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ABSTRACT 
Marine particles play a key role in biogeochemical cycles in the ocean as primary 

sites of chemical transport, as microcosms for biological communities and as a food 
source for larger animals. Fundamental questions that need to be answered include; 
what does the particle distribution in the ocean look like and what causes that 
distribution ? In this work the hypothesis that the density structure of the water 
column affects the vertical distribution of marine particles was tested in various 
marine environments, in the laboratory and by modelling. 

The particle distribution profile was measured using a recording backward light-
scattering meter that enables the collection of a continuous, real time data set, that 
also included measurements of salinity and temperature. A time series study of the 
particle distribution was conducted during a six month period, including the spring 
phytoplankton bloom, in a coastal basin. Bedford Basin, Nova Scotia, Canada. A 
high particle load at the pycnocline, particle patchiness in mid-depth and the 
formation of bottom nepheloid layers (BNL) were observed. The BNL is not a 
steady state but rather is a dynamic phenomenon. In Emerald Basin on the Scotian 
Shelf, there was also a high particle load on the pycnocline. In contrast, strong 
intermittent intermediate nepheloid layers (INL) were recorded in mid-depth. 
Depths of INLs coincided with the critical depth for possible generation, amplification 
and breaking of internal waves with semi-diurnal (M2) internal tide frequency. 
Intermittent particle resuspension at the "critical" depth on the Basin slope, together 
with temporal variability of the currents, appear to be the likely cause of the 
observed intermittency of the INLs. 

Particle distributions were significantly different for the two environments 
investigated in the field (a coastal and a shelf basin) as were the respective 
controlling factors. However, the two areas had a common feature - a high particle 
load always on the surface pycnocline. The distribution of particles below the 
pycnocline, in mid- and deep water, was not related to water density structure. 
Instead the particle distribution below the mixed layer was characterized by biological 
(in the coastal basin) or local physical factors (in the shelf basin). 

The hypothesis of control of the distribution of particles by density structure was 
also approached from the perspective of particle characteristics. A new method was 
developed to measure physical properties of aggregates. The method measures 
aggregate size, settling velocity and density of constituent matter simultaneously and 
independently for each aggregate. This last property, density of constituent matter, 
is presented for the first time for marine aggregates. A high density of constituent 
matter of aggregates (> 1.095 g/cm3) relative to sea water, considered with measured 
settling velocities, suggests that aggregates have high porosity (>94%). 

A simple model, using measurements obtained both in the field and in the 
laboratory, demonstrates that constituent matter density, porosity and exchange rate 
of interstitial water of aggregates are important parameters for particle settling 
behaviour and consequently for explaining the distribution of particles at *he density 
discontinuity layer in the ocean. Of the three parameters, two of them (constituent 
density and porosity) were obtained in this study. 
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Marine Particles : 

Key to Understanding Biogeochemical Cycles in the Ocean 

The existence of marine particles is easily confirmed by examining a sample of 

sea water under intense light. In 1953, macroaggregates were observed in situ by 

Japanese researchers looking through the viewing ports of a submersible. These 

large aggregates were named "marine snow" (Suzuki and Kato, 1953). Since then, 

marine particles have attracted substantial attention from oceanographers. Organic 

aggregates in tropical and subtropical surface waters of the north Atlantic Ocean 

were studied by Riley et al. (1964). They showed that the abundance of particulate 

organic carbon (POC) was not uniform and that higher concentrations <>t aggregates 

were found in upwelling regions. Riley (1963) observed the seasonal cycle of organic 

aggregates in Long Island Sound. Wangersky (1974) demonstrated the sampling 

variability of POC measurement due to the patchy distribution of POC. In the 

1970's, the distribution of particulate matter in the Atlantic Ocean was mapped using 

Niskin bottle sampling in the GEOSECS program (Brewer et al, 1976). These 

extensive measurements of suspended particulate matter (SPM), employing a 

gravimetric method, revealed regional variation of SPM concentration as well as 

depth variation. Wangersky (1976) showed that POC concentrations in the Pacific 

and Atlantic oceans were roughly comparable and that both oceans showed a 

logarithmic decrease with depth, along with occasional anomalously high values. 

Extensive utilization of sediment traps, for example in association with GOFS (Global 
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Ocean Flux Study) of the 1980's, has resulted in much new data on particle fluxes in 

various marine environments. 

The importance of marine particles in biogeochemical cycles in the ocean has 

been recognized for about 10 years. Marine particles are carriers of heavy metals 

(for example, Bruland, 1983; Noriki etal, 1985), radionuclides (Bacon and Anderson, 

1982; Livingston and Anderson, 1982;), organic materials (for example, Wangersky, 

1978, 1984; Karl et al., 1988) and nutrients (Eppley and Peterson, 1979). These 

chemical substances are incorporated in and/or are attached to the surface of marine 

particles and are transferred from the surface waters of the ocean to the deeper 

waters. Some particles reach the seabed and are incorporated into the sediments. 

During transport, chemical substances may associate and dissociate with marine 

particles because of reversible chemical reactions at the particle surface (Martin and 

Knauer, 1985). Decomposition, formation and aggregation processes of marine 

particles are of primary importance in the cycling of chemical substances in the 

ocean. 

Marine snow, macroscopic aggregates of detritus, living organisms and inorganic 

matter, are significant as raicrocosms. Marine snow contains an enriched community 

of living phytoplankton, cyanobacteria, protozoa, and bacteria at densities two to five 

orders of magnitude higher than populations found freely dispersed in the 

surrounding seawater. Therefore, marine snow represents an isolated 

microenvironment where carbon fixation by autotrophs, decomposition of organic 

h 
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matter and nutrient regeneration by a dense heterotrophic bacterial community are 

enhanced (e.g., Silver et al, 1978; Silver and Alldredge, 1981; Shanks and Trent, 

1979; Prezelin and Alldredge, 1983; Knauer etal, 1982; Alldredge eial, 1986; Caron 

et al, 1986; Alldredge and Cohen, 1987; Alldredge and Silver, 1988 as review). Li 

addition, marine particles are important food sources for various zooplankton and 

fish (Alldredge, 1972, 1979; Wotton, 1990; Vanderploeg, 1990). Further, response 

of the benthic community to surface biological activity through the settling of particles 

has been observed with relation to population dynamics, reproductive cycles (Gooday 

and Lambshead, 1989; Gooday and Turley, 1990, a review) and seasonality of oxygen 

consumption (Smith and Baldwin, 1984; Smith, 1987; Cole et al, 1987). 

Composition and Sources of Marine Particles 

"Marine particles" can be anything from sub-micron size particles to whales. 

However, the definition of "marine particles" as used in Oceanography is operational 

and depends on the sampling method. If bottle sampling or an in situ filtration 

system is used, the pore size of the filter determines the lower end of the size 

spectrum and sampling bottle and screen size determine the upper end of the size 

spectrum (Wangersky, 1990). If a camera system is used, the resolution of the 

photographs and the depth of field typically control the range of the size spectrum. 

Sources of marine particles include authigenic production by biological activity, 

physical processes that cause aggregation of molecular or colloidal matter (e.g., 

Johnson and Cooke, 1980; Johnson et al, 1990), precipitation of inorganic minerals, 
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fluvial input (Nittrouer et al., 1986), aoolian input (Buat-Menard et al, 1989), input 

from ice melt in polar region, shore erosion, resuspension of sediment, and input 

from submarine volcanism and hydrothermal activity (Comita et al, 1984V, 

Marine particles, including biogenic and non-biogenic materials, often form 

aggregates containing both kinds of materials. Sources of non-biogenic particles 

include terrigenous material transported through the atmosphere or by rivers, erosion 

of sediment and shoreline and authigenic precipitation. Intact organisms and 

plankton hard parts, faecal pellets and amorphous macroaggregates - marine snow -

are the major components of the biogenic particles. Most biogenic materials are 

produced in the upper layer of the ocean, where primary productivity can be high. 

The abundance of biogenic particles has strong regional and seasonal variation -

factors that influence the vertical flux of particulate material to the deep water. 

Faecal pellets produced by protozoans (Gowing and Silver, 1985), zooplankton 

(Bruland and Silver, 1981), and fish (Robison and Basiley, 1981), appear to be 

important in vertical flux of particles in the ocean. Small particles with low settling 

speeds as individual particles are packaged and transformed into rapidly settling 

faecal pellets (Emery and Honjo, 1979) or are aggregated and contribute to the mass 

flux to the deep sea (Honjo, 1980), and to the sediment in coastal waters (Knauer et 

ah, 1979) and in fjords (Syvitski and Murray, 1981). Intact organisms and the hard 

parts of plankton are the major components of biogenic particles. Although most 

biogenic particles are produced in the surface water, they are also found in deep 

water sediment trap samples (Takahashi and Honjo, 1981, 1983; Takahashi, 1986; 
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Honjo, 1978; Honjo et al, 1982) and comprise a portion of the large particle flux 

(Fowler and Knauer, 1986). Marine snow is ubiquitous and contains living organisms, 

detritus, faecal pellets and inorganic minerals. Data from Asper (1987) suggested 

that most of the flux of particles entering a trap is carried in aggregates. Because 

marine aggregates are fragile and tend to break up during sampling, detailed study 

has not been conducted until recently. In situ studies using SCUBA and optical 

methods are now widely used. ?hysical characteristics, dynamics, and significance of 

marine snow have been recently summarized by Alldredge and Silver (1988). 

