1964). The Seine estuary provided a more ‘extreme’ case, with a

larger tidal range and SPM concentration range (0.1 – 4 g L � 1). Further details

of each location are provided in chapters 4 and 5, respectively.

Estuarine variables, including temperature, salinity and turbidity, were recorded

using a conductivity, temperature and depth (CTD) profiler. A surface mounted

1200 KHz RDI Teledyne Acoustic Doppler Current Profiler (ADCP) (Figure 3.1b)

recorded the current velocity, shear and turbulent dissipation of the water col-

umn (section 3.3.2). A LISST-100X (Laser In-Situ Scattering and Transmissom-

etry system) (section 3.3.3) was used to determine the particle size distribution.

The LISST-100X was attached to the CTD and profiled at the same time (Figure

3.1a).

Instruments were profiled every 30 min. throughout the sampling period (where

water was available), while water samples for nutrient analysis were collected

every hour by way of a 2.2 L horizontal Van Dorn water sampler. Instrument

profiles took approximately 2 - 3 minutes per profile. Instrument profiles were
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conducted every 30 minutes as this was deemed achievable with the requirement

to filter water samples immediately after collection. To reduce the possibility of

contamination of water samples, sample bottles and the Van Dorn water sampler

should be conditioned prior to collecting a sample (Mart, 1979). Both were rinsed

with surface water from the sampling site prior to filling. The hourly collection

of water samples was considered the most effective to capture meso/micro-scale

processes, in line with the number of samples to be collected and processed (n =

9). For each Van Dorn water sample collected, this sample volume was further

divided into four bottles. Three of these bottles were used to obtain samples

for determination of macro-nutrient concentrations, and the fourth was used to

complete gravimetric determination of the SPM concentration.

Water samples were filtered on-site using a vacuum pump connected to three

independent glass filtration systems (Figure 3.2). As a preliminary treatment,

sample were filtered to remove SPM. Water samples for the determination of

nitrate and phosphate were filtered through Nuclepore polycarbonate 47 mm

diameter, 0.4 � m pore-size filters, while samples for ammonium determination

were filtered through Fisherbrand MF300 (GF/F equivalent) 47 mm diameter,

0.7 � m pore-size filters. The instrumentation for the determination of nitrate

and phosphate required that a smaller pore size be used to remove as much

of the SPM as possible - this prevents contamination in future measurements,

particularly with phosphate. The nominal pore size for the removal of SPM from

water samples is 0.45 � m (Wilde et al., 2004 - 2011). Sample volumes for nitrate,

phosphate and ammonium determinations were transferred into 20 mL HDPE

scintillation vials, labelled and transferred into sealable plastic bags (Dore et al.,

1996; Gardolinski et al., 2001). Sample vials of this material are considered ap-

propriate, when acid washed, for storage as minimal adsorption of nutrients or

bacteria onto the storage container surface occurs (Dore et al., 1996).
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Figure 3.2: Three independent glass �ltration rigs attached to vacuum pump
to �lter water samples before analysis - photo taken during the Tamar estuary
spring sampling campaign.

Samples were stored in a cool box packed with ice at approximately 5oC in

the field, before transport to the laboratory and subsequent storage at -20oC.

It should be noted that all storage methods for nutrient analysis will involve

some alteration of the nutrient to eventually be measured (Intergovernmental

Oceanographic Commission, 1993). However, freezing of samples is a widely-

accepted method of slowing down biological processes that may cause the deple-

tion of nutrients in the sample (Dore et al., 1996; Gardolinski et al., 2001). Water

samples collected for PO 3–
4 were refrigerated without further acidification as it

was shown by Morse et al. (1982) that acid made no significant difference to the

quality of sample collected. The results demonstrated that quality of the sam-

ple was safe for up to 60 days - consequently, samples were processed within 60

days. This was the same for NO –
3 . For NH +

4 , samples were frozen as soon as
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possible as a study by Vesely (1978) indicated that refrigerated samples degrade

within 1 - 2. The MF300 filter papers were retained for gravimetric determina-

tion of SPM concentration. Filter papers were dried in an oven at 80oC for 4 h

before being weighed. Prior to sampling, 50 filter papers were weighed to obtain

average filter weight. The weight of the filter papers prior to sampling was sub-

tracted from the new filter weight to give the amount of SPM in the recorded

volume of water filtered. This was then normalised to give the concentration of

SPM in g L � 1.

3.3 Physical Measurements

3.3.1 CTD - Conductivity, Temperature & Depth Profiler

CTD instruments carry many advantages that make them suitable for use in

the Tamar and Seine estuaries (Williams, 2009). Foremost, they allow the ac-

quisition of high resolution data, both spatially and temporally. The instrument

is light-weight and practical for use in both shallow and deep water. However,

they must be attached to other instruments or a frame when profiling to ensure

a vertical profile in strong current velocities. CTD instruments are limited in

that measurements can only be made at one point in space and time and so sev-

eral instruments are required to obtain measurements over a broader area, or

when making measurements to assess the impact of advection.
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Table 3.1: A comparison of speci�cations for the YSI 6600 V2 Sonde and the
Seabird SBE 19plus V2 SeaCAT.

YSI 6600 V2
Parameter Range Resolution Accuracy
Conductivity 0 - 10 S / m 0.001 - 0.1 mS / cm � 0.5% of reading
Temperature -5 to + 50oC 0.01 oC � 0.15oC

Depth Up to 200 m 0.001 m up to 0.3 m*
Turbidity Up to 1,000 NTU 0.1 NTU � 2% or 0.5 NTU

Seabird CTD
Parameter Range Resolution Accuracy
Conductivity 0 - 9 S / m 0.0005 S / m � 0.00005 S / m
Temperature - 5 to 35oC 0.0002oC 0.001oC

Depth Up to 100 m 0.001 m � 0.1% of scale
Turbidity Up to 1,000 NTU 0.1 NTU � 2% or 0.5 NTU

A CTD can carry a variety of sensors with the ‘primary’ three sensors measur-

ing conductivity, temperature and depth, from which the salinity is calculated

internally. Additional sensors can be attached including an optical backscatter

sensor (OBS) for the measurement of turbidity, as well as pH, dissolved oxygen

and chlorophyll. During the Tamar and Seine estuary experiments, variables

were recorded to the instrument memory at a rate of 2 Hz by the YSI CTD, while

the Seabird CTD sampled at 4 Hz in the Seine estuary. Salinity, temperature

and turbidity probes were calibrated prior to sampling days with a 3 point cal-

ibration, as described in the user manual. Specifications, including accuracy, of

the YSI 6600 V2 Sonde and the Seabird SBE 19plus V2 SeaCAT (with Campbell

Scientific OBS3+ turbidity sensor) used in field campaigns are shown in Table

3.1. The Seabird CTD was more accurate and had a higher resolution than the

Seabird CTD, except for the turbidity probe which had the same accuracy and

resolution.

The instrument required a short period (30 s) of adjustment upon entering the

water, especially in conditions where the air temperature was above or below

the water temperature. This initial data was removed during processing. Once

51



3. METHODS & INSTRUMENTATION

adjusted, the instrument was profiled from surface to bottom recording data on

both descent and ascent. On data interpretation, the data were averaged into

depth bins (10 cm) to create a smooth profile of each variable.

3.3.1.1 Turbidity Measurements

Data collected by the turbidity probe were measured in Nephelometric Turbidity

Units (NTU). A beam of light was shone through the water and a light detector

recorded the amount of light visible through the water column. The turbidity

of the water was a function of the light reflected into the detector. This data

was used in conjunction with filtered water samples (section 3.2) to calculate

the SPM concentration in g L � 1 using linear least-squares regression analysis.

Turbidity measurements recorded by the CTD require conversion to the SI units

of turbidity (g L � 1). This is done by performing a linear least-squares regression

analysis of the gravimetric filter weights against the concentration measured by

the CTD at the same time for each sample. The equation of the line can then be

used to convert the NTU to g L � 1. Site-specific sediment data (i.e. gravimetri-

cally filtered samples) are required because the calibration of the turbidity probe

to SPM concentration can vary significantly with the mineral type and colour,

as well as particle size Connor and De Visser (1992); Sutherland et al. (2000);

Guillén et al. (2000).

Figure 3.3 shows the linear regression analysis performed for each of the field

campaigns completed. Table 3.2 shows the details of the regression analysis,

including equations of lines of best fit and r2 values. The equations were used

to turn NTU values from each CTD into grams per litre using the following

equation:

SPM Conc(g:L� 1) = m � NTU/OBS + C0 (3.1)
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3.3 Physical Measurements

where: m is the gradient of the line and C0 is the y-intercept of the regression

analysis.

Linear regression analysis results presented in Table 3.2 showed that, for most

cases, there was a general increase in recorded NTU values and gravimetrically

filtered SPM samples. R2 values for the summer season Tamar estuary cam-

paign demonstrated minimal gradient indicating a weak correlation. In the ab-

sence of another calibration, this was used. Reasons for changes in the gradient,

m, are a result of changes in the grain size of sediments in suspension (Guillén

et al., 2000).

Table 3.2: Calibration equations for the determination of SPM concentration
for each �eld campaign from gravimetric �ltration and OBS measurements.

Location & Season Calibration Equation R-squared
Seine Estuary y = 0.0023 x + 0.1585 0.702

Tamar Estuary - Spring y = 0.0021 x + 0.9208 0.704
Tamar Estuary - Summer y = 0.0073 x - 0.0208 0.486
Tamar Estuary - Autumn y = 0.0063 x - 0.672 0.796
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3.3 Physical Measurements

3.3.2 ADCP - Acoustic Doppler Current Profiler

ADCP instruments are widely used to measure vertical profiles of currents in

estuarine, river and oceanic conditions, using Doppler Effect principles (Figure

3.4) (Emery, 2001). The Doppler Effect is a shift in wavelength (or other periodic

event) to an observer (or, in this case, a sensor) as a result of motion. They hold

many advantages over alternative instruments. They provide high definition,

accurate current velocity data of the entire water column. Instruments such as

the Valeport current meter use impellors and only take point measurements and

profiles. An added benefit is that the instrument has no external moving parts

and is therefore less susceptible to biofouling (e.g. transducer head fouling, plus

issues during phytoplankton blooms). Deployment logistics are also simplified

by the use of battery packs and autonomous data recording to the internal disk

drive.

Figure 3.4: An ADCP uses doppler shift theory to determine current velocity
and direction.
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3. METHODS & INSTRUMENTATION

The ADCP transmits a series of acoustic pulses at a fixed frequency, while ‘lis-

tening’ for the resulting backscatter from ‘sound scatterers’. Sound scatterers

are small particles or plankton that reflect the acoustic pulse back to the ADCP.

Reflected sounds are Doppler shifted to a different frequency (depending on the

direction of the scatterer in relation to the ADCP) and the Doppler shift is pro-

portional to the relative velocity between the scattering object and the ADCP.

It is assumed that scatterers will move in the same direction and at the same

velocity as the current (Nystrom et al., 2002; Muste et al., 2004). Higher fre-

quencies (e.g. 1200 KHz) permit higher resolution data, but are limited in the

depth of water that they can profile as lower frequencies travel further (Nystrom

et al., 2002; Muste et al., 2004). In the Seine and Tamar estuaries, a 1200 KHz

ADCP was used, as the depth was no greater than 8 and 4 m, respectively. These

depths are well within the remit of a 1200 KHz ADCP. An ADCP instrument also

has a compass, a pitch/roll sensor, temperature sensor and a clock.

3.3.2.1 Calculating Kolmogorov Microscales using an ADCP

As well as current velocity and direction, the ADCP can be used to determine

Reynold’s stress, friction velocity (u� ) and Kolmogorov’s microscales (length).

Reynold’s stress components were calculated using ADCP data. Three compo-

nents of velocity data, bu, bv and bw (in a co-ordinate system fixed relative to Earth),

and an error, be, were recorded at 0.2 m depth intervals at a rate of 2 Hz. The

error component is described as being ‘proportional to the difference between

the vertical velocity components estimated along the two planes of the instru-

ment’ (van Haren et al., 1994; Nidzieko et al., 2006). Data were averaged into

30 minute bins allowing 15 mins either side of a water profile. Velocity mea-

surements, u, v and w, were used to obtain Reynolds stress estimates using the

following format: u0 = u � u. Where u0 is the turbulent fluctuation, u is the av-

erage velocity and u is the instantaneous velocity. Stress components are then

related to Reynolds shear stress using equation 3.2:

56



3.3 Physical Measurements

� RE = � � (u0w0+ v0w0) (3.2)

where � is averaged water density.

The aforementioned Reynolds Stress is obtained from the averaging operation

over the Navier-Stokes equations to account for turbulent fluctuations in fluid

momentum. The method assumes a homogeneous and incompressible flow, where

flow velocities are split into a mean part and a fluctuating part. This method,

whereby the flows are assumed as homogeneous, avoids the issue of TKE pro-

duction.

Estimates of the Kolmogorov length microscale (lK ; Kolmogorov, 1941b) were

obtained using Equation 3.3:

lK =
�

� 3

"

� 1
4

(3.3)

where � is the averaged kinematic viscosity and " is the TKE dissipation rate.

Kinematic viscosity was calculating using CTD data obtained for each sampling

campaign and the following equation:

v = �=� (3.4)

where � is the dynamic viscosity and � was the water density. Kinematic viscos-

ity was calculated using the Gibbs-Seawater Oceanographic MATLAB toolbox

(McDougall and Barker, 2011).

For TKE dissipation rate (shown in Equation 3.3), on the basis that the Reynolds

stresses were calculated assuming a homogeneous flow where production and

dissipation are equal, the results of Equation 3.5 , described below, was used as

a measure of the TKE dissipation rate.
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" =
1
2

�
u02 + v 02 + w 02

�
(3.5)

3.3.3 LISST 100X - Laser In-Situ Scattering and Transmissometry Sys-

tem

A LISST-100X (Sequoia Scientific) uses the theory of small-angle forward scat-

tering of light (laser diffraction) from particles, also known as Mie theory, to de-

termine the in situ particle size distribution and volume concentration (Agrawal

and Pottsmith, 2000; Mikkelsen et al., 2005). The ‘X’ in the name, refers to the

type of LISST (A, B, C or ST, etc.). Mie theory states ‘that at small forward scat-

tering angles, laser diffraction by spherical particles is essentially identical to

diffraction by an aperture of equal size (Fraunhofer approximation)’ (Agrawal

and Pottsmith, 1994; Gartner et al., 2001). The primary benefit of a LISST-

100X, henceforth referred to as a LISST unless otherwise specified, is the ability

to measure particle size distributions in situ . Alternative methods include wet

and dry sieving, while optical backscatter methods only give a concentration of

SPM. The instrument is self-contained with internal memory and battery, or the

ability to run connected to the mains and computer.

The LISST transmits a red 670 nm laser from a collimated laser diode through

the water which is detected by a bespoke ring-detector with 32 logarithmically

sized bins (Figure 3.5). The angles determined from the ring detector are compu-

tationally inverted to give the particle size distribution of the sample volume (for

LISST-100B: 1.25 - 250 � m, for LISST-100C: 2.5 to 500 � m). This means small

particles in the water will scatter light at large angles, while larger particles will

scatter light at smaller angles.

58



3.3 Physical Measurements

Figure 3.5: A birds-eye view schematic of the LISST-100X instrument.

3.3.4 Sampling and Processing

For each sampling day, a background scattering file (or zscat) was created us-

ing pure water. This measurement records the scattering of light due to micro-

roughness of the optics system and is subtracted from further measurements

(Agrawal and Pottsmith, 2000). The corrected scattering from a sample was

then calculated using Equation 3.6:

s =
�
d=�

�
� zscat (3.6)

where d is the 32-element scattering distribution and � is the attenuation factor

as calculated by Beer’s law. The quantities d, � and zscat are measured in digital

counts. s is further corrected for the ‘non-ideal detector responsivity’ correction

factor, D (see Agrawal and Pottsmith (2000) for details) using Equation 3.7.

S(i ) = s(i )D(i ) (3.7)

The final step includes dividing the inverse of the scattering by the volume con-

version constant , Cv , which yields the volume concentration (Equation 3.8):

Cn = INV (S)=Cv (3.8)

59



3. METHODS & INSTRUMENTATION

Further processing was applied to PSD data to obtain particle mean, median

(D50), standard deviation, surface area (cm2=L), silt density and silt volume.

Due to the high concentrations of SPM experienced in the Tamar and Seine

estuaries, it was necessary to add a path reduction module (PRM) to the LISST

configuration. This reduces the optical path length in the water that the laser

has to travel through and thus ensures that the laser signal reaches the sensor

for measurements. As such, the path reduction must be taken into account when

calculating the beam attenuation (Equation 3.9), where r is the path length in

meters:

(� 1=r) � ln(� ) (3.9)

There are a number of disadvantages of using a LISST. Foremost is the inability

to determine what is being viewed. It may be that ‘particles’ measured in the

size distribution are, in fact, biological material or small copepod-like animals.

Secondly, for work in coastal and estuarine environments, the measurable size

range of the LISST (up to 500 � m) is limited in range. Further to this, Davies

et al. (2012) reported that particles larger than the size range of the instrument

produces volume distributions that peak at varying sizes between 250 and 400

� m. This is a result of the principal peaks in scattering moving off the inside of

the ring detectors, leading to the remaining peaks being interpreted as principal

peaks (Mikkelsen et al., 2005; Davies et al., 2012).

Finally, the LISST is susceptible to the refractive properties of density inter-

faces, known as ‘schlieren’ (Styles, 2006; Mikkelsen et al., 2008; Boss et al.,

2009; Hill et al., 2011; Slade et al., 2011). Schlieren in the water column can be

observed in the water column between two different bodies of water with differ-

ent densities. Mikkelsen et al. (2008) wrote that schlieren can cause increases in
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beam attenuation due to an increase in the volume scattering function at smaller

angles (1.5 - 2o), resulting in a false accumulation of particles. Mikkelsen et al.

(2008) recommended that care be taken when interpreting data that has been

obtained in conditions where the buoyancy frequency exceeds 0.025 s� 1.

3.3.4.1 Buoyancy Frequency

Buoyancy frequency in the ocean, or the Brunt-V•ais•al•a frequency, is calculated

as:

N =

s

�
g
�

d�
dz

(3.10)

where � is the potential density, z is the geometric height and g is the local

acceleration of gravity. Buoyancy frequency for CTD data was calculated using

the MATLAB toolbox by McDougall and Barker (2011). This was only applied

in the Tamar estuary where the LISST-100X was the primary instrument to

determine particle characteristics.

3.3.5 LabSFLOC - Laboratory Spectral Flocculation Characteristics

While the LISST-100X utilised lasers and light scattering to determine parti-

cle size, an alternative method included camera systems, such as LabSFLOC

(Manning, 2006; Manning et al., 2007b) (Figure 3.6). The primary advantage of

using a camera system was the ability to see exactly what was being measured,

unlike the LISST. However, the camera system could only see particles in 2-D,

preventing measurement of a third dimension, and therefore requiring several

assumptions.

LabSFLOC (version 1.0) utilised a monochrome Puffin Pasecon UTC 341 high

resolution video camera (Manning and Dyer, 2002) to observe flocs as they set-

tled in a bespoke settling column. The column was illuminated with a low-heat
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Figure 3.6: LabSFLOC I Camera System.

red LED to capture falling particles as silhouettes. As particles settled, the cam-

era captured images of particles that fell within a 1 mm depth of field, 45 mm

from the lens and 75 mm above the base of the column (Manning et al., 2007b).

Particles were extracted from the sample volume, either from the flume or a

water sampler, by modified glass pipette (4 mm internal diameter). The sub-

sample was transferred to the settling column as quickly as possible to minimise

the disruption to the floc structures. The aperture of the pipette was brought

into contact with the water of the settling column, allowing the flocs to undergo

gravitational settling (Gratiot and Manning, 2007). The settling column was

filled with water of the same density (temperature and salinity) as the sample

volume being extracted.
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3.3.5.1 Sampling and Processing

A number of floc properties were obtained from the images of the particles.

Equivalent spherical diameter (ESD) of the floc (D ), floc shape (height to width

ratio) and settling velocity (Ws) were calculated from images alone. Ws was de-

termined by tracking the distance a particle settled between consecutive video

frames. Effective density (� e) was calculated using a Stokes’ Law relationship

(Manning et al., 2007b):

� e = ( � f � � w) =
Ws18�

D 2g
(3.11)

where � is the dynamic molecular viscosity, g is gravitational acceleration, � f

is the floc bulk density and � w is the water density. Calculations of � e using

Equation 3.11 were only applicable where the particles settling had low particle

Reynolds numbers (i.e. WsD=� < 0:5, where � is kinematic viscosity). For parti-

cles with higher particle Reynolds numbers, the Oseen modification was applied

(Oseen, 1927) to account for the inertial drag on the settling particles (Brun-

Cottan, 1986; ten Brinke, 1994).

Floc porosity, as described in section 2.1.3, indicates how compact the floc or

aggregate is. It therefore required that the volume of the floc and the volume of

the interstitial water associated with the floc were calculated:

Pf =
Viw

Vf
� 100 (3.12)

where Viw is the interstitial water between the particles in a floc, and Vf is the

volume of the floc:

Vf =
4�D yDx

3
(3.13)
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Viw = 1 �
� c

� cnp
� Vf (3.14)

where � e is the effective density and � cnp is the mean effective density for solid

non-porous aggregates.

3.3.5.2 Assumptions

LabSFLOC uses one fundamental assumption in all of the calculations done in

post-processing; that all particles are spherical. The camera system can only

take 2-D images and so additional dimensions and axes of the particles may be

missed. By omitting other faces or axes of a particle, it may result in errors

in calculation of effective density, porosity and the volume of interstitial water.

Furthermore, particles that appear small and round, may actually be an image

of a long, stringy floc, of which the largest axis is missed.

3.4 Chemical Measurements

3.4.1 Labware Cleaning Protocol

Prior to use, all plasticware and glassware used for sampling, analysis, stan-

dards and reagents were scrubbed and cleaned with ultra high purity (UHP)

water (� 18 M
 �cm). Following a rinse, the items were left to soak in 2% Decon

Neutracony (low nutrient) for a minimum of 24 h. Once removed, items were

rinsed three times with UHP water and transferred to a 10% v/v hydrochloric

acid (HCl) bath for a further 24 h. A final rinse with UHP water was conducted

five times before the items were either dried under a laminar flow hood, or ashed

in a muffle furnace at 450 oC for 6 h. Once dried, all plasticware and glassware

were stored in two sealable plastic bags.

yA specialised surface active cleaning agent/decontaminant

64



3.4 Chemical Measurements

All reagents were supplied by Fisher Scientific or Sigma-Aldrich and were of

analytical grade. Solutions were prepared with UHP water, unless otherwise

stated. Further details of reagents used can be found in each methodology listed

in this chapter.

3.4.2 Continuous Flow Analysis (CFA)

Nitrate and phosphate concentrations were determined on an automated, air-

segmented, continuous flow analyser (CFA) (Skalar SANplus). The instrument

incorporated an autosampler, capable of holding 300 samples, a Skalar SA 4000

chemistry unit equipped with two 16 channel peristaltic pumps, a 4-channel

module holder for up to four different chemical methodologies, and four flow-

through, dual-channel, single-beam photometer heads. It also included a Skalar

SA 6250 dual-channel, single-beam photometer unit linked to a Microsoft Win-

dows operating system through a Skalar 8502 interface, designed to modulate

the analogue voltage signal to digital data. Under optimum conditions, the ab-

sorbance measured is directly proportional to the concentration of the nutri-

ent and is measured in arbitrary peak height values. Peak height values were

recorded by the Skalar Flow Access (2.0.11) software. Calculations to account

for the drift of the baseline could be conducted by the software, or independently.

The Skalar Flow Access software calculated nitrate and phosphate concentra-

tions based on ‘corrected peak heights’. The peak heights measured during

experiments were adjusted for changes in sensitivity in the baseline and drift

measurements. Once the corrections had been completed, the software used a

first order regression (linear calibration curve) to calculate the slope, intercept

and correlation coefficient. However, in the case of a large drift or an unstable

baseline, results and calculations were found to be exaggerated. Zhao (2009) re-

ported that, for the determination of phosphate, changes in temperature of the

reagents would change the sensitivity of the baseline measurement, thus chang-
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ing the ‘corrected peak height’. As such, reagents were equilibrated to room tem-

perature prior to use and manual calculations of nutrient concentrations were

performed.

3.4.3 Nitrate Determination

Nitrate determination was based upon the reduction of nitrate in copperised

cadmium to nitrite, followed by diazotisation of nitrite with sulphanilamide and

coupling with N-(1-napthyl) ethylenediamine dihydrochloride to form an azo dye

(Figure 3.7) with a maximum molar absorptivity (� ) at 540 nm (Armstrong et al.,

1967). The Skalar nitrate manifold (Figure 3.8) required 2 reagents; a buffer

solution and a colour reagent.

Figure 3.7: A schematic example of the diazonium coupling reaction in the
presence of nitrite to form an azo dye.

The buffer solution was composed of 50 g ammonium chloride, 1 mL ammonium

hydroxide and 2 mL low-nutrient surfactant (Brij 24, Skalar analytical), made

up to 1 L with water. The colour reagent comprised 150 mL o-phosphoric acid

(85%), 10 g sulphanilamide, 0.5 g N-(1-napthyl) ethylenediamine dihydrochlo-

ride and made up to 1 L with water. Stock solutions were prepared using 0.6067

mg pre-dried sodium nitrate, accurately weighed and dissolved in 1 L water.

Working standards were produced on the day of analysis by serial dilution of the

stock solution with helium degassed water. An example of the typical concentra-

tion range used for calibration, including dilution volumes, are shown in Table

3.3.
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3.4 Chemical Measurements

Figure 3.8: The CFA manifold for the determination of NO –
3 . Modi�ed from

Tuckwell (2007a).

Table 3.3: N Standard Set - A typical calibration set for the determination
of NO –

3 .

Standard NO –
3 Vol. 10 mg L� 1 stock required � M

N mg L� 1 (in 100 mL) mL
S0 0 0 0
S1 2 20 142
S2 4 40 285
S3 6 60 428
S4 8 80 571
S5 10 100 714

3.4.3.1 Nitrate Calibration

Table 3.4 shows the regression analysis calibration equations for the nitrate de-

termination for samples collected in the Tamar and Seine estuary. Results were

linear for samples in the range 2 - 6 � g L � 1. Above 6 � g L � 1, results began

to deviate. For the Tamar estuary, the analytical variability for the 4 � g L � 1

standard ranged between 0.2 and 3.4 % Relative Standard Deviation (RSD) (n

= 3), with R-squared values of between 0.93 and 0.98. An R-squared value of 1
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represents that the regression line fits perfectly. For the Seine estuary experi-

mental runs, the RSD values were 0.62 and 2.8%, and R-squared values were

0.987. The R-squared values for calibrations in this study were acceptable, with

all values above 0.9. The variability in gradients is thought to be a result of

changes in ambient temperature during the course of the experimental runs.

Intercept variations are thought to be a result of changes in UHP water qual-

ity and changes in quality and concentration of the reagents over the period of

analysis.

Table 3.4: Calibration equations for the determination of nitrate for the range
2 - 10 � g L � 1. RSD is the relative standard deviation of the 4 � g L � 1 standard
for each experiment.

Sample Set Calibration Equation R-squared RSD
% (n = 3)

Seine ETM 1 y = 534.15 x + 174.9 0.987 2.8
Seine ETM 2 y = 418.71 x - 284.48 0.987 0.62

Tamar March 2011 y = 355.29 + 377.07 0.925 2.3
Tamar June 2011 y = 474.89 x + 243.65 0.9825 0.2
Tamar Sept 2011 y = 305.52 x - 248.65 0.9734 3.4

The limit of detection (LOD) was calculated as the intercept of the regression

plus three times the standard deviation of the peak height of five blanks, result-

ing in an LOD of 1.42 � M for this method. This value is approximately 1% of the

lowest standard used for the calibration and so is acceptable for this method.

3.4.4 Phosphate Determination

Detection of phosphate was based on the method by Murphy and Riley (1962),

and optimised by Drummond and Maher (1995). It involves the reaction of phos-

phorus with molybdate under acidic conditions (pH 2) to produce phosphomolyb-

dic acid. The heteropoly acid (a class of acid made up of a particular combination

of hydrogen and oxygen with certain metals) produced is subsequently reduced

by ascorbic acid to form a blue complex that can be detected spectrophotometri-

cally at 880 nm. The linear detection range for phosphate determination is 20 -

500 � g L � 1 (0.016 - 16.14 � M).
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Figure 3.9: The CFA manifold for the determination of PO 3 –
4 . Modi�ed from

Tuckwell (2007a).

The Skalar manifold required two reagents (Figure 3.9); an ammonium molyb-

date solution, and an ascorbic acid solution. Ammonium molybdate was pre-

pared using 0.230 g of potassium antimony tartrate (PAT), 69.4 mL of sulphuric

acid, 6 g ammonium molybdate, 2 mL of FFD6 surfactant and made up to 1 L

with water. Ascorbic acid solution was composed of 11 g ascorbic acid, 60 mL

acetone, 2 mL FFD6 surfactant and made up to 1 L with water.

Table 3.5: P Standard Set - A typical calibration set for the determination
of phosphate.

Standard PO4-P Vol. PO4-P 10 mg L� 1 stock �M
� g L� 1 required (in 100 mL) mL

S0 0 0 0
S1 20 200 0.65
S2 40 400 1.29
S3 60 600 1.94
S4 80 800 2.58
S5 100 1000 3.22

A 100 mg L� 1 PO4-P solution was produced using 0.4393 g pre-dried potassium

dihydrogen phosphate (POP) dissolved in 1 L water. From this, a 10 mg L� 1

intermediate stock solution was prepared using a dilution of the original 100 mg
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L� 1 stock solution. As with nitrate determination, 6 standards (including blank)

were created using serial dilutions with helium degassed water. An example of

the concentration range used, including dilution volumes, can be found in Table

3.5.

3.4.4.1 Phosphate Calibration

Table 3.6 shows the typical regression analysis calibration equations for the

phosphate determinations conducted during this research. The phosphorus cali-

bration graphs were linear over the range 20 - 100 � g L � 1 (with R-squared values

ranging between 0.978 and 0.992). For the Tamar estuary, the analytical vari-

ability for the 40 � g L � 1 standard was consistently below 2 % RSD (n = 3). For

the experiment runs for the samples collected in the Seine estuary, the RSD

was 20 % (n = 3). The variability in gradients is thought to be associated with

changes in temperature during course of the experimental runs. Intercept vari-

ations are thought to be a result of changes in UHP water quality and changes

in the quality and concentrations of reagents over the period of analysis. The

limit of detection (LOD) was calculated as the intercept of the regression plus

three times the standard deviation of the peak height of five blanks, resulting in

an LOD of 0.024 � M for this method.