Sampling Methods 

Studies of marine particles have evolved with invention of new sampling 

techniques and with changing scientific focus. Conventional bottle sampling is a 

widely used technique to collect marine particles for measurement of weight/volume 

concentration, determination of chemical composition and for microscope 

investigation. There are some disadvantages associated with the method, in that 

bottle samples can not provide continuous data and consequently patchiness of the 

particle distribution is difficult to detect. In addition, large, rapidly sinking particles 

are under-represented in sampling bottles that have a side mounted spigot, because 

some of the particles settle below the spigot height during recovery. This may cause 

an underestimate of SPM concentration (Gardner, 1977; Calvert and McCartney, 

1979). Finally, large aggregates are fragile and are broken up easily by bottle 

sampling procedures (Nishizawa et al, 1954; Riley, 1963; Gibbs and Konwar, 1983). 
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Large-volume in situ pumps such as the "LVFS'-large volume in situ filtration 

system (Bishop and Edmond, 1976) and "WHISP'-Woods Hole in situ pump 

(Wakeham et al, 1984a,b) sample large volumes of water in a short period of time 

and consequently minimize errors caused by bacterial decomposition of particles and 

by chemical contamination during sampling. Because of the large volume of water 

filtered, samples include large, rare particles. Disadvantages, however, are the 

discrete nature of sampling and, as well, some particle disruption may occur even 

though filtration speed is slow (<2cm/sec) (Simpson, 1982; Fowler and Knauer, 1986; 

Alldredge and Silver, 1988). Large volume filtration systems average over the period 

of pumping and particles are collected on a filter surface and hence often it is not 

possible to identify whether particles were discrete or part of an aggregate. 

In situ collection by SCUBA diving and submersible allows recovery of intact, 

large, fragile marine aggregates, and permits determination of abundance and size 

distribution (Trent et al, 1978; Alldredge and Gotschalk, 1988), microbial population 

(Caron et al, 1982; Alldredge et al, 1986), chemical composition (Alldredge, 1979) 

and in situ settling velocity (Shanks and Trent, 1980; Alldredge and Gotschalk, 1988). 

The SCUBA method has proven especially effective; however, the method is limited 

to surface waters and is subject to some variability with ability of divers, water 

conditions (ambient light level, visibility and size and colour of aggregates) and 

particle size (correctly assesses particle size >0,5 mm) (Alldredge and Silver, 1988). 

Only a few studies are available describing collection of particles by submersibles 

(Kajihara, 1971; Silver and Alldredge, 1981), although there are many accounts of 
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observation of particles through submersible windows (Kato and Suzuki, 1953, 

Aybulatov and Novikova, 1984; Ebara and Asaoka, 1985), Collection of particles 

using submersibles solves the problem of depth limitation of SCUBA diving. 

Moored or floating sediment traps were developed for measurements of 

particulate matter flux. Studies have focused on mass and composition of settling 

particles and associated chemical substances such as trace elements, radionuclides 

and various pollutants. Since the flux of particles in the ocean is a necessary 

parameter to assess the global cycle of chemical substances and energy input to the 

benthic community, numerous studies that use sediment traps have been conducted 

over the world oceans (e.g., Honjo, 1978,1982; Deuser etal, 1981,1988; Sasaki and 

Nishizawa, 1981; Livingston and Anderson. 1983; Ittekkot et al, 1984, 1991; 

Wakeham et al, 1984; Bacon et al, 1985; Deuser, 1985; Noriki and Tsunogai, 1986; 

Takahashi, 1986; Karl et al, 1988; Moore and Dymond, 1988; Grimalt et al, 1990; 

Albert et al, 1991). Problems inherent in use of sediment traps result in variable and 

unpredictable trapping efficiency caused by: hydrodynamic effects (Gardner et al, 

1980a,b; Gardner, 1985; Butman 1986; Butman etal, 1986; Baker etal, 1988; Siegel 

et al, 1990; Buesseler, 1991), organisms swimming into traps (Knauer et al, 1979; 

Gardner et al, 1983; Knauer et al., 1984), degradation of organic materials (Gardner 

et al, 1983; Banse, 1990; Michaels et al, 1990) and dissolution of some metals from 

the particulate phase within the traps (Knauer et al, 1984). Sediment traps are the 

only direct method available for measuring the in situ particulate matter flux, 

although careful considerations in developing a sampling strategy and design of the 



9 

trap are necessary to minimize the associated errors (Asper, 1987). 

In situ optical methods of measuring particle abundance are classified into two 

types of measurements. Transmissometry (light attenuation) or light-scattering can 

be used to measure the distribution of particles. The other, photography, can also 

be used for studying the distribution of large particles (Honjo et al, 1984; Johnson 

and Wangersky, 1985; Gardner and Walsh, 1990), but is nost often used to measure 

particle size distribution or to investigate morphology of particles. There have been 

a growing number of studies using transmissometer measurements and optical 

scattering during the last decade. These studies h.rre demonstrated the existence of 

discrete layers of high particle loading (e.g., Pak et al, 1980a,b; Dickson and McCave, 

1986; Thorpe and White, 1988), which might be overlooked by conventional bottle 

sampling (Sternberg et al, 1974; Wangersky, 1990). Transmissometer and light-

scatter methods usually provide a direct readout aboard ship, and can aid in the 

selection of depths for further sampling of particles. Moreover, a transmissometer 

or a light-scatter meter can be deployed easily with other instruments that measure 

the physical, chemical and biological characteristics of the water column - instruments 

that include CTD's, current meters, oxygen probes and fluorometers. Since these 

systems can be lowered repeatedly at short intervals or can be moored over a long 

period, they can be used to study episodic events such as benthic storms (Gardner 

and Sullivan, 1981; McCave, 1983; Hoilister and McCave, 1984), sediment 

resuspension by internal tides in submarine canyons (Gardner, 1989a,b) or diel 

variation due to biological activity (Siege! et al, 1989). The major problem with in 
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situ optical methods lies in calibration with SPM concentration. Correlation between 

light attenuation or light-scatter and SPM concentration is affected by the 

concentration, size distribution, refractive index and shape of particles (Richardson, 

1987; Gardner et al, 1990). Therefore, the correlation can vary regionally or with 

depth (Biscaye and Eittreim, 1974; Sternberg et al, 1974; Spinrad et al, 1983; 

Gardner et al., 1985). In situ photography has been used for measurements of the 

particle size distribution and particle settling velocity (Honjo et al., 1984; Asper, 

1985). Photography has also been used for observations of the flocculation process 

during a diatom bloom (Kranck and Milligan, 1988) and in studies of morphological 

change of the seabed due to particle flux (Billet et al, 1983; Lampitt, 1985; Hecker, 

1990). Because, in general, large aggregates are very fragile, this non-invasive 

method is suitable for measuring the particle size distribution and settling velocity -

measurements that can not be obtained by bottle sampling, in situ filtration or 

sediment trap collection. 

A combination of sediment trap and camera system has been developed to 

measure the flux and concentration of marine snow (Asper, 1987). The vertical 

particle distribution and morphological change of particles with depth were studied 

using light-scatter and an in situ camera system (Johnson and Wangersky, 1985). 

Since no available method is perfect for deriving all the information on marine 

particles, combinations of existing tools need to be used together with the 

development of new techniques. 
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The Purpose of the Study 

Fundamental problems to be solved in stv 'ying particulate matter in the ocean 

include determination of the spatial and temporal distribution of particulate matter 

and identification of mechanisms that control marine particle dynamics. The purpose 

of this study is to contribute to an understanding of the vertical distribution of 

particulate matter under various marine conditions. Chemical characteristics of the 

water column such as oxygen concentration and biological effects such as patchiness 

of heterotrophic organisms affect the distribution of particles; however, this study 

focuses on the physical characteristics of water, specifically density structure. The 

questions that are asked include; 

(1) What is the relationship between the distribution of particles and density structure 

of the water column ? The hypothesis that density discontinuities act as sediment 

traps in the ocean is tested. Knowing the regions of high particle concentration is 

important because these represent sites of active chemical dynamics including 

desorption and adsorption of trace elements, and sites of food concentration for 

heterotrophs and attendant nutrient regeneration. 

(2) What are the mechanisms that cause the observed particle distributions in the 

ocean ? When density structure of the water column does not affect the distribution 

of particle, what causes the observed distribution ? Identification of the controlling 

factors for the distribution of particles in various marine environments helps in 

understanding general mechanisms and the significance of local processes of particle 
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dynamics. 

(3) How can physical characteristics of marine particles be measured ? The 

distribution of particles in the ocean is the consequence of ambient water 

characteristics and particle properties. Among the basic physical parameters that 

affect particle dynamics, including size, density and settling velocity, density is least 

known. Since the density difference between particles and ambient water controls 

the settling behaviour as well as particle size and shape, it is essential to obtain the 

density of marine particles for the study of particle dynamics, especially where the 

ambient water density changes sharply. A system that measures the size, density and 

settling velocity is developed. 