Table 3.6: Calibration equations for the determination of phosphate for the
range 20 - 100 � g L � 1. RSD is the relative standard deviation of the 40 � g L � 1

standard for each experiment.

Sample Set Calibration Equation R-squared RSD
% (n = 3)

Seine ETM 1 y = 28.446 x - 13.365 0.979 16.76
Seine ETM 2 y = 21.856 x + 0.2 0.971 15.69

Tamar March 2011 y = 9.9308 x + 96.054 0.968 1.6
Tamar June 2011 y = 11.411 x - 32.34 0.992 1.5
Tamar Sept 2011 y = 14.442 x - 68.085 0.978 1.5
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3.4.5 Ammonium Determination

A number of methods exist for the determination of ammonium (Garside et al.,

1978; Goyal et al., 1988; Genfa and Dasgupta, 1989; Gibbs et al., 1995; Kerouel

and Aminot, 1997), with the indophenol blue method most widely used (Holmes

et al., 1999). However, increasing publication and widespread variance of meth-

ods demonstrate the complexity and issues associated with the accurate mea-

surement of ammonium, particularly at sub-micromolar concentrations (Holmes

et al., 1999).

Holmes et al. (1999) described two fluorimetric methods for the determination of

ammonium. Protocol A was reported to be suitable for sub-micromolar concen-

trations while Protocol B was reported to be suitable for higher concentrations.

The motivation to use Protocol B of the method outlined by Holmes et al. (1999)

was the suitability of the applicable concentration range to both the Tamar and

the Seine estuary, and the disadvantages of using the indophenol blue method.

Disadvantages of the indophenol blue method included high and variable blanks,

difficulties with high limits of detection and the use of toxic reagents. Compara-

tively, the adapted continuous-flow fluorimetric technique used instead was sim-

ple and accurate, there were no toxic reagents, and the method could be used for

samples from a range of aquatic environments, both fresh and saline.

3.4.5.1 Instrumentation

The determination of ammonium required an Hitachi F-4500 fluorescence spec-

trophotometer to measure fluorescence. The excitation and emissions slits were

set to 5 nm, the PMT voltage was 700 V and the response was set to ‘auto’.

Maximum fluorescence was achieved at an excitation wavelength of 362 nm and

an emission wavelength of 422 nm. Fluorescence measurements were 3 second

integrations of the peak height.
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3.4.5.2 Reagents

The method used a stable working reagent (WR) of which the active ingredient

was orthophthaldialdehyde (OPA). The OPA reacted with ammonium to form a

highly fluorescent product. Further components included a borate buffer (BB)

and sodium sulfite. In the presence of sodium sulfite, OPA loses its sensitivity

to amino acids and becomes specific for ammonium (Kerouel and Aminot, 1997;

Holmes et al., 1999).

Figure 3.10: A schematic example of the �uorimetric determination of ammo-
nium.

The sodium sulfite solution was composed of 1 g sodium sulfite dissolved in 125

mL water. The solution was stable for approximately 1 month. BB was com-

posed of 80 g sodium tetraborate is dissolved in 2 L water. The BB requires

agitating/stirring/shaking until the sodium tetraborate is totally dissolved. The

OPA solution was composed of 4 g of OPA added to 100 mL ethanol (high-grade).

The solution was light sensitive and was stored in the dark.

The WR, stored in a 2 L Winchester bottle, was composed of 1 L borate buffer

solution, 5 mL sodium sulfite solution and 50 mL OPA solution. The WR was

left for at least 24 hours, as the blank fluorescence measurement decreased over

time. The WR was stable for 3 months when stored in the dark at room temper-

ature.

3.4.5.3 Standards , Analytical Procedure and Calibration

A stock solution, created on the day of processing, was created using 53.49 mg

ammonium chloride dissolved in 100 mL water, giving a concentration of 10
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mM NH +
4 . A 100 � M solution was achieved by a 1:10 dilution. From this, 6

standards were made. Concentrations and dilutions used for the determination

of ammonium in this research are listed in Table 3.7.

Table 3.7: NH +
4 Standard Set - A typical calibration set for the determina-

tion of NH +
4 .

Standard NH +
4 Concentration (� M) Vol. required in 25 mL

S0 0 0.00
S1 10 0.25
S2 20 0.50
S3 30 0.75
S4 40 1.00
S5 50 1.25

The analytical procedure of the methodology required the determination of back-

ground fluorescence, matrix effect fluorescence and sample fluorescence. Back-

ground fluorescence was determined by the addition of 2.5 mL BB to 10 mL

water in scintillation vials.

For each sample, 2.5 mL was pipetted into 2 scintillation vials. 1.25 mL was

also pipetted into a third vial to account for the matrix effect. The first vial con-

taining 2.5 mL sample and 10 mL WR gave the fluorescence of the sample itself

(Fsample(obs)). The second vial containing 2.5 mL sampling and 10 mL BB, gave

the background fluorescence for the sample (Fsample(BF)
). The final vial, contain-

ing 1.25 mL sample, 1.25 ml standard (spike) and 10 mL WR takes into account

the matrix effect (Fsample(spike) ).

To calculate the corrected ammonium concentration (Fsample(corrected) ), the follow-

ing formulae were applied:

Fsample ( NH 4 )
= Fsample ( obs )

+ Fsample ( BF )
(3.15)
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ME =

( ��
Fstandard spike � Fstandard zero

�
�

�
Fsample spike � Fsampleobs

��

(Fstandard spike � Fstandard zero )

)

� 100% (3.16)

Fsample ( corrected )
= Fsample ( NH 4)

+
�
Fsample ( NH 4 )

�
�

ME
100

��
(3.17)

3.4.5.4 Ammonium Calibrations

Ammonium concentrations were subsequently calculated using basic regression

analysis. Fluorescence values of known concentration were plotted against the

known concentration range and an equation produced. Fluorescence was shown

to be linear over the required range (0 - 50 � M). The equation of the line was

y = 125:84x + 109:73 and the regression coefficient was 0.997. The limit of detec-

tion (LOD) was calculated as the the intercept of the regression curve plus three

times the standard deviation of the fluorescence of 5 blanks, resulting in an LoD

for this method of 0.075 � M.

3.5 Conclusions

Instrumentation to measure the hydrodynamic conditions was selected on the

ability to record at a high frequency, and ease of sampling. The CTD, ADCP and

LISST-100X all sampled at a rate of 2 Hz, meeting the requirements for high

temporal resolution sampling. As a self-contained stationery profiling unit, the

ADCP was set to record at the start of the day and stopped when the last sam-

ple was collected - data was stored internally and downloaded post deployment.

The CTD and LISST-100X were strapped together for simultaneous sampling

and ease of profiling. It also provided the weight required to record a straight

profile in strong current velocities.

Determination of NO –
3 and PO 3–

4 was conducted by spectrophotometric CFA on

74



3.5 Conclusions

a Skalar system. Methods were optimised for the range of concentrations previ-

ously reported in the Tamar and Seine estuaries, as well as for experiments in

the flume studies. Initial testing and results revealed a good linear range of 142

- 285 � M for NO –
3 , and 0.65 - 3.22 for PO 3–

4 , with a limit of detection of 1.42

and 0.024 � M, respectively. For NO –
3 , results were not linear above 428 � M but

values below this were within the expected range and so met the aims outlined

at the start of the chapter. Precision and accuracy of the methods showed values

of between 0.2 - 2.8 % RSD for NO –
3 , and 1.5 - 16.76 % RSD for PO 3–

4 .

Concentrations of NH +
4 were determined using a fluorimetry method reported

by Holmes et al. (1999). Method B was reported to be suitable for concentrations

over 1 � M and results obtained in this study showed a linear range between 10

and 50 � M, meeting the aims of this chapter. The LOD for this method was 0.075

� M.
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Chapter 4

Sediment-Nutrient Interactions

in the Seine Estuary, France

`Going in-Seine... get it?'

Mark Fitzsimons
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4. SEDIMENT-NUTRIENT INTERACTIONS IN THE SEINE ESTUARY,
FRANCE

4.1 Introduction

This chapter presents the results and discussion of the field campaign conducted

in the Seine estuary, France. A single field campaign of 10 h was conducted in

April 2010, at the approximate location of the ETM. The aim of this chapter was

to determine whether micro-scale processes affecting macro-nutrient concentra-

tions could be observed in a turbid estuarine environment. The objectives of this

chapter are outlined below:

� to make in situ hydrodynamic, particle and chemical measurements in a

turbid estuary;

� to determine nutrient concentrations in collected water samples;

� to analyse particle and nutrient data to determine micro-scale relation-

ships between sediments and nutrients.

4.2 Location

The Seine estuary (Figure 4.1) is a controlled (the estuary has been significantly

altered from its natural state), tide-dominated, macro/hyper-tidal estuary lo-

cated within the regions of Ile-de-France and Haute-Normandie (Darymple et

al., 1992; Lesourd et al., 2003). Characterised by both freshwater and saline

tidal sections, the estuary is approximately 160 km in length from the mouth to

a man-made lock at Poses. The estuarine section is approximately 20% of the

776 km total length of the Seine River and has a hyper-tidal range of 8.5 m dur-

ing spring tides (Davies, 1964) and a meso-tidal range of 3 m during neap tides

at the mouth, and a small tidal range of 30 cm at Poses lock (Deloffre et al., 2005;

Garnier et al., 2008). At Poses lock, the Seine river has a 15-year annual mean

flow of 500 m3 s� 1 (Garnier et al., 2008), and extreme values of around 2,000 m3

s� 1 (winter) have also been observed (Lesourd et al., 2001).
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Historically, the Seine estuary has been heavily manipulated to allow access for

large ocean-going vessels. Between Le Havre and Rouen, the estuary has been

dyked to a single channel and dredged up to 9 m (Deloffre et al., 2005). These

changes have reduced the water volume within the estuary and subsequently

increased the current flows to between 1 - 2 m s� 1 (Avoine, 1982). As a result of

the fast current flows and altered shape of the estuary, deposition of fine-grained

sediments is limited to areas of low erosion, such as the inner of a large mean-

der, and in the docks of ports (Deloffre et al., 2005).

An ETM is formed as a result of tides, waves and river flows in the brackish

mixing zone, and the longitudinal oscillation of the ETM is approx. 20 km. Dur-

ing periods of high river flow it can move out to the Seine Bight (Avoine, 1987;

Deloffre et al., 2005; Garnier et al., 2008). Every semi-diurnal tidal cycle, large

quantities of sediment are suspended during peak current periods (up to 2 m

s� 1) and concentrations of SPM can reach 4,000 mg L� 1 (Lesourd et al., 2003;

Garnier et al., 2008). Tidal asymmetry in the Seine estuary induces stronger

flood current compared with ebb current velocities, with a longer high water

slack period (approx. 3 h) giving rise to increased settling of particles (Brenon

and Le Hir, 1999).

Figure 4.1: The Seine estuary from mouth to Poses Lock – sampling location:
49oN 26' 13.32”, 0 oW 21' 17.21”.
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(a) The sampling jetty at Fatouville-
Grestain

(b) A view of the river looking East to-
wards Rouen.

Figure 4.2: a) The jetty used for sampling and deployment at Fatouville
Grestain. b) Looking east along the River Seine from the sampling jetty.

The Seine River supplies a large quantity of suspended silt and clay to the

estuary. It is reported that the dry weight mean annual flux of sediment at

Poses is 5 � 105 t per year (Lesourd et al., 2003). During wet periods, this value

can increase to around 1 � 106 t per year, and can drop to as little as 2 � 105

t year� 1 in drier periods (Avoine, 1987; Lesourd et al., 2003). Examination of

the sediments carried in suspension in the Seine estuary revealed three distinct

fractions: fine-grained (3 - 5 � m), medium-grained (8 - 20 � m) and coarse-grained

(over 100 � m) (Avoine et al., 1984; Avoine, 1987).

Whilst the riverine input of sediment is predominately fine clay and silt, the

composition of the bed sediment is more varied. In the Bay of Seine, sediment

sizes are seen to decrease from the English Channel (gravelly) to the estuary

mouth (coarse sand). In the mouth of the estuary, patches of different sediments

can be observed; the main estuary channel is largely composed of clean fine

sand of marine origin (Germaneau, 1968, 1971; Avoine, 1987). Along the north-

ern side of the estuary, fine, thinly-bedded silts and clays form the tidal flats and
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marshes (Avoine, 1987).

The SPM concentrations of the Seine estuary made it a suitable candidate for the

examination of physical and chemical processes, in line with the aim highlighted

in section 4.1. Other physical conditions highlighted in this section indicate

conditions whereby it was expected that Mechanisms and processes would be

amplified and easier to observe.

4.3 Methodology

The methods used for the Seine sampling were as described in chapter 3, with a

few adaptations (listed below).

� LISST data were not used due to ‘saturation’ of the instrument as a result

of high SPM concentrations. Unlike the Tamar estuary, a path reduction

module was not used. Instead, the LabSFLOC I camera system was used

to determine floc characteristics.

� Water samples were collected hourly and filtered on-site with a vacuum

pump. Water samples for the determination of nitrate and phosphate were

filtered through Nuclepore polycarbonate 47 mm diameter, 0.4 � m pore-size

filters, while samples for ammonium determination were filtered through

Fisherbrand MF300 (GF/F equivalent) 47 mm diameter, 0.7 � m pore-size

filters. Subsequently, filter papers and samples were stored in an ice box

until they could be frozen. Samples were frozen within 24 h of collection.

� The 1200 KHz ADCP was set to record at a higher resolution (0.1 m bin

size). The increased frequency of sampling provided higher resolution data,

however this resulted in more memory being used and the instrument did

not have enough memory for the entire day of sampling. Consequently,

data is only available for the flood tide.
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The adaptations to the method above were deemed suitable for the ‘extreme’

conditions highlighted in section 4.1. LabSFLOC I is suitable for SPM concen-

trations of up to 8 g L � 1 making it more suitable for the conditions than the

LISST.

4.4 Results & Discussion: The Effect of Micro-Scale Pro-

cesses on Macro-Nutrient Concentrations in the Seine

Estuary

Sampling in the Seine estuary was conducted from a short jetty at Fatouville-

Grestain (Figure 4.1) in April 2010. Figure 4.3 presents the air temperature and

precipitation data for the week preceding and day of sampling. Conditions were

warm and there was very little precipitation during the day or the week preced-

ing sampling (17/4/2010 – 23/04/2010). The average precipitation for the month

of April 2010 is depicted by the black line in Figure 4.3b. The maximum air tem-

perature during sampling reached 14.9 oC, while the average was 8.9 oC. These

conditions were close to the average temperatures typically recorded for April

in the Seine estuary. Low levels of precipitation throughout the month prior to

sampling would impact the river run off levels for that month. This, in turn, will

affect the meso-scale processes occurring in the estuary including, the limit of

tidal intrusion, the formation and strength of an ETM, and the concentrations

of nutrient species within the estuary.
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4.4.1 An overview of the hydrodynamic conditions in the ETM

Time series plots of temperature, salinity and turbidity from CTD profiles are

presented in Figure 4.4 (Page 87). High water (HW+0) was at 1446 (Coordinated

Universal Time (UTC +2)). Increased depth, temperature and salinity gradients

were observed at the start of the flood tide at HW-3, with the influx of salt wa-

ter. The start of the ebb tide was observed at HW+1, with strong stratification

caused by the intrusion of warmer, fresher water at the surface and the retreat

of salt water close to the bed (Day et al., 1945; Simpson et al., 1990). Salin-

ity ranged from 0 (HW-5 to HW-2) to 24 (HW+0 to HW+3), while temperature

ranged from 10.5 - 12.5 oC. Physical conditions were in agreement with previous

studies conducted in the Seine estuary, despite lower than average levels of pre-

cipitation (Garnier et al., 2008, 2010).

The maximum SPM concentration, calculated gravimetrically, was 4.5 g L � 1 at

HW-2 (near-bed SPM concentration), while the minimum value was 0.2 g L � 1

at HW+3 (surface SPM concentration). Gravimetric SPM concentrations were

used to calibrate the OBS instrument measurements and, consequently, OBS

SPM concentrations from the CTD profiles were in the range 0 - 2.5 g L � 1 (Fig-

ure 4.4c). Measured OBS concentrations were lower due to ‘resolution bias’ in

water sampling (see section 3.3.1 for calibration information). At approximately

HW-2, as indicated by increased turbidity in Figure 4.4c, an ETM was observed

for approximately 90 min. Concentrations of SPM observed using OBS mea-

surements in the ETM were similar in magnitude to those reported in previous

studies (Lesourd et al., 2003; Deloffre et al., 2005; Garnier et al., 2008, 2010).

Results in Figure 4.4c show that, at its peak, the ETM height reached a height

of approximately 6.5 m above the bed.

Current velocity (u) and Kolmogorov microscale length (lK ) data are presented
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in Figures 4.5a & b (Page 88). Both variables have been temporally averaged

(15 minutes). The time-step for temporal averaging was chosen as it was the ap-

proximate time interval between CTD profiles collected. As mentioned in section

2.1.4.2, Kolmogorov microscale lengths are a useful measure of turbulence as

they are directly comparable to particle sizes (Braithwaite et al., 2010). Lower

values of lK are indicative of higher levels of turbulence (McCabe, 1991; Hill

et al., 1992; Fugate and Friedrichs, 2003; Mı̂kes, 2011) and values in estuaries

typically range from 100 - 1000 � m, depending on the depth and flow conditions

(Winterwerp et al., 2002). The values recorded here reflect atypical, highly tur-

bulent conditions; thought to be a result of current velocities up to 2.2 m s� 1.

Values previously reported for the Seine estuary were between 100 - 1000 � m

(Mikes et al., 2004; Verney et al., 2009). It is also possible that localised tur-

bulence from the jetty used for sampling could have influenced ADCP values

(Geyer et al., 2008; Trowbridge, 2008; Roman et al., 2010). Highest current ve-

locities were observed at approximately HW-2 (2.2 m s� 1) and were coincident

with temperature and salinity gradients marking the incoming flood tide (Fig-

ure 4.4). Current velocities presented in Figure 4.3a are temporally averaged

and therefore do not show the actual maximum as recorded in the raw data.

The implication of high levels of turbulence in addition to high SPM concentra-

tions was that M1 and M2 would potentially be in direct competition. Despite

an increase in SPM, increased levels of turbulence may hinder the process of

flocculation, and thus uptake of macro-nutrient species to the interstitial wa-

ter. Furthermore, increased turbulence may provide additional energy to break

stronger bonds between macro-nutrient species and the particle surfaces and

thus increase the dissolved nutrient concentration.

Near-bed lK values (averaged over each hour that LabSFLOC and water samples

were taken) at HW-2 indicate that turbulence increased (from 83 - 67 � m) with
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increasing current velocity, both of which were coincident with the ETM. Max-

imum near-bed lK values (84 � m) were found at HW-4, where current velocity

values were lowest. Despite the atypical range of lK values observed, this would

indicate calmer conditions.
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4.4.2 Nutrient concentrations in the water column

The measured concentrations of NH +
4 , NO –

3 and PO 3–
4 (mean � 1 s.d.) are

shown in Table 4.1 for surface and near-bed water samples from HW-5 to HW+4.

These concentrations were broadly in agreement with the values reported for

the Seine ETM by Garnier et al. (2010). Nitrate was detected in all surface and

near-bed water samples (Table 4.1), with maximum concentrations of 613 � M

(surface) and 606 � M (near-bed), both at HW-2. Minimum concentrations were

204 � M (surface) at HW+3 and 151 � M (near-bed) at HW+2.

Table 4.1: Surface and near-bed concentrations of NO –
3 , PO 3 –

4 and NH +
4 .

Surface
NO+

3 (� M) +/- PO 3–
4 (� M) +/- NH +

4 (� M) +/-
HW-5 315 19 6.71 1.09 2.42 0.91
HW-4 486 65 7.45 0.52 2.51 1.11
HW-3 333 15 3.24 0.38 3.60 1.53
HW-2 613 10 4.57 1.57 3.13 0.33
HW-1 214 16 3.08 0.15 3.68 1.16
HW+0 416 5.8 3.84 1.17 4.62 1.20
HW+1 204 6.3 3.31 0.42 6.91 0.40
HW+2 451 15 3.80 0.98 2.22 0.09
HW+3 349 34 2.80 0.74 4.67 0.57
HW+4 514 23 3.90 0.99 4.84 1.00

Near-bed
NO+

3 (� M) +/- PO 3–
4 (� M) +/- NH +

4 (� M) +/-
HW-5 506 4.85 5.57 0.49 2.97 0.05
HW-4 606 0.93 4.97 0.15 8.84 0.08
HW-3 350 157 4.70 1.77 10.1 0.21
HW-2 483 0.98 9.14 2.02 2.66 0.28
HW-1 328 105 4.13 0.26 1.90 0.82
HW+0 304 5.13 4.53 0.21 2.90 0.59
HW+1 240 53.4 4.54 0.40 4.87 0.93
HW+2 151 0.17 3.72 0.84 2.59 0.12
HW+3 383 11.6 7.88 0.35 4.11 0.11
HW+4 361 8.83 7.06 2.92 6.89 0.45

The general behaviour of NO –
3 was not consistent with the conservative mix-

ing of NO –
3 with salinity (Loder and Reichard, 1981), as shown in Figure 4.7,

indicating addition or removal processes. Linear regression analysis results cal-

90



4.4 Results & Discussion

culated a near-bed r-squared value of 0.54 (y = � 11:01x + 532:2), and a surface

r-squared value of 0.05 (y = � 4:95x + 436:8). Conservative mixing and mixing di-

agrams such as shown in Figure 4.7, are an indication of the processes affecting

a nutrient. That is, if the distribution of a nutrient is subject to physical mixing

processes alone, there should be a linear relationship between salinity and the

nutrient (Chester, 2000; Jickells et al., 2015). Where the relationship deviates

from a linear line, this can indicate addition or removal processes (Jickells et al.,

2015). In this case, results demonstrated both addition and removal processes

occurring. Linear regression analysis for PO 3–
4 and NH +

4 with salinity were

also performed with no indication of conservative behaviour for either macro-

nutrient.

Results of analysis of variance (ANOVA) are presented in Table 4.2. ANOVA

showed that there was a significant temporal difference (p = < 0.05) in NO –
3

concentration for both the near-bed and surface water samples at HW-2 (high-

est), compared with HW-1. Concentrations of NO –
3 at HW-2 coincided with the

highest current velocity and SPM concentrations (4.5 and 2.0 g L � 1 for near-bed

and surface waters, respectively), as well as the lowest Kolmogorov microscale

length values, whilst at HW-1, significantly lower NO –
3 concentrations coincided

with the maximum particle settling velocity. The significant decrease in surface

and near-bed NO –
3 concentrations were coincident with a significant increase

in salinity indicating the dominant influx of typically low-nutrient saline water.

This significant decrease could also be associated with the uptake of interstitial

water during flocculation at HW-2 and the subsequent settling of particles be-

fore HW-1, as per Mechanism 1 described in chapter 1.

Concentrations of NH +
4 varied through the sampling period (Table 4.1). Near-

bed concentrations increased from 2.98 � M in the first sample to a maximum

of 10.14 � M at HW-3. This maximum occurred one hour prior to the maximum
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Figure 4.7: Observed salinity and nitrate concentrations for sampling
conducted in the ETM. Conservative mixing is identi�ed by a linear relation-
ship between salinity and nitrate.

SPM concentration and the onset of the salt water intrusion. It was also co-

incident with a change in current direction of approximately 100 degrees at

HW-3. The near-bed NH +
4 maximum was out of phase with the SPM maxi-

mum and formation of the ETM. This behaviour was not observed in previously

reported field studies, where dissolved NH +
4 correlated with SPM (Morin and

Morse, 1999; Fitzsimons et al., 2006); however, these studies were not depth-

resolved. It is proposed that a benthic NH +
4 flux occurred prior to formation of

the ETM as a result of the stresses imposed by the change in current direction,

while a more strongly-bound PO 3–
4 fraction was desorbed from particles ejected

into the water column once the ETM had formed (Froelich, 1988), as indicated

by the near-bed concentration maximum (9.14 � M) at HW-2. This is consistent
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with a study completed in the Gironde Estuary, France, by Robert et al. (2004),

who examined the mobilisation of metals and macro-nutrients at the continuum

of the estuarine turbidity maximum. The study found that an intense period of

metal mobilisation at the near-bed as a result of a fluid mud layer (defined as

an SPM concentration of between 50 - 500 g L� 1). The report also describes the

‘soft mud’ layer, which is generally re-worked at the spring-neap time scale. The

soft mud layer is typically nitrate-free and ammonium-rich, providing a signifi-

cant source (Robert et al., 2004). Additionally, Lillebø et al. (2004) reported the

release of PO 3–
4 at slack water associated with increased contact between water

particles and the mud. Subsequent peaks in the NH +
4 concentration may have

indicated a flux from a slow-release particulate fraction, where repartitioning

of occluded NH +
4 occurred to replace earlier NH +

4 loss from the exchangeable

fraction (Morin and Morse, 1999).

Figure 4.8: Calculated water density for the Seine Estuary during the spring
sampling campaign. Densities indicate the riverine water observed at HW-3
and again at HW+3.

Additionally, consideration of the density of the water column allowed a compar-

ison between water samples collected at HW-3 and HW+3, which demonstrated

similar temperature and salinity values, albeit where HW-3 was well-mixed, and
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Surface PO 3 –
4 NO –

3 . NH +
4

Sample Mean Grouping Mean Grouping Mean Grouping
HW-5 5.57 B C D 314 E 2.41 B
HW-4 4.96 C D 486 B C 2.51 B
HW-3 4.69 C D 333 E 3.59 A B
HW-2 9.14 A 613 A 3.13 B
HW-1 4.13 D 214 F 3.69 A B
HW+0 4.54 C D 416 D 4.62 A B
HW+1 4.45 C D 204 F 6.91 A
HW+2 3.72 D 450 C D 2.22 B
HW+3 7.88 A B 348 E 4.67 A B
HW+4 7.05 A B C 514 B 4.85 A B

HW-5 6.705 A 537 A B 2.98 D E
HW-4 7.448 A 587 A 8.84 A
HW-3 3.245 B 442 B C 10.14 A
HW-2 4.573 B 601 A 2.65 D E
HW-1 3.073 B 190 E F 1.86 E
HW+0 3.838 B 301 D E 2.9 D E
HW+1 3.303 B 240 E F 4.87 C
HW+2 3.797 B 162 F 2.6 D E
HW+3 2.805 B 382 C D 4.11 C D
HW+4 3.473 B 452 B C 6.9 B

Table 4.2: Tukey's test results for an analysis of the signi�cance of each sam-
ple collected for near-bed and surface water samples.

HW+3 was stratified (see Figure 4.8). The similarity in density of the less saline

water is consistent with riverine input; however, the contrast in NH +
4 concen-

trations, both between HW-3 & HW+3 and near-bed and surface concentrations,

indicates addition or removal processes, such as the benthic input discussed pre-

viously.

A second near-bed NH +
4 peak occurred during the period of maximum measured

salinity, which may represent desorption of a more strongly-bound, slow-release

NH +
4 fraction (Morin and Morse, 1999). This is in line with M3 outlined in chap-

ter 1.

Mechanisms 1 (concentration) and 3 (salinity), were identified as potential mech-
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anisms for the release of NH +
4 to the water column. The dominant mechanism

was proposed to be SPM concentration due to a peak in NH +
4 shortly after the

SPM concentration maximum.

Phosphate (PO 3–
4 ) concentrations were in the range 3.7 - 9.1 � M for surface wa-

ter samples and 2.8 - 7.5 � M for near-bed water samples (Table 4.1). The max-

imum PO 3–
4 concentration was reached at HW-2 in the near-bed water, coinci-

dent with the maximum SPM concentration. Analysis by ANOVA revealed that

there was a significant temporal difference (p = < 0.05) in PO 3–
4 concentrations

prior to HW-3 for near-bed samples. These results are broadly in agreement

with the reported rapid release of PO 3–
4 due to ion exchange from suspended

sediment particles, at the onset of the observed ETM and salinity gradients on

the flood tide (Froelich, 1988; Gardolinski et al., 2004). ANOVA analysis also

revealed a significant spatial difference between the near-bed (2.66 � M) and sur-

face (5.13 � M) concentrations of PO 3–
4 at HW-4 (surface: 7.45 � M, near-bed: 4.96

� M) and HW-2 (surface: 4.573 � M, near-bed: 9.14 � M) . This statistically signif-

icant result was co-incident with stratified water as a result of the ebb tide and

subsequent dominance of riverine flow over tidal flow (see Figure 4.4), indicating

the affect of stratification on the vertical transport of nutrients. SPM concentra-

tions during this time were homogeneous and therefore suggest that changes in

macro-nutrient concentrations are a result of hydrodynamic processes, rather

than micro-scale physical processes.

4.4.3 An overview of near-bed particle characteristics in the ETM

Maximum particle size measurements decreased by approximately 40% 1 h be-

fore the maximum occurred (HW-3) (from 724 � m to 386 � m), coincident with

the peak in NH +
4 . The decrease in floc size and count at HW-3 coincided with a

decrease in current velocity and slack water, indicating unsuitable conditions for

particle aggregation and/or suspension, as well as the settling of larger macroflocs
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prior to high water.

Minimum floc sizes were consistent throughout the sampling period, at approx-

imately 30 � m. The absolute minimum occurred at the same time as the mini-

mum SPM concentration and settling velocity, shortly after high water (HW+2).

During this time, conditions were quiescent, with flocs in suspension settling

slowly. Shortly after high water, the maximum floc size for each sample de-

creased to approximately 20% of the floc size samples recorded for HW-2 and

HW-1 (from 920 � m at HW-2, to � 132 � m at HW+1). Average floc size also

remained consistent throughout all samples. The prolonged period of slack wa-

ter (relative to the ebb) is synonymous with the tidal asymmetry of the Seine

estuary and would only allow for fine, light materials to be held in suspension,

either by salinity and/or temperature gradients (Figure 4.4), or low velocity cur-

rents as the ebb tide current velocity starts to increase (Brenon and Le Hir,

1999).

The floc count measured for each profile (from the 400 mm3 LabSFLOC sample

chamber) was broadly consistent with recorded SPM concentrations; floc count

increased with SPM concentration, as would be expected (Dyer, 1997; Manning

and Dyer, 1999; Manning et al., 2006). The maximum floc count (147) and broad-

est range (892 � m) of floc sizes occurred at HW-2, where the SPM concentration

was highest, and coincided with the maximum near-bed PO 3–
4 concentration.

This condition is in contradiction to the proposed Mechanism 1 in which it was

hypothesised that the increase in flocculation would remove interstitial water

from the water column concentrations. Instead, this suggests that the increase

in SPM concentration serves as a source of PO 3–
4 , and that flocculation has no

significant effect on macro-nutrient concentration. Figure 4.9d shows that the

floc size reached a maximum of 920 � m, with an average floc size of 132 � m.