(4) What are the areas requiring further study ? Through this study, new questions 

arise that pertain to what parameters are important for understanding marine particle 

dynamics and how well these are now known. 

Organization of the thesis 

The thesis consists of field observations (Chapters 2 and 3), laboratory 

measurements (Chapter 4) and a model study using the results from both the field 

and the laboratory (Chapter 5). 

First, a field study was conducted in coastal and offshore basins to describe the 

relationship between the distribution of particles and the density structure of the 

water column, and to identify the controlling factors for the observed particle 

distribution. In Chapter 2, the distribution of particles was studied in a coastal basin 
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during and after a spring phytoplankton bloom. These results are related to the 

density structure of the water column and auxiliary biological and chemical 

measurements. Because the phytoplankton bloom is a major source of marine 

particles and biological productivity is especially high in coastal waters, the 

distribution of particles in coastal waters has a strong impact on biogeochemical 

cycles in the ocean. After demonstrating domination of biological effects on the 

distribution of particles in a coastal basin, Chapter 3 treats the particle distribution 

in an offshore basin. In the offshore basin, intermediate nepheloid layers were 

featured in the distribution of the particles. Using existing hydrographic and 

atmospheric data, it is concluded that the observed intermediate nepheloid layers 

were caused by local physical processes - instability of internal waves. From these 

results the hypothesis that density discontinuities act as a sediment trap appears to 

be true only in the surface pycnocline, not in mid- and deep water. 

To understand the settling behaviour of particles in response to strength of the 

density stratification observed in the field, it is necessary & know the physical 

characteristics, especially density, of particles - a parameter that has not previously 

been measured directly for marine aggregates. In Chapter 4, a method that measures 

size, settling velocity and the density of constituent matter of aggregates is illustrated 

with results from coastal water and from a diatom culture. 

Finally, in Chapter 5, general features of the relationship between density 

structure and particle distribution are reviewed by comparing the observations in 

coastal water, on the shelf, on the slope and in the open ocean. Using these results 
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and the measurements conducted in the laboratory (Chapter 4), a simple model is 

constructed to help in understanding the effect of the density discontinuity on the 

distribution of particles as a function of the strength of stratification, particle density, 

porosity and water exchange rates. This model clarifies which parameters need to 

be further studied in the future. 

Summary and conclusions are presented in Chapter 6. In Appendix I, the noise 

level for light-scatter measurements is estimated. A combined reference hst is placed 

at the end of the thesis. 



Chapter Two 

Time Series of the Vertical Distribution of Particles 
During and After a Spring Phytoplankton Bloom 

in Bedford Basin, Nova Scotia 

15 
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INTRODUCTION 

Relative to the open ocean, particle dynamics in coastal waters are more strongly 

affected by biological, chemical and physical processes on shorter time scales. High 

surface biological activity and fluvial input represent the main sources of particles to 

coastal regions. In addition, lateral transport of partxles from other water masses 

by tide and/or current can be locally very important in some areas. Input of particles 

is followed by cycling and sorting. Some particles, consumed by zooplankton and fish, 

are packaged as faecal pellets that contribute to the vertical flux through increases 

in particle size and density. Some particles undergo fiocculation and deflocculation -

processes that also affect vertical transport. Ultimately particles are transported 

offshore by tide and current, or settle through the water column to the sea floor. 

There, they may be resuspended before being incorporated into the sediments. 

Seasonality of the vertical flux of organic matter due to surface primary 

production has been recognized from sediment trap results (for example, Hargrave 

and Taguchi, 1978; Deuser, 1981; Honjo, 1982; Takahashi, 1986; Riebesell 1989), 

from in situ photography (Billet et al, 1983; Lampitt, 1985; Rice et al, 1986) and 

from sediment core samples (Gooday and Lambshead, 1989). Mass fiocculation of 

spring phytoplankton blooms (marine snow formation) has been observed in Nova 

Scotia (Kranck and Milligan, 1988) and California (Alldredge and Gotschalk, 1989) 

coastal waters, and in the southern North Sea (Riebesell, 1991a,b). In spite of the 
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evidence of a strong influence of the spring phytoplankton bloom on particle flux, 

less is known about the vertical distribution of particles in the water column -

information that may be important as an indicator of oceanic biogeochemical 

processes (Gardner et al, 1990). 

In situ optical methods that include transmissometry, light-scattering, photography 

and/or a combination of these offer advantages for determining marine, particle 

distributions. Large aggregates, proven to be cf major importance in vertical 

transport (Bishop and Edmond. 1976; Honjo et al, 1984; Asper, 1987; Gardner and 

Walsh, 1990), are both rare and fragile - two properties that make them especially 

suited to measurement using non-invasive in situ optical methods. Since beam 

attenuation or light-scattering provides a continuous measurement of the particle 

distribution, in situ optical methods are very powerful for studying particle patchiness 

- features of the distribution that might be missed by conventional bottle sampling. 

Examples of these features include intermediate nepheloid layers (e.g., Pak et al, 

1980a,b; Dickson and McCave, 1986; Thorpe and White, 1988) and the accumulation 

of particles observed associated with strong density gradients or discontinuities such 

as pycnoclines or fronts (Pak et al, 1980a; Gardner et al, 1990); however, the 

mechanism by which these higher concentrations are sustained is not clear. In 

addition, optical methods can be used to measure vertical profiles of the particle 

distribution repeatedly within a short period of time or can be moored over a long 

period. Consequently such methods can be used to detect episodic events such as 

benthic storms (Gardner and Sullivan, 1981; McCave, 1983; Hollister and McCave, 
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1984) and diel variations of particle distribution resulting from biological activity 

(Siegel etal, 1988). However, there are also disadvantages of in situ optical methods. 

Such methods do not give the chemical composition of particles. Vertical flux is not 

accurately estimated with optical methods because of errors associated with size 

measurement and assumptions of particle density and settling velocity. Further, the 

conversion of the signal from a transmissometer or light-scatter nephelometer to 

mass/volume concentration is not always linear, in part because of variation in the 

size distribution, composition and surface characteristics of particles (Richardson, 

1987). Finally, for camera systems there is a size limitation for small particles. 

Cognizant of the advantages and disadvantages of optical methods, a time series 

study of the particle distribution over the spring phytoplankton bloom period was 

c«- "ucted using a backward light-scattering meter, a CTD and bottle sampling. The 

purposes of this study include the following; 

(1) to describe the change of the particle distribution in the water column during 

and after the spring phytoplankton bloom. Phytoplankton blooms in stirface waters 

are a major source of marine particles and resulting vertical mass flux. However, 

little is known about the distribution of marine particles during and after the bloom -

information that is important in understanding biogeochemical cycles including trace 

element dynamics in relation to adsorption and desorption sites, food abundance for 

heterotrophic organisms and nutrient regeneration. 

(2) to clarify the relationship between water structure and the patchiness of the 

particle distribution. 
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(3) to identify particle characteristics and changes in these characteristics with 

progression of the surface phytoplankton bloom. Characteristics that were measured 

include POC, mass/volume concentration and Chl.a, and size, shape and particle type 

determined from microscope observation. 

METHOD 

From February to August, 1988, profiles of light-scatter, salinity and temperature 

(CTD, Guildline 8709) and water samples were taken in Bedford Basin, Nova Scotia, 

Canada (Fig. 2-1). The Basin is 2.7 km wide and 4.3 km long, and is characterized 

by a 20 m sill at the mouth where the basin is connected to Halifax harbour and the 

open ocean. The sampling station was at the deepest point, 70 m, and almost in the 

centre of the Basin. Using the M. V. Sigma-T of the Bedford Institute of 

Oceanography, sampling was conducted 15 times during this study; two times each 

week in March when the spring bloom was observed, and less frequently through the 

remainder of the study period. 

A recording backward scattering meter, developed by Johnson and Wangersky 

(1985), was used to measure relative backscatfer at a fixed angle of 30° (the 

instrument condition has been changed slightly since 1985). The observed volume in 

situ by the instrument is about 10 cm3. The measurement was recorded as 

backscatter/intensity of light emitted. Offset of'ithe light-scatter measurement is 2.88 



Fig. 2-1 Map of Bedford Basin, Nova Scotia, Canada. The 

sampling Station is marked as S. 
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units and variance of the light-scatter signal due to noise is 0.009 units. Estimate of 

the noise level for light-scatter measurements is described in Appendix I. Because 

the CTD resolution is about 0.1 ra, data were recorded at 0.1 m intervals and both 

CTD and back scatter data were recorded in real time as a function of depth on a 

Hewlett-Packard 110 computer on the deck of the sampling vessel. At least 2 casts 

were made with the CTD - light-scatter system to test repeatability. On one occasion, 

May 16, 5 profiles were taken to observe the stability of the observed patchiness. 

From the CTD and backscatter profiles plotted on deck, typically 6 different 

water sampling depths were chosen. These water samples were used for 

measurements of mass concentration of suspended particulate master (SPM), 

particulate organic carbon (POC) and for microscope examination. Water samples 

were taken by Go-Flo bottles within 10 minutes of the CTD and light-scatter 

measurements. These water samples were transferred to polyethylene containers 

from the bottom of the Go-Flo bottles to avoid leaving fast settling particles in the 

bottles below the spigots (Gardner, 1977). Water samples were brought baa- to the 

laboratory where they were processed for analysis within one hour. 

For mass concentration of particles, preweighed 47mm Millipore filters (0.45 pm 

pore size), were prepared according to the method of Winneberger et al. (1963). For 

each SPM measurement five litres of water sample were filtered. Following filtration, 

filters were rinsed with distilled water and kept in individual desiccators to dry for two 

days. The filters were then weighed to 0.01 mg (error was ± 2 %). 

For POC analyses, 500 ml of sample were filtered onto 25 mm Whatman GF/C 

glass fibre filters and then frozen at -20°C until analysis. POC was deteimined using 
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the dry combustion method of Wangersky (1976) with the blank error 0.1 ±0.07 

mgC/L. For microscope study of particle characteristics, one hundred millilitres of 

sample were placed in settling cylinders overnight. The settled particles were 

examined with an inverted microscope (Wild M40) and photographed. Chlorophyll 

a was measured at the same sampling station almost daily in February and March 

and on selected days in April (unpublished data, Biological Oceanography Division, 

Bedford Institute of Oceanography). 

RESULTS 

Correlation of light-scatter measurements with SPM concentration 

Light-scatter observation is a measurement of scattering cross section of particles 

(Plnak, et al., 1972) rather than mass and is affected by the particle size distribution, 

particle surface characteristics and refractive index (Richardson, 1987). On the other 

hand, SPM concentration is influenced by the type of filter used and is a measure of 

the weight of marine particles. In other words, light-scatter and SPM concentration 

measure different aspects of the particle distribution. SPM concentration is the 

important parameter for mass flux estimates, however, there is no method for 

measuring SPM continuously. Therefore the light-scatter measurements have been 

calibrated with SPM concentration determined using bottle samples or in situ 

filtration systems in various marine environments. The correlations between light-

scatter and SPM concentration typically differ regionally or with depth (for example, 
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Biscaye and Eittreim, 1974; Sternberg, et al, 1974; Carder et al, 191 A; Spinrad et al, 

1983; Biscaye et al, 1985; Gardner etal, 1985; Richardson, 1987). Because biological 

diversity is greater and particle composition is more complex in coastal areas, more 

scatter in the correlation between SPM concentration and light-scatter is observed in 

this study (Fig. 2-2) than in similar studies in the open ocean (Richardson, 1987). 

The correlation between light-scatter and SPM concentration in the surface water, 

excluding the data when the Sackville River discharge was more than 10 m3/sec (Fig. 

2-5) and August data when the dominant species in the surface water became 

dinoflagellates, was significant at the level P< 0.002 (Fig. 2-2) At mid-depth (20 m), 

however, less scatter in the relation was observed (P< 0.001). These results suggest 

that the particle composition is more homogeneous in the clear-water minimum than 

in the surface mixed layer or in deep water. In the deep water, particle composition 

and size distribution are complicated, reflecting surface biogenic and fluvial input, as 

well as particle degradation. It is worth noting that the slopes of the regression lines 

relating light-scatter to SPM concentration changed with depth, being highest in the 

surface water and decreasing to the bottom. Although relationships between light-

scatter and SPM concentration changed with depth, the overall correlation is still 

significant at the level P< 0.005 and therefore the light-scatter can be a good indicator 

of the particle mass distribution. 

Ligkt-scatter and water structure 

The time series observations of light-scatter showed transition of the particle 
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Fig. 2-2 Correlation of light-scatter and SPM concentration. 

Linear regressions for total (0-60 m), surface (^5 m), 

20 m and bottom (50-60 m) were as follows; 

depth 

0-60m 
<5m 
20m 
50-60m 

equation 

Y=0.248X-0.207 
Y=0.683X-1.961 
Y=0.277X-0.234 
Y=0.125X+0.079 

correlation coeff. 
(r) 

0.49 
0.85 
0.96 
0.57 

significance level 
(P) 

<0.005 
< 0.002 
< 0.001 
<0.01 

Y = SPM concentration (mg/1), X = light-scatter 
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distribution from high light-scatter above the pycnocline and low light-scatter below 

during March, to bottom nepheloid layer formation in April, May, June and July. 

This pattern gave way to very low light-scatter in the middle water and thinning of 

the bottom nepheloid layer in late July and August (Fig. 2-3). This general trend, 

however, was also affected by local episodic events such as fresh water input from the 

Sackville River (Fig. 2-1 and 2-4), storm mixing (March 14, 18 and 21 when wind 

speed was 20-40 km/h at the sampling station) and patchiness of biological activity 

in the water column. 

On March 10, light-scatter peaked on top of the pycnocline and was high 

throughout the surface mixed layer (Fig. 2-3). A subsequent wind mixing event 

weakened the pycnocline (March 14,18 and 21), reduced light-scatter in the surface 

layer and increased near-bottom light-scatter on March 18. On March 28, surface 

water (0-20 m) warmed to 2.5 °C and light-scatter increased in the resulting broad 

thermocline. For the April 7 profile, input of warm fresh water, high in inorganic 

particle concentration from the Sackville River (Fig. 2-4) established a sharp 

pycnocline and high light-scatter in the surface layer. In addition, in this profile there 

were two distinct peaks of light-scatter, one at 15 m and the other at 25 m, for which 

there were no corresponding density discontinuities at either depth. Lighf-scatter in 

the bottom water increased with depth to the bottom. 

Development of the bottom nepheloid layer intensified about one month after the 

bloom peak in the surface water. A typical particle distribution reporisd for the 

open ocean, i.e., high in the surface mixed layer, minimum in mid-water and high 
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Fig. 2-3 Time series of sigma-t and light-scatter profiles. The 

numbers in parentheses are days of the year. 

•J 
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Fig. 2-4 Sackville River discharge (m3/sec) during the study. In 

March, except March 1-4, 10 and 24-31, ice conditions 

at the edge of the Basin were reported. (Water Survey 

of Canada, Halifax, Nova Scotia) 
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near the bottom (bottom nepheloid layer), developed as the surface water warmed 

and the thermocline intensified. The position of the clear water minimum changed 

slightly during the study, but remained in the range of 20 m to 40 m depth. Light-

scatter in the bottom nepheloid layer became more intense and increased in depth 

range until the end of June. Profiles of July 29 and August 16 show a reduced light-

scatter at the mid-depth minimum and reduction in thickness of the bottom nepheloid 

layer. 

To examine the temporal stability of the observed patchiness, the system was 

deployed 5 times within 105 minutes on May 16 (Fig. 2-5). The resulting profiles 

were very similar, although surface light-scattrr above 15 m did show some change. 

Light-scatter in very surface water (<3m) might be affected by the research vessel. 

POC and SPM concentration 

Profiles of SPM and POC concentration, usually from 6 depths, are shown in Fig. 

2-6. These profiles typically feature high SPM concentration in the surface and a 

decreasing concentration with depth. An exceptionally high SPM concentration 

measured at 35 m on June 21 included many zooplankton. The nepheloid layer, 

clearly detected in the light-scatter profile, was less apparent in the SPM 

concentration profile. Since light-scatter at 30° is more sensitive to small particles 

( ^ 5pm), this might suggest that particles in the bottom nepheloid layer are 

predominantly small size grains. 

Surface SPM concentration (5 m) ranged from 0.8 mg/1 measured on April 13, 

to 2.63 mg/1 measured on August 16 and varied considerably with time (S.D.=0.54 

mg/1). In contrast, in the mid-depth region (20 m), the SPM concentration was low 
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Fig. 2-5 Repeated measurements of sigma t and light-scatter 

within 105 minutes on May 16. 
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Fig. 2-6 Time series of SPM and POC concentration profiles. 

The numbers in parenthesis are days of the year. SPM 

concentration at 5m on Aug. 16 was 2.63 mg/1. 
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and less variable, ranging from 0.5 mg/1 to 1.07 mg/1 (S.D.=0.16 mg/1). The bottom 

water SPM concentration was between 0.42 mg/1 and 1.09 mg/1 with a S.D. of 0.18 

mg/1. 

In general, the POC concentration was high in the surface water and low in the 

middle and deep water. In the middle and/or bottom water samples of March 21, 

April 26, May 16, June 2 and June 21, the POC concentration was below the 

detection limit of the method. Surface POC concentration varied from 0.144 mg/1 to 

0.914 mg/1 (S.D.=0.274 mg/1). At 20 m depth, POC concentrations were within the 

range of 0.108 mg/1 to 0.472 mg/1 (S.D.=0.133 mg/1). Although the bottom water (60 

m) sample of March 18, corresponding to the settling and the mixing down of surface 

diatoms by a storm, had a high POC concentration (0.503 mg/1), other bottom 

sampleconcentrations were less than 0.295 mg/1. 