The flocs recorded had an average settling velocity of 2.8 mm s� 1 and an average
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effective density of 642 kg m� 3. The porosity of flocs ranged between 0 and 99%,

with an average porosity of 47%. A floc of 99% porosity will typically be solid

with little interstitial water and have a fast settling velocity. Conversely, a floc

of low porosity will settle slowly and contain large amounts of interstitial water.

The average value of 47% implies roughly half of the flocs contained intersti-

tial water, and half did not. This implies that a number of the large particles

were not capable of retaining interstitial water and acting in accordance with

Mechanism 1. This would further reduce the magnitude of any of the proposed

Mechanisms.

The distribution of flocs in Figure 4.9d shows that the larger flocs had a lower

effective density that is typically indicative of large, stringy flocs created with

the increased SPM concentration. Meanwhile, the smaller flocs, usually with

faster settling velocities, have much higher effective densities and could indi-

cate grains of entrained sand, or tightly bound flocs. Flocculation theory usually

indicates that for pure-mud suspensions, large, low-density flocs tend to settle

quicker than microflocs, even when the latter have a relatively high effective

density (Manning et al., 2006). When the ratio of mud:sand falls in favour of

sand, the microflocs consistently settle quicker than the larger macroflocs (Win-

terwerp and van Kesteren, 2004).

Statistics for this sample of flocs (HW-2) show that microflocs accounted for 81%

of the total population, with an average settling velocity of 2.72 mm s� 1 and an

average effective density of 843 kg m� 3. Macroflocs accounted for 19% of the pop-

ulation, with an average settling velocity of 3.58 mm s� 1 and an average effective

density of 100 kg m� 3. In this case, the higher average settling velocity of the

macroflocs indicates that the flocs conform to the theory that larger macrofloc

settle quicker. The maximum settling velocity of the microflocs (9.10 mm s� 1)

could still indicate the presence of sand grains within the flocs.

97



4. SEDIMENT-NUTRIENT INTERACTIONS IN THE SEINE ESTUARY,
FRANCE

Fi
gu

re
4.

9:
S

ca
tte

r
pl

ot
s

sh
ow

in
g

pa
rt

ic
le

si
ze

ve
rs

es
se

ttl
in

g
ve

lo
ci

ty
.

T
he

co
lo

ur
sc

al
e

re
pr

es
en

ts
th

e
ef

fe
ct

iv
e

de
ns

ity
of

ea
ch

pa
rt

ic
le

.

98



4.5 Conclusions

4.5 Conclusions

The primary aim of this chapter was to determine whether the hypothesised

mechanisms described in chapter 1 could be observed in field data.

A 10 h sampling campaign was conducted measuring the required variables to

determine hydrodynamic, chemical and particle characteristics. Measurements

were taken at a sufficient temporal scale so as to capture the micro-scale pro-

cesses and changes occurring throughout the tidal cycle. The results obtained in

this sampling campaign were taken at one location and therefore do not consider

the effects of horizontal advection. Instead, this chapter highlights instances

where sediment-nutrient behaviour may be explained by one, or several, of the

mechanisms outlined in section 1.2 (chapter 1).

Surface and near-bed concentrations of NO –
3 were seen to peak at HW-2, how-

ever, as mentioned in section 4.4.2, this is likely a result of advection, as any

benthic fluxes of NO –
3 are typically swamped by natural water concentrations,

as reported by Knox et al. (1986). Concentrations of NO –
3 were lower during the

ebb tide which was consistent with a period of saline water diluting the fresher,

nitrate-loaded river water. As the salt water began to retreat, NO –
3 concentra-

tions increased again, confirming that NO –
3 is controlled by the physical mixing

processes, rather than micro-scale sediment.

Ammonium concentrations saw a peak of 10.14 � M (near-bed) at HW-3 and a

statistically significant decrease in near-bed NH +
4 at HW-2 (p = 0.05) support-

ing the evidence reported by Robert et al. (2004); Fitzsimons et al. (2006) that

benthic fluxes are a significant source of NH +
4 to the water column. This con-

dition was, however, contradictory to all proposed mechanisms as the flux was

not a result of flocculation processes, increased salinity, or increased turbulence.
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Concentrations of NH +
4 were different at the surface, with two peaks in sur-

face NH +
4 recorded at HW-1 and HW+1, before decreasing significantly. The

surface peak recorded at HW-1 was coincident with the formation of the ETM

and an increase in SPM concentration from the bed, possibly indicating a ver-

tical transport of NH +
4 as a result of and during the ETM, signifying the im-

portance of hydrodynamic processes such as turbulence on the distribution on

macro-nutrients in the water column. The maximum concentration occurred

one hour after the SPM concentration maximum and reflected the desorption of

an exchangeable NH +
4 fraction via exchange with seawater cations in alignment

with M3. This scenario is consistent with previous resuspension studies (Morin

and Morse, 1999; Fitzsimons et al., 2006).

Surface concentrations of PO 3–
4 peaked at HW-3, with the near-bed peak occur-

ring at HW-2 and coincident with the maximum SPM concentration indicating

that the hypothesised M1 (flocculation and disaggregation) did not have a role

in PO 3–
4 concentrations, but that the increase in SPM concentration provides a

significant portion of total P to the water column via desorption processes (Fang,

2000; Deborde et al., 2007; Nemery and Garnier, 2007; Shen et al., 2008). The

broad range of floc sizes (820 � m) suggest that increased SPM concentration, in

conjunction with turbulent conditions in the ETM, outweigh the opportunities

for a decrease in PO 3–
4 due to trapping of macro-nutrients in interstitial waters.

Stratification was identified to be a key factor in the distribution of macro-

nutrients in the water column. At HW+3, stratified waters yielded a statisti-

cally significant (p = 0.05) difference in near-bed and surface concentrations of

PO 3–
4 , NO –

3 and NH +
4 . SPM concentrations at this time were homogeneous

within the water column and highlight that variation in the water column of

macro-nutrient concentrations was a result of hydrodynamic processes. Turbu-

lence, as a micro-scale process was likely not occurring during this time and was
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not recorded using the ADCP due to insufficient memory to record such high

resolutions. Stratification in the water column and the statistically significant

differences in near-bed and surface macro-nutrient concentrations confirms the

role of turbulence in the distribution of macro-nutrients in line with results pre-

sented by numerous reports (Ward and Twilley (1986); Geyer (1993); Falco et al.

(2010); Maar et al. (2010); Wild-Allen et al. (2013).

This study of the relationship between micro-scale physical processes, such as

flocculation and turbulence, and nutrient distributions in the Seine estuary has

demonstrated the variance in effect of each Mechanism on different nutrient

species.

For example, M1, an exchange mechanism describing the uptake of macro-nutrients

into interstitial waters as a result of flocculation, was not observed in the Seine

estuary. Instead, increased SPM concentrations were coincident with increased

levels of PO 3–
4 , with a proposed mud-water interface benthic flux of NH +

4 , as

per Robert et al. (2004). Nitrate was not subject to micro-scale sedimentary pro-

cesses but was affected by micro- to meso-scale hydrodynamic processes such as

tides, mixing and stratification. PO 3–
4 and NH +

4 were also affected by micro- to

meso-scale sedimentary processes in a period of stratification at HW+3.

NH +
4 was dominated by M2; the ion exchange between cations and anions as-

sociated with salt water. Here, an increase in SPM concentration played a sec-

ondary role in that increased SPM concentration provided greater opportunity

for ion exchange in the presence of salt water. PO 3–
4 on the other hand was en-

tirely dominated by M1, with turbulence potentially playing a secondary role.

Micro-scale physical processes, such as current velocity and turbulence, were

controlling factors in the generation of large, stringy flocs at HW-2, primarily by
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an increase in SPM concentration (up to 2.2 g L � 1). High levels of turbulence (lk

� 70 � m) constrained the maximum floc size and generated larger numbers of

smaller particles.

Finally, concentrations of NO –
3 did not demonstrate a pattern or relationship

with floc or SPM characteristics, and hence, any of the mechanisms outlined in

chapter 1. It is proposed that any benthic fluxes of NO –
3 would be negligible

due to the magnitude of naturally occurring concentrations in the water column

(Bale et al., 1985). NO –
3 showed conservative behaviour during the sampling

day; concentrations of NO –
3 decreased with increasing salinity likely as a result

of dilution by salt water, and increase during periods of fresher water (Knox

et al., 1986) whereby nutrient-laden river water would be advected downstream.
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Chapter 5

Sediment-Nutrient Interactions

in the Tamar Estuary, U.K.

`Why are we sticking these things in the water so early in the morning?'

Jamie Pidduck
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5.1 Introduction

This chapter presents and discusses the results of field campaigns conducted

in the Tamar estuary, U.K. Three field campaigns to determine the hydrody-

namic conditions and nutrient concentrations were conducted for approximately

half a tidal cycle (one ebb and one flood tide) in spring (March), summer (June)

and autumn (September) 2011. The aim of this work was to examine sediment-

nutrient relationships in the field on both a seasonal and a high-resolution tem-

poral scale. The objectives of this campaign were as follows:

� to make in situ hydrodynamic, particle/floc and chemical measurements in

a moderately turbid estuary;

� to collect comparative seasonal nutrient and sediment characteristics;

� to analyse particle and nutrient data for relationships relating to theories

presented in the hypotheses.

The objectives of this chapter are similar to those in chapter 4 with the added ad-

dition of a seasonal component to consider the implications of increased and de-

creased riverine run-off, as well as different sediment types. The Tamar estuary

has lower average SPM concentrations and current velocities, but is similar to

the Seine estuary in that an ETM has also been observed and measured.

5.2 Site Description

The Tamar estuary (Figure 5.1) is a flood-dominant, meso/macrotidal (Davies,

1964) drowned river valley located in the south-west of England (Dyer, 1997).

It is the product of sea level rise during the Flandrian Transgression of the late

Holocene (12,000 years ago - present). It forms the boundary between the coun-

ties Devon and Cornwall, both of which are known for their fishing, mining and

farming industries (Langston, 1980; Readman et al., 1987; Clason et al., 2004;
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Mighanetara et al., 2009). The Tamar estuary is also host to one of three of the

U.K.’s Royal Naval bases (Devonport), as well as several commercial shipping

and passenger transport companies, highlighting the importance of the estuary

as a commercial port. Commercial fisheries are also based in the lower estuary

with numerous marinas and a strong sailing community uses the length of the

River Tamar.

Figure 5.1: An overview map of the Tamar Estuary, U.K., including protected
areas and notable features.

Much of the water, including a large portion of the lower brackish estuary is a
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protected area, with large portions of the north estuary marked as Areas of Out-

standing Natural Beauty (AONB) and a Site of Special Scientific Interest (SSSI).

The Tamar-Tavy SSSI comprises the upper reaches from the Tamar Bridge to the

limit of tidal influence of the Rivers Tamar and Tavy, and has been invoked to

protect a series of protected birds, as well as a rare plant.

Historically, the land surrounding the Tamar estuary and its tributaries has

been used for mining and agriculture (Mighanetara et al., 2009). Mining was

conducted for several centuries with the extraction of tin, copper, lead, silver,

arsenic and granite as the primary products from the river source, Dartmoor

(Kavanagh et al., 1997; Hamilton, 2000). Products were transported via barge

along the Tamar estuary to larger commercial ships, further signifying its long-

standing importance as a port in the U.K. At the start of the 20th century, mining

activity reduced and animal grazing and agriculture became the major influ-

ences on terrestrial inputs to the estuary, with approximately 75% of the Tamar

catchment area land cover designated as agriculture (National Rivers Authority,

1996; Tappin et al., 2012). Both agriculture and mining still have an effect on

the nutrient biogeochemistry of the Tamar estuary (National Rivers Authority,

1996; Tappin et al., 2012).

Of the 915 km2 estuarine catchment area (Environment Agency, 1999), the river

Tamar forms the largest portion and has a total length of 75 km, with 9 addi-

tional sub-catchments (Tappin et al., 2012). The limit of tidal intrusion to the

river Tamar is approximately 31 km, and reaches Weir Quay near Gunnislake

(Manning et al., 2006). Tidal height in the estuary ranges between 2.2 m - 4.7

m during neap and spring tides, respectively, and the entire estuary has an av-

erage river discharge of 22 m3 s� 1 (Dyer, 1997). Winter values of river discharge

have been reported to reach 70 m3 s� 1, with values falling to around 3 m3 s� 1 in

the summer months (Bale et al., 1985).
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Bathymetrically, the upper portion of the estuary is narrow (40 - 200 m) and the

mean depth reduces to between 1 - 2 m at low water. In the lower portion of

the estuary, the channel widens to 900 m with depths of between 18 - 25 m in

the navigation channels. The shape of the estuary and the friction effects pro-

duce asymmetry in the tidal curve and a flood current dominance at the head

of the estuary (George, 1975). Sampling was conducted close to the limit of the

tidal intrusion, at Calstock (Figure 5.2). At this location, current velocities on

the ebb tide peak at approximately 1 m s� 1, with flood current velocities reach-

ing a maximum of 0.8 m s� 1 (Uncles et al., 2010). Calstock also falls within the

tidal trajectory of the ETM (Manning and Bass, 2006). Within the ETM, SPM

concentrations range between 0.1 - 8.6 g L � 1, with greatest concentrations oc-

curring during spring tide conditions (McCabe, 1991; Manning and Dyer, 2007).

The SPM concentrations and hydrodynamic conditions experienced at Calstock

make it a suitable sampling site.

Suspended, bed and intertidal sediment in the Tamar estuary consists largely

of silt and clay particles with an increasing fraction of silt and clay from the

mouth of the estuary, to the head of the river Tamar (60% to 99% of dry weight)

(Uncles and Stephens, 1993). Previous studies of flocculation properties have

been conducted in the Tamar estuary, with many being conducted in Calstock

(Dyer et al., 2002; Fennessy et al., 1994; Manning et al., 2006; Uncles et al.,

2010). Floc sizes of between 15 � m -1 mm have been recorded in the Tamar

estuary, with settling velocities of up to 9 mm s� 1 (Dyer et al., 2002; Uncles

et al., 2002; Manning and Dyer, 2007; Uncles et al., 2010). Manning and Dyer

(2007) divided the floc population into two groups: microflocs (up to 160 � m)

and macroflocs (greater than 160 � m). Microflocs are considered to be the build-

ing blocs of larger macroflocs (Eisma, 1986) and consist of mineral particles and

organic matter. Macroflocs, meanwhile, are a fragile composition of several mi-
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croflocs and are formed in water under conditions of viscous flow (Eisma, 1986).

Figure 5.2: The sampling site at Calstock is marked by the yellow pin. Image
from Google Earth.

Of the data collected in the Tamar, and in particular, around Calstock, the gen-

eral composition of the SPM is composed of macroflocs, indicating conditions

suitable for flocculation. Manning et al. (2006) proposed that the greater propor-

tion of organic matter in the sediment is responsible for the greater proportion

of macroflocs in this region. Furthermore, Manning and Dyer (2002) reported

that SPM in the ETM has around 5 - 7 times the concentration of carbohydrate

than regions outside the ETM, which may also affect flocculation processes in

the estuary.

5.2.1 Nutrient Concentrations in the Tamar Estuary

Reported annual mean concentrations of NO –
3 in the Tamar Estuary are be-

tween 147 - 255 � M (Knox et al., 1986; Tappin et al., 2012), with values varying
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(a) The Van Dorn water sampler. (b) CTD/LISST sampling.

Figure 5.3: Images of sampling instrumentation deployed in turbid water
during sampling conducted at Calstock in autumn 2011.

according to location within the estuary. The upper estuary is subject to larger

variation, with typically higher concentrations, due to short-term changes in

parameters such as river run off (Morris et al., 1981; Knox et al., 1986), short

flushing times of estuarine waters and restricted levels of primary productivity

(Morris et al., 1985). The lower estuary, meanwhile, demonstrates lower con-

centrations with less variability. Concentrations are also subject to seasonal

variation.

Tappin et al. (2012) highlighted that NO –
3 concentrations were highest during

winter, reflecting increased river run off. Previous studies have indicated that

NO –
3 in the Tamar estuary behave conservatively (Morris et al., 1981, 1985;

Knox et al., 1986). Any variation from the conservative behaviour occurred in

lower salinity waters and was attributed to short-term variability in the com-

position of fresh water entering the system (Morris et al., 1981). Furthermore,

at the lower end of the estuary (close to the mouth), concentrations were consis-

tently lower than for the upper estuary (near Gunnislake), across all seasons.
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Despite the implementation of directives to control the input and concentration

of NO –
3 in coastal waters, NO –

3 has not shown a significant decrease in the past

30 years, indicating the difficulty in controlling diffuse inputs of N to the system

(Littlewood and Marsh, 2005; Maier et al., 2009; Tappin et al., 2012). Prior to

the introduction of legislation to improve water quality across the U.K., algal

blooms were observed in the Upper Tamar Lake of the River Tamar catchment

area (Environment Agency, 1999; Tappin et al., 2012). Analysis of NH +
4 data

by Tappin et al. (2012) highlighted annual mean concentrations of between 1.94

- 7.58 � M, with a maximum value of 15.2 � M. Similar values were reported by

Knox et al. (1986), with maximum values occurring in the summer months. The

minimum and maximum measurements of NH +
4 demonstrate a large range and

are typical of U.K. estuaries (Maier et al., 2009; Tappin et al., 2012).

Tappin et al. (2012) evaluated concentrations of PO 3–
4 in the Tamar estuary

across a 30 year period. Mean concentrations of PO 3–
4 were between 1.38 -

3.44 � M. There were also intermittent peaks of approx. 9 � M between 1975 -

1991. Fewer peaks were experienced in the later decades, either as a result of

the introduction of directives to prevent nutrient pollution, or a coarser tempo-

ral sampling regime (Bowes et al., 2009; Neal et al., 2010; Tappin et al., 2012).

Tappin et al. (2012) also highlighted that PO 3–
4 concentrations have decreased

over the past few decades; also likely a result of the implementation of EU di-

rectives such as the Water Framework Directive (WTD), including the Nitrate

Directive, and the Urban Waste Water Treatment Directive (UWWTD). Morris

et al. (1981) also measured concentrations of PO 3–
4 between 0.3 - 1.76 � M, with

higher concentrations occurring during spring and summer months. The con-

centrations recorded by Morris et al. (1981) were lower than those evaluated

by Tappin et al. (2012); this is likely a result of measurements being taken at

a different location. The nature of the Tamar estuary means that phosphate

concentrations are lower than those found in more populous areas, such as the
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Thames (Neal et al., 2010; Tappin et al., 2012).

5.3 Methodology

The methods used in the Tamar estuary were as described in chapter 3 with

a few variations (listed below). The same instruments were used throughout.

Water samples collected for the analysis of nutrients were labelled with T for

surface concentrations and B for near-bed concentrations. The number of the

sample corresponded to the hour on which the sample was collected (T01 = 0900

surface sample; B01 = 0900 near-bed sample).

� During the sampling conducted in March 2011, samples were filtered using

a hand-pump, rather than the vacuum pump. It was decided during this

campaign that the hand-pump was inefficient and sampling could not be

conducted at regular intervals, as planned. Subsequently, filtration in June

and September was done by vacuum pump, thus reducing the time to filter

water samples between collections.

� The times and number of samples collected changed with conditions on

the day; fewer hours of daylight in March prevented sampling late into the

evening, while power issues (invertor failure) during June lead to a reduced

number of samples being collected in the morning.

� LabSFLOC instrumentation was not used during any of the Calstock sam-

pling campaigns due to the lack of electrical power in the field.

5.4 Results and Discussion

This section details the results obtained during the three field campaigns conducted

in the Tamar estuary in 2011. Results are presented and discussed on a month-

by-month basis, followed by a comparison of the three months.
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5.4.1 Weather and river flow data

Figure 5.4: Flow data for the Gunnislake tidal station (#47001) as collected
by the CEH (Wallingford, Oxford). Gunnislake is located upstream of Calstock
and was the closest �ow gauge available.

Discharge of the River Tamar was measured by the Environment Agency (EA) at

the gauging station located at Gunnislake (#47001) and reported to the National

River Flow Archive (NRFA), maintained by the Center for Ecology and Hydrol-

ogy (CEH) in Wallingford (downloaded from the CEH website: http://www.ceh.ac.uk/data/nrfa).

Data were provided as average daily flow in m3 s� 1. Weather data, including

temperature, rainfall and wind speed, were obtained from Plymouth Univer-

sity weather archive (http://www.plymouth.ac.uk/metnet). Measurements were

taken at Plymouth University campus and were used as an overall picture of the

weather experienced on the day, and the week prior to sampling.

River flow data for 2011 is presented in Figure 5.4. Data presented is the mean

value for each day of flow measurement. A typically wet winter lead to high

flows during January and February, with maximum values of 173.3 and 59.68
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m3 s� 1, respectively. The summer period showed lower flow with peaks of around

12.7 m3 s� 1 in June and July, before rising again in the winter months (Novem-

ber and December).

Along with tidal range, river flow data is a useful indicator of the likely resi-

dence times of SPM and nutrients (Uncles et al., 2002), as well as the relative

importance of internal processes. Uncles et al. (2002) reported that in large,

slowly-flushed estuaries, the internal processes of SPM resuspension, settling

and accumulation were more important than in faster-flushing estuaries. This

theory would suggest that during the summer months, when the river flow rate

was low, the availability of SPM for resuspension, settling and accumulation

would be lower than seen in the winter or spring months, where river flow rates

are higher. Furthermore, the advection of nutrients with river flow would be less

during the summer months.

5.4.2 Hydrodynamic, particle/floc and nutrient data obtained in spring

Sampling was conducted on the 23rd March 2011, two days after the peak spring

tide (Figure 5.5a). Sampling began shortly after the first high water at 0835

GMT and continued for the duration of the ebb tide until water was no longer

available to sample (approx. 1230 GMT). Flood tide sampling began as soon as

water was available (1740 GMT) and continued until there was insufficient light

to continue sampling (approx. 1930 GMT). Tidal range and rainfall data are

presented in Figures 5.5a and b. Conditions on the day were consistently dry

with an average temperature of 12oC; slightly above the average U.K. tempera-

ture (in March) of 9.6oC (calculated using historic data obtained from Plymouth

University Metnet).

In the week preceding sampling, a total of 9.2 mm of rain fell (Figure 5.5b).

Flow gauge data showed an average flow of 7.82 m3 s� 1 in the week preceding
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Figure 5.5: Tide (a) and rainfall (b) data for the week preceding the sampling
date (marked in red), in spring 2011. Sampling was conducted shortly after
the spring tide and there was no precipitation during the sampling period.
Rainfall data were obtained from Plymouth University Metnet. Red boxes
indicate the sampling period.

sampling, with a daily average flow rate of 6.65 m3 s� 1 on the sampling day. Flow

rates for the week preceding and day of sampling were significantly lower than

the average values for the time of year (calculated from historic flow gauge data

obtained from the CEH website). The calculated average flow rate for the same

week in March (10 year average) was 16.1 m3 s� 1.

5.4.2.1 Physical Data - ADCP, CTD and LISST

Figures 5.6a, b & c (Page 118) show the water temperature, salinity and tur-

bidity data collected during the spring sampling campaign. Ebb and flood tide

were separated by a long period where there was insufficient water for sampling

approximately 2 hours either side of low water (LW). Water temperature in the

morning ranged between 7.1 - 10.2 oC, with the lowest temperatures measured

at the start of the sampling period. Figure 5.5a shows that there was no precip-

itation during the ebb tide and so the patch of lower temperature surface water

is likely to be a result of nocturnal cooling. Minimum current velocities (Figure
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5.7a) of approximately 0.1 m s� 1 were coincident with cooler surface water, indi-

cating little mixing within the water column.

Salinity ranged between 0 - 8.4 PSU, with maximum values found at the near-

bed of the water column during the first hour of sampling (HW+0), after which

fresh water dominated the water column (Figure 5.6a). Turbidity ranged be-

tween 0.8 - 2.2 g L � 1. The hydrodynamic conditions observed were consistent

with previous studies conducted in the Tamar estuary (see Dyer et al. (2002);

Tattersall et al. (2003); Bale et al. (2006)), and more specifically Calstock (Man-

ning et al., 2007a). As mentioned previously (section 5.2), SPM concentrations

in the Tamar estuary can reach 8.2 g L � 1, particularly at the bed (Manning

et al., 2006). The lower SPM concentrations recorded were consistent with the

absence of mobile sediment in the upper reaches of the estuary due to low run-

off conditions, as reported by Bale et al. (1985). Furthermore, reduced flow rates

would decrease the availability of riverine SPM; consequently, SPM concentra-

tions would be more heavily influenced by internal processes such as turbulence

and shear stresses (Bale et al., 1985; Uncles and Stephens, 1993; Uncles et al.,

2002). The lower SPM concentration may also have been a result of measure-

ments being taken at the edge of the river, rather than in the centre of the chan-

nel where peak flow and concentrations would typically be observed (Manning

et al., 2006).

Compared to the ebb tide, both temperature and salinity during the flood tide

remained consistent (range of 0.5 oC and 2 PSU, respectively), with a maximum

salinity of 3 PSU. Turbidity, on the other hand, demonstrated a broader range

with a maximum concentration of 3.5 g L � 1 at the start of the flood tide (LW+3 -

LW+4).

The maximum SPM concentration was coincident with the maximum current
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velocity (Figure 5.7a), highlighting the requirement of greater energy to resus-

pended more sediment, and the importance of internal physical processes (Bale

et al., 1985; Uncles et al., 2002). Increased SPM concentration during this time

would also increase opportunity for flocculation to occur, in line with M1.

Figures 5.7a & b (Page 119) show ADCP data collected during the ebb and flood

tide in spring. Data presented is between 1.2 m and the bed due to the set-up

of the ADCP on the day resulting in a large blanking distance between the wa-

ter surface and the first ‘true’ measurement. On the ebb tide, current velocity

(u) (Figure 5.7a) ranged between 0.1 - 0.4 m s� 1 with peak flows at approxi-

mately 0930 GMT. Kolmogorov microscale (length) (lK ), shown in Figure 5.7b,

ranged between 180 - 510 � m. Lowest lK values were coincident with maximum

u measurements indicating turbulent conditions with small eddies and struc-

tures. This phenomenon was consistent with other studies (Van der Lee, 2000;

Bowers et al., 2007).

Due to limited daylight hours in the spring, only 2 hours of ADCP data were

recorded during the flood tide sampling. Current velocities were greater than

the in the morning ranging between 0 - 0.6 m s� 1. These values are consistent

with the results reported by George (1975) whereby the shape of the estuary

results in a stronger flood tide current velocity in the head of the estuary in

contrast to the typically ebb tide dominant system of the Tamar estuary (Uncles

and Stephens, 1993). Peak flow occurred between LW+3 - LW+4. As with the ebb

tide, smaller lK measurements were coincident with greater current velocities,

indicating higher levels of turbulence.

Data recorded by the LISST on the ebb and flood tide are shown in Figures 5.8a

& b. Particle concentrations recorded by the LISST instrument are shown in

Figure 5.8 b, and correlate closely with those recorded using the CTD. Concen-

116



5.4 Results and Discussion

tration output from the LISST is recorded in � L=L and concentrations on both

the ebb and flood tide ranged between 850 - 4900 � L=L with maximum concen-

trations occurring in shallower waters, as expected. The median (d50) floc size is

presented in Figure 5.8a, and values during the day ranged from 11 - 228 � m.

While comparable with the median floc size reported by Dyer et al. (2002) and

Uncles et al. (2002), measured values were lower than those reported in previ-

ous studies (Bass et al., 2007; Manning et al., 2006; Braithwaite et al., 2010).

Manning et al. (2006) reported typical floc sizes at Calstock, as determined by

LabSFLOC I and INSSEV, to be between 20 - 320 � m, with larger floc sizes of

up to 607 � m occurring during periods of high SPM concentrations (around 4.2

g L � 1). Reported values are more closely aligned with the lK values experienced

in this study (Figure 5.7a), indicating that the floc size was limited by turbulent

structures in the water column (Braithwaite et al., 2010). The limitation of floc

size by turbulence in the water column was indicative of M1 and M2 acting in

competition on SPM.
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Maximum particle sizes occurred during periods of lower current velocity (Fig-

ure 5.7) where turbulence and disruptive processes were lower allowing for the

aggregation of flocs. This was following the increase in SPM concentration ob-

served at LW+1 to LW+3. During this time, lK values were between 250 - 450

� m. As expected, the size of the floc was limited by the size of the eddies and

structures in the water as indicated by the minimum lK measurement of 250 � m

and a maximum particle size of 228 � m. Concentrations of SPM during the flood

tide were too high for the LISST to measure particle sizes, despite the PRM (see

section 3.3.4), and so the ‘saturated’ data was removed (two out of the five pro-

files were removed). Figure 5.8b shows the particle size values between LW+4 -

LW+5. During this time, the range of particle sizes was lower than that of the

ebb tide (range = 60 � m) and values did not rise above 100 � m. During this time,

lK measurements were between 300 - 450 � m, which would suggest hydrody-

namic conditions were conducive for the creation of larger flocs. However, SPM

concentrations and current velocity at this time were low and so little floccula-

tion occurred due to a lack of sediment to aggregate and energy to force them

together.

5.4.2.2 Nutrient Data - spring 2011

Surface and near-bed concentrations of NO –
3 , NH +

4 and PO 3–
4 data for sampling

conducted in spring 2011 are presented in Table 5.1. Surface concentrations

were recorded every hour on the ebb tide and the sample interval was reduced

to 30 min. during the flood tide due to insufficient light. Near-bed water concen-

trations were only collected on the ebb tide. Concentrations of NO –
3 , NH +

4 and

PO 3–
4 obtained were in agreement with previous values reported for the Tamar

estuary (Worsfold et al., 2008; Tappin et al., 2012).

NO –
3 was detected in all but two samples collected during spring; near-bed con-
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Table 5.1: Surface and near-bed concentrations of NO –
3 , NH +

4 and PO 3 –
4 for

samples collected in spring 2011. PO 3 –
4 concentrations for samples T07 - T09

were below the limit of detection ( < LOD). Near-bed concentrations were only
collected during the morning sampling.

Time NO –
3 +/- PO 3–

4 +/- NH +
4 +/-

(� M) (n=9) (� M) (n=9) (� M) (n=3)
T01 82 19 0.61 0.19 10.0 0.5
T02 137 22 1.07 0.14 7.95 0.3
T03 133 36 0.99 0.19 8.40 1.1
T04 128 58 0.72 0.22 6.40 0.4
T05 175 26 0.06 0.07 8.50 0.4
T06 194 7 0.10 0.06 5.60 0.2
T07 162 45 < LOD < LOD 6.50 0.2
T08 184 20 < LOD < LOD 6.90 0.2
T09 150 43 < LOD < LOD 8.10 0.2
B01 < LOD < LOD 1.65 0.75 11.6 1.4
B02 133 22 0.89 0.44 7.20 0.1
B03 139 49 0.72 0.19 8.50 1.8
B04 165 31 0.76 0.21 6.70 0.7

centrations at T01 and T05 were below the LOD. The maximum surface concen-

tration of NO –
3 occurred at T06. This sample was collected at the start of the

flood tide, before the influx of saline water and was coincident with the maxi-

mum SPM concentration. However, Morris et al. (1981) stated that any fluxes of

NO –
3 , by processes other than advection, are typically swamped by the magni-

tude of NO –
3 entering the system through alternative sources, such as riverine

water (Morris et al., 1981; Knox et al., 1986).

Surface concentrations of NO –
3 on the ebb tide (T01 - T05) showed a statis-

tically significant increase (from 82 - 175 � M), as calculated by ANOVA and

Tukey’s test (p = 0.05). This result is consistent with a NO –
3 laden freshwater

input, also shown by the salinity gradient in Figure 5.6b. Although the data

is limited, ebb tide near-bed concentrations of NO –
3 also increased (from 133 -

165 � M), however ANOVA and Tukey’s test did not reveal any significant differ-

ences. The minimum concentration of NO –
3 occurred at T01 at the start of the

ebb tide. This lower value is consistent with the dilution of higher NO –
3 concen-
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tration freshwater by lower NO –
3 concentration salt water (Knox et al., 1986).

During the flood tide, results demonstrated a minor decrease in NO –
3 concen-

tration, as would be expected with the increase in salinity associated with the

incoming tide (Knox et al., 1986).

The behaviour of nutrient species in relation to hydrodynamic conditions in

estuaries, particularly salinity, was determined by linear regression analysis.

Conservative behaviour is marked by a linear relationship with salinity in estuaries.

For the results obtained in spring 2011, regression analysis was conducted for

sub-sets of the data, as shown in Table 5.2. Where results are shown as ‘N/A’,

insufficient samples were available to conduct linear regression analysis. This

is due to near-bed samples not being collected during the ebb tide.

Table 5.2: Linear regression analysis of NO –
3 , NH +

4 and PO 3 –
4 including r2

values. Where values are listed as `N/A', insuf�cient data was available for
performing linear regression analysis.

Nitrate Ammonium Phosphate
Analysis Lin. Reg. r2 Lin. Reg. r2 Lin. Reg. r2

Surface Ebb y = -0.024x + 4.43 0.71 y = 0.49x - 2.81 0.57 y = 1.176x + 0.47 0.42
Near-bed Ebb y = -0.015x + 3.16 0.74 y = 1.46x - 9.31 0.88 N/A N/A
Surface Flood y = -0.05x + 9.42 0.71 y = 0.4x - 2.24 0.96 y = 8.25x - 5.125 0.98

Near-bed Flood N/A N/A N/A N/A N/A N/A

The relationship between NO –
3 and salinity demonstrated a negative correla-

tion in all sub-sets of data. The r2 values, while high, do not indicate a linear

relationship and thus non-conservative behaviour. Liss (1976) highlighted that

deviation above or below the theoretical linear relationship can indicate addi-

tion or removal processes. In this case, most values were below the linear fit

suggesting removal processes, such as the recycling of NO –
3 by denitrifying bac-

teria, were occurring in the water column (Liss, 1976; Burgin and Hamilton,

2007).

Ammonium was present in all samples collected during both the flood and ebb

123



5. SEDIMENT-NUTRIENT INTERACTIONS IN THE TAMAR ESTUARY,
U.K.

tide sampling. There was no general pattern of increase or decrease with time;

but there was a relationship with salinity. NH +
4 demonstrated an increase in

concentration with an increase in salinity, as demonstrated by the positive cor-

relations shown in Table 5.2. Of the three sub-sets of data on which linear re-

gression analysis was performed, the ebb tide samples showed non-conservative

behaviour, with most of the data points falling above the theoretical linear line

indicating addition processes (Liss, 1976). The surface flood-tide samples, on the

other hand, demonstrated conservative behaviour, with an r2 value of 0.96.

Concentrations of NH +
4 ranged between 5.6 - 11.6 � M with the maximum con-

centration occurring at the start of sampling (B01 and T01). The maximum

concentration was shown to be statistically significantly different from all other

samples collected by way of ANOVA and Tukey’s test analysis (P = 0.05) and

was coincident with the salinity gradient experienced at the start of sampling

indicating the function of M2 (Salinity). Near-bed waters had salinities of up

to 8 PSU, while surface waters were closer to 1 PSU. The stratification experi-

enced at this time was associated with the onset of the ebb tide and was not

reflected in the near-bed and surface concentrations of NH +
4 , suggesting that

the high NH +
4 concentration was not a result of salinity alone. The maximum

particle size occurred at this time and indicates the process of flocculation and

therefore the potential uptake of NH +
4 as described in M1. The subsequent de-

crease in NH +
4 would support this. On the other hand, it is possible that the

high concentration of NH +
4 was a result of processes occurring during the flood

tide. Concentrations may have been higher prior to this sample, or there may

have been a lag associated with the release of more strongly bound NH +
4 . For ex-

ample, increased current velocity and turbulence associated with the flood tide

may have increased SPM concentration, while the tidal intrusion would have

increased the concentration of salt water cations. These conditions would be

conducive to a benthic release of NH +
4 by the exchange of NH +

4 ions with other
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cations present in the salt water (Fitzsimons et al., 2006). This theory would be

aligned with all Mechanisms outlined in chapter 1 with M2 (Salinity) playing a

more dominant role.

PO 3–
4 was present in all samples collected during the ebb tide. However, three of

the four samples collected during the flood tide were below the LOD, despite the

high SPM concentrations. Additionally, two samples collected from very shallow

waters at T05 (end of ebb tide) and then T06 (start of the flood tide), contained

up to 0.1 � M of PO 3–
4 , with 1 standard deviation calculations as high as the

recorded values.These results are consistent with results presented by Lillebø

et al. (2004) and Mitchell and Baldwin (1998), who described the effects of P re-

lease from air-exposed sediments. These samples collected were shortly before

the inter-tidal mud flats were exposed, and shortly after the inter-tidal mud flats

had been exposed. Mitchell and Baldwin (1998) reported that air-exposed sedi-

ments have significantly higher P sorption capacity than submerged sediments,

suggesting that any water column PO 3–
4 coming into contact with the sediment,

would be quickly removed.

Table 5.2 illustrates the linear regression analysis results for the relationship

between PO 3–
4 and salinity. Due to a number of samples falling below the LOD,

it was not possible to perform the analysis for the near-bed ebb tide samples.

However, as with NH +
4 , the ebb tide surface samples showed non-conservative

behaviour with measurements lying above the linear line. This suggests addi-

tion of PO 3–
4 from alternative sources, such as a benthic or riverine input. On

the flood tide, surface samples showed conservative behaviour with an r2 value

of 0.98.

ANOVA and Tukey’s test revealed a number of statistically significant tempo-

ral differences; surface PO 3–
4 concentration peaked at T02, one hour after high
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water and was highlighted as being statistically significant from T01, while T05

and T06 were significantly different from samples T01 - T04. The significant

difference between T01 - T02 is not marked by significant changes in tempera-

ture, or turbidity, but there a gradient in salinity was experienced at T01, and

an overall decrease in salinity occurred at T02. Current velocity and lK demon-

strated an increase in current velocity at T02 and T03, with lower lK values at

the same time. Floc size was also greater at T01, than T02. These conditions are

indicative of a benthic input of PO 3–
4 at T01, but with a time lag in the measure-

ment associated with a consistent SPM concentration throughout the ebb tide.

The low lK values would suggest high levels of turbulence and mixing within the

water, causing the breakdown of the salinity gradient at T01.

5.4.3 Hydrodynamic, particle/floc and nutrient data obtained in sum-

mer

Sampling was conducted on 16th June 2011 at the peak of the spring-neap tidal

system. Longer hours of daylight allowed for extended hours of sampling and so

sampling began at approx. 0630 BST (British Summer Time = GMT+1). Unlike

sampling conducted in spring 2011, the conditions on the day were variable with

both wet and dry spells. The average temperature was 12.8oC, and approx. 9 mm

of rain fell over the 24 h period. Despite cooler than usual conditions for June, as

well as prolonged periods of rain prior to sampling, the daily average flow rate

was lower than the average flow rate for June over the past decade (3.6 m3 s� 1 in

June 2011, compared to 7.9 m3 s� 1). However, as a result of 35 mm of rain falling

in one 24 h period, the maximum flow rate in the week preceding sampling was

9.3 m3 s� 1, which was greater than the average in the same period during the

past decade (6.2 m3 s� 1).
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Figure 5.9: a) Tide height (m) and b) rainfall (mm) data for the week preced-
ing the sampling date (marked in red), in June 2011. Red boxes indicate the
sampling period.

5.4.3.1 Physical data - ADCP, CTD and LISST

Figures 5.10a, b & c (Page 129) show the temperature, salinity and turbidity

data collected during the summer 2011 sampling campaign. Temperature dur-

ing the ebb tide ranged between 17.2 - 17.6oC. During the flood tide, precipita-

tion throughout the sampling period gave surface water temperatures of 15.5oC.

Salinity ranged between 0 - 7 PSU, with higher salinities occurring at the start

of the ebb tide (between HW+0 - HW+1). Turbidity ranged between 0.8 - 2.5 g

L � 1. Maximum concentrations were found close to the bed in shallower water,

with one ‘patch’ of higher SPM concentration at approx. HW+2, coinciding with

a peak in current velocity.

Similar to the ebb tide, and aside from minor surface variations, the tempera-

ture during the flood tide showed little variation with an average temperature

of 17.4oC. Salinity, on the other hand, showed a broader range (between 0 - 10.2

PSU) with the tidal intrusion shown clearly between LW+3 - LW+4. The sec-

ond ebb tide of the day was seen to commence at HW+0, after LW+5. Turbidity,
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like the first ebb tide, was consistently above 1 g L � 1, with patches of SPM con-

centrations up to 3.2 g L � 1. The maximum concentration was found in shallow

water at the onset of sampling. This was likely a result of water covering the

bed and the rate at which it did so, caused the resuspension of previously settled

sediment. Higher SPM concentrations recorded in summer 2011 were consis-

tent with the mobilisation of sediment in the mid-estuarine region and the sub-

sequent accumulation of the mobile sediment in the upper estuary during the

summer months, as reported by Bale et al. (1985).

Figures 5.11a & b (Page 130) show the ADCP data collected during the ebb and

flood tide sampling in summer 2011. Similar to the data collected in spring 2011,

the set-up of the ADCP resulted in a blanking distance of 1 m. On the ebb tide,

current velocities peaked at 0.37 m s� 1 at approx. HW+2. A secondary peak of

0.34 m s� 1 occurred at HW+3. Kolmogorov microscales (length; lK ) during the

ebb tide ranged between 160 - 224 � m.

During the flood tide sampling, current velocities peaked at 0.61 m s� 1 between

LW+4 and LW+5. This peak in current velocity on the flood tide is coincident

with higher SPM concentrations. In contrast to the ebb tide, lK values on the

flood tide demonstrated a broader range (60 - 245 � m) with a very distinct ‘band’

of higher values between LW+5 and HW+2. This period of higher lK values

coincides with the decrease in current velocity, starting at the surface and pro-

gressing to the near-bed of the water column over the 2 h period.
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Figure 5.12a shows the median (d50) particle size data collected during summer

2011 using the LISST. Particle size range was similar to that recorded in March

2011 and ranged between 20 - 155 � m. Again, these values are a fraction of

those reported in previous studies (see Bass et al. (2007); Manning et al. (2006);

Braithwaite et al. (2010)). The atypical range of sizes exhibited in summer 2011

is likely a result of increased rainfall and river flows transporting fine silts down-

stream. Maximum particle size occurred at the start of sampling, shortly after

high water and close to the bed where salinities were higher (Figure 5.10b). At

this time, current velocities were close to 0 m s� 1 and lK values were approach-

ing the maximum seen during the summer 2011 sampling campaign. The SPM

concentration, combined with slow current velocity and low intensity turbulence

(Figure 5.11 b) provided conditions conducive for flocculation.

Figure 5.12: Median �oc size data collected using the LISST for the a) ebb
tide and b) the �ood tide in summer 2011.

As with current velocity and lk data presented in Figures 5.11a & b, the me-

dian particle size (d50) presented in Figure 5.12 shows the same ‘band’ between

LW+5 and HW+2. In this band, where lk values are high and current velocity

is low, an increase in particle size can be seen. Above this band, particles are

approximately 40 � m smaller than those in it. lk values at this point were ap-

proximately twice those outside of the band. As this band approaches the bed at

approx. HW+2, another peak in median particle size was seen.

Contrary to expectation, periods of high SPM concentration seen at low water
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sampling periods did not lead to a peak in particle size. This is a result of high

current velocities causing higher intensity turbulence that limited floc growth.

When conditions are quiescent and turbulent intensity is lower, particle sizes

increase as a result of flocculation.

5.4.3.2 Nutrient data - summer 2011

NO –
3 and PO 3–

4 were present in all samples collected during summer 2011 and

are presented in Table 5.3. Due to sampling issuesy, only 8 samples were col-

lected during the day. Surface and near-bed samples were collected hourly, with

the exception of near-bed samples when the water depth went below 0.5 m. This

was because the Van Dorn water sampler could not sample twice in that depth

of water. Measured concentrations were consistent with samples collected in

March 2011, as well as previous studies conducted in the Tamar estuary (Wors-

fold et al., 2005; Tappin et al., 2012).

Table 5.3: Surface and near-bed concentrations of NO –
3 , PO 3 –

4 and NH +
4 for

samples collected in summer 2011.

Time NO –
3 +/- PO 3–

4 +/- NH +
4 +/-

(� M) (n=9) (� M) (n=9) (� M) (n = 3)
T01 63 13 7.88 1.15 5.00 1.14
T02 57 8 2.27 0.50 3.00 2.23
T03 61 6 1.68 0.90 5.00 0.85
T04 72 7 2.61 0.24 4.90 2.27

T05 89 10 1.64 0.08 < LOD < LOD
T06 79 9 1.49 0.30 2.50 1.49
T07 50 19 1.54 0.16 3.30 2.18
T08 54 22 1.05 0.38 2.30 0.86
B01 64 7 3.35 0.02 1.50 0.46
B02 70 10 2.16 0.15 2.21 0.87
B03 83 3 2.44 0.13 2.56 1.10

B06 35 2 1.42 0.20 N/A N/A
B07 26 2 1.6 0.25 N/A N/A
B08 59 4 1.97 0.37 N/A N/A

yinvertor failure prevented filtration by vacuum pump
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Concentrations of NO –
3 ranged between 26 and 89 � M with the maximum con-

centration occurring at T05, one hour after the low water. The maximum con-

centration occurred at the surface and was coincident with the maximum SPM

concentration and current velocity. At this point, lk values were small and indica-

tive of an area of high turbulence (Figure 5.11d). Typically, NO –
3 is not bound to

sediments and, combined with low salinity (river) water and low current velocity

at this time, the NO –
3 concentration at this time was likely a result of the advec-

tion of nutrient-laden freshwater shortly before the flood tide commenced. The

minimum concentration of NO –
3 was measured in a near-bed sample collected at

B07. This sample was collected with approx. 1 m of water available and where

the salinity gradient of the incoming tide was just visible (Figure 5.10).

Linear regression analysis of 4 sub-sets of data was performed to establish the

relationship between the salinity and the concentration of each nutrient species.

Results are presented in Table 5.4. Unlike March, linear regression analysis

performed for NO –
3 samples collected in summer 2011 revealed that there was

no conservative behaviour during the flood or the ebb tide, with r2 values of be-

tween 0.18 and 0.69. These low r2 values indicate a poor relationship between

salinity and NO –
3 and thus, non-conservative behaviour. Non-conservative be-

haviour of inorganic nutrients is typically a result of biological processes and

chemical removal during the mixing of riverine and estuarine waters (Billen,

1975; Cloern and Oremland, 1983; Morris et al., 1985; Knox et al., 1986). The

poor fit of the data for both ebb and flood tide data illustrates both removal and

addition processes (Liss, 1976).

NH +
4 concentrations were measured for surface samples during the ebb and

flood tide but, due to sampling constraints, were not collected for near-bed water

samples during the flood tide. NH +
4 was present in all but one sample collected

during the day; the first sample of the flood tide (T05) was below the LOD. Con-
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Table 5.4: Linear regression analysis of NO –
3 , NH +

4 and PO 3 –
4 including r2

values. Where values are listed as `N/A', there was insuf�cient data to perform
linear regression analysis.

Nitrate Ammonium Phosphate
Analysis Lin. Reg. r2 Lin. Reg. r2 Lin. Reg. r2

Surface Ebb y = -0.78x + 64.57 0.28 y = 0.04x + 4.4 0.08 y = 1.39x + 1.38 0.95
Near-bed Ebb y = -2.13x + 80.12 0.18 y = -0.12x + 1.64 0.99 y = 0.13x + 2.12 0.87
Surface Flood y = -5.39x + 84.33 0.69 y = 0.26x + 1.64 0.99 y = 0.06x + 1.42 0.04

Near-bed Flood y = 2.31x +27.48 0.69 N/A N/A y = 0.05x + 1.37 0.97

centrations ranged between 2.3 and 5.0 � M, with the maximum concentrations

occurring on the ebb tide at T01 and T03. ANOVA and Tukey’s test revealed

that NH +
4 at T01 and T03 were statistically significantly different from results

collected at T02 and T04.

Linear regression analysis (Table 5.4) revealed that samples collected on the

ebb tide at the near-bed, and surface samples collected during the flood tide,

showed conservative behaviour with r2 values of 0.99. On the flood tide, this

would indicate that with increasing salinity, ammonium increases. The ebb tide

conservative behaviour was only seen in near-bed samples. It is thought that

aeolian inputs of NH +
4 are marked addition processes in the non-conservative

behaviour experienced at the surface.

PO 3–
4 concentrations ranged between 1.05 - 7.88 � M. These values, while con-

sistent with previous research, demonstrated a relatively extreme maximum

concentration typically occurring only once or twice a year (Tappin et al., 2012).

The maximum concentration occurred in a surface sample at the start of sam-

pling and was coincident with a salinity gradient as seen in Figure 5.10c. The

salinity gradient here showed fresher water at the surface and higher salinities

closer to the bed. This situation is typical of the ebb tide and the peak in PO 3–
4

was likely a result of the flow of nutrient-laden river water. The minimum con-

centration of PO 3–
4 occurred at T08. This surface sample was collected at high

water where current velocities were close to 0 m s� 1. SPM concentrations were

low and the fresh water associated with the beginning of the ebb tide had just

134



5.4 Results and Discussion

started to appear at the surface (Figure 5.10d).

Analysis of conservative behaviour of PO 3–
4 illustrated that ebb tide surface

samples showed conservative behaviour with an r2 value of 0.95; as the salinity

decreased, so did the concentration of PO 3–
4 . Near-bed samples were close to

being conservative with an r2 value of 0.87. The slight deviation from being

conservative appeared to be a results of removal processes occurring (Liss, 1976).

5.4.4 Hydrodynamic, particle/floc and nutrient data obtained in au-

tumn

Sampling was conducted on the 16th September 2011 one day after the peak in

the spring-neap cycle. As with summer, longer hours of daylight allowed for a

longer sampling day. Figure 5.13 shows the tidal range and precipitation data

for the day of sampling and the week preceding. Temperatures ranged between

13 and 19.5oC, with an average temperature of 16.5oC; slightly warmer than the

ten-year average for September (14.4oC). Conditions in September were consis-

tently damp, with up to 5 mm of precipitation per day prior to, and including,

the sampling day. The average river flow rate on the day of sampling was 7.1 m3

s� 1 and the average flow rate for the week preceding sampling was 6.9 m3 s� 1.

These flow rates are approximately half of the 10 year average river flow rate

for the same week (13.8 m3 s� 1).

5.4.4.1 Physical data - ADCP, CTD and LISST

Figures 5.15a – f show the CTD data collected during the ebb and flood tide

sampling campaign in autumn 2011. Water temperatures ranged between 14

and 17oC with only a subtle difference visible in the ebb tide sampling that is

consistent with cooler fresh water dominating the water column. A striking and

contrasting difference to samples collected in March and June is the salinity of

the water column throughout the sampling day. Salinities ranged from 0 - 2.5
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Figure 5.13: Tide (a) and rainfall (b) data for the week preceding the sam-
pling date (marked in red), in autumn 2011. Red boxes indicate the sampling
period.

PSU with maximum salinities occurring at the start of the ebb tide, and the on-

set of the flood tide. Fresh water conditions such as this are usually the result of

increased river flows inhibiting the limit of the tidal intrusion. River flow veloc-

ities, however, were lower than those experienced in March and the same condi-

tions were not seen. An alternative possibility is the dilution of saline water by

constant and persistent precipitation and a weaker spring tide than experienced

in March or June.

Turbidity during the sampling day ranged from 0 - 5 g L � 1 with maximum con-

centrations occurring at low water periods, coincident or just after periods of

high current velocity. In line with the study by Bale et al. (1985), SPM con-

centrations in the upper estuary in early autumn are a result of the same pro-

cesses seen in summer: the erosion of mid-estuary sediment leads to the ac-

cumulation of mobile sediment in the upper estuary, resulting in higher SPM

concentrations. The SPM concentration in autumn 2011 was higher than those

experienced in spring indicating the addition of sediment by prolonged periods
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of rainfall. The recorded SPM concentrations at this time were also closer to

concentrations experienced in concentrated benthic suspensions, as reported by

Manning and Dyer (2007).

Figures 5.16a – d show the ADCP data collected during the ebb and flood tide

sampling campaign. As per the data collected in March and June, the ADCP had

a blanking distance of 1 m. Current velocity ranged between 0.05 and 0.55 m

s� 1, with maximum velocities found on the flood tide. This is consistent with re-

sults obtained during the March and June sampling campaigns. The speeds are

also consistent with the results reported by George (1975) whereby the shape

of the estuary results in a stronger flood tide current in the head of the estuary

in contrast to the typically ebb tide dominant system in the Tamar (Uncles and

Stephens, 1993).

During the ebb tide, current velocities reached a maximum of 0.33 m s� 1 at

approx. 0830 BST and were lowest between 0700 to 0800 BST. This period of

slack water was coincident with the maximum salinity experienced on the ebb

tide. Maximum current velocities occurred during the retreat of the saline wa-

ter where the presence of riverine water increased, as shown in Figure 5.15c.

Kolmogorov microscale length values during the ebb tide were between 95 and

184 � m. Unlike June, there were no distinct periods of turbulence or quiescence,

indicating a well mixed water column.

Flood tide velocities reached a maximum of 0.55 m s� 1, with the maximum ve-

locity occurring at the very start of the flood tide (1630 BST). This is typical of

flood tide conditions, however the salinities shown in Figure 5.15 are atypical of

flood tide conditions. Minimum current velocities during the flood tide occur as

the depth approaches 3 m at approx 1830 BST. In contrast to the data obtained

during the ebb tide, the flood tide demonstrates a clear change in current ve-
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locity and a clearer change in lk values. lk measurements ranged between 115

and 200 � m. The maximum current velocity was coincident with the minimum

lk measurements and the maximum SPM concentrations. As per the results in

March and June, it is proposed that the intense energy in such a shallow volume

of water causes the high SPM concentration. It is also possible that a concen-

trated benthic suspension (CBS) formed. The formation of a CBS is a result of

near-bed turbulence causing the entrainment and resuspension of loose bed sed-

iments into existing high SPM concentration waters. A CBS can also be formed

as a result of a significant deposition event, such as the collapse of an ETM. Fig-

ures 5.14a and b show the d50 particle size during the ebb and flood tide, collected

with the LISST in autumn 2011. Measurements in September were lower than

those recorded in both March and June, with values between 11 and 115 � m.

These values are lower than median floc sizes reported by Dyer et al. (2002) and

Uncles et al. (2002), but fit the theory that particle size is limited by turbulence

(lk values between 95 and 200 � m). Maximum particle sizes occurred on flood

tide during increasing salinity and as a result of increased velocity, but during a

period of decreasing SPM concentration.

Figure 5.14: a) LISST data collected during the ebb tide sampling and b) the
�ood tide in autumn 2011.
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5.4.4.2 Nutrient data - autumn 2011

Surface and near-bed concentrations of NO –
3 , PO 3–

4 and NH +
4 data for sam-

pling conducted in autumn 2011 are presented in Table 5.5. Surface and near-

bed concentrations were recorded every hour during the flood and ebb tides. Due

to failing light, the number of samples collected during the ebb tide was reduced

to three. Measured concentrations of NO –
3 and PO 3–

4 were in agreement with

previous values recorded in the Tamar estuary (Worsfold et al., 2008; Tappin

et al., 2012), and comparable to concentrations in March and June. Samples

collected for the determination of NH +
4 were all below the LOD. The calibration

curve during this time did not identify any issues with the NH +
4 processing and

so there is no methodological reason that the results should be below the limit

of detection, particularly as prolonged periods of rainfall would typically cause

an increase in NH +
4 (and NO –

3 ) (Ryther and Dunstan, 1971; Paerl, 1985; Duce,

1986; Paerl et al., 1990).

Table 5.5: Surface concentrations of NO –
3 , PO 3 –

4 and NH +
4 for samples col-

lected in autumn 2011. Note that for all samples collected during the sampling
campaign, NH +

4 was not present.

Time NO –
3 +/- PO 3–

4 +/- NH +
4 +/-

(� M) (n=9) (� M) (n=9) (� M) (n = 9)
T01 102 1 7.11 3.57 < LOD < LOD
T02 85 13 4.50 0.61 < LOD < LOD
T03 80 8 2.68 0.70 < LOD < LOD
T04 86 7 2.77 0.42 < LOD < LOD
T05 75 9 2.07 1.46 < LOD < LOD

T06 80 17 2.08 0.61 < LOD < LOD
T07 86 13 3.45 0.15 < LOD < LOD
T08 99 16 3.59 0.28 < LOD < LOD
B01 70 15 1.89 0.5 < LOD < LOD
B02 87 12 0.90 0.02 < LOD < LOD
B03 110 6 0.74 0.04 < LOD < LOD
B04 95 10 0.59 0.18 < LOD < LOD
B05 105 6 0.58 0.03 < LOD < LOD

B06 102 9 1.49 0.3 < LOD < LOD
B07 100 6 1.54 0.16 < LOD < LOD
B08 88 7 < LOD < LOD < LOD < LOD
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NO –
3 was detected in all samples collected in autumn 2011. The maximum con-

centration was 110 � M and the minimum concentration was 70 � M. Recorded

concentrations were similar to those recorded in June, despite the prolonged

rain. The maximum concentration occurred in a near-bed water sample during

the ebb tide and was coincident with the retreat of saline water at approx. 0830.

This increase was marked as statistically significant and is consistent with con-

servative behaviour as outlined by Loder and Reichard (1981). Similarly, when

the salinity increased during the flood tide, NO –
3 was seen to decrease in near-

bed samples, but not in surface samples. Surface samples, on the other hand,

show a statistically significant increase in concentration that is consistent with

an input by precipitation.

PO 3–
4 was present in all but one water sample collected during the flood and ebb

tide. The final near-bed sample collected on the ebb tide was below the limit of

detection. The maximum concentration of PO 3–
4 occurred in the surface water

sample collected at the start of sampling. This maximum was coincident with

the retreating salinity associated with the ebb tide. At this point, there were no

significant particle and SPM concentration behaviours.

5.5 Seasonal Comparisons

Clear seasonal differences were seen in hydrodynamic conditions of the water

column and macro-nutrient concentrations. Turbidity values reached a max-

imum of 5 g L � 1 in autumn with the lowest maximum of 2.2 g L � 1 occurring

in spring. SPM concentrations in spring, summer and autumn were consis-

tent with previous studies conducted in the Tamar estuary and specifically, the

study by Bale et al. (1985). Upper estuary SPM concentrations in spring were

lower than summer as a result of an absence of mobile sediment, while summer

demonstrated consistently higher SPM concentrations associated with the mo-
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bilisation and transport of mid-estuarine sediments to the upper estuary.

Current velocity was consistent across all field campaigns with maximum val-

ues of up to 0.6 m s� 1 occurring on the flood tide. This was in contrast to the

reported ebb-dominant system and was a reflection of the shape of the estuary

(George, 1975; Bale et al., 1985). Minimum current velocities were indicative of

periods of slack water associated with high and low tide. Kolmogorov microscale

(length; lk) was used as an indicator of the level of turbulence experienced in

the water column and measurements were found to be directly related to the

current velocity, as expected. However, the levels of turbulence recorded in the

Tamar estuary were lower than those reported in previous studies. Studies by

McCabe (1991); Hill et al. (1992); Fugate and Friedrichs (2003); Mı̂kes (2011) re-

ported that typical Kolmogorov microscale length values are between 100 - 1000

� m and values in summer and autumn did not exceed 200 � m, indicating high

levels of turbulence. Kolmogorov microscale length measurements were greater

in spring and reached 510 � m, identifying less turbulent conditions. Higher

current velocities resulted in greater energy and thus, turbulence. Induced tur-

bulence was found to be a controlling factor in the size of flocs; in all seasons,

median particle size did not exceed Kolmogorov microscales consistent with the

aforementioned studies.

SPM concentration measurements in spring, summer and autumn, combined

with current velocity and turbulence data, highlighted the importance of con-

trolling factors such as current speed and river flow in the availability and mo-

bility of sediments at Calstock. The impact of variations in SPM concentrations

could affect both the uptake and release of nutrient species from sediments as

outlined in M1 (chapter 1). Further to this, the effect of higher levels of tur-

bulence would limit the equilibrium floc size and partly control the size of the

largest macroflocs. Limited floc size would impact the amount of interstitial wa-
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ter that could be trapped when flocs are generated and, thus, reduce the uptake

of macro-nutrients. On the other hand, the high levels of turbulence could po-

tentially break up larger flocs and release previously trapped interstitial water,

or provide sufficient energy to break bonds between nutrient species and parti-

cle faces. This would be in line with M3.

Measurements of salinity in spring and summer were comparable, with a max-

imum PSU of 8 and 10, respectively. Autumn, on the other hand, showed much

lower salinities with a maximum of 2 PSU. It is proposed that this was a result

of the prolonged rainfall experienced during autumn leading to increased river

flow and a reduction in the limit of the tidal intrusion.

The impact of the lower salinity experienced in autumn on the concentration of

macro-nutrients was different for each species. For NO –
3 , theory would suggest

that increased rainfall and river run off would lead to an increase in nitrate con-

centration - it was observed, however, that concentrations were lower than those

seen in spring or summer. This is proposed to have been a result of increased

denitrification during the summer and autumn months (Whitehead et al., 2008).