Chla concentration 

The highest Chl.a concentration, 40.88 /*g/l was observed at 4 m depth on March 

11, coinciding with the peak of the spring bloom (Chaetoceros spp.) which occurred 

on March 10 and 11 (Fig. 2-7) A typical Chl.a concentration profile for the spring 

bloom period was observed on both days (Fig. 2-8). In the surface mixed layer, 

upper 10 m of the water column, the Chl.a concentration was high and uniform, 

while below the pycnocline the Chl.a concentration decreased rapidly with depth. 

This profile changed as the bloom proceeded. The surface concentration of Chl.a 

declined and the surface peak became less well defined. During the same period, 
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Fig. 2-7 Surface (5m) Chl.a concentration change with time. 
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Fig. 2-8 Time series of Chl.a profiles. Mar. 10 was the bloom 

peak. 
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the middle and deep water Chl.a concentration increased. On March 10 the 

concentrations of Chl.a at 40 m and 60 m were 0.881 iig/1 and 0.586 /xg/1 respectively. 

By April 13 the concentrations at these depths had increased to 4.915 fig/l at 40 m 

and 5.793 /xg/1 at 60 m. 

Microscope observation 

Particles collected from specific depths, chosen from the light-scatter profiles, 

were examined under a microscope. Morphological change of particles with depth 

as well as with time was observed. Photographs were taken from April 7 to June 2. 

Malfunction of the microscope-camera system precluded further use, however, 

microscope observation was continued through the sampling period. 

At the beginning of the bloom, particles in the surface water were composed of 

small diatom chains (* 40 /xm), while neither diatoms nor their aggregates were 

observed below the thermocline. On March 18, long and tangled diatom chains were 

found at mid-depth (20 m, >10U /xm) and in deep water (50 m, >200 /xm), although 

small diatom chains were still dominant in the surface wat^r. Faecal pellets appeared 

in the surface sample from April 7 (Fig. 2-9-1). After a week of rain, the surface 

sample of April 26 included small biogenic particles (Fig. 2-10-4). Long diatom 

chains, their aggregates and zooplankton, were found again in the surface water from 

May 16 (Fig. 2-11-1) and for the remainder of the sampling period. On June 2, a 

large aggregate ( *» 1 mm), including phyto-detritus and faecal pellets, was observed 

in the sample from the top of the pycnocline (Fig. 2-11-4). In contrast, particles in 

the bottom water sample (50-60 m) changed from large biogenic particles, including 



9 Inverted microscope photographs of suspended particles 

collected from (1) 1.5 m, (2) 15 m, (3) 25 m, (4) 40 m, 

and (5),(6) 60 m on April 7 (See Fig. 2-3). Scales in the 

photographs are 300 /tm. Dark shaded region in the 

centre of photograph (1) is a scratch on the microscope 

slide. 
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Fig. 2-10 Inverted microscope photographs of suspended particles 

collected from (1) 8 m, (2) 20 m and (3) 60 m on April 

13. (4) 1.5 m, (5) 40 m and (6) 60 m on April 26. 

Scales in the photographs are 300 /xm. 
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Fig. 2-11 Inverted microscope photographs of suspended particles 

collected from (1) 1.5 m, (2) 30 m and (3) 60 m on May 

16. (4) 5 m, (5) 10 m and (6) 60 m on April 26. Scales 

in the photographs are 300 /xm. 
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tangled diatom chains ( >200 /xm) and faecal pellets ( > 500 /im) on April 7 (Fig. 

2-9-5,6), April 13 and 26 (Fig. 2-10-3,6), to smaller and more degraded particles as 

the bottom nepheloid layer became thicker and stronger (Fig. 2-11-3,6). Large 

aggregates in the water column are very fragile and tend to disaggregate during 

sampling (Kranck and Milligan, 1988), therefore these observations are not 

representative of size or shape of particles in situ. However, aggregates in the 

bottom nepheloid layer that settle during or immediately after the surface bloom are 

more robust and harder to disaggregate than those found later in the season. 

Particles at mid-depth (20-40 m) did not always reflect the surface water sample in 

size and morphology (Fig. 2-9-3,4, Fig. 2-11-2) or in size (Fig. 2-10-5). 

Heterogeneity of the vertical particle distribution was observed on April 7. 

Samples corresponding to distinct peaks of light-scatter in the April 7 

profilecorresponded to particles of differing characteristics (Fig. 2-9). In the surface 

(1.5 m) peak, aggregates of small mineral grains and small faecal pellets (<150 /xm) 

were dominant. Particles from the second peak of light scatter, 15m deep, included 

many ciliates and some short diatom chains. In the third light scatter peak at 25m, 

particles were mainly diatom chains longer than those in the 15m sample along with 

bigger faecal pellets ( » 300 /xm). Particles forming the bottom nepheloid layer mainly 

consisted of entangled aggregates of diatom chains and single diatom chains. Big 

faecal pellets of more than 500 /xm in size were also found in the bottom samples. 
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DISCUSSION 

Settling velocity of biogenic particles is reported to be in the range of 10 - 200 

m/day as determined from laboratory settling experiments of aggregates of 

Chaetoceros spp., the dominant spring bloom species in Bedford Basin (Azetsu-Scott 

and Johnson, 1992) and from in situ observations in coastal water (Alldredge and 

Gotschalk, 1989). Kranck and Milligan (1988) reported that flocculated diatoms 

appeared in the near bottom water within 3 days of the bloom in Bedford Basin, and 

Alldredge and Gotschalk (1988) observed fiocculation in as little as 24 hours in 

coastal California waters. Since depth of the water in this study site is 70 m, one 

week is sufficient for a bloom to settle to the bottom. Although the profile of March 

18 (about one week after the bloom peak) featured a small bottom nepheloid layer 

and diatom chains were observed in the bottom water under the microscope, the 

steady and strong peak of light scatter in the bottom water appeared at the beginning 

of April (Fig. 2-3). Photographic evidence for the deposition of a spring bloom and 

subsequent resuspension - about 2 weeks after the phytodetritus arrived at the sea 

bed has been described for the bottom of the continental slope in the North Atlantic 

(Lampitt, 1985). In this study, the bottom nepheloid layer did not develop until the 

beginning of April, while aggregates of tangled diatom chains were observed in the 

bottom water one week after the peak of the surface bloom. Thus, in this study the 

time lag between sinking of the bloom and bottom nepheloid layer formation was 2-3 
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weeks. No clear reasons for this time lag between the arrival of phyto-detritus on the 

seabed and resuspension has yet been demonstrated, however, Lampitt (1985) 

suggested that the degradation of settled detrital aggregates is necessary for erosion 

to occur. There are numerous studies on the effect of benthos on sediment transport 

(for example, Nowell et al, 1981; Eckman et al, 1981; Jumars and Nowell, 1984). 

Studies on seafloor stability in Long Island Sound (Rhoads et al, 1978; Yingst and 

Rhoads, 1978) showed that the seasonal change of critical rolling and saltation 

velocities, which is lowest in early summer, is a result of destabilization of the 

sediment surface by the reworking activities of meio- and macrofauna that break up 

the boundary layer of aggregates. Hargrave (1978) showed that biological respiration 

by sediment cores from Bedford Basin increased towards the summer and reached 

the highest value in early July. He suggested that this reflected delayed incorporation 

of freshly deposited phytoplankton in the benthic food web. There is no quantitative 

evidence for degradation of phytodetritus on the sea bed, but microscope observation 

of bottom water samples shows some morphological changes of particles in the 

nepheloid layer (Fig. 2-9-10). Further, POC concentration decreased and fell below 

the detection limit on May 16 and June 2. These results may support the mechanism 

suggested by Lampitt (1985), i.e., resuspension occurs only if the sediment-water 

interface is composed of a detrital layer and only if the detrital aggregates have 

degraded somewhat. At this study site, however, the nepheloid layer existed longer 

(over 3 months) than was reported for the open ocean (about 20 days at the deep 

sea-floor)(Lampitt, 1985). This is primarily because in coastal waters surface 
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biological activity is much higher than in the open ocean and consequently more 

material settles to the bottom. Also, nutrients are less limiting than in the open 

ocean and thus, surface biological activity is still high even after the spring 

phytoplankton bloom. At this study site Chl.a concentration stayed within a range 

of 2.5 to 8.5 /xg/1 through the summer (Irwin, 1991). 

Changes in thickness and composition of the bottom nepheloid layer with time 

were also found in this study. The bottom nepheloid layer became thicker and 

reached 30 m above the bottom on June 21, followed by clearing at mid-water and 

thinning of the bottom nepheloid layer. Three factors affecting formation of the 

nepheloid layer can be identified. The first is the quantity of "rebound" materials, i.e., 

particles that have settled through the water column but have not become 

incorporated into the sediment (Walsh et al, 1988). The second is the energy to 

resuspend particles. The third possible factor is the decrease of particle settling 

velocity in the deep water due to the increase of water density with depth. The 

quantity of rebound materials increases with surface biological activity and with high 

fluvial input from the end of March to the end of April (Fig. 2-4). Increase of 

rebound material, along with some degradation of particles, contributes to the 

quantity of resuspendable materials forming the bottom nepheloid layer. Lampitt 

(1985) suggested tidal currents as the source of energy to resuspend particles. In this 

study the relationship between tidal mode and strength of the bottom nepheloid layer 

was not clear. Low frequency intrusion events are the primary mechanism for the 

replacement/renewal of bottom water in Bedford Basin (Ruddick, 1986). Two 
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intrusion events were observed from sigma t change on March 18 and April 26 (Fig. 