The effect of lower salinity in autumn on concentrations of NH +
4 could not be de-

termined as all results were below the limit of detection. However, it is theorised

that, in relation to M3, concentrations of NH +
4 would not show any significant

increases with increasing salinity, as they did in spring. This is because a lower

salinity would result in fewer salt water cations and thus less chance of ion ex-

change processes.

Ammonium concentrations recorded in spring were in line with studies by Wat-

son et al. (1985); Law et al. (1991) and Fitzsimons et al. (2006) and demonstrated

processes closely aligned with M1 and M3, as described in chapter 1. M1 de-

scribed the increase of NH +
4 with the increase in sediments; this was indicated
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by the increase in SPM concentration at T02 consistent with a benthic input,

followed by an increase in NH +
4 at T03, associated with the slow-release from

particulate fraction (Morin and Morse, 1999). An additional peak in NH +
4 at

T05 was coincident with an increase in salinity and was indicative of M3. In

contrast to spring, the maximum concentration of NH +
4 was not coincident with

any significant changes in turbidity or salinity. Unexpected results of NH +
4 con-

centrations that below the limit of detection collected in autumn prevented any

comparison to the Mechanisms described in chapter 1.

Maximum NO –
3 concentrations were recorded in spring (up to 194 � M) and were

almost double those recorded in summer and autumn. This is in line with pre-

vious studies that demonstrate an increase in NO –
3 during the winter months

due to increased rainfall and run-off and decreased biological activity in the wa-

ter. As reported earlier, NO –
3 is not typically bound to sediments and thus not

directly related to Mechanisms 1 - 3. A previous study indicated that NO –
3 can

behave conservatively in estuaries (Morris et al., 1981), however in spring, sum-

mer and autumn, results indicated non-conservative behaviour of NO –
3 .

The maximum concentration of PO 3–
4 occurred in summer and was closer to the

highest concentrations recorded between 1975 and 1991 (Tappin et al., 2012),

than the typical annual mean value. Similarly, concentrations recorded in au-

tumn were also elevated. These high measurements were proposed to be a result

of increased SPM concentration associated with the seasonal movement of sedi-

ments in the upper estuary. It could also have been a result of increased levels

of river run-off. In contrast, concentrations recorded in spring were significantly

lower and within the range of those typically experienced.
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5.6 Conclusions

The aim of this study was to examine sediment-nutrient relationships in the

field on a seasonal and high resolution temporal scale. To investigate the aim,

a field campaign was conducted in spring, summer and autumn of 2011 using

a suite of oceanographic instruments and collecting water samples to measure

macro-nutrient concentrations on the best possible temporal scale. Water sam-

ples were collected hourly, while CTD and LISST profiles were collected every

30 min.

Hydrodynamic data and macro-nutrient concentrations were recorded in spring,

summer and autumn 2011. Concentrations and values of both physical and

chemical parameters were within the range of measurements previously recorded

in the Tamar estuary and there were marked differences in hydrodynamic con-

ditions and nutrient concentrations across the seasons. In particular, gravimet-

rically recorded SPM concentrations were greater in autumn in line with reports

by Bale et al. (1985) and reached a maximum of 5 g L � 1.

SPM and current velocity data obtained in the field campaigns highlighted the

importance of meso-scale internal physical processes, such as changes in flow

conditions associated with spring-neap tides and seasons, on the mobility and

availability of sediments in the upper estuary. In turn, the availability of sed-

iments in the upper estuary was seen to be related to concentrations of PO 3–
4 ,

particularly in summer and autumn. When SPM concentrations were elevated,

so were concentrations of PO 3–
4 ; an indication of a benthic release of PO 3–

4 .

Despite the aforementioned coincidence, it was not possible to observe if the

hypothesised exchange mechanism of macro-nutrients associated with floccula-

tion. It was concluded that an SPM concentration increase supplies a source of

macro-nutrients on which other mechanisms act.
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The relationship between SPM concentration and current velocity was also shown

to influence the particle size. Particle sizes were observed to be limited by the

size of Kolmogorov microscales, indicating the restrictive nature of turbulence

in the formation of larger flocs. M1 described the uptake of nutrients into the in-

terstitial water when flocs were formed, however, it was feasible that flocs were

both created and broken in turbulent conditions and therefore uptake or release

mechanisms were insignificant in these field studies.

Concentrations of NH +
4 were observed to be related to both M1 and M3. During

spring, concentrations demonstrated a benthic release associated with peaks in

SPM concentration, followed by a second slow-release from the particulate frac-

tion in line with studies conducted by Morin and Morse (1999). Contrastingly,

results in summer did not show any relationship with SPM concentration, but

aligned more closely with the salinity and the exchange of NH +
4 with salt water

cations present in the water column, consistent with a report by Gardner et al.

(1991).
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Chapter 6

A Laboratory Examination of

Micro-Scale Physical Processes

Affecting Sediment

Characteristics and Nutrient

Concentration

`You keep rowing the distance... I will bail the water out!'

Marcus Zanacchi
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6. LABORATORY EXPERIMENT OF MICRO-SCALE PROCESSES

6.1 Introduction

Following the field campaigns conducted in the Seine and Tamar estuaries, this

chapter presents the results and discussion of the laboratory experiments. A

series of experiments were conducted to identify the controlling factors in the

relationships between micro-scale physical processes, SPM characteristics and

nutrient concentrations.

The primary aim of this chapter was to establish which of the Mechanisms out-

lined in chapter 1, if any, result in a change in concentration of macro-nutrients

(NH +
4 , NO –

3 & PO 3–
4 ) to the water column. Additionally, as a result of observa-

tions in chapters 4 and 5, to determine whether an equilibrium state occurred

between the effects of flocculation and turbulence in the control of uptake and

release of macro-nutrients in the water column. The objectives of this chapter

are as follows:

� to configure the mini-annular flume to create similar physical conditions to

those measured in the Tamar estuary;

� to quantitatively measure the changes in sediment characteristics in con-

trolled conditions;

� to identify the dominance of each Mechanism outlined in chapter 1

6.2 Instrumentation & Methodology

The laboratory set-up consisted of a number of instruments including, ADV,

LISST-100C and a mini-annular flume. In addition to this, three glass filtra-

tion kits were assembled to filter water samples for the determination of NO –
3 ,

PO 3–
4 and NH +

4 as per section 3.4 (chapter 3).
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6.2.1 Acoustic Doppler Velocimeter (ADV)

Acoustic Doppler Velocimeters (ADV), like ADCPs (section 3.3.2), measure in-

stantaneous flow velocity components by way of the Doppler shift effect de-

scribed in section 3.2 of chapter 3. Unlike ADCPs, however, ADVs sample a

smaller, fixed volume and do not have diverging beams. It is implemented as a

bistatic (focal point) acoustic Doppler system and consists of a transmitter and

three 10 MHz receivers. The transmitters are positioned in 120o increments

around a 10 MHz transmitter and slanted at 30o from the axis of the transmit

transducer. This focuses on a common sample volume located 10.8 cm from the

probe (Voulgaris and Trowbridge, 1997). The system operates by transmitting

short acoustic pulses along the transmit beam. In the same way as the ADCP,

as the pulses pass through the water a part of the pulse is reflected by small

particles suspended in the water. The phase data subsequently converted into

velocity estimates using the method identified by Miller and Rochwarger (1972).

Figure 6.1: A diagram of the ADV in place in the �ume channel.
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6.2.1.1 Data Quality and Filtering

ADV measurements, while capable of capturing 3-D velocity profiles, are sub-

ject to ‘spike noise’ as a result of Doppler signal aliasing, air bubble effects, etc.

(Voulgaris and Trowbridge, 1997). The biggest issue with spikes is that they can

look similar to turbulent components in the velocity data (Goring and Nikora,

2002). Several algorithms for the de-spiking of ADV data have been proposed.

The method proposed by Mori et al. (2007) consists of a 3-D phase space method.

All data presented in this section were ‘de-spiked’ according to the methods of

Goring and Nikora (2002), using the MATLAB toolbox developed by Nobuhito

Mori (Mori et al., 2007).

In addition to noise filtering, the ‘checksum’ and ‘velocity correlation’ factors

were also used as a means of removing bad data. Checksum values equal to 1

were removed as they indicate low quality data, and velocity correlation values

of less than 70% were also removed.

6.2.1.2 ADV Usage

The ADV was only used during the set-up of the flume to establish the current

velocities in the flume and to calibrate the motor; the ADV probe was removed

during the experiment sets as it had a continuous leak and it was thought that

repeated applications of sealant may interfere with the nutrient concentrations

within the flume. Within the calibration phase, turbulence conditions were es-

tablished and it was assumed that these conditions would remain the same when

the probe was removed.

6.2.2 Mini-Annular Flume

Sediment dynamics have commonly been interpreted through the use of an an-

nular flume, in which the flow is induced by a rotating annular ring (Figure
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6.2) (Lau and Droppo, 2000; Bale et al., 2002). Advantages include the develop-

ment of a fully formed boundary layer as a result of the infinite flow length. In

contrast to straight re-circulating flumes, annular flumes are more appropriate

for investigations of cohesive sediment dynamics as aggregates are not affected

by pumps and filters required for re-circulation of water (Manning et al., 2007b).

Numerous annular flume studies have been conducted in the past, as indicated

by the selection of examples listed in Table 6.1. An annular flume has been used

for a variety of experiments, spanning several disciplines, with the majority of

experiments examining the interactions between hydrodynamics and sediment

characteristics. Prior to the development of Sed�ume (a commercial tool for

the characterisation of sediment transport), the annular flume was the leading

method of erodability and critical shear stress measurement for sediment trans-

port studies (Thibodeaux and Mackay, 2010).

In later years, annular flume experiments evolved to examine other disciplines,

in relation to sediments (Table 6.1). Of particular relevance to this study, Zhao

(2009) used an annular flume to examine the effects of turbulent resuspension

events in relation to the release and transformation of both DIP and DOP from

sediments. Zhao (2009) observed that DIP had a strong linear relationship with

shear stress in pure water and artificial seawater, but that there was no signif-

icant relationship between DOP and shear stress. Following the establishment

of physical controls, Zhao (2009) went on to examine the chemical transforma-

tions that occurred as a result of a release from suspended sediment. In contrast

to the experiment conducted by Zhao (2009), the experiment conducted in this

study focused solely on the micro- and meso-scale controls on the release of in-

organic macro-nutrients.

The advantages of annular flumes over conventional recirculating straight flumes
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Table 6.1: Examples of the types of experiments conducted in annular �umes.

Authors Brief Description
Bale et al., 2006 Critical erosion threshold of sediments
Barlow et al., 2004 Phosphorus interactions with bed sediments
Couceiro et al., 2009 Reactivity of nickel in estuarine sediments
Lansard et al., 2006 Plutonium mobilisation from marine sediment

resuspension
Manning et al., 1999 Floc characteristics with regard to turbulent

shearing
Manning et al., 2007 Flocculation properties recorded by LabSFLOC
Orvain et al., 2006 Influence of cohesiveness on bioturbation effects
Partheniades et al., 1966 Erosion and deposition effects
Pope et al., 2006 Estimation of bed stress by TKE
Prochnow et al., 2002 Biogenic sediment stabilisation simulation
Wang et al., 2011 Suspended sediment concentration vs. shear

stress

were described by Partheniades et al. (1966), who used an annular flume to mea-

sure the erosion and deposition of cohesive sediments (Rodi and Fueyo, 2002).

Advantages included the lack of pumps that have been reported to break down

suspended sediment; the loss of effects created by inflow and outflow of water

in a recirculating system (Partheniades et al., 1966; Booij, 1994), as well as the

uniformity of flow in the longitudinal direction (Rodi and Fueyo, 2002). Annular

flumes also have the advantage of being a closed system; this means that poten-

tial entrance effects can be avoided (Thibodeaux and Mackay, 2010). Entrance

effects represent a pressure change that cause abrupt changes in the velocity

profile, commonly related to capillary flow (Jastzebski, 1967).

A disadvantage of an annular flume is that the curvature of the system invokes

secondary flow velocities, yielding a more complex 3-D flow field instead of a 2-

D flow field (Booij, 1994). To date there is only one way to counteract the 3-D

flow field; by rotating the flume lid and the flume walls in opposite directions

(Partheniades et al., 1966). For the purposes of this study, the flume will remain

stationary due to the inherent difficulties in rotating the base of the flume and

the ring in opposite directions.
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The experiments in this chapter used equipment and adapted methods defined

by Manning and Dyer (1999). The experiment conducted by Manning and Dyer

(1999) aimed to examine floc characteristics of sediments collected from the

Tamar Estuary, in relation to turbulent shearing, which has been established

as the more dominant mechanism in the process of flocculation (Mehta and Pa-

theniades, 1975; Manning and Dyer, 1999). By looking at the inter-relationships

between floc characteristics over increasing turbidity and turbulent shear envi-

ronments, the authors were able to calculate the effective density and porosity of

the flocs. This was achieved using measurements (settling velocity and floc size)

recorded with the flume and camera system, LabSFLOC I (used in chapter 4) de-

vised by Dr Andrew Manning (Manning and Dyer, 1999; Manning et al., 2010a).

In contrast to the method used by Manning and Dyer (1999), the LabSFLOC

I camera system was not used in this experiment due to lack of availability.

Instead, a LISST (in laboratory configuration) was used to determine particle

Figure 6.2: The mini-annular �ume set up at Plymouth University.
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concentration and changes in particle size (see section 6.2.3).

In the experiment conducted by Manning and Dyer (1999), four different SPM

concentration levels, 80, 120, 160 and 200 mg L� 1, were examined in the flume

at increasing shear stress rates. The water in the flume was kept at the same

temperature (20oC) and the salinity of the water was maintained at 10 PSU

(Manning and Dyer, 1999). The initial sediments in the flume were sheared for

30 minutes at a shear stress of 0.6 N m� 2 before the motor was stopped and the

camera started recording. The motor was started again but at a different speed

to generate a different shear stress; decreasing increments of 0.1 N m� 2 down

to 0.1 N m� 2 (Manning and Dyer, 1999). This reduction in shear stress was to

emulate the turbulent shear stresses found in a natural marine environment

(Manning and Dyer, 1999). This method was adapted in order to emulate the

conditions experienced in the Tamar estuary (chapter 5):

� Three shear stress increments were used for 15 min. (determined using

calibration/set-up procedures).

� A number of experiments were conducted with 0 PSU salinity with a view

to establishing baseline conditions. Later, a salinity of 5 PSU was selected.

� The motor was not stopped to take particle size measurements.

The annular flume was identified as a suitable instrument to achieve the objec-

tives for this chapter. The instrument has been used in a variety of experiments

as outlined in Table 6.1 but the method described by Manning and Dyer (1999)

was chosen as the base method for the laboratory experiments in this chapter.

For this study, a mini annular flume of width 1.2 m, with an internal channel

width and depth of 0.1 m and 0.15 m, respectively was used (Figure 6.2). The

original design has a detachable roof holding a ring, fitted to the dimensions of
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the flume with six 15 mm (depth) paddles placed equi-distant around the ring.

The ring is driven by an AC motor that was controlled by a variable frequency

AC motor control unit (Manning and Whitehouse, 2009).

A number of preliminary flume experiments were conducted with a view to en-

suring that the conditions were suitable for the experimental runs to be conducted

in line with the aims and objectives outlined at the start of the chapter. The pri-

mary objective in the method development was to achieve a current velocity of

similar magnitude to the conditions experienced in the Tamar estuary. The max-

imum velocity, seen in chapter 5, was 0.6 m s� 1, with an average velocity of 0.21

m s� 1 (flume flow conditions are reported in section 6.2.6). The results of the

performance assessment can be see in Appendix 1.

6.2.2.1 Calculating Turbulence in the Flume

Using the same method as Manning and Dyer (1999), frictional (shear) velocity

(U� ), average shear stress (� ), turbulent velocity fluctuations (G) and the mi-

croscale of turbulence (� ) were calculated.

The equation for frictional (shear) velocity is (Delo, 1988):

U� = ung� 1=h1=6 (6.1)

where n is Manning’s bed roughness coefficient, g is acceleration due to gravity,

and h is the depth of the flow. The flume had a very smooth channel surface

and a Manning bed roughness coefficient of 0.011 was estimated (Manning and

Dyer, 1999). The average shear stress (� ) was then calculated as:

� = � wU2
� (6.2)

where � w is the density of the water. Turbulent velocity fluctuations were cal-
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culated in order to further calculate the Kolmogorov microscales of turbulence

(length):

G = U� (u=v:H)0:5 (6.3)

where H is the water column depth, v is the kinematic viscosity (molecular vis-

cosity divided by the density of water), U� and u are the frictional and mean

current velocities, respectively. Kolmogorov microscale of turbulences (length)

were calculated using Equation 6.4.

� = ( v=G)0:5 (6.4)

Results of the above calculations are presented in Table 6.3.

6.2.3 LISST-100C - Laboratory Set-up

A LISST-100C (2.5 - 250 � m) was used to determine the particle size distribution

and volume concentration. Basic details of operation can be found in section

3.3.3 of chapter 3 and this following section outlines the adjustments made to

suit the laboratory set up. The LISST-100C in laboratory mode used ‘burst’

mode sampling. The LISST-100C used in this particular laboratory study could

be used as a LISST-ST whereby a settling chamber is attached to the LISST and

a propeller used to suspend particles for measurement of the settling velocity.

This particular method was deemed unsuitable as no measurements of particle

size are available with settling velocity data.

6.2.4 Cleaning Protocol

The cleaning protocol for all plastic- and glassware was the same as that out-

lined in chapter 3. The material of the flume, however, required an alternative

application method and strength of cleaning agents. Prior to all experiments,

the mini annular flume was first rinsed of dirt and dust with UHP water. A
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weak (5% v/v HCl) acid solution was applied throroughly using a spray bottle

before being rinsed thoroughly with UHP water three times. The fitted tap that

was used to drain the flume and to take water and LISST samples, was removed

from the flume and rinsed before being sprayed with a weak acid solution. The o-

ring was removed and rinsed separately to prevent damage to the rubber. Once

sprayed with acid, the tap was rinsed clean with UHP water before being re-

attached to the flume. Each time the tap was removed, it required a new PTFE

seal when re-attaching it to the flume. This cleaning protocol, while not as rig-

orous as for the plastic- and glassware, was the most appropriate method to

ensure clean apparatus while preventing damage to the equipment. When the

flume was not in use, the equipment was covered with a large plastic sheet to

limit contamination. Filtration equipment was stored in air-tight bags and an

acid-washed, clean air-tight box.

6.2.5 Experiment Design

Prior to each run, the flume was cleaned as per the protocol outlined above.

Once clean, the flume was filled with 37 L UHP water. The volume of water in

the flume was slightly reduced during the adaptations - this was a result of the

ring without paddles being lower than with the paddles. To input the correct vol-

ume of suspended sediment, a sediment slurry was pre-mixed in an acid-washed

glass beaker. The same sediment slurry was used throughout the procedure and

sub-samples of the slurry were frozen in between experimental runs.

The sampling experiments were designed to emulate the Tamar estuarine en-

vironment (as far as possible), with particular focus on the changing current

speeds over a tidal cycle and the introduction of saline water, as per the Mecha-

nisms outlined in chapter 1. Five experiments (A - E) were devised in line with

the aims and objectives of this chapter and are presented in Table 6.2.
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The first, Experiment A, was devised to determine whether the concentra-

tion of suspended sediment in the flume was sufficient to adequately observe

changes in particle concentration and size. This experiment would also confirm

that background concentrations of macro-nutrients were low and that there was

no observable contamination of equipment. The second, Experiment B, was

to establish the ‘baseline’ conditions; the concentration of nutrients released by

1 g L � 1 of sediment; and to examine the physical characteristics of sediments,

such as particle size and SPM concentration. Experiment C saw the introduc-

tion of low nutrient seawater (LNS) to determine the effect of a salinity increase

on particle size and macro-nutrient behaviour, in line with M2 (chapter 1). For

Experiment D, the concentration was increased to 4 g L � 1 to investigate M1

further (chapter 1). As a development of Experiment C, Experiment E served

to examine the effect of an SPM concentration increase on saline waters; it was

chosen to continue using LNS as theory suggests that without the cations, floc-

culation could not occur.

6.2.5.1 Sediment Input & Slurry

A bed sediment sample was collected following the autumn (September) sam-

pling campaign. Sediment was collected from the first 2 cm of the inter-tidal

sediment, which was presumed to be the oxic layer, at low tide and frozen shortly

after in acid-washed HDPE 150 mL sample pots. The collection of the sediment

from the intertidal seabed, while not ideal as it is not representative of sedi-

ments in the water column, was a more practicable method of obtaining samples

to use in the flume and was an adaptation of the methods deployed by Manning

and Dyer (1999); Zhao (2009) and Fitzsimons et al. (2006).

A total of four (4) sample pots were collected supplying approx. 600 g of sedi-

ment. The sample remained frozen until use where one (1) pot was withdrawn

and a sediment slurry made using UHP water. A slurry was the most appro-
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Table 6.2: Flume experiments to be conducted, including sediment concentra-
tions, water type and aims of the experiment. LNS is Low Nutrient Seawater.

Set Sediment Water type Aim
Concentration

A 0.5 g L� 1 UHP Water To determine whether the concentration
of suspended sediment was sufficient to
observe changes in particle size.

B 1.0 g L� 1 UHP Water To establish background concentrations
of nutrients and their response to
changing physical conditions.

C 1.0 g L� 1 LNS Introduction of salt water (low nu-
trient) to establish the response of
nutrient concentrations to changing
shear stresses and particle sizes in
saline/estuarine conditions.

D 4.0 g L� 1 UHP water To determine whether higher concentra-
tions of SPM result in more pronounced
changes in macro-nutrient concentra-
tions.

E 4.0 g L� 1 LNS To determine whether SPM concen-
tration and salinity combined change
macro-nutrient concentrations.

priate method of adding sediment to the rotating flume as it would be a homo-

geneous mixture and would most easily be dispersed into the flow. A sediment

slurry of 2,213 g L � 1 was created using the bed sediment sample and 300 mL

UHP water. The slurry created was sufficient to be used for all laboratory ex-

periments. Between experiments, the slurry was refrigerated for up to 24 h and

frozen where flume runs were to be conducted more than 24 h apart. This was

an attempt to minimise the biological degradation of thawed samples.

6.2.5.2 Sampling regime and collection

Once the experiment sets had been determined, the sampling regime was de-

signed. Sampling was conducted as per Figure 6.3, with samples being collected

at each point labelled ‘S’. Samples were collected from the installed tap/spigot.
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The alternative method was to collect using a glass pipette from the sampling

point. This method was discounted because it would require stopping the flume

for every sample and the water would lose momentum, requiring longer equilib-

rium time.

Figure 6.3: Sampling regime for experiment sets A - E. A marks the point
where the sediment slurry was inserted. S marks the point where each water
sample was taken. Numbers 0 - 3 show the motor setting, where 0 is stationary
and 3 is the maximum speed.

When the water had been added to the flume, a ‘baseline’ sample was taken to

establish the background concentration of the water. The sediment slurry was

then poured into the flume and the next sample was taken. From this point

forward, samples were collected at the start of each change in motor speed. The

increase and decrease in shear stress that changes in motor speed invoked was

designed to emulate the current velocities experienced during the flood and ebb

tide experiments seen in chapter 5 (Figure 5.7). At the end of each experiment,

the water was left to still in the flume and a final sample was collected when all

the sediment had settled.
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As per the samples collected in the Tamar and Seine estuary, water samples

were collected in triplicate and further divided into 3 for analysis on the rele-

vant instrument. 125 mL of water was taken from the flume and filtered in the

same way as for the Tamar estuary and filter papers were saved to determine

the suspended sediment concentration in the flume.

Particle size and concentration measurements were taken at the same time as

water samples for macro-nutrient analysis using the the LISST-100C instru-

ment. The sample volume of the chamber was 75 mL and so 75 mL of the flume

water was taken from the tap and transferred by glass beaker to the settling

chamber. Between each sample, the chamber was emptied back into the flume

and rinsed thoroughly with UHP water to ensure it had no residual sediment in

it.

6.2.6 Flume Flow Conditions

A performance assessment of the mini annular flume was conducted prior to the

experiments. This aimed to determine the suitability of the instrument in its

standard configuration and to make modifications, where required. The results

of the assessment are presented in Appendix A and a summary is supplied below.

The first flume performance assessments were calculated with the same set up

as described by Manning and Dyer (1999), including six paddles of 15 mm depth

(10% of the total water depth). Current velocities ranged between 0.1 - 0.2 m

s� 1; significantly lower than those reported by Manning and Dyer (1999). Man-

ning and Dyer (1999) reported velocities of up to 1 m s� 1 using exactly the same

parameters. It is possible that some of the original instrumentation may have

changed in the years preceding this study, including the strength/type of the

motor; in the time frame of this study, it was not possible to find an alternative
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and re-configure the flume. Shear stress (� ) ranged between 0.12 - 0.47 Pa, with

Kolmogorov microscale (length) (� ) ranging between 13 - 22 � m. An assessment

of the individual flow current velocities revealed a number of inconsistent turbu-

lent bursts in the flow and so the paddles were removed in an attempt to make a

more consistent flow. The same assessment was completed without the paddles

and the comparative results of physical parameters are presented in Table 6.3.

Modification of the flume yielded a more consistent flow (see section A.1) but at

the cost of minorly reduced current speeds and shear stresses. Calculated cur-

rent velocities for both set-ups were approximately consistent with the average

flow conditions experience in the Tamar estuary (0.12 m s� 1), but the maximum

current velocity obtained in the Tamar estuary (0.6 m s� 1) could not be obtained

using the flume. This was due to insufficient motor power to generate higher

current velocities.

Table 6.3: A summary of physical parameters calculated during the �ume
performance assessment. Where u = current velocity (m s� 1), � = shear stress
(Pa) and � is the Kolmogorov microscale length ( � m).

Parameter Without Paddles With Paddles�

u (m s� 1) 0.07 0.10 0.15 0.10 0.15 0.20
N m� 2 0.94 1.36 2.00 1.36 2.00 2.67
� (Pa) 0.05 0.12 0.26 0.12 0.26 0.47
� (� m) 29 22 16 22 16 13

6.3 Results

This section presents and discusses the results obtained from each experiment

set. Results are presented and discussed for each individual run, with a further

discussion as to the differences between each experiment type and the relevance

of each proposed Mechanism in chapter 1.

Of note, before each experiment is discussed in detail; concentrations of NO –
3

� As per Manning and Dyer (1999)
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and NH +
4 were below the limit of detection for all experiments. This will be

discussed in detail in the discussion section (section 6.4).

6.3.1 Experiment A - UHP water with 0.5 g L� 1 sediment

The primary aim of Experiment A was to determine whether the proposed

cleaning protocol was sufficient to prevent background concentrations of macro-

nutrients contaminating future samples. The secondary aim was determine

whether changes in particle size and concentration were apparent and detected

by the LISST instrument.

A volume of the pre-made sediment slurry (8.4 mL) was added to the 37 L of

water in the flume to make a maximum SPM concentration of 0.5 g L � 1. It

was anticipated that some of the sediment may not be in suspension at any one

time due to insufficient current velocities to entrain and carry larger, heavier

particles. Filter papers from water samples were kept and SPM concentrations

obtained to determine actual SPM concentrations from each sample (Table 6.4).

The maximum concentration obtained by gravimetric filtering was 0.31 g L � 1

shortly after the slurry was added to the water, while the lowest concentration

was 0 g L � 1 and found prior to the addition of the slurry, and again at the end

when the flume had been stationary for 15 min. where all sediment had settled

to the bottom of the flume.

Figure 6.4a demonstrates the total volume concentration (calculated by sum-

ming the volume concentration of each size bin for each sample taken), while

Figure 6.4b presents the volume concentration of each size bin. Background

concentrations at the start of the flume run indicate low concentrations (approx

1 � L L � 1) of particles between 20 - 500 � m in size. The maximum total volume

concentration was 57 � L L � 1 (approx. equivalent to mg L � 1), obtained during the

6th sample when the current velocity was fastest. The increase in concentration
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Table 6.4: Gravimetric �lter SPM concentrations - Experiment A.

Sample SPM conc.
Number (mg L � 1)

1 00
2 310
3 130
4 150
5 160
6 160
7 140
8 110
9 00

was a result of the increased current speed entraining more sediments that had

previously settled to the base of the flume. The largest particle size range was

seen at sample number 5 where the current velocity had been 0.15 m s� 1 for 15

min. At this point, the increase in current speed generated conditions conducive

for flocculation. It was observed that during the course of the experiment, when

current speed increased, so did the particle range and concentration. While the

current velocity decreased, the particle size range decreased, but the concentra-

tion of particles between 20 - 60 � m remained consistent until the motor had

ceased. These conditions indicated an equilibrium in the particle size.

Water samples collected before sediment was added to the flume demonstrated

that concentrations of NO –
3 , NH +

4 and PO 3–
4 were all below the level of de-

tection (LOD) by each instrument and the cleaning protocol was, therefore, vali-

dated. It was observed, however, that there were no observable peaks or changes

in any of the macro-nutrients following addition of the slurry indicating the re-

quirement for a higher SPM concentration to observe changes. The results high-

lighted, however, that changes in sediment sizes and concentrations were being

recorded and that the flume speeds were sufficient to observe changes.
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6.3.2 Experiment B: UHP water with 1 g L� 1 sediment

Allowing for a UHP water volume of 37 L in the flume, 16.8 mL of the 2,213 g

L� 1 pre-made sediment slurry was transferred to the flume to make a maximum

theoretical SPM concentration of 1 g L� 1. The sediment slurry was transferred

to the still water in the flume and another sample taken. Once the motor was

started, samples were taken every 15 min. after the motor speed was changed,

as per the sampling regime (Figure 6.3). In contrast to the sampling regime

shown in Figure 6.3, a sample was taken immediately after sediment addition

instead of waiting for 15 min. and no sample was taken 30 min. after the flume

had stopped, giving only 9 samples per flume run for Experiment B.

Results of Experiment B are shown in Figure 6.6. Figure 6.6a shows the PO 3–
4

concentration for each sample and total volume concentration for each sample,

while Figure 6.6b shows the volume concentration in each particle size band.

Table 6.5: Gravimetric �lter SPM concentrations and PO 3 –
4 concentrations,

including error (+/-) - Experiment B .