2-12) and were manifest in high light-scatter between 50 m and 60 m on both days. 

There were no other intrusion events during the study. The probable energy sources 

in this study site include vertical mixing by tidal friction acting on the bottom water 

at the sill depth (20 m), wind mixing that is larger than that due to tidal friction at 

this sampling station, and seiching. None of these three energy sources appeared to 

increase during the period of bottom nepheloid layer formation (April to July). 

Accumulation of particles in the deep water caused by decreased particle settling 

velocity in higher density deep water is one possible mechanism of bottom nepheloid 

layer formation. However, sigma t in the deep water decreased slightly towards the 

summer and consequently this effect does not explain the development of the bottom 

nepheloid layer in this study. Therefore, the increase in resuspendable material on 

the sea bed, originating from surface biological activity, must be the most important 

among the three possible factors for development of the bottom nepheloid layer in 

this study. 

Integration of light-scatter in total (0-60 m) and in three layers (0-20 m, 20-40 m 

and 4C 60 m) was calculated for the results (Fig. 2-13). Although there is scatter in 

the linear relationship between light-scatter and SPM concentration, integrated light-

scatter with depth gives an approximation of the change of particle mass distribution 

in the water column with time. Highest total light-scatter was observed on June 21 

(173rd day of the year) corresponding to the existence of the thickest bottom 

nepheloid layer. This was followed by a decreasing total light-scatter. At the 
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Fig. 2-12 Sigma t change with time in the deep water, as an 

indicator of intrusion events. Note that there are two 

peaks in 50 m and 60 m sample on March 18 and April 

26. 
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Fig. 2-13 Integration of light-scatter in total (0-60 m) and three 

layers (0-20 m, 20-40 m and 40-60 m) of the water 

column. 
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beginning of the bloom, the bottom light-scatter was lower than the surface light-

scatter. As the bloom proceeded, the bottom light-scatter increased and during May 

to mid-July was higher than the surface light-scatter. Where the linear relation 

between light-scatter and SPM concentration is strong and changes little with depth, 

such as in the open ocean, particle flux in each layer can be calculated using the time 

series of integrated light-scatter. However, this approach does not seem reasonable 

in this study. 

The composition of particles in the bottom nepheloid layer varied from biogenic 

aggregates to small grain size particles. Many entangled diatom chains (*300 /xm) 

and faecal pellets (>500 pm) were observed in the 50-60 m samples on April 7 and 

13 (Fig. 2-9, 3-9) . In the 60 m samples on April 26 and May 16, the particle size is 

smaller and fewer diatom aggregates were identified. POC concentration decreased 

and fell below the detection limit on May 16 and June 2, when microscope 

observation revealed that samples were composed entirely of small grains. This 

change in composition might be caused by one or both of the following: 

(1) decomposition of organic material of settled biogenic particles and 

(2) stratification of suspended particles. Since a specific depth (60 m) was sampled, 

the vertical distribution of particle composition within the nepheloid layer is not clear. 

Active decomposition of organic matter by a large microbial community has been 

reported for Halifax Harbour (Novitsky, 1990), and thus decomposition of settled 

organic matter is strongly suggested. However, particle stratification may also be an 

important factor. The 1 leight from the bottom that particles reach by resuspension 

is a function of turbulence intensity or upwelling speed and particle gravitational 
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settling. This latter parameter is affected by particle size, density and surface drag, 

and therefore less dense, fluffy, biogenic particles and dense, small-grain, inorganic 

particles with relatively smooth surfaces can be stratified within a nepheloid layer. 

In this study, however, I do not have clear evidence for this stratification. 

Patchiness in the particle distribution is caused by both biological and physical 

characteristics of the water mass. The former includes growth, mortality, sinking, and 

migration rate of plankton and their predators (Parsons et al. 1984). The latter 

includes the density and turbulence structures of the water mass - the effects of which 

on the particle distribution are not yet well known. When the pycnoclines existed in 

surface water, high light-scatter was always observed on top of the pycnocline. 

However, below the pycnocline, high light-scatter did not appear to have any 

relationship with the density structure of the water column. For example, on April 

7, there were light-scatter peaks at 15 m and 25 m, while the density profile showed 

no discontinuity at either depth. Moreover, bottom nepheloid layers were observed 

associated with water of homogeneous density. 

Change of particle characteristics with depth was also observed. Microscope 

photographs and POC concentration measurements on April 7 showed that each 

peak in light-scatter represented a different type of particle (Fig. 2-3, Fig. 2-6 and 

Fig. 2-10). In the surface water (1.5 m) aggregates of small mineral grains and small 

faecal pellets (<150 /*m) were dominant. Particles from the second peak of light 

scatter, 15 m deep, included many ciliates and some short diatom chains. In the third 

light scatter peak at 25 m, POC concentration is high and particles were larger faecal 
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pellets (*300 fim) and diatom chains that were longer than those in the 15 m 

sample. In the bottom nepheloid layer particles consisted primarily of large faecal 

pellets of more than 500 /tm in size and loosely entangled aggregates of diatom 

chains and single diatom chains - particles resulting in a high POC concentration. 

The time or spatial scale of this distinct patchiness are unknown, however, the 

observations of April 7 present an example of the heterogeneity of the vertical 

particle distribution. 
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CONCLUSIONS 

Bottom nepheloid layer formation was observed through a time series study of 

the vertical distribution of suspended particles conducted during and after a 

phytoplankton bloom in a small coastal basin (Bedford Basin, Nova Scotia, Canada). 

Measurements of continuous light-scatter profiles over a six month period using a 

recording backward light-scatter meter reveal that the bottom nepheloid layer in 

Bedford Basin is not a steady state but rather a dynamic phenomenon. At this 

coastal study site, the formation of the bottom nepheloid layer started 2-3 weeks after 

the settling of the surface spring phytoplankton bloom and persisted for a much 

longer period of time (3 months) than has been reported for the open ocean (20 

days) (Lampitt, 1985). Microscope observations and POC measurements showed 

that the particles in the bottom nepheloid layer changed from intact diatom chains 

and large faecal pellets to more degraded small particles with lower POC 

concentrations as the bottom nepheloid layer became thicker and stronger. 

Although the profiles of the particle distribution reflected episodic events such 

as fresh water river input and storm mixing, three general stages were observed 

through the period of the study. During the peak of the spring bloom in March, the 

water column was characterized by a high particle load in the surface mixed layer (0-

8 m) with a smaller but uniform particle load in the middle and bottom water. The 

second stage (mid-April to July) featured bottom nepheloid layer formation (45-65 
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m) and a high particle load in the surface water with minimum light-scatter at mid-

depth. In late July to August the bottom nepheloid layer thinned and the mid-water 

became progressively clearer. 

High light-scatter was always observed on and in the pycnocline in the surface 

water; however, below the pycnocline, occurrence of light-scatter peaks was not 

related to the density structure of the water column. Rather, particle patchiness 

observed in mid-water often reflected the biological patchiness of different species 

of organisms or different stages of the same organisms. In deep water, accumulation 

and degradation of surface derived phytodetritus were the likely cause of bottom 

nepheloid layer formation. In this study, strong biological influence on the 

distribution of particles not only in surface but also in mid- and deep water was 

demonstrated. 

Continuous light-scatter profiles also delineated the vertical extent and strength 

of particle patchiness in the water column. Characteristics of some of this patchiness 

were identified using conventional bottle sampling. These results illustrated that in 

this coastal basin the composition of particles varies with depth as well as with time. 



Chapter Three 

An Intermittent Intermediate Nepheloid Layer 
in Emerald Basin, Scotian Shelf 

63 
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INTRODUCTION 

Continental shelves are regions where a high rate of terrigenous input (Ittekkot, 

1988) and high primary productivity (Berger, 1989) introduce new materials to the 

margins of the ocean. The significance of the continental shelves in biogeochemical 

cycles, especially with regard to the global carbon cycle, has been recognized for the 

last ten years (Deuser, 1979; Berner, 1982; Walsh, 1991; Rowe et al, 1986). The 

Scotian Shelf, which is located on the east coast of Canada, off Nova Scotia, is one 

of the broadest (200 km) continental shelves in the world. The topography of the 

shelf is complicated by the presence of numerous shallow banks and deep basins. 