Sample SPM Conc. [PO 3–
4 ] +/-

Number (mg L � 1) (� M)
1 112 0.97 0.13
2 1008 0.72 0.09
3 608 0.71 0.28
4 576 0.55 0.07
5 704 0.65 0.21
6 496 0.57 0.17
7 360 0.47 0.08
8 384 0.52 0.03
9 400 0.02 0.00

Gravimetric filter SPM concentrations and PO 3–
4 concentrations are presented

in Table 6.5. The maximum gravimetric SPM concentration (1,008 mg L � 1) was

recorded shortly after the sediment slurry had been added to the flume. The

second peak (704 mg L � 1) in SPM concentration according to the gravimetric

sample results was recorded at sample 5.
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Particle size distribution results in Figure 6.6b demonstrate volume concentra-

tions of up to 14 � L L � 1, with particle sizes reaching the limit of the LISST

instrument (500 � m). The maximum volume concentration measured by the

LISST was at sample 6 in the upper size band (460 - 500 � m) and was coinci-

dent with the maximum current velocity. The increase in the number of larger

particles found in sample 6 indicated flocculation of smaller particles, or the en-

trainment of larger particles as a result of the increase in SPM concentration

that occurred at sample 5. When the current velocity decreased to 0.07 m s� 1,

the number of larger particles decreased with the volume of smaller particle re-

maining the same. If the particles had broken up due to turbulence effects, the

number of smaller particles would have increased. This suggests that the newly

created flocs, or entrained larger particles, had settled when the current velocity

decreased.

Macro-nutrient data presented in Figure 6.6b shows the concentration of PO 3–
4 .

Concentrations of NO –
3 and NH +

4 were below the LOD for all samples. It was

not expected to see NO –
3 concentration in the water samples as it is not typically

bound to sediments (Fitzsimons et al., 2011) and there was no other source. It

was proposed that the concentrations of NH +
4 , if any, were below the LOD due

to the low concentration of SPM. It is also possible that the lack of salt water

cations present may have prevented ion exchange as described in M2 (Salinity).

This indicated that a greater amount of energy and SPM are required to make a

significant contribution of NH +
4 from micro-scale suspended sediment processes.

The PO 3–
4 concentration ranged between 0.41 - 0.98 � M and demonstrated a

linear relationship (see Figure 6.5). The highest concentration was found in the

first sample taken and analysis of the data by ANOVA identified this sample

as significantly different to all other samples. This was supposed to be when
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Figure 6.5: SPM concentration data versus PO 3 –
4 concentration for Exper-

iment B . This �gure does not include the presumed-anomalous results ob-
tained prior to addition of the slurry. r2 is 0.83.

the water was ‘clean’ and prior to the addition of the sediment slurry. This was

likely due to a contaminated sample; either at the filtering and bottling stage,

or during the processing on the instrument. If this data point is omitted and

assumed anomalous, the concentration ranges between 0.41 - 0.74 � M with the

highest concentration occurring just as the slurry is added to the water (sample

2). Ignoring the anomalous point at the start of sampling gives a linear relation-

ship between SPM concentration and PO 3–
4 (see Figure 6.5), with an r2 value of

0.83 indicating a good relationship. After this, the PO 3–
4 concentration is seen

to decrease until sample number 5. At sample number 5, with the increase in

concentration of SPM, a slight increase in PO 3–
4 occurs (from 0.55 to 0.65 � M).

However, this sample was not marked as statistically significantly different from

samples 4 or 6; likely a result of the error on this sample (0.21 � M). During the

identified period of flocculation, PO 3–
4 decreases again (samples 5 and 6). The

implication of the decrease in PO 3–
4 is that either the increase in concentration

of SPM increases the available surface areas for particles to bond with, or that

the formation of larger flocs traps a portion of PO 3–
4 within the interstitial wa-
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ter, thus lowering the overall concentration of PO 3–
4 in the water, in line with

M1.
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6.3.3 Experiment C: Low Nutrient Seawater with 1 g L � 1 sediment

Prior to increasing the SPM concentration, Experiment C (ExpC) was devised

to determine whether salinity played a role in the sediment-nutrient processes

occurring in the flume. Low nutrient seawater (LNS) was added to UHP water to

create a salinity of 5 PSU. Prior to the experiments, a set of LNS standards were

prepared and compared to standards made using UHP water. Results of the per-

formance assessment of LNS are presented in Appendix A. An adjustment was

made to the sampling regime for ExpC; a sample was collected shortly after the

slurry was added, and then again 15 min. later, before the flume was started.

This sample was added to establish whether the concentration remained con-

stant prior to the flume starting after the sediment was added.

Allowing for a UHP water volume of 37 L in the flume, 16.8 mL of the 2,213 g

L� 1 pre-made slurry was transferred to the flume to make a maximum theoret-

ical SPM concentration of 1 g L� 1. The sediment slurry was transferred to the

still water in the flume and another sample taken. Once the motor was started,

samples were taken every 15 min. after the motor speed was changed, as per

the sampling regime (Figure 6.3).

Figure 6.9 shows the results of Experiment C. SPM and PO 3–
4 concentration

data is shown in Figure 6.9a, while particle size distribution data is presented

in Figure 6.9b. SPM concentration and PO 3–
4 concentrations are also shown in

Table 6.6. The maximum SPM concentration recorded gravimetrically was 568

mg L � 1, where the sediment was added to the flume (sample 2). Later, at sample

8, the SPM concentration peaked for a second time with a concentration of 520

mg L � 1, shortly after the maximum current velocity had been maintained for

30 min. Despite the same input concentration of sediment (1 g L � 1), the con-

centration of sediment that occurred during sampling was approximately 42%
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lower than those experienced in ExpB. It was anticipated that the SPM concen-

tration would remain the same with the addition of sediment and that volume

of larger particles would significantly increase due to increased salinity aiding

flocculation processes (Pomeroy et al., 1965; Jones, 1989; Gardner et al., 1991).

Table 6.6: Gravimetric �lter SPM concentrations and PO 3 –
4 concentrations -

Experiment C .

Sample Current SPM Conc. [PO 3–
4 ] +/-

Number Velocity (m s� 1) (mg L � 1) (� M)
1 0.00 160 0.00 0.00
2 0.00 568 0.36 0.04
3 0.00 464 0.32 0.15
4 0.07 408 0.32 0.22
5 0.10 392 0.37 0.21
6 0.15 384 0.12 0.02
7 0.15 424 0.13 0.08
8 0.10 520 0.23 0.04
9 0.07 448 0.65 0.15
10 0.00 432 0.29 0.09
11 0.00 392 0.21 0.05

As with ExpB, SPM concentration and PO 3–
4 demonstrated a linear relation-

ship (see Figure 6.7). While a strong relationship occurred (r2), the relationship

was considerably weaker than ExpB. This was proposed to be a result of greater

variability in particle size associated with larger floc formation due to the pres-

ence of saltwater cations.

Figure 6.8a demonstrates two example particle size distributions recorded dur-

ing ExpC. Sample 2 was taken shortly after sediment was added to the flume

and the increase in volume concentration across all particle sizes increased.

Sample 6 was taken after 30 min. of 0.15 m s� 1 and, although small, an increase

in larger particle sizes can be seen. Figure 6.8b shows the same two profiles

collected during ExpB. In contrast to Figure 6.8a, the volume concentration

recorded by the LISST instrument demonstrated a lower volume concentration
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Figure 6.7: Linear regression analysis of SPM concentration and PO 3 –
4 for

Experiment C .

for both profiles, and there was no significant difference between the two. Most

significantly, during Sample 6 where the flume had generated a current velocity

of 0.15 m s� 1, there were very few larger flocs in comparison to ExpC. This con-

firms that the addition of LNS to the water increased the ability to flocculate,

despite the lower SPM concentration (Gardner et al., 1991).

The SPM concentration decreased to 392 mg L � 1 when the current speed de-

creased. Despite the decrease in current velocity for the final two samples, the

SPM concentration did not decrease significantly. This suggested that the ef-

fective density of the particles in suspension was lower than those experienced

in ExpB, possibly a result of the salt water cations present due to the LNS water.

The maximum concentration of PO 3–
4 was 0.65 � M and occurred during sam-

ple 9 when the flume had stopped spinning and before settling could occur. At
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this point, total volume concentration measured by the LISST had peaked for

the second (169 � m). Analysis of the data by ANOVA and a Tukey’s test iden-

tified sample 9 as significantly different from all other samples (p = 0.05). The

concentration of PO 3–
4 increased from 0 to 0.36 � M shortly after the sediment

slurry was added to the flume and both sample 1 and sample 2 were marked as

statistically significant in the ANOVA analysis (p = 0.05). The concentration re-

mained stable until the current velocity had remained at 0.15 m s� 1 for 15 min.

whereby the concentration dropped from 0.37 (sample 5) to 0.12 � M (sample 6);

samples 5 and 6 were marked statistically significantly different from each other

in ANOVA analysis (p = 0.05). The decrease in PO 3–
4 and increase in particle

size during a period of higher velocity could indicate that M1 is occurring; floccu-

lation in the water column removed PO 3–
4 by trapping it in interstitial water, or

the increase in concentration, number of particles and flocculation increased the

available surface area for PO 3–
4 to bond to. The decrease in PO 3–

4 was greater

than that experienced during ExpB suggesting that salinity may increase the

chances of bonding with particle faces in line with work completed by Gardner

et al. (1991).
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(a) Experiment C. (b) Experiment B.

Figure 6.8: PSD for both Experiment C and Experiment B. The blue lines
indicate the PSD shortly after the sediment slurry was added, and the red a
sample taken during the experiments.

Despite the addition of LNS water to increase the salinity, NO –
3 and NH +

4 were

still below the limit of detection.
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6.3.4 Experiment D - UHP Water with 4 g L � 1 Sediment

The aim of Experiment D (ExpD) was to further investigate the effect of SPM

concentration on macro-nutrient concentrations in the water. The SPM concen-

tration was made up to 4 g L � 1 using the same sediment slurry. UHP water was

used in order to compare with results obtained in Experiment B. There were

no changes to the sampling regime described in Figure 6.3.

Results of ExpD are shown in Figure 6.11. Figure 6.11a shows the SPM con-

centration measuring using gravimetric filter weights, while Figure 6.11b shows

the concentration of PO 3–
4 . SPM concentrations and PO 3–

4 concentrations are

also shown in Table 6.7. Despite the input of 4 g L � 1, SPM concentrations in

suspension were approximately one quarter of the total input with a maximum

gravimetric SPM concentration of 1.61 g L � 1, occurring shortly after the sedi-

ment slurry had been added to the flume. The second peak in SPM concentration

was 1.40 g L � 1 and was coincident with increasing, but not maximum, current

velocity (u = 0.1 m s� 1).

Table 6.7: Gravimetric �lter SPM concentrations and PO 3 –
4 concentrations -

Experiment D. Note that SPM concentrations are now in g L � 1. PO 3 –
4 concen-

trations are also shown.

Sample SPM Conc. [PO 3–
4 ] +/-

Number (g L � 1) (� M)
1 0.37 1.06 0.17
2 1.61 12.30 0.55
3 1.30 11.79 0.48
4 1.30 13.85 0.65
5 1.40 11.35 0.24
6 1.23 11.46 0.64
7 1.35 11.78 0.69
8 1.12 11.73 0.53
9 1.40 11.25 0.35
10 0.92 12.04 1.05

LISST results recorded particle sizes up to 500 � m (the limit of the instrument).
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Figure 6.10: Particle Size Distributions for Experiment D. The blue lines in-
dicate the PSD shortly after the sediment slurry was added, and the red a
sample taken during the experiments.

However, unlike ExpC and similar to ExpB, particle size distributions indicated

that minimal flocculation processes occurred during the period of maximum cur-

rent velocity (see Figure 6.10).

Once again, concentrations of NO –
3 and NH +

4 were below the limit of detection,

despite the significant increase in SPM concentration. PO 3–
4 concentrations

were between 11.06 and 13.85 � M, with the maximum concentration occurring

during sample 4 where the flume had just started to spin at 0.1 m s� 1. Concen-

trations in general were an order of magnitude higher than those measured in

Experiments A, B and C. Sample 4 was identified as statistically significantly

different to all other samples by ANOVA and Tukey’s analysis. This maximum

PO 3–
4 concentration did not coincide with the maximum SPM concentration.

This, combined with the absence of salt water cations, suggests a kinetic pro-

cess such as turbulence was occurring at this point. Following the maximum
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concentration at sample 4, sample 5 was also identified as statistically signif-

icantly different from sample 4 with a concentration of 11.37 � M. This drop

in concentration was coincident with a minor increase in volume concentration

of larger particles suggesting that flocculation may have occurred and trapped

PO 3–
4 within the interstitial waters, corresponding with M1.

The concentration of PO 3–
4 at sample 2 was also marked as statistically signifi-

cant from all other samples (p = 0.05). This is where the slurry had been added

to the water and gave a concentration of 12.30 � M. The increase in concentration

that occurred here was a result of the input of sediment to the flume suggesting

that loosely bound PO 3–
4 was broken away from the sediment in the process.

This could indicate the turbulence (M3) contributed to increasing the concentra-

tion of PO 3–
4 in the water column.

Unlike ExpB and ExpC, there was no linear relationship or correlation between

SPM concentration and PO 3–
4 concentration. This may be a result of the higher

concentrations of PO 3–
4 hiding changes that previously would have been signif-

icant.
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6.3.5 Experiment E - Low Nutrient Seawater with 4 g L � 1

The aim of Experiment E (Exp E) was to determine whether an increase in

SPM concentration combined with LNS water would yield more variations in all

macro-nutrient concentrations. For ExpE, LNS was used to create a salinity of

5 PSU, as per ExpC. However, 67.2 mL of the 2,213 g L� 1 pre-made slurry was

transferred to the 37 L flume to make a maximum theoretical SPM concentra-

tion of 4 g L� 1. There only adjustment to the sampling regime was a corrupt

LISST sample at the end of sampling.

Results of ExpE are presented in Figure 6.13. SPM concentrations and PO 3–
4

are presented in Figure 6.13a while volume concentrations in particle size bins

measured by the LISST are in Figure 6.13b. SPM concentrations and PO 3–
4

concentrations are also presented in Table 6.8.

Table 6.8: Gravimetric �lter SPM concentrations and PO 3 –
4 concentrations -

Experiment E. Note that SPM concentrations are now in g L � 1. PO 3 –
4 concen-

trations are also shown.

Sample SPM Conc. [PO 3–
4 ] +/-

Number (g L � 1) (� M)
1 0.39 0.47 0.13
2 1.14 11.07 0.55
3 1.12 10.98 0.32
4 1.87 10.69 0.40
5 1.55 11.11 0.43
6 1.46 11.04 0.46
7 1.42 12.18 1.89
8 1.36 11.09 0.60
9 1.29 10.77 0.45

10 1.12 10.75 0.34

SPM concentrations measured by gravimetric filtration ranged between 0.39 -

1.87 g L � 1, with the maximum SPM concentration occurring shortly after ad-

dition of sediment to the flume, as per previous experiments. Despite a pre-

determined concentration of 4 g L � 1, the maximum suspended concentration
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only reached 1.87 g L � 1. As with previous runs, a large portion of sediment

settled to the bottom of the flume and there was insufficient current velocity to

entrain all the sediment. The final SPM sample measured did not have a corre-

sponding LISST profile as the file was found to be corrupt; however, despite 30

min. of u = 0 m s� 1, 1.12 g L � 1 remained in suspension. This was a result of less

dense particles taking longer to settle.

Volume concentrations recorded by the LISST were an order of magnitude higher

than recorded in Experiments A - D; in the range 0 - 160 � L L � 1. Unlike Exper-

iment D, the addition of the sediment slurry at sample 2 did not saturate the

LISST and so it was possible to examine the particle size distribution at this

point (Figure 6.12a). This is where the volume concentration of smaller parti-

cles (between 0 - 25 mum) increased to 160 � L L � 1.

(a) PSD including Sample 2. (b) PSD excluding Sample 2.

Figure 6.12: Particle Size Distributions allowing detailed examination of
micro-scale processes affecting particle size.

Figure 6.12a demonstrates that the volume of particles input at sample 2 dilutes

the observable particle changes in subsequent samples. As such, Figure 6.12b

shows three separate samples (samples 4, 6 and 8) of particle size distribution.
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Here, one can observe that sample 6 collected during maximum current velocity

(u = 0.15 m s� 1) shows an increase in the volume of larger particles. This was a

result of flocculation of smaller particles apparent in sample 4. It could also have

been a result of entrainment of larger, denser particles with increased current

velocity. Later, during sample 8 (u = 0.07 m s� 1), the volume of larger particles

decreases again.

Concentrations of PO 3–
4 ranged between 0.47 - 12.18 � M, consistent with Ex-

periment D. The maximum PO 3–
4 concentration occurred at sample 7, shortly

after the period of maximum SPM concentration and a period of flocculation (as

shown in Figure 6.12b). This maximum was likely contrasts the theory that in-

creasing floc sizes will trap more interstitial water and, thus, PO 3–
4 . It should

be noted, however, that the error of this sample (1.89 � M) prevented the sample

from being statistically significantly different and some caution was used in in-

terpretation.

The PO 3–
4 concentration measured at sample 5 was identified as being statisti-

cally significant from samples 4 and 6. This apparent peak in PO 3–
4 at sample 5

follows an increase in SPM concentration at sample 4, and preceeded a decrease

in SPM concentration at sample 6 where PO 3–
4 was also observed to decrease.

This is consistent with benthic desorption of PO 3–
4 upon resuspension (refer-

ence).
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6.4 Discussion & Conclusions

This section discusses the results of Experiments A - E with respect to the ob-

jectives outlined in section 6.1, and the Mechanisms outlined in Chapter 1.

Experiments A - E were designed to examine the micro-scale processes affect-

ing macro-nutrient concentrations in the water and, if possible, determine the

dominance of each mechanism outlined in chapter 1. The flume experiments

served to constrain particular variables, such as temperature and salinity, and

eliminate other factors, such as advection and riverine run-off. SPM concentra-

tions and particle characteristics were observed using gravimetric filtration and

LISST measurements, while macro-nutrient concentrations were determined

using spectrophotometry and fluorimetry, as per the method outlined in chap-

ter 3. Prior to conducting each experiment, the flume physical conditions, such

as shear stress and TKE were calculated independently (see Appendix A).

As mentioned in the results section, of particular note was the lack of NO –
3

and NH +
4 concentrations in all experiments. It was not expected to measure

NO –
3 as it is not typically bound to sediments; although nitrification of NH +

4

to NO –
2 and NO –

3 is widely reported to occur in marine sediments under the

correct conditions (Risgaard-Petersen et al., 2004). In this case, it was possible

that the freezing of the sample prevented nitrification and thus concentrations

of NO –
3 were below the LOD. This did not, however, explain the lack of NH +

4 .

As it was not detected in any sample in any experiment, it was unlikely a result

of methodical error, but a result of the sediment collection method and condi-

tions. Sediment was collected in September from the top 2 cm of the inter-tidal

seabed at Calstock, which was presumed to be the oxic layer, and frozen within 6

h of collection. This method was derived from that reported by Fitzsimons et al.

(2006) who successfully measured release kinetics of NH +
4 and methylamines
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from sediments collected from four sites in the Thames estuary.

Sediment collected was from the, presumed, oxic layer of inter-tidal sediment,

of which the sediment-nutrient behaviours in oxic and anoxic layers are report-

edly different (Falcao and Vale, 1998). Falcao and Vale (1998), reported that

a number of factors can affect the concentration of NH +
4 in sediments, includ-

ing: ammonium production as organic matter decomposes (Nowicki and Nixon,

1985); nitrification (Lohse et al., 1993); excretion by benthic organisms (Lom-

stein et al., 1989) and consumption by primary predators. As consumption by

primary predators was unlikely, it could be assumed that nitrification by bacte-

ria in the sediment occurred between collection and freezing. Additionally, the

inter-tidal sediment was not collected until after sampling had finished, approx.

2 h after exposure giving greater opportunity for chemical processes to remove

NH +
4 . Mackin and Aller (1984) reported that reversible ion exchange and the

subsequent equilibrium of NH +
4 in sediments could be modified ‘in minutes’. It

was plausible that, in transport until freezing, nitrifying bacteria present in the

sediment could have converted NH +
4 into prior to collection.

The objectives of Experiment A were to determine whether the cleaning pro-

tocol was sufficient and that particle size changes could be observed using the

LISST instrumentation. Both objectives were met but it was established that

0.5 g L � 1 was not sufficient to measure any macro-nutrient species.

The LISST instrument adequately recorded changing particle size distributions

and it was possible to see flocculation of smaller particles. It was observed, how-

ever, that the upper size limit of the particle size meant that particles above 500

� m were not recorded. The LabSFLOC I camera system was not available dur-

ing the flume experiments.
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The concentration was subsequently increased in Experiment B to 1 g L � 1,

and once again in Experiment D to 4 g L � 1. The increase in concentration

in Experiment B yielded clearer observations of changes in particle size, and

concentrations of PO 3–
4 in the range 0.02 - 0.97. However, the maximum con-

centration of PO 3–
4 was identified to be an anomalous result - likely a result

of contamination. Excluding this first measurement, concentrations of PO 3–
4

ranged from 0.02 - 0.72 with the new maximum occurring shortly after the sed-

iment slurry was added and consistent with the fast kinetics of desorption and

adsorption reported by Froelich (1988). A second peak occurred with an increase

current velocity and SPM concentration, indicating desorption processes associ-

ated with increased SPM concentration and a possible influence of increasing

turbulence in the amount of PO 3–
4 released.

A subsequent increase in SPM concentration to 4 g L � 1 in Experiment D did not

make any clearer the micro-scale processes occurring. Phosphate concentrations

increased by an order of magnitude with the 4-fold increase in SPM concentra-

tion and the relative change in PO 3–
4 between samples was less noticeable.

As was clear from the increase in PO 3–
4 with increase in SPM concentration,

M1 plays a dominant role in the release and uptake of PO 3–
4 , although it was

not clear what role flocculation had on the concentrations of PO 3–
4 , if any. The

secondary processes affecting PO 3–
4 were turbulence, in line with kinetic des-

orption processes.

The level of turbulence in the flume was controlled by the current velocity in the

flume and three values of turbulence were established during the performance

assessment of the flume (see Table 6.3 and Appendix A). It was not possible to

create a wide range of turbulent conditions in the flume, as per those recorded in

the field, and so fewer conclusions can be drawn at this stage. Furthermore, as
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it was not possible to separate current velocity and turbulence, it was also not

possible to constrain turbulence and particle size. Increasing current velocity

gave decreased Kolmogorov microscale (lengths) indicating increased turbulence

and smaller irregular features, but increased current velocity also increased the

SPM concentration in the water column.

The increase in particle size and number associated with increased SPM con-

centration, combined with the maximum particle size of 500 � m implied that an

equilibrium state between turbulence and particle size had not yet been reached

during these experiments. Particle sizes far exceeded the calculated Kolmogorov

microscale lengths of 16 - 29 � m. During periods of equilibrium, it would be ex-

pected that conditions (i.e. particle size range), including PO 3–
4 would remain

constant.

Experiments C and E were designed to examine the influence of salinity on

micro-scale processes affecting macro-nutrient concentrations. The absence of

NH +
4 in these experiments was not expected as it was anticipated that the dom-

inant controlling mechanism in the behaviour of NH +
4 would be salinity, as in-

dicated in chapters 4 and 5. In terms of particle bonding and flocculation, there

were a wide variety of reports of salinities that both enable, enhance and support

the processes, ranging from 2 PSU (Drake, 1976) to 12 PSU (McAnally, 1999).

This study used an arbitrary 5 PSU based on the volumes of LNS water required

for each experiment, and it falling within the range previously reported.

Salinity was observed to affect the flocculation processes occurring in the flume,

but there was no observable effect on PO 3–
4 at either SPM concentration. Changes

in PO 3–
4 between each sample were of a similar order of magnitude to those in

Experiments B and D. This result served to indicate that the proposed uptake

of PO 3–
4 due to flocculation, described in M1, does not exist or does not sig-
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nificantly affect the concentration of PO 3–
4 and, consequently, that sediments

are predominately a source and sink of phosphate through means of desorp-

tion/adsorption. It was subsequently proposed that the rate/amount available

for desorption (or adsorption) is a function of mineral type and surface area

available, combined with kinetics.
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Chapter 7

A Discussion & Synthesis of the

Results Obtained in Field

Campaigns and Laboratory

Experiments

`What are you going to do next, Em?'

Nora Cox (December 1934 – September 2014)
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7.1 Introduction

The aim of this thesis was to investigate the importance of micro-scale physical

processes, such as flocculation, on the release of inorganic macro-nutrients ni-

trate, ammonium and phosphate to the water column. Attempts to address this

aim comprised four field campaigns at two sites, and a laboratory study.

The field campaigns were designed to measure in situ micro-scale physical pro-

cesses and inorganic macro-nutrients at a high temporal resolution for at least

one ebb and flood tide. The laboratory study was then designed around the

observed conditions of one of the field campaigns (Tamar Estuary, autumn cam-

paign) with a view to constraining each variable individually, thereby examining

each Mechanism in detail, if present.

This section considers the results obtained in relation to the primary aim, and

draws comparisons between field campaigns, seasonal implications and the lab-

oratory studies. The suitability of the method will be discussed, followed by an

analysis of each proposed Mechanism outlined in chapter 1.

7.2 Methodology Discussion and Critique

To achieve the aims and objectives outlined in chapter 1, the objectives of the

methods included:

� determine suitable methodologies for the measurement of high resolution

(temporally and spatially) chemical and physical parameters;

� quantitatively measure the hydrodynamic and chemical conditions of two

turbid estuaries;

� design and administer a series of mini-annular flume experiments to quan-

tify the release of macro-nutrients as a result of micro-scale processes.
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7.2.1 Field Instrumentation & Methods

Instrumentation was chosen and evaluated according to the requirements for

the measurements collected in the Tamar and Seine estuaries (chapters 4 and

5). One requirement for instrumentation used in the field was the portability

and ease-of-use in the marine environment. Instrumentation was to be handled

manually from a jetty and so needed to be of reasonable weight for one person

to profile (< 20 kg), while maintaining the ability to obtain simultaneous mea-

surements of each physical parameter. Power at both sites was limited, and so

instruments were required to be battery powered.

For both estuaries, a battery-powered CTD profiler was selected to measure

salinity, temperature and turbidity. In the Tamar estuary, a YSI 6600V2 CTD

profiler was used at the highest frequency of 2 Hz and sampled every 30 minutes.

The availability of instrumentation in the Seine estuary was greater than that

of the Tamar and so both a YSI 6600V2 and a Seabird CTD were used. The data

presented in chapter 3 (Seine Estuary) were from the Seabird CTD as the in-

strument was sampled more frequently (every 15 min.), and the resolution and

accuracy was greater (see Table 3.1 in chapter 3). However, the Seabird CTD

was in a large metal frame that added additional weight (approx. 4 kg) and so

the CTD was sampled separately to the LISST. The YSI CTD, being lighter, was

sampled at the same time and rate of lowering as the LISST instrument. The

minor difference in sample time (estimated to be a maximum of 5 min. apart),

combined with the fast current speeds seen in the Seine estuary (up to 4 m s� 1)

further highlights the issue of advection in this study; measurements were not

exactly simultaneous and so introduce error in the results presented. However,

the instrumentation adequately met the objectives of the method.

Particle size measurements were conducted using a LISST in both the Seine and
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Tamar estuaries. It was observed during the Seine estuary sampling that the

high suspended sediment concentrations of up to 4.5 g L � 1 prohibited the accu-

rate and continuous measurement of particle size by the LISST alone, and so a

Path Reduction Module (PRM) was fitted during the Tamar estuary campaigns.

The PRM served to reduce the optical path of the LISST instrument by 50%. The

LabSFLOC I camera system was available during the Seine sampling campaign

and so alternative detailed particle characteristics could be obtained in lieu of

the LISST. One disadvantage of the LabSFLOC I camera was that, due to the

size of the data of each sample and the time taken to collect the data, it was not

possible to sample more than once per hour, drastically reducing the temporal

resolution that would have been obtained from the LISST. In the Tamar estuary,

the LISST was fitted with a PRM and so samples were obtained at a better tem-

poral resolution during each campaign. The disadvantage of the LISST instru-

ment was the lack additional sediment characteristics such as settling velocity

and effective density, which are usually used to indicate flocculation character-

istics (Manning and Dyer, 1999; Manning et al., 2007b).

An additional disadvantage observed during this campaign was the post-processing

of LabSFLOC I data; despite attempts to automate the process, it was neces-

sary to manually measure particle sizes and settling velocities for each sample

collected by LabSFLOC I. This introduces an element of subjectivity into the

measurements, particularly as the particle boundaries were not always clearly

defined. The definition of the particle boundaries was a result of sampling be-

ing conducted in broad daylight, reducing the contrast of image. An attempt to

increase the contrast in post-processing resulted in a loss of several smaller par-

ticles. Further to this, the depth of field of the instrument (1 mm) meant that

if particles dispersed outside of the focal point during settling, they could not be

accurately measured as there is no third axis (z) to determine how far away the

particles are from the lens. This disadvantage was removed in using the LISST.
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The latest LabSFLOC II camera system uses a different light source to enhance

the contrast and therefore the definition of the particles.

The LISST was not without its own disadvantages; a known issue of data col-

lected using a LISST is the impact of schlieren (Mikkelsen et al., 2008) on size

measurements. Schlieren is the blurring of or altering of a materials refractive

properties due to the interaction between two materials of different density (i.e.

fresh and salt water). It was shown by Styles (2006), that the occurrence of

schlieren in the water can falsely manipulate the sizes seen by the sensor of a

LISST; in particular, an increase in the number of large particles were present in

samples affected by schlieren. To date, there are no common filtering techniques

for post-processing data that are subject to schlieren. Instead, careful monitor-

ing of density interfaces (buoyancy frequency) was conducted in line with post-

processing of LISST data. Mikkelsen et al. (2008) observed that data recorded

where buoyancy frequencies as low as 0.025 s� 1 should be interpreted with cau-

tion as they may be subject to schlieren. Mikkelsen et al. (2008) also identified

that schlieren may be visible in camera imagery at 0.12 s� 1. LISST volume scat-

tering function profiles were examined and compared where buoyancy frequency

exceeded both 0.025 and 0.12 s� 1. Schlieren was only relevant in the Tamar

estuary where the LISST instrument was profiled in waters where the tempera-

ture or salinity may vary throughout the water column (i.e. not in the laboratory

flume studies). Of the 30 profiles taken between spring - autumn, the majority

of the profiles had buoyancy frequencies between 0.025 - 0.12 s� 1. Examina-

tion of the VSF profiles for data that exceeded 0.12 s� 1 in buoyancy frequency,

indicated that only the measurements recorded at the surface of the water col-

umn were subject to schileren and, when compared with salinity/temperature

profiles, were consistent with a layer of different temperature and salinity. At

depth, buoyancy frequencies greater than 0.12 s� 1 did not appear to affect the

VSF profiles. This meant that approx. 93% of the LISST data obtained in the
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Tamar estuary were valid for use in this study.