While high biological productivity in the surface waters on the shelf has been 

reported (Fournier et al, 1977), large areas of the shelf show little net deposition 

(Piper, 1991). However, fine-grained, pelagic sediment that is characterized by high 

organic carbon, nitrogen and carbon/nitrogen ratio (Pocklington etal, 1991; Buckley, 

1991) and enhanced benthic biological activity (Grant etal, 1991) have been reported 

in the basin areas. While storm induced sediment transport of 0.35 mm sand on the 

Shelf was observed and predicted through a model of resuspension (Amos and Judge, 

1991), there is little information about the transport processes affecting particles in 

the water column. 

Optical methods for continuously measuring the vertical particle distribution 

reveal the non-uniform distribution of particles in the water column. High particle 
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concentration is usually observed in the surface mixed layer and originates from 

biological activity and from the terrigenous input through rivers, wind-blown dust and 

in some polar coastal areas, from glaciers. A decrease in particle concentration 

usually occurs below the surface mixed layer and forms the "clear-water minimum" 

that is due to particle dissolution, decomposition and consumption at mid-water 

depths (Biscaye and Eittreim, 1977). Bottom nepheloid layers have been reported 

both in coastal regions and in the deep ocean (e.g., Hollister and McCave, 1984; 

McCave, 1986; Gross et al, 1988), and are formed by resuspension of particles from 

the seabed. These general features are often modified by biological and physical 

events - such as biological patchiness, water stratification and turbid water intrusion 

as a nephel signal in the mid-water column. Intermediate nepheloid layers have been 

detected on the continental slope off Oregon and Washington (Pak etal, 1980a), off 

the west coast of Africa (Pak et al, 1980b), off England (Dickson and McCave, 1986; 

Thorpe and White, 1988) and off submarine canyons (e.g., Gardner, 1989). These 

intermediate nepheloid layers are considered very important for transporting 

particulate matter from the ocean margin to the ocean interior (Murray, 1987). The 

distribution of particles in continental shelves is influenced by the high particle supply 

from coastal area and biological productivity in the surface water and resuspension 

of bottom sediment, which are transported by the mean circulation of the shelf and 

water exchange with the open ocean. 

As a part of the "Halifax Transect" cruise, September 1986, salinity, temperature 

and light-scatter were measured in Emerald Basin. Measurements showed an 
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intermediate nepheloid layer at 180 m depth, 90 m above the bottom, while there was 

no change in density structure at this depth. At the same station seven months later, 

measurements for this station were taken to confirm the existence of this 

intermediate nepheloid layer, to determine its constancy and to identify the 

mechanism of formation. 

MATERIALS AND METHODS 

Emerald Basin is situated at the centre of the southeastern Scotian Shelf and is 

open to the slope through the Emerald Bank - LaHave Bank gap often called the 

"Saddle" (Fig. 3-1). Emerald Basin is 50 km wide, 100 km long and 270 m deep at 

the deepest point. Surficial geology and sediment stratigraphy of the Basin are well 

described by King (1970) and King and Fader (1986), and have recently been 

summarized by Piper (1991). Sampling stations are shown in Fig. 3-1. Station 1, in 

the deepest part of the Basin, is located at the site of one of the "Halifax Transect" 

hydrographic stations of Bedford Institute of Oceanography, and consequently there 

is a long term record of the water properties (Drinkwater and Taylor, 1982). Station 

2 is located on the western flank of the Basin, 30 km north-northwest of station 1. 

Station 3 is in the northern end of the Basin, 63 km northeast of station 1. Station 

4 is in the adjacent basin, which is located north of and is connected to Emerald 

Basin through a narrow channel 180 m deep. Stations 5 and 6 are at the east and 



•"1 " ( 

f ! 

L1 

It 

M 
. ! 

t 
I 

e l 
r 

U 

s4 

! 'I H 

3 

51 
il 

67 

Fig. 3-1 Study area. Station 1 is at the deepest point of 

Emerald Basin (270 m). Station 1-3, 5 and 6 are in 

Emerald Basin and Station 4 is in the adjacent basin. 
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west slopes of Emerald Basin, respectively. 

Measurements were made, aboard CS.S. Dawson April 22 to 26, 1987, using a 

recording backward light-scattering meter for particle distribution measurement 

(Johnson and Wangersky, 1985) attached to a CTD (Guildline 8709) for salinity and 

temperature measurement. The condition of the instrument is changed from the 

study in Chapter Two (baseline of the instrument is lower than 2.88). Variance of 

the light-scatter by noise is 0.004 (estimated as shown in appendix I). Water samples 

for Chl.a measurement were taken by rosette sampler at depths selected on the basis 

of the light-scatter profile. There is no measurement of SPM concentration available 

in this study. Calibration of the light-scatter measurements and SPM concentration 

in Chapter Two (Fig. 2-2) might be referred, although the relationship obtained in 

Fig. 2-2 will not be applied directly to this area. 

OBSERVATIONS 

A time series of depth profiles of light-scatter, salinity and temperature were 

taken from April 22 to 24 and April 26 at station 1 (Fig. 3-2). Some profiles show 

a weak maximum in light-scatter just above the pycnocline (80-100 m) (Fig. 3-2a,b 

and e), but these are not as strong as reported elsewhere for slope regions (Thorpe 

and White, 1988; Dickson and McCave, 1986; Pak et ul, 1980a,b). A bottom 

nepheloid layer was observed in all profiles (except Fig. 3-2b, for which data were 



Fig. 3-2 Vertical profiles of salinity, temperature, sigma t and 

light-scatter at Station 1 (270 m deep). Sampling time 

(local time) and day is a, 1:30, April 22; b, 10:00, April 

22; c, 19:36, April 22; d, 15:45, April 23; e, 19:50, April 

23; f, 9:30, April 24; g, 1:35, April 26, respectively. The 

bottom nepheloid layers appear in all th" profiles except 

b (malfunction of the instrument below 200 m). Arrows 

show the appearance of the intermediate nepheloid 

layers in a, d and f. 
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taken only to 200 m because of a malfunction of the instrument). A distinct feature 

of the light-scatter profiles is the intermittent occurrence of an intermediate 

nepheloid layer. A strong (30 m thick) nephel signal was observed on the first day 

of sampling at a depth of about 180-190 m (Fig. 3-2a). Thirty eight hours later, two 

small peaks at 140 m and 170 m (Fig. 3-2d) were recorded. At 56 hours, a small 

narrow peak appeared at 190 m depth (Fig. 3-2f). Other possible nepheloid layers 

include a weak, broad light-scatter peak at 130-150 m in Fig. 3-2f, and 130-150 m and 

160-170 m in Fig. 3-2g, but these are not as distinct as other nephel signals. Light-

scatter profiles from the five other stations are shown in Fig. 3-3. Intermediate 

nepheloid layers were observed at 130 m depth (40 m thick) at station 4, which is 

located in the adjacent basin north of Emerald Basin; at 170 m (40 m thick) at 

station 5 and as a small peak at 170 m at station 6, in Emerald Basin. All of the 

intermediate nepheloid layer signals in Emerald Basin occurred at a depth between 

150 m and 200 m, except one (upper light-scattering signal, 140 m deep, in Fig. 3-

2d). 

Chl.a concentration, from samples taken at the time of the light-scatter 

measurements shown in Fig. 3-2a, shows a strong peak at around 30 m with relatively 

high concentration (>1 fig/l) at the top of the pycnocline (*80 m) (Fig. 3-4). There 

is also a small peak of Chl.a around 190 m depth that corresponds to the light-scatter 

peak. 

Three water masses were observed from salinity and temperature profiles, and 

are in agreement with previous descriptions of this region: (1) Surface water flowing 



3 Vertical profiles of salinity, temperature, sigma t and 

light-scatter at Station 2-6. Bottom depth, sampling time 

and day in each stations are Station 2,180m, 23:50, April 

24; Station 3, 215 m, 10:35, April 25; Station 4, 195 m, 

13:30, April 25; Station 5, 220 m, 21:50, April 25; Station 

6,188 m, 11:15, April 26, respectively. Station 4 is at the 

adjacent basin and others are at Emerald Basin stations. 

Arrows show the appearance of the intermediate 

nepheloid layers in Station 4, 5 and 6. The intermediate 

nepheloid layer in Station 4 is at the depth of 120-150 m, 

which is shallower than those observed in Emerald Basin 

stations. 
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Fig. 3-4 Chlorophyll a concentration at Station 1. Note a small 

peak at the depth 180 m that corresponds to the depth 

of the intermediate nepheloid layer in Fig. 2. 



I 

76 

Chi. a concentration (ug/l) 

250 

Fig. 3-4 



77 

from the Gulf of St. Lawrence on the western side of Cabot Strait; (2) Subsurface 

water from the Cabot Strait; (3) A warm saline bottom layer that is characteristic of 

slope water (Warner, 1970; Houghton et al, 1978; Smith et al, 1978). The water 

mass in which the intermediate nepheloid layers occurred has characteristics of water 

mass (3). There were no density discontinuities at the depths corresponding to the 

occurrence of observed intermediate nepheloid layers. 