Figure 7.1a demonstrates an example profile (Profile 1 Spring Sampling Cam-

paign - Tamar Estuary) where the buoyancy frequency varied greatly and ex-

ceeded 0.12 s� 1. Figure 7.1b shows the corresponding particle size and concen-

tration data obtained by the LISST. In this example, the retreating tide and

stratified waters potentially caused higher levels of schlieren, particularly at

the surface, that may have affected measurements of particle size. If schlieren

were apparent, it could be identified by a skewed profile of the Volume Scatter-

ing Function (VSF) towards the larger rings causing an apparent increase in

the volume of smaller particles (Mikkelsen et al., 2008). Figure 7.1c illustrates

3 VSF profiles taken at different water depths with different apparent levels of

schlieren; two with buoyancy frequency values above the 0.025 s� 1 threshold,

and one below. For the sample collected at the surface (red line), there is a pro-

nounced increase in volume concentration in the larger rings when compared to

the VSF profiles of deeper samples. The VSF profile for the mid-depth sample

indicated a buoyancy frequency above 0.025 s� 1 but did not demonstrate a sig-

nificant increase in the larger rings as would have been expected were schlieren

apparent.
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(a) Pro�le 1: Buoyancy Frequency (b) Pro�le 1: d50 Particle Size

(c) Pro�le 1: Volume Scattering Function

Figure 7.1: a) An example buoyancy frequency pro�le from the ebb tide. The
solid purple line indicates the threshold 0.025 s� 1 as identi�ed by Mikkelsen
et al. (2008).
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Current velocity and turbulent kinetic energy (TKE) data were collected using

a high-frequency ADCP (1200 KHz). A high-frequency ADCP was chosen as

it has been demonstrated by ADCP manufacturers that higher resolutions are

able to capture smaller spatial resolution (10 cm bin size) and are more suitable

for shallower depths (Rowe Technologies, 2013). The benefit of high-resolution

temporal measurements is the ability to see smaller-scale processes and more

detail. However, as observed in the Seine estuary, it also creates larger data

files. During the Seine sampling campaign, the instrument stopped recording

halfway through the day and, due to a lack of user interface (such as a hand-

held monitor), it was undiscovered until the instrument was recovered at the

end of the day. In the Tamar estuary, it was possible to ensure data was col-

lected throughout the day and sufficient data storage was made available prior

to deployment. The same settings were applied in the Seine and Tamar estuary

to allow direct comparison.

Turbulent kinetic energy can be calculated using several methods (Wiles et al.,

2006). The ‘three-beam solution’ as described by van Haren et al. (1994) was

used in this study as the ADCP was set up in the basic method to measure

parameters u, v, w and e, where u, v and w are directional current velocity com-

ponents and e is the error estimate. Alternative methods, such as the structure

function method proposed by (Wiles et al., 2006), require raw measurements

from each beam and were based on a setting that was not present on this partic-

ular ADCP.

7.2.2 Chemical Methodologies

The methodology for each nutrient (i.e. PO 3–
4 , NO –

3 , NH +
4 ) were required to be

determined by individual methodologies as, to date, there was no such instru-

ment that could be used to determine concentrations in situ . The inability to

measure each nutrient simultaneously introduced an element of error in that
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several sub-samples of each sample were required, thus increasing the possibil-

ity of contamination during transferral to the vials. In attempt to reduce this,

all sample containers were acid washed, dried and stored in the same way. Sam-

ples were stored in sealed bags in freezers until analysis and, where required,

samples were acidified to preserve them.

Additional errors were potentially introduced by the methodologies themselves.

For example, the determination of ammonium from samples requires a very

strict incubation time. Furthermore, the efficacy of working reagents required

to process each sample increased with age up to a point where they became in-

effective. Holmes et al. (1999) recommended that the working reagent be left for

at least 24 hours before use. In attempt to reduce errors associated with this,

the storage protocol described by Holmes et al. (1999) was followed; working

reagents were left for at least 48 h prior to processing, with no set of working

reagents ageing beyond 14 days. Additionally, a calibration set was conducted

at the start of each ‘batch.

As with the ammonium methodology, the storage protocols of reagents required

to measure the concentrations of phosphate and nitrate were also observed and

calibration sets were performed prior to each batch. It was advised (Williams,

pers comm., 2012) that reagents for the determination of phosphate and nitrate

were more effective at room temperature and so reagents, buffers and samples

were left to reach room temperature prior to processing on the SKALAR CFA

instrument.

The number of methodologies required, and the resulting number of sub-samples,

introduced a significant element of error. In cases where nitrate and phosphate

were observed, ammonium results were contaminated, and vice versa. Despite

sampling being collected in triplicate and processed in triplicate (n = 9), it was
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not always possible to eliminate the error. For all sample processing, calibration

curves were created using a standard set for each nutrient to ensure the quality

of results was sufficient for the studies.

7.2.3 Field Campaigns

Sampling was conducted in two estuaries with established records of high tur-

bidity, which was deemed to be important for the observation of flocculation and

suspended sediment processes. Additionally, a high-energy environment was

required in order to assess the effects of turbulence on sediment-nutrient be-

haviour. Finally, a range of salinities were required in order to assess the effects

of salt water cations on inorganic macro-nutrient concentrations. For this rea-

son, a sampling site in the brackish area of the estuary was chosen.

Both the Seine and Tamar estuary fulfilled the aforementioned requirements,

with varying but similar SPM concentration, salinity and turbulent conditions.

Wherever possible, the field sampling method, as described in chapter 3, was

used. However, there were a few differences resulting from refinement of the

method as each field campaign was completed, or due to unforeseen circum-

stances. Differences in the sampling methodologies are outlined below:

� The primary difference between the Seine and the Tamar estuary was the

inclusion of a seasonal assessment for the Tamar estuary. It was not pos-

sible to complete a seasonal campaign of the Seine estuary due to cost and

time constraints.

� The Tamar estuary was sampled from a jetty over an intertidal mud flat.

This meant that water was not always present for sampling. In contrast,

the jetty used in the Seine estuary had access to water at all states of the

tide, with a 4 m minimum water depth.

� LabSFLOC I instrumentation was used in the Seine estuary but was not
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available for any of the Tamar estuary field campaigns. Conversely, com-

prehensive LISST data was obtained for the Tamar estuary, but SPM con-

centrations were too high in the Seine estuary and no data was recorded

here.

7.3 Discussion of the Proposed Mechanisms

7.3.1 Mechanism One – SPM Concentration Increase

Mechanism 1 (shown in Figure 7.2) described an exchange mechanism as a re-

sult of the increase in SPM concentration in the water column. The SPM con-

centration increase would typically be a result of increased current velocity act-

ing to re-suspend particles from the bed, or the development of an estuarine

turbidity maximum. As described in chapter 1, it was hypothesised that an

increase in SPM concentration would increase the opportunity for flocculation,

as reported by Verney et al. (2009), Soulsby et al. (2013), and Manning and

Schoellhamer (2013) (among others). During flocculation, pockets of interstitial

water can be created, forming a delicate and porous floc. It was proposed that

these pockets could trap inorganic macro-nutrients, increasing the contact time

between particle faces and nutrient-laden water, thereby reducing the water col-

umn macro-nutrient concentration. Similarly, SPM concentration increase (and

other factors such as turbulence) can also cause the disruption of fragile flocs

that contain the aforementioned trapped interstitial water, thereby releasing

the trapped macro-nutrients to the water column and increasing the water col-

umn macro-nutrient water column. It was proposed that, when flocculation and

disaggregation processes reach an equilibrium, there would be a constant macro-

nutrient concentration.

An SPM concentration increase was observed in both the Tamar and Seine

estuary, giving an increase in particle size associated with flocculation; how-
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Figure 7.2: One part of the proposed exchange mechanism associated with
SPM concentration increase - for more detail, see chapter 1.

ever, the timing of the flocculation processes differed in each estuary. In the

Seine estuary, an ETM was observed in which increased SPM concentration was

coincident with increased current velocity (max 2.2 m s� 1), and both were coin-

cident with the increase in floc size observed at HW-2. Effective density values

calculated using LabSFLOC I for the Seine estuary demonstrated large, porous

flocs with low effective density (values of approx 1200 kg m� 1), as well as several

smaller particles with higher effective density (around 300 kg m� 3), which could

be sand particles. When the SPM concentration decreased, so did the number

of larger, porous flocs (see Figure 4.9, Page 98). It was not possible to sepa-

rate disaggregation and flocculation processes occurring as the hydrodynamics

associated with tides meant that conditions changed too quickly to observe an

equilibrium. Increased sampling frequency, or continuous LISST measurements

would have allowed for a higher frequency observation of changing particle size.

In the Tamar estuary, flocculation was not as easily observed and minimal vari-

ability was observed with changing seasons. It was anticipated that increased bi-

ology in summer months would yield larger particle sizes (McAnally and Mehta,

2001) and therefore possibly enhance Mechanism 1. Each campaign (spring,

summer and autumn) showed a range of particle sizes, including increased par-

ticle size over time; but in the Tamar, the size of the flocs was controlled by

the current velocity, not the increase in SPM concentration. That is, there was
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a phase lag in the generation of larger particles. In all field campaigns, flocs

formed following the increase in SPM concentration, but only as the current ve-

locity decreased and the corresponding Kolmogorov microscales increased. It

was not possible to calculate effective density or settling velocity for the Tamar

estuary and so the types of sediments in suspension could not be verified. How-

ever, typically, the relatively low current velocities would typically be insufficient

to entrain heavier sand particles and so it is proposed that the effective densi-

ties associated with the larger particles after the SPM increase would be low

and contain interstitial water. Observed particle sizes were consistently con-

siderably smaller than those reported in other studies conducted in the Tamar

estuary. This may be due to the location of sampling; samples were collected

from a jetty that, as a physical object in the channel flow, may have generated

more turbulence than would be experienced at centre of the channel. This in-

creased turbulence may have limited the size of floc generation and therefore

uptake of interstitial water.

In comparing the macro-nutrient concentrations associated with this mecha-

nism for each estuary, it was observed that neither estuary demonstrated a

quantifiable exchange mechanism such as described in chapter 1. In particu-

lar, in the Seine estuary, ammonium concentrations were observed to peak one

hour prior to the SPM maximum where flocculation and disaggregation were not

observed. This was similar to studies completed by Mitchell and Baldwin (1998)

and Lillebø et al. (2004), who observed a slack water benthic input of near-bed

nutrients to the water column. Here it is proposed that the shear stresses as-

sociated with the current changing direction at slack water may have started to

re-suspend bed sediments, contributing source of phosphate to the water column

by way of efflux. The lack of current velocity at this time increased the contact

time of the sediment-water interface, thereby allowing measurement before ad-

vection took over. This was in contrast to studies reported by Fitzsimons et al.
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(2006) who observed a peak in ammonium at the same time as the SPM maxi-

mum in studies in the Thames estuary.

As per historic studies (e.g. Pomeroy et al. (1965), Stirling and Wormald (1977),

Froelich (1988), Jones (1989)), SPM concentration provided a significant source

of phosphate to the water as demonstrated by correlated increase in phosphate

concentration with SPM increase in the Seine estuary. However, there was no

measurable contribution from observed flocculation or disaggregation.

In the Tamar estuary, the seasonal variability of the macro-nutrient behaviour,

including the absence of any phosphate following intertidal sediment air expo-

sure in autumn, meant that the effect of Mechanism 1 could not be measured

or observed. Instead, it was observed that salinity played a key role in the be-

haviour of inorganic macro-nutrients, as will be discussed in section 7.3.3.

Following the field campaigns, the flume study used intertidal sediment col-

lected at low water in an attempt to establish the controlling parameters and

whether Mechanism 1 could be significant source of inorganic macro-nutrients.

The result of this study concluded that Mechanism 1 does not perform as de-

scribed in chapter 1. Instead, it confirmed that SPM concentration increase

provides a source of phosphate to the water column on which salinity was ob-

served to affect phosphate concentrations. Notably, neither ammonium nor ni-

trate were measured in the flume study. Ammonium and nitrate were likely not

quantifiable as a result of nitrifying bacteria in the inter-tidal sediment.

7.3.2 Mechanism Two – Turbulence

Mechanism Two, as described in chapter 1, proposed that turbulence in the ma-

rine environment would serve to enhance M1. It is well-documented that floc-

culation and turbulence are closely related, with turbulence acting as a limiter
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to the growth of flocs and, eventually, reaching an equilibrium state (McAnally

and Mehta, 2001; Jago et al., 2006; Winterwerp et al., 2006). This was further

confirmed in all four field campaigns.

Figure 7.3: Illustration of the proposed impact of turbulence on SPM, as
described in chapter 1. Turbulence was proposed to encourage disaggregation
of �ocs and the subsequent release of macro-nutrients from interstitial water.

However, as it was determined that flocculation does not significantly contribute

to the relationship between sediments and nutrients in the water column, it

stands that the effect of turbulence described in M2 does not have the hypothe-

sised release of inorganic macro-nutrients. It was established, however, that on

a micro/meso-scale, turbulent mixing within the water column played an impor-

tant role in the vertical transport of macro-nutrients released from sediments.

In the Tamar estuary, it was recorded that near-bed PO 3–
4 concentrations had

a linear relationship with SPM concentration increase, but that the surface did

not. The significant feature at this point was the clear stratification in the wa-

ter column (see Figure 7.4) as a result of the opposing flow of tidal and riverine

water. Stratification effects will be discussed further in section 7.3.3.

This study attempted to consider the effects of turbulence in the flume studies

performed following field campaigns. However, the conditions in the flume were

naturally turbulent, as shown by the low Kolmogorov microscale numbers, as

the flume shape/design did not allow laminar flow. Therefore, increased turbu-

lence was as a result of increased current velocity, which was shown to increase
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Figure 7.4: An example of a strati�ed water column from Spring sampling
campaign.

the SPM concentration.

7.3.3 Mechanism Three – Salinity

Salinity is already an established parameter that affects the inorganic macro-

nutrient concentrations in estuaries. Conservative behaviour of nutrients is

widely reported (Officer, 1979; Treguer and Queguiner, 1989; Dyer and Orth,

1994), and Gardner et al. (1991) and Weston et al. (2010) reported the effects of

ion exchange with ammonium in estuaries. In this study, it was proposed that

salinity would play a key role in the generation of larger flocs, thereby enhanc-

ing the described Mechanism 1.

A wide range of salinities were observed across all field campaigns, with each

campaign demonstrating a subtly different range of salinities. The Seine estuary
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Figure 7.5: An increase in salinity has been reported to aid �occulation pro-
cesses which may enhance Mechanism One. Alternatively, cations present in
the water column may compete for space on particle faces, thus breaking bonds
between sediment and nutrients.

ranged from 0 to 25 PSU, and increased salinity was observed to coincide with

increased particle size, and vice versa. In the Tamar estuary, the salinity var-

ied across each season. Notably, increased riverine run-off during the autumn

campaign saw a maximum salinity of 3 PSU, while spring and summer reached

10 and 12 PSU, respectively, both of which were considerably lower than the

maximum observed in the Seine estuary. Despite the salinity variation across

each campaign in the Tamar estuary, there was minimal variation in particle

size indicating that turbulence was dominant in controlling the floc size, even if

salinity were to increase flocculation.

On the basis that Mechanism 1 was not observed or quantifiable in either es-

tuarine field campaign, the flume study provided the final attempt to measure

the effect of salinity on sediment-nutrient behaviour. As discussed in section

7.3.1, nitrate and ammonium were below the limit of detection and so cannot be

considered when discussing the flume experiments. Phosphate concentrations,

however, were observed in all flume experiments and increased with increasing

SPM concentration. The introduction of low nutrient seawater in Experiment B

(1 g L� 1) saw a change in the behaviour of phosphate; the peak in phosphate was

observed shortly after the peak in SPM and current velocity, rather than coinci-
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dent. This experiment was subsequently conducted using a higher SPM concen-

tration (4 g L� 1). Here, it was observed that the variability in phosphate was

harder to discern as the phosphate was approximately 10 times higher with a

four-fold increase in SPM concentration. Still, it could be observed that the peak

in phosphate of 12.08 � M occurred shortly after the peak in SPM concentration

and following 15 minutes of decreased current velocity. This was in contrast to

Experiment D where a four-fold increase in SPM concentration yielded 10x the

phosphate concentration, but the peak occurred at the onset of increase current

velocity.

These results were related to particle size using a particle size distribution PSD

from the LISST measurements. In Experiment E, where low nutrient seawa-

ter was used with a high SPM concentration, it was observed that at the max-

imum current velocity, particle size increased. It is proposed that salt water

cations supported the development of larger flocs, since the current velocity did

not change and therefore, in theory, resuspended particles would be the same

in both experiments. In contrast, Experiment D was completed using UHP wa-

ter at a high concentration, and there was no observed increase in particle size

at maximum current velocity and SPM concentration. This is consistent with

studies completed by Winterwerp and van Kesteren (2004) who described the

increased flocculation with increased salinity, even at low salinities.

It is proposed that salinity may play a role in the generation of flocs, but that it

requires slower and less turbulent conditions for an ion exchange event to occur,

as contact time between ions would increased.

As stated in section 7.3.2, turbulence and salinity were observed to play a role

in the vertical transport of inorganic macro-nutrients within the water column.

There were several occasions in both the Seine and Tamar estuary where near-
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bed and surface concentrations of inorganic nutrients were statistically signif-

icantly different. In each case, this was a result of two distinct water bodies,

such as seen in Seine estuary between HW+2 and HW+5 (Figure 4.4, Page 87).

In the Tamar estuary, near-bed and surface concentrations of nitrate were calcu-

lated to be statistically significantly different as a result of stratification. Where

conditions were observed to be well-mixed, near-bed and surface concentrations

were not statistically significant.

7.4 Summary & Conclusions

The intricacies of sediment-nutrient behaviour in turbid estuaries, such as the

effect of micro-scale physical processes, are relatively unconstrained and may

represent a significant source of macro-nutrients to the water column. This

study aimed to investigate the importance, if any, of flocculation, turbulence and

salinity on the behaviour of nitrate, phosphate and ammonium. Three Mecha-

nisms were proposed and investigated in four field campaigns and five labora-

tory experiments: 1. flocculation as an exchange mechanism; 2. turbulence as a

release mechanism; 3. salinity as an exchange mechanism and supporting func-

tion to Mechanism 1.

A summary of the findings of this study in relation to each hypothesised Mecha-

nism are presented below:

� Mechanism 1: Both the field campaigns and flume experiment results showed

that M1 did not demonstrate any observable effect of macro-nutrient up-

take in any of the field or laboratory experiments. Instead, and in agree-

ment with previous studies, it was established that an increase in SPM

concentration serves as a significant source of PO 3–
4 and NH +

4 , as demon-

strated by the 10-fold increase in PO 3–
4 with a 4-fold increase in SPM con-

centration in Experiment D of the flume experiments (chapter 6).
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� Mechanism 2: As Mechanism 2 was partly related to Mechanism 1, it is

logical that the disaggregation of flocs due to turbulence does not serve

as a significant source of inorganic macro-nutrients to the water column.

Instead, turbulence was demonstrated to affect the vertical distribution

of macro-nutrients. Indeed, where turbulence was low and stratification

occurred, there were statistically significant (p = 0.05) differences between

near-bed and surface concentrations of inorganic macro-nutrients.

� Mechanism 3: This Mechanism was partly related to Mechanism 1 in that

it was proposed to enhance flocculation processes and therefore the pro-

posed exchange mechanism described above. It was observed that salinity

increases the rate of flocculation but it was not proven to affect the re-

lease and uptake of inorganic macro-nutrients. NH +
4 and sediment demon-

strated an ion exchange process as a result of competition for space on par-

ticle faces between NH +
4 and salt water cations, consistent with previous

studies and somewhat in line with Mechanism 3. This relationship was es-

tablished in both field studies but was not demonstrated in the flume stud-

ies as there was no NH +
4 present in the sediment collected. Flume studies

demonstrated that salinity plays a role in the development of larger flocs,

and inhibited the release of PO 3–
4 when SPM concentration increased with

current velocity.

7.4.1 Key Issues

A number of key issues were identified during this study and are discussed

throughout this chapter. To summarise:

� Advection - described as a lateral or horizontal transfer of mass, heat or

other property. The tides in an estuary, and the flows of a river are a lateral

transfer of fluid, or advection, and so what is occurring at one sample point

may not be occurring at a different sample point. The aim of this thesis was
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not to measure the impact of advection on nutrient concentrations, but to

examine the impact of small-scale physical processes on sediments and the

subsequent change in nutrient concentrations. However, it should be noted

that measurements taken downstream of the dominant flow direction in

the field may be subject to processes that have already occurred upstream.

The flume experiments isolated this parameter by recirculating the water.

� Contamination - the nutrients measured in this study were subject to

contamination and efforts were made to prevent this, where possible. De-

spite the efforts, there were contaminated samples in this study. These

were discussed in each chapter, but are further discussed in this chapter

as to the impact on the results as a whole.

� Representation - only the inorganic species of N and P were considered

in this study. It is known that the organic species of nutrient also interact

with sediments. For example, Tappin et al. (2010) investigated the adsorp-

tion of amino acids as surrogates for DON and found them the adsorption

onto natural SPM was greater than abiotic particles. This was thought to

be a result of the bacteria associated with the particles (Statham, 2012).

However, only inorganic species were measured due to time constraints

associated with sampling and processing of samples for all species of nu-

trients. It would be prudent to fully examine all species of N and P, as

well as additional parameters such as bacteria and carbon to determine

the impact of small-scale physical processes on the sedimentary behaviour

of nutrients.

� Sediment Collection - Later, when considered under laboratory condi-

tions, it was observed that both NH +
4 and NO –

3 were below the limit of

detection for all experiments. This was to be expected for NO –
3 , but stud-

ies by Morin and Morse (1999) and Fitzsimons et al. (2006) reported sig-

nificant increases in NH +
4 from benthic sources. It was concluded that the
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sediment sample taken from the top 2 cm of mud did not contain sufficient

NH +
4 to be observed at either SPM concentration in the flume, nor with in-

creased salinity. This was concluded to be a result of nitrification processes

occurring in the sediment, either prior to collection or during transport be-

fore storage.

7.5 Future Work

7.5.1 Field Studies

One of the primary constraints of the field work conducted in this thesis was ad-

vection. To consider the impact of moving volumes of water, it would be prudent

to collect samples from multiple sampling locations at the same time. Ideally,

5 sampling stations could be established along the estuary with samples col-

lected at the same time to accurately assess the changing conditions within the

estuary. The downside of the sampling campaign are the required resources to

collect so many samples at so many different locations.

Another constraint identified in this project was the temporal resolution of sam-

pling, in terms of both seasonality and micro-scale changes. Three sampling

campaigns were undertaken and a fourth season was omitted due to time con-

straints. Increasing the temporal resolution to sampling monthly would increase

the understanding of biological factors within sediments that may impact the ef-

ficacy of the proposed mechanisms on the release and uptake of macro-nutrients.

Add to this that the effects of natural macro-nutrient input through precipita-

tion events could be observed.

In relation to the micro-scale processes, future work could consider taking more

samples in a shorter time-scale. Samples were collected hourly in this project

due to the constraints of processing and storing all samples, as well as filter-

214



7.5 Future Work

ing them on site. Samples collected on a shorter time-scale would give more

information about the rapid exchange processes that may be a occurring during

rapidly changing suspended sediment conditions.

7.5.2 Laboratory Studies

The laboratory work conducted in this thesis highlighted a number of problems

that would be better addressed in additional studies. Primarily, the size of the

experiment, when considering all variables and the addition of organic nutrients

to the repertoire of macro-nutrients studied, would warrant a PhD thesis in

itself. Each experiment took approximately 150 minutes with all runs required

to be, at least, duplicated. To increase the validity of the results, it would be

beneficial to conduct the runs 3 times. This has implications for the number of

samples to taken for each run. Each sample required three vials for each type of

nutrient. This means that 90 samples were collected for each. Each experiment

would therefore require 270 samples to be processed.
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Océanographiques, XI:55 – 110, 1971.

R. Geyer. The importance of suppression of turbulence by stratification on the
Estuarine Turbidity Maximum. Estuaries , 16:113 – 125, 1993.

R. Geyer, M. E. Scully, and D. K. Ralston. Quantifying vertical mixing in
estuaries. Environmental Fluid Mechanics , 8(5-6):495 – 509, 2008.

S. W. Gibbs, R. F. C. Mantoura, and P. S. Liss. Analysis of ammonia and methy-
lamines in natural waters by flow-injection gas diffusion coupled to ion chro-
matography. Analytica Chimica Acta , 316:291 – 304, 1995.

R. A. Gore and C. T. Crowe. Effect of particle size on modulating turbulent
intensity. International Journal of Multiphase Flow , 15(2):279 – 285, 1989.

D. G. Goring and V. I. Nikora. Despiking Acoustic Doppler Velocimeter Data.
Journal of Hydraulic Engineering , 128:117 – 126, 2002.

224

http://www.sciencedirect.com/science/article/pii/S0025322701001372
http://www.sciencedirect.com/science/article/pii/S0025322701001372


REFERENCES

S. S. Goyal, D. W. Rains, and R. C. Huffanaker. Determination of ammo-
nia ion by fluorometry or spectrophotometry after on-line derivation with o-
phthaldehyde. Analytical Chemistry , 60:179, 1988.

R. C. Grabowski, I. G. Droppo, and G. Wharton. Erodibility of cohesive sediment:
the importance of sediment properties. Earth Science Reviews, 105(3 - 4):101
– 120, 2011.

N. Gratiot and A. J. Manning. A laboratory study of dilute suspension mud floc
characteristics in an oscillatory diffusive turbulent flow. Journal of Coastal
Research, SI 50:1142–1146, 2007.

D. A. Griffin and P. H. LeBlond. Estuary/ocean exchange concontrol by spring-
neap tidal mixing. Estuarine, Coastal and Shelf Science , 30:275 – 297, 1990.

J. Guillén, A. Palanques, P. Puig, X. Durrieu de Madron, and F. Nyffeler. Field
calibration of optical sensors for measuring suspended sediment concentration
in the western Mediterranean. Scientia Marina , 64:427 – 435, 2000.

Y. Hallez. Analytical and numerical computations of the van der Waals force in
complex geometrics: Application to the filtration of colloidal particles. Colloids
and Surfaces, A: Physicochemical and Engineering Aspects , 414:466 – 476,
2012.

E. I. Hamilton. Environmental variabiles in a holistic evaluation of land contam-
inated by historic mine wastes: a study of multi-element mine wastes in West
Devon, England using arsenic as an element of potential concern to human
health. Science of the Total Environment , 249:171 – 221, 2000.

C. E. Harland. Ion Exchange . Royal Society of Chemistry, Cambridge, 1994.

R. E. Hecky and P. Kilham. Nutrient limitation of phytoplankton in freshwa-
ter and marine environments: a review of recent evidences of the effects of
enrichment. Limnology and Oceanography , 49:796–822, 1988.

J. I. Hedges and R. G. Keil. Organic geochemical perspectives on estuarine pro-
cesses: sorption reactions and consequences. Marine Chemistry , 65:55 – 65,
1999.

D. O. Hessen. Catchment properties and the transport of major elements to
estuaries. In D. B. Nedwell and D. G. Raffaelli, editors, Advances in Ecological
Research: Estuaries, pages 1–34. Academic Press Inc., 1999.

P. Hill, E. Boss, J. Newgard, B. Law, and T. Milligan. Observations of the sensi-
tivity of beam attenuation to particle size in a coastal bottom boundary layer.
Journal of Geophysical Research: Oceans (1978–2012) , 116(C2), 2011.

P. S. Hill, R. M. Nowell, and P. A. Jumars. Encounter rate by turbulent shear
of particles similar in diameter to the Kolmogorov scale. Journal of Marine
Research, 50(4):643 – 668, 1992.

R. M. Holmes, A. Aminot, R. Kerouel, B. A. Hooker, and B. J. Peterson. A sim-
ple and precise method for measuring ammonium in marine and freshwater
ecosystems. Can. J. Fish. Aquat. Sci. , 56:1801–1808, 1999.

225



REFERENCES

D. Hou, J. He, C. Lu, F. Zhang, and K. Otgonbayar. Effects of environmen-
tal factors on nutrients release at sediment-water interface and assessment
of trophic status for a typical shallow lake, Northwest China. The Scienti�c
World Journal , 716342, 2013. doi: doi:10.1155/2013/716342.

R. W. Howarth. Coastal nitrogen pollution: A review of sources and trends glob-
ally and regionally. Harmful Algae , 8(1):14–20, 2008. ISSN 1568-9883. doi:
DOI:10.1016/j.hal.2008.08.015. HABs and Eutrophication.

R. W. Howarth, H. S. Jensen, R. Marino, and H. Postma. Transport to and
processing of p in nearshore and oceanic waters. In Phosphorus in the Global
Environment . Wiley, New York, 1995.

X. P. Huang, L. M. Huang, and W. Z. Yue. The characteristics of nutrients and
eutrophication in the Pearl River estuary, South China. Marine Pollution Bul-
letin , 47(1):30 – 36, 2003.

J. R. Hunt. Prediction of oceanic particle size distribution from coagulation and
sedimentation mechanisms. In Advances in Chemistry , volume 189, chapter
Particle in Water, pages 243 – 257. American Chemical Society, 1980.

K. A. Hunter and P. S. Liss. Organic matter and the surface charge of suspended
particles in estuarine waters1. Limnology and Oceanography , 27(2):322–335,
1982. ISSN 1939-5590. doi: 10.4319/lo.1982.27.2.0322. URL http://dx.doi.
org/10.4319/lo.1982.27.2.0322 .

Intergovernmental Oceanographic Commission. Nutrient analysis in tropical
marine waters - practical guidance and safety notes for the performance of dis-
solved micronutrient analysis in sea water with particular reference to tropical
waters . UNESCO, 28 edition, 1993.

C. Jago, S. Jones, P. Sykes, and T. Rippeth. Temporal variation of suspended
particulate matter and turbulence in a high energy, tide-stirred, coastal sea:
Relative contributions of resuspension and disaggregation. Continental Shelf
Research, 26:2019 – 2028, 2006. ISSN 0278-4343. doi: DOI:10.1016/j.csr.2006.
07.009. Special Issue in Honor of Richard W. Sternberg’s Contributions to
Marine Sedimentology.

Z. D. Jastzebski. Entrance effects and wall effects in an extrusion rheometer
during the flow of concentrated suspensions. Ind. Eng. Chem. Fundamen. , 6:
445 – 453, 1967.

D. A. Jay, R. J. Uncles, J. Largier, R. W. Geyer, and J. Boynton. A review of recent
developments in estuarine scalar flux estimation. Estuaries , 20(2):262 – 280,
1997.

T. D. Jickells, J. E. Andrews, D. J. Parkes, S. Suratman, A. A. Aziz, and Y. Y. Hee.
Nutrient transport through estuaries: the importance of estuarine geography.
Estuarine, Coastal and Shelf Science , 150:215 – 229, 2015. doi: 10.1016/j.ecss.
2014.03.014.

M. A. Jones. Sediment preservation: the effects on phosphate exchange between
sediment and water. Oceanologica Acta, 12(1):87 – 90, 1989.

226

http://dx.doi.org/10.4319/lo.1982.27.2.0322
http://dx.doi.org/10.4319/lo.1982.27.2.0322


REFERENCES

L. H. Kalnejais, W. R. Martin, and M. H. Bothner. The release of dissolved
nutrients and metals from coastal sediments due to resuspension. Marine
Chemistry , 121(14):224 – 235, 2010. ISSN 0304-4203. doi: http://dx.doi.org/10.
1016/j.marchem.2010.05.002. URL http://www.sciencedirect.com/science/
article/pii/S0304420310000678 .

D. M. Karl. Aquatic Ecology: Phosphorous, the staff of life. Nature , 406(6971):
31 – 33, 2000.

L. W. Kaul and P. N. Froelich Jr. Modelling estuarine nutrient geochemistry in
a simple system. Geochimica Cosmochimica Acta , 48(7):1417 – 1433, 1984.

P. J. Kavanagh, M. E. Farago, I. Thornton, and R. S. Braman. Bioavailability of
arsenic in soil and mine wastes of the Tamar Valley, SW England. Chemical
Speciation and Bioavailability , 9:77 – 81, 1997.

R. Kerouel and A. Aminot. Fluorometric determination of ammonia in sea and
estuarine waters by direct segmented flow analysis. Marine Chemistry , 57:
265 – 275, 1997.

E. R. Khalid, W. H. Patrick, and R. D. Delaune. Phosphorous sorption character-
istics of flooded soils. Aust. J. Mar. Freshwater Res. , 41:305 – 310, 1977.

V. B. Khodse and N. B. Bhosle. Nature and sources of suspended particulate
organic matter in a tropical estuary during the monsoon and pre-monsoon:
Insights from stable isotopes (� 13 CP OC , � 15 NT P N ) and carbohydrate signature
compounds. Marine Chemistry , 145 - 147:16 – 28, 2012.

L. H. Kim, E. Choi, and M. K. Stenstrom. Sediment characteristics, phosphorus
types and phosphorus release rates between river and lake sediments. Chemo-
sphere, 50(1):53 – 61, 2003.

T. Kiorboe, K. P. Andersen, and H. G. Dam. Coagulation efficiency and aggregate
formation in marine-phytoplankton. Marine Biology , 107:235 – 245, 1990.

A. Kleeburg and B. Gruneberg. Phosphorus mobility in sediments of acid mining
lakes, Lusatia, Germany. Ecological Engineering , 24:89 – 100, 2005.

G. A. Knauer, J. H. Martin, and K. W. Bruland. Fluxes of particulate carbon,
nitrogen, and phosphorus in the upper water column of the northeast pa-
cific. Deep Sea Research Part A. Oceanographic Research Papers, 26(1):97–108,
1979.

S. Knox, M. Whitfield, D. R. Turner, and M. I. Liddicoat. Statistical analysis of
estuarine profiles: Part III Application to nitrate, nitrite and ammonium in
Tamar Estuary. Estuarine, Coastal and Shelf Science , 22:619 – 636, 1986.

I. Koike and J. Sorensen. Nitrogen Cycling in Coastal Marine Environments ,
chapter Chapter 11 - Nitrate reduction and denitrification in marine sedi-
ments, pages 251 – 273. SCOPE. John Wiley & Sons, 1988.

A. Kolmogorov. Dissipation of energy in locally isotropic turbulence. C.R. Acad
Sci URSS , 32(16), 1941a.

227

http://www.sciencedirect.com/science/article/pii/S0304420310000678
http://www.sciencedirect.com/science/article/pii/S0304420310000678


REFERENCES

A. N. Kolmogorov. The local structure of turbulence in incompressible viscous
fluid for very large Reynolds numbers. C. R. Acad. Sci. URSS , 30:301, 1941b.

K. A. Kormas, A. Nicolaidou, and S. Reizopoulou. Temporal variations of
nutrients, chlorophyll � and particulate matter in three coastal lagoons of
Amvrakikos Gulf, (Ionian Sea, Greece). Marine Ecology , 22(3):201 – 213, 2002.

B. A. Kornman and E. M. G. T. de Dekere. Temporal variation in sediment
erodibility and suspended sediment dynamics in the Dollard estuary. In K. S.
Black, D. M. Patterson, and A. Cramp, editors, Sedimentary processes in the
intertidal zone , pages 231 – 241. Geological Society, 1998.

K. Kranck. Particulate matter grain-size characteristics and flocculation in a
partially mixed estuary. Sedimentology , 28(1):107–114, 1981.

Y. N. Krestenitis, K. D. Kombiadou, and Y. G. Savvidis. Modelling the cohesive
sediment transport in the marine environment: the case of Thermaikos Gulf.
Ocean Science, 3:91 – 104, 2007.

R. B. Krone. Flume studies of the transport of sediment in estuarial shoaling
processes, final report. Technical report, Hydraulic Engineering and Sanitary
Engineering Research Laboratory, University of California, Berkeley (CA),
1962.

R. B. Krone. A study of rheological properties of estuarine sediments. Techni-
cal Report Hydraulic Engineering Laboratory and Sanitary Engineering Re-
search Laboratory, University of California, Berkley, Tech. Bull 7, Committee
of Tidal Hydraulics, 1963.

E. P. Kvale. The origin of neap-spring tidal cycles. Marine Geology , 235:5 – 18,
2006.

W. J. Langston. Arsenic in u.k. estuarine sediments and its availability to ben-
thic organisms. Journal of the Marine Biology Association of the United King-
dom, 60:869 – 881, 1980.

Y. L. Lau and I. G. Droppo. Influence of antecedent conditions on critical shear
stress of bed sediments. Water Research, 34:663 – 667, 2000.

C. S. Law, A. P. Rees, and N. J. P. Owens. Temporal variability of denitrification
in estuarine sediments. Estuarine, Coastal and Shelf Science , 33:37 – 56, 1991.

D. A. Lemley, J. B. Adams, S. Taljaard, and N. A. Strydom. Towards the clas-
sification of eutrophic condition in estuaries. Estuarine, Coastal and Shelf
Science, 2015.

S. Lesourd, P. Lesueur, J. C. Brun-Cottan, J. P. Auffret, N. Poupinet, and B. Laig-
nal. Morphosedimentary evolution of a macrotidal estuary subjected to human
impact: the example of the seine estuary (france). Estuaries , 6B:940 – 949,
2001.

228



REFERENCES

S. Lesourd, P. Lesueur, J. C. Brun-Cottan, S. Garnaud, and N. Poupinet. Sea-
sonal variations in the characteristics of superficial sediments in a macrotidal
estuary (the seine inlet, france). Estuarine, Coastal and Shelf Science , 58(1):
3–16, 2003. ISSN 0272-7714. doi: DOI:10.1016/S0272-7714(02)00340-2.

M. Li, K. Xu, M. Watanabe, and Z. Chen. Long-term variations in dissolved
silicate, nitrogen and phosphorus flux from the Yangtze River into the East
China Sea and impacts on estuarine ecosystem. Estuarine, Coastal and Shelf
Science, 71:3 –12, 2007.

W. Lick and J. Lick. Aggregation and disaggregation of fine-grained lake sedi-
ment. Journal of Great Lakes Research , 14(4):514 – 523, 1988.

W. Lick, H. Huang, and R. Jepsen. Flocculation of fine-grained sediments due
to differential settling. Journal of Geophysical Research , 98(C6):10279–10288,
1993.

A. I. Lillebø, J. M. Neto, M. R. Flindt, J. C. Marques, and M. A. Pardal. Phospho-
rous dynamics in a temperate intertidal estuary. Estuarine, Coastal and Shelf
Science, 61(1):101–109, 2004. ISSN 0272-7714. doi: DOI:10.1016/j.ecss.2004.
04.007.

P. S. Liss. Conservative and non-conservative behaviour of dissolved con-
stituents during estuarine mixing. In Estuarine Chemistry . Academic Press,
1976.

I. G. Littlewood and T. J. Marsh. Annual freshwater river mass loads from Great
Britain 1975 - 1994: estimation algorithm, database and monitoring network
issues. Journal of Hydrology , 304:221 – 237, 2005.

T. C. Loder and P. S. Liss. Control by organic coating of the surface charge of
estuarine suspended sediments. Limnology and Oceanography , 30(2):418 –
421, 1985. doi: 10.4319/lo.1985.30.2.0418.

T. C. Loder and R. P. Reichard. The dynamics of conservative mixing in estuaries.
Estuaries , 4:64 – 69, 1981.

L. Lohse, J. F. P. Malschaert, C. P. Slomp, W. Helder, and W. Van Raaphorst.
Nitrogen cycling in North Sea sediments: interaction of denitrification and
nitrification in offshore and coastal waters. Mar. Ecol. Prog. Ser. , 101:283 –
296, 1993.

B. A. Lomstein, T. H. Blackburn, and K. Kenriksen. Aspects of ntirogen and
carbon cycling in the northern Bering Shelf sediments. I. The significance of
urea turnover in mineralisation of ammonium. Mar. Ecol. Prog. Ser. , 57:237 –
247, 1989.

D. Loring, R. Rantala, A. Morris, A. Bale, and R. Howland. Chemical composition
of suspended particles in an estuarine turbidity maximum zone. Canadian
Journal of Fisheries and Aquatic Sciences , 40(S1):s201–s206, 1983.

229



REFERENCES

A. Lorke, B. Muller, M. Maerki, and A. Wuest. Breathing sediments: the con-
trol of diffusive transport across the sediment-water interface by periodic
boundary-layer turbulence. Limnology and Oceanography , 2003.

H. K. Lotze, H. S. Lenihan, B. J. Bourque, and R. H. Bradbury. Depletion, degra-
dation, and recovery potential of estuaries and coastal seas. Science, 2006.

P. Louchouarn, M. Lucotte, R. Canuel, J. P. Gagne, and L. F. Richard. Sources
and early diagenesis of lignin and bulk organic matter in the sediments of the
lower St Lawrence Estuary and the Saguenay Fjord. Marine Chemistry , 58:3
– 26, 1997.

M. Lucotte and B. d’Anglejan. Seasonal changes in the phosphorus-iron geo-
chemistry of the st. lawrence estuary. Journal of coastal research , pages 339–
349, 1988.

R. G. Luthy, G. R. Aiken, M. L. Brusseau, S. D. Cunningham, P. M. Gschwend,
J. J. Pignatello, M. Reinhard, S. J. Traina, W. J. J. Weber, and J. C. Westall.
Sequestration of hydrophobic organic contaminants by geosorbens. Environ-
mental Science and Technology , 31:3341 – 3347, 1997.

M. Maar, K. Timmermann, J. K. Petersen, K. E. Gustafsson, and L. M. Storm. A
model study of the regulation of blue mussels by nutrient loadings and water
column stability in a shallow estuary, the Limfjorden. Journal of Sea Research ,
64:322 – 333, 2010.

J. E. Mackin and R. C. Aller. Ammonium adsorption in marine sediments. Lim-
nology and Oceanography , 29:250 – 257, 1984.

F. Maggi. Flocculation dynamics of cohesive sediment . PhD thesis, Delft, 2005.

F. Maggi. Biological flocculation of suspended particles in nutrient-rich aqueous
ecosystems. Journal of Hydrology , 376:116 – 125, 2009.

G. Maier, R. J. N. Smith, G. A. Glegg, A. D. Tappin, and P. J. Worsfold. Estuar-
ine eutrophication in the UK: current incidences and future trends. Aquatic
Conservation: Marine and Freshwater Ecosystems , 19:43 – 56, 2009.

A. Manning and K. Dyer. A Comparison of Floc Properties Observed During
Neap and Spring Tidal Conditions. In J. Winterwerp and C. Kranenburg,
editors, Fine Sediment Dynamics in the Marine Environment , volume 5, pages
233–250. Elsevier, Amsterdam, 2002.

A. Manning, J. Baugh, J. Spearman, and R. Whitehouse. Flocculation settling
characteristics of mud:sand mixtures. Ocean Dynamics , 2010a.

A. J. Manning. Study of the effect of turbulence on the properties of �occulated
mud . PhD thesis, University of Plymouth, 2001.

A. J. Manning. The observed effects of turbulence on estuarine flocculation.
In Sediment transport in European Estuaries , volume SI41, pages 90 – 104.
Journal of Coastal Research, 2004.

230



REFERENCES

A. J. Manning. LabSFLOC – a laboratory system to determine the spectral char-
acteristics of flocculating cohesive sediments. Technical Report TR 156, HR
Wallingford, 2006.

A. J. Manning and S. Bass. Variability in cohesive sediment settling fluxes:
Observations under different estuarine tidal conditions. Marine Geology , 235:
177 – 192, 2006.

A. J. Manning and K. R. Dyer. A laboratory examination of floc characteristics
with regard to turbulent shearing. Marine Geology , 160:147–170, 1999.

A. J. Manning and K. R. Dyer. Mass settling flux of fine sediments in Northern
European estuaries: measurements and predictions. Marine Geology , 245:107
– 122, 2007. doi: doi:10.1016/j.margeo.2007.07.005.

A. J. Manning and D. H. Schoellhamer. Factors controlling floc settling velocity
along a longitudinal estuarine transect. Marine Geology , 345:266 – 280, 2013.

A. J. Manning and R. J. S. Whitehouse. Uop mini-annular flume operation and
hydrodynamic calibration. Technical report, HR Wallingford, 2009.

A. J. Manning, S. J. Bass, and K. R. Dyer. Floc properties in a turbidity maximum
of a mesotidal estuary during neap and spring tide conditions. Marine Geology ,
235:193 – 211, 2006.

A. J. Manning, S. J. Bass, and K. J. Dyer. Preliminary findings of a study of
the upper reaches of the tamar estuary, uk, throughout a complete tidal cycle:
Part ii: In-situ floc spectra observations. In J.-Y. Maa, L. P. Sanford, and D. H.
Schoellhamer, editors, Estuarine and Coastal Fine Sediments Dynamics Inter-
coh 2003, volume 8 of Proceedings in Marine Science , pages 15 – 33. Elsevier,
2007a.

A. J. Manning, P. L. Friend, N. Prowse, and C. L. Amos. Estuarine mud floc-
culation properties determined using an annular mini-flume and the labsfloc
system. Continental Shelf Research , 27:1080 – 1095, 2007b.

A. J. Manning, C. Martens, T. de Mulder, J. Vanlede, H. Winterwerp, P. Gander-
ton, and G. W. Graham. Mud floc observations in the turbidity maximum zone
of the Scheldt estuary during neap tides. Journal of Coastal Research , SI50:
832 – 836, 2007c.

A. J. Manning, W. J. Langston, and P. J. C. Jonas. A review of sediment dynamics
in the Severn Estuary: Influence of flocculation. Marine Pollution Bulletin , 61:
37 – 51, 2010b.

A. J. Manning, J. V. Baugh, J. R. Spearman, E. L. Pidduck, and R. J. S. White-
house. The settling dynamics of flocculating mud-sand mixtures: Part 1 -
empirical algorithm development. Ocean Dynamics , 61:311 – 350, 2011.

A. J. Manning, J. R. Spearman, R. J. S. Whitehouse, E. L. Pidduck, J. V. Baugh,
and K. L. Spencer. Flocculation dynamics of mud:sand mixed suspensions.
In A. J. Manning, editor, Sediment transport processes and their modelling
applications , chapter 6, pages 119 – 165. INTECH, 2013.

231



REFERENCES

T. N. Markussen and T. J. Andersen. Flocculation and floc break-up related to
tidally induced turbulent shear in a low-turbidity, microtidal estuary. Journal
of Sea Research, 89:1 – 11, 2014. ISSN 1385-1101. doi: http://dx.doi.org/
10.1016/j.seares.2014.02.001. URL http://www.sciencedirect.com/science/
article/pii/S1385110114000252 .

L. Mart. Prevention of contamination and other accuracy risks in voltammetric
trace metal analysis of natural waters. Fresenius' Zeitschrift fur analytische
Chemie, 296(5):350–357, 1979. ISSN 0016-1152. doi: 10.1007/BF00479972.

W. McAnally. Aggregation and deposition of estuarial �ne sediment . PhD thesis,
University of Florida, FL., 1999.

W. H. McAnally and A. J. Mehta. Coastal and estuarine �ne sediment processes .
Elsevier, 2001.

J. C. McCabe. Observations of estuarine turbulence and �oc size variations . PhD
thesis, Polytechnic South West, Plymouth, 1991.

I. N. McCave, R. J. Bryant, H. F. Cook, and C. A. Coughanowr. Evaluation of
a laser-diffraction-size analyzer for use with natural sediments. Journal of
Sedimentary Petrology , 56:561–564, 1984.

T. J. McDougall and P. M. Barker. Getting started with TEOS-10 and the Gibbs
Seawater (GSW) Oceanographic Toolbox . SCOR/IAPSO, 2011.

A. J. Mehta and E. Patheniades. An investigation of the depositional properties
of flocculated. Journal of Hydrology Research , 92:361–381, 1975.

F. Mietta, C. Chassagne, A. J. Manning, and J. C. Winterwerp. Influence of
shear rate, organic matter content, pH and salinity on mud flocculation. Ocean
Dynamics , 59:751 – 763, 2009.

K. Mighanetara, C. B. Braungardt, J. S. Rieuwerts, and F. Azizi. Contami-
nant fluxes form point and diffuse sources from abandoned mines in the River
Tamar catchment, UK. Journal of Geochemical Exploration , 100:116 – 124,
2009.

D. Mı̂kes. A simple floc-growth function for natural flocs in estuaries. Mathe-
matical Geosciences, 43:593 – 606, 2011.

D. Mikes, R. Verney, R. Lafite, and R. Belorgey. Controlling factors in estuar-
ine flocculation processes: experimental results with material from the Seine
estuary, Northwestern France. In P. Ciavola and M. Collins, editors, Sedi-
ment transport in European estuarine environments , volume 41, pages 82 –
89, 2004.

O. A. Mikkelsen, P. S. Hill, T. G. Milligan, and R. J. Chant. In situ particle size
distributions and volume concentrations from a lisst-100 laser particle sizer
and a digital floc camera. Continental Shelf Research , 25:1959 – 1978, 2005.

232

http://www.sciencedirect.com/science/article/pii/S1385110114000252
http://www.sciencedirect.com/science/article/pii/S1385110114000252


REFERENCES

O. A. Mikkelsen, T. G. Milligan, P. S. Hill, R. J. Chant, C. Jago, S. E. Jones,
V. Krivtsov, and G. Mitchelson-Jones. The influence of schlieren on in situ opti-
cal measurements used for particle characterisation. Limnology and Oceanog-
raphy: Methods , 6:133 – 143, 2008.

K. S. Miller and M. M. Rochwarger. A covariance approach to spectral moment
estimation. IEEE Trans. Inform. Theory. , IT-18:588 – 596, 1972.

T. G. Milligan and P. S. Hill. A laboratory assessment of the relative importance
of turbulence, particle composition, and concentration in limiting mmaxima
floc size and settling behaviour. Journal of Sea Research , 39(3):227 – 241,
1998.

G. E. Millward and Y. Liu. Modelling metal desorption kinetics in estuaries.
Science of the Total Environment , 314 - 316:613 – 623, 2003.

A. M. Mitchell and D. S. Baldwin. Effects of desiccation/oxidation on the poten-
tial for bacterial mediated P release from sediments. Limnology and Oceanog-
raphy , 4:481 – 487, 1998.

A. M. Mitchell and D. S. Baldwin. Organic phosphorus in the environment. In
Organic phosphorous in the aquatic environment: speciation, transformations
interactions with nutrient cycles , page 309. CABI, London, 2005.

C. M. Moore, M. M. Mills, K. R. Arrigo, I. Berman-Frank, L. Bopp, P. W. Boyd,
E. D. Galbraith, R. J. Geider, C. Guieu, S. L. Jaccard, T. D. JickeJickells, J. La
Roche, T. M. Lenton, N. M. Mahowald, E. Maranon, I. Marinov, J. K. Moore,
T. Nakatsuka, A. Oschlies, M. A. Saito, T. F. Thingstad, A. Tsuda, and O. Ulloa.
Processes and patterns of oceanic nutrient limitation. Nat. Geoscience., 6:701
– 710, 2013.

N. Mori, T. Suzuki, and S. Kakuno. Noise of acoustic doppler velocimeter data in
bubbly flows. Journal of engineering mechanics , 133:122 – 125, 2007.

J. Morin and J. W. Morse. Ammonium release from suspended sediments in the
Laguna Madre estuary. Marine Chemistry , 65:97 – 110, 1999.

A. W. Morris. Kinetic and equilibrium approaches to estuarine chemistry. Sci-
ence of the Total Environment , 97/98:253 – 266, 1990.

A. W. Morris, A. J. Bale, and R. J. M. Howland. Nutrient distributions in an
estuary: evidence of chemical precipitation of dissolved silicate and phosphate.
Estuarine, Coastal and Shelf Science , 12:205 – 216, 1981.

A. W. Morris, R. J. M. Howland, E. M. S. Woodward, A. J. Bale, and R. F. C.
Mantoura. Nitrite and ammonia in the Tamar estuary. Netherlands Jour-
nal of Sea Research, 19(34):217 – 222, 1985. ISSN 0077-7579. doi: 10.
1016/0077-7579(85)90026-2. URL http://www.sciencedirect.com/science/
article/pii/0077757985900262 .

J. W. Morse, M. Hunt, J. Zulling, A. Mucci, and T. Mendez. A comparison of
techniques for preserving dissolved nutrients in open ocean seawater samples.
Ocean Science & Engineering , 7:75 – 106, 1982.

233

http://www.sciencedirect.com/science/article/pii/0077757985900262
http://www.sciencedirect.com/science/article/pii/0077757985900262


REFERENCES

R. J. G. Mortimer, M. D. Krom, P. G. Watson, P. E. Frickers, J. T. Davey, and R. J.
Clifton. Sediment-water exchange of nutrients in the intertidal zone of the
Humber Estuary, UK. Marine Pollution Bulletin , 37:261 – 279, 1999.

J. Murphy and J. P. Riley. A modified single solution method for the determi-
nation of phosphate in natural waters. Analytica Chimica Acta , 27:31 – 36,
1962.

M. Muste, K. Yu, and M. Spasojevic. Practical aspects of ADCP data use for
quantification of mean river flow characteristics; part i: moving-vessel mea-
surements. Flow Measurement and Instrumentation , 15(1):1 – 16, 2004. ISSN
0955-5986. doi: http://dx.doi.org/10.1016/j.flowmeasinst.2003.09.001. URL
http://www.sciencedirect.com/science/article/pii/S0955598603000670 .

National Rivers Authority. Freshwater Tamar and tributaries catchment man-
agement plan consultation report. Technical report, NRA South West Region,
1996.

C. Neal, H. P. Jarvie, P. J. A. Withers, B. A. Whitton, and M. Neal. The strategic
significance of wastewater sources to pollutant phosphorus levels in English
rivers and to environmental management for rural, agricultural and urban
catchments. Science of the Total Environment , 408:1485 – 1500, 2010.

J. Nemery and J. Garnier. Typical features of particulate phosphorus in the
Seine Estuary, France. Hydrobiologica , 588:271 – 290, 2007.

M. Nic, J. Jirat, and B. Kosata. Compendium of Chemical Terminology . Black-
well Scientific Publications, 2nd edition, 1997.

N. J. Nidzieko, D. A. Fong, and J. L. Hench. Comparison of reynolds stress
estimates derived from standard and fast-ping adcps. Journal of Atmospheric
and Oceanic Technology , 23(6):854–861, 2006.

B. L. Nowicki and S. W. Nixon. Benthic community metabolism in a coastal
lagoon system. Mar. Ecol. Prog. Ser. , 22:21–30, 1985.

E. Nystrom, K. Oberg, and R. C. Measurement of turbulence with acoustic
doppler current profilers - sources of error and laboratory results. In Hy-
draulic Measurements and Experimental Methods , volume 55, pages 1 – 10,
2002.

C. B. Officer. Discussion on the behaviour of nonconservative dissolved con-
stituents in estuaries. Estuarine and Coastal Marine Science , 9:91 – 94, 1979.

C. R. O’Melia. Aquasols: the behaviour of small particles in aquatic systems.
Environmental Science and Technology , 14(9):1052–1060, 1980.

P. M. Orton and M. Visbeck. Variability of internally generated turbulence in
an estuary, from 100 days of continuous observations. Continental Shelf Re-
search, 29:61 – 77, 2009.

C. W. Oseen. Neuere Methoden un d Ergebnisse in der Hydrodynamik . Akad.
Verl.-Ges, 1927.

234

http://www.sciencedirect.com/science/article/pii/S0955598603000670


REFERENCES

R. K. Pachauri, M. R. Allen, V. R. Barros, J. Broome, W. Cramer, R. Christ,
J. A. Church, L. Clarke, Q. Dahe, P. Dasgupta, N. K. Dubash, O. Edenhofer,
I. Elgizouli, C. B. Field, P. Forster, P. Friedlingstein, J. Fuglestvedt, L. Gomez-
Echeverri, S. Hallegatte, G. Hegerl, M. Howden, K. Jiang, B. Jimenez Cis-
neroz, V. Kattsov, H. Lee, K. J. Mach, J. Marotzke, M. D. Mastrandrea,
L. Meyer, J. Minx, Y. Mulugetta, K. O’Brien, M. Oppenheimer, J. J. Pereira,
R. Pichs-Madruga, G. K. Plattner, H. O. Portner, S. B. Power, B. Preston, N. H.
Ravindranath, A. Reisinger, K. Riahi, M. Rusticucci, R. Scholes, K. Seyboth,
Y. Sokona, R. Stavins, T. F. Stocker, P. Tschakert, D. van Vuuren, and J. P. van
Ypserle. Climate Change 2014: Synthesis Report. Contribution of Working
Groups I, II and III to the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change . Technical report, IPCC, 2014.

H. W. Paerl. Enchancement of marine primary production by nitrogen-enriched
acid rain. Nature , 316:747 – 749, 1985.

H. W. Paerl, J. Rudek, and M. A. Malin. Stimulation of phytoplankton pro-
duction in coastal waters by natural rainfall inputs: nutritional and trophic
implications. Marine Biology , 107(2):247 – 254, 1990.

S. J. Painting, M. J. Devlin, S. J. Malcolm, E. R. Parker, D. K. Mills, C. Mills,
P. Tett, A. Wither, J. Burt, R. Jones, and K. Winpenny. Assessing the impact
of nutrient enrichment in estuaries: susceptibility to eutrophication. Marine
Pollution Bulletin , 55:74 – 90, 2007.

E. Partheniades, J. F. Kennedy, R. J. Etter, and R. P. Hayer. Investigations of the
depositional behaviour of �ne cohesive sediments in an annular rotating chan-
nel. Department of Civil Engineering, Massachusetts Institute of Technology,
1966.

D. M. Paterson and K. S. Black. Water flow, sediment dynamics and benthic
biology. In D. B. Nedwell and D. G. Raffaelli, editors, Advances in Ecological
Research: Estuaries, pages 155–182. Academic Press Inc., 1999.

D. Pavanelli and L. Selli. Effective size characteristics of suspended sediment
and nutrient concentrations during flood events in the Reno River Tributaries
(Northern Italy). Procedia Environmental Studies , 19:723 – 732, 2013.
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Appendix A

Calibration & Performance
Assessment

A.1 Flume Performance Assessment

Three runs with the existing set-up were conducted to identify any changes that
needed to be made. Figure A.1a demonstrate the results of the first assessment
run that was conducted for approx. 6000 seconds with 4 velocity steps. The
maximum current velocity achieved was 0.20 m s� 1. This value is considerably
different to the value obtained by Manning and Dyer (1999); it was not under-
stood why this value was so low, but changes to the set up failed to the 1 m s� 1.
The primary component of velocity, stream-wise velocity (z), ranged between
0.14 and 0.20 m s� 1 and demonstrated an increase in current velocity with an
increase in motor speed, as expected (Figure A.1a). The cross stream velocity
component (y) and the vertical velocity component (x) showed negative values of
velocity (Figure A.1c) indicating that the flow was shearing towards the inner
wall of the flume. All three assessment runs demonstrated similar results as
shown in Table A.1.

Run No. Max. vel. (m s� 1) % Data good
1 0.24 91
2 0.24 94
3 0.24 95

Table A.1: Results of initial �ume calibrations

Initial examination of results revealed conditions suitable for use. However,
upon closer examination at a shorter timescale (5 seconds - see Figures A.1b,
c & d), all velocity components demonstrated fluctuations of the range 0.06 m
s� 1. Of particular relevance, is the fluctuation of between 0.075 and 0.095 m s� 1

in the stream-wise velocity component (z) during a 5 s period. Fluctuations in
velocity components are indicative of turbulence and it was presumed to be the
result of the paddles attached to the rotating ring.
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A. CALIBRATION & PERFORMANCE ASSESSMENT

Figure A.1: a) ADV results of the initial �ume experiment with paddles at-
tached to the rotating ring. b-d) A 5-second excerpt of the �uctuating x, y and
z velocity data.

Turbulent flow, while similar to conditions in the Seine and Tamar estuaries,
was highlighted as a minor issue as the turbulent flow would not be a control-
lable variable and may prevent the formation of flocs. It was proposed that a
more laminar flow might be achieved by removing the paddles and thus increase
the opportunities for flocculations. However, the smooth surface of the perspex
ring would not provide sufficient drag friction to create a flow. A layer of ‘window
frosting’ was applied with adhesive to the ring with a light patterned texture to
induce drag friction.
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A.1 Flume Performance Assessment

Figure A.2: ADV results of the initial �ume experiment without paddles at-
tached to the rotating ring. A 5-second excerpt of the reduced �uctuations x, y
and z velocity data is shown in Figures b, c, & d.

The results of the flume adaptations are presented in Figures A.2a - d. Figure
A.2a shows the stepped increments of the motor throughout the run for all ve-
locity components, while Figures A.2b - d show each individual component of ve-
locity during a 5 s window, as per A.1b - d. In comparison to the initial run with
paddles, the fluctuations of each velocity component were very subtly reduced
(by approx. 0.03 m s� 1); however, while reducing the fluctuations, the overall
velocity of each component also decreased resulting in a maximum current ve-
locity of 0.19 m s� 1 (from 0.2 m s� 1). The flume adaptations were insufficient
to remove turbulence from the flow; but it was decided to continue using the
‘frosted’ flume adaptation as it was thought to have less impact on any flocs in
the water column.
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A. CALIBRATION & PERFORMANCE ASSESSMENT

A.2 Low Nutrient Seawater Performance Assessment

This was to ensure that the LNS was not contaminated or likely to artificially
change macro-nutrient concentrations measured in samples. The results of both
calibration sets are presented in Figure A.3. Results demonstrated that LNS
standards and blanks were of the same order and linear relationship as the
UHP standards and was suitable to use in the flume.

Figure A.3: UHP Standards comparison with LNS Standards
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