DISCUSSION 

Causes of non-uniform distribution of particles in the ocean are roughly 

categorized into those due to biological control and those due to physical control, 

although these two factors are sometimes closely related. The former includes 

biological patchiness in the water column (Fowler and Knauer, 1986; Alldredge and 

Silver, 1988) and the latter includes particle patchiness associated with a strong 

halocline or thermocline and attendant pycnocline (Drake, 1974), and patchiness due 

to turbid water intrusion (Gibbs, 1974), turbulence caused by bottom current stress 

(Smith and Hopkins, 1972; Sternberg and McManus, 1972; Gross et al, 1988; 

Gardner and Sullivan, 1981; Hollister and McCave, 1984; Newberger and Caldwell, 

1981) and internal waves (Caccione and Drake, 1986; Dickson and McCave, 1986; 

Thorpe and White, 1988; Gardner, 1989b). Possible mechanisms for the observed 

intermittent intermediate nepheloid layers on the Scotian Shelf will be assessed from 
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both biological and physical considerations. 

A regional spring phytoplankton bloom occurs during April following winter 

mixing of high nutrients to the surface from the deep central basins (Herman et al, 

1991). Chi. a concentration in the surface water (2.52 /*g/l, surface layer, 0-80 m, 

average, Fig. 3-4) is comparable to the reported value (2-3 pg/l) measured during a 

spring phytoplankton bloom at the same station (Herman et al, 1991), although a 

peak value at 30m depth (6.81 pg/1) is much higher than the previously reported data 

(3.5 ftg/1). It is concluded that a spring phytoplankton bloom occurred in the surface 

layer during the sampling. In addition, this profile has a small peak of Chi. a 

concentration, corresponding to the light-scatter peak at 180 m. Therefore, particles 

in the intermediate nepheloid layer must include biogenic particles produced in the 

surface water. However, this small peak is too deep for biological patchiness of 

phytoplankton; furthermore, it is not likely to be due only to the settling of a 

phytoplankton population from the surface because a corresponding nephel signal 

occurs repeatedly at almost the same depth. Seasonal vertical migration of 

zooplankton in Emerald Basin has been well described by Sameoto and Herman 

(1990) and Herman et o/.(1991). The period of maximum aggregation of copepods 

within the Basin occurs during September-October. During March, they begin 

migrating into the surface waters and by April the deep basin is virtually devoid of 

copepods while early stages of Calanus appear in the surface water in large 

concentrations. Therefore, the intermediate peak of light-scatter does not seem to 

have a biological cause. 

The physical oceanography of the Scotian Shelf has been well characterized in 
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terms of water mass structure (Warner, 1970), circulation and variability (Smith et al, 

1978; Smith and Schwing, 1991), mixing (Houghton et al, 1978) and low-frequency 

motions that result from wind forcing (Petrie and Smith, 1977; Petrie, 1983; Petrie 

et al, 1987). Because Station 1 is at the same location as one of the hydrographic 

stations of the "Halifax Transect" of Bedford Institute of Oceanography, salinity and 

temperature have been measured there on an ongoing basis since 1950 (Drinkwater 

and Taylor, 1982). Moreover, since the Basin has been the site of several current 

meter moorings, current statistics, including tidal analyses, are availabfe (Lively, 1988; 

Gregory and Smith, 1988). The intermediate nepheloid layer is found in water whose 

temperature (9-10 °C) and salinity (34.7-35) properties characterize it as slope water 

(Fig. 3-5). 

Low-frequency slope water intrusions onto the shelf and into Emerald Basin, in 

response to transient wind forcing, were observed and analyzed by Petrie and Smith 

(1977) and Petrie (1983). Since the depth of the intermediate nepheloid layer is 

close to the depth of the Saddle (150m) connecting the slope and the Basin, one 

hypothesis is that upwelled slope water resuspends particles on the Saddle and flows 

into the Basin causing intermediate nepheloid layer formation. Wind direction and 

speed, from the Sable Island weather station (Fig. 3-1, courtesy of Environment 

Canada, Bedford, Nova Scotia), were decomposed into U (positive eastward parallel 

to the shelf break) and V components (positive northward) (Fig. 3-6). Petrie (1983) 

has found that significant upwelling and deep, onshelf flow with velocities of about 

40 cm/s occur at the sAelf break under the condition of moderate (10 to 20 m/s) 
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Fig. 3-5 Salinity and Temperature diagram for the water from 

150 m, 200m and the intermediate nepheloid layer. 
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6 The V component (towards the north) and U component 

(towards the easfl of the wind at the Sable Island 

weather station. More variance was in the U component 

than the V component and 15 m/sec was recorded on 

April 10 in the U component. 



83 

V COMPONENT 

April 
Time (day) 

U COMPONENT 

April 
Time (day) 

Fig. 3-6 



84 

transient eastward wind of 2 or more days duration. An event of about 1 day 

duration when the (J component equalled or exceeded 10 m/s occurred on April 9, 

two weeks before the sampling in the Basin. Using 40 cm/s and the 80 km between 

the middle of the Saddle to Station 1 in the Basin as a representative velocity and 

distance, then the time scale of slope water intrusion to reach the deepest area of 

Emerald Easin is about 2 days. That is, there appears to be sufficient time (about 

2 weeks) for an intrusion to reach the sampling sites. There is little information 

available for the settling velocity of particles associated with the layer of water 

intrusion; however, the reported value for settling velocity of particles in nepheloid 

layers at the Nova Scotia Continental Rise, 12 m/day (McCave, 198,3), gives the time 

scale of 3-4 days for particles settling from 150 m deep to the observed intermediate 

nepheloid layer depth, 180-190 m. That is, it would appear thai any particles 

resuspended during the wind event would have sunk below the observed nepheloid 

layer depth. In addition, a nepheloid layer was observed at shallower depth at 

Station 4, farthest from the channel. From the above results, the wind event 

recorded on April 9 (13 days before the first observation) is unlikely to have caused 

any of the intermediate nepheloid layers observed in this study; moreover, no 

favourable wind event for upwelling, stronger than 10 ra/s, was recorded after April 

10. This mechanism, however, can be very important during winter when strong 

eastward winds are dominant and many upwelling events with strong, onshore flo'-f 

(Petrie, 1983) and significant flushing of the Basin (Hermann al, 1991) occur. This 

might explain the thick pelagic deposition in the Basin (Buckley, 1991; Pocklington 

| I " I ' " I 
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et al, 1991) with little deposition on the Saddle (Piper, 1991). There are possible 

local upwelling events that are attributed to coastal-trapped waves caused by remote 

forcing (Smith and Schwing, 1991). Such events can cause density-driven intrusion 

into the Basin. However, no evidence for this kind of event is available for this study. 

Evidence for the role of internal wavea in nepheloid layer formation has emerged 

from results on the continental slope, e.g., off southern California (Cacchione and 

Drake, 1986), off Porcupine Bank (Dickson and McCave, 1986; Thorpe and White, 

1988) and in Baltimore Canyon (Gardner, 1989). Internal waves of varying 

frequencies can generate intensified bottom velocities and breaking by upslope 

shoaling. The "critical" depth, of this boundary-layer instability is estimated from the 

wave characteristic slope, c and the topographic slope, a. 

N2-a2 

in which a is the wave frequency, / i s the loc^l inertial frequency and N is the Brunt-

Vaisala frequency. Energy concentrated in a narrow, near-bottom band grazes the 

slope where ale -> 1. Therefore, the formation of turbid lenses or plumes of off-

slope flow and transport of fine sediment particles seaward may occur. This is as a 

result of intense zones of turbulent mixing and sediment resuspension on the slope 

in cases where the direction of internal wave energy propagation coincides with the 

bottom slope (Cacchione and Drake, 1986). In addition to focusing the energy of 

internal waves, the slope can serve as a generation site for internal waves. Baines 
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(1974), who concentrated primarily on internal tides, has shown that the most 

effective generation areas are tK)se where the topography is convex upward and 

where c » a. 

The characteristic slope with M2 internal tide frequency was significant on the 

slope off Porcupine bank (Dickson and McCave, 1986; Thorpe and White, 1988), 

while the characteristic slope of higher frequency internal waves was critical off 

southern California (Cacchione and Drake, 1986). There are no internal wave 

measurements available at the sampling station in Emerald Basin. However, the M2 

constituent is the dominant barotropic tide on the shelf, with the north-south 

component (about 7.4 cm/s, amplitude at 250 m in the Basin) exceeding the east-

west component (about 5.8 cm/s); furthermore, semi-diurnal internal tides have been 

found in the Basin (Petrie, 1974, 1975). 

The topographic slope, a, was calculated from the local bathymetric chart 

(Natural Resource Series, Department of the Environment, Canada, 15132-A, 15142-

A) and the characteristic slope, c, was calculated from the salinity and temperature 

data at station 1 (Fig. 3-7-(l)). It is important to note that the sigma t profile at 

Station 1 did not change significantly over the sampling period. Examination of the 

topography of the Basin in the vicinity of Station 1 showed that along 320-330 T, 

coinciding with ths direction of the major axis of the M2 tidal ellipse, the slope was 

the most favourable for the intensification and generation of semi-diurnal internal 

waves, fhere, the parameter ale -* 1 at the depth of 160-170 m. However, since 

this area on the slope and Station 1 are separated by 5 km, a mechanism is needed 

( 



7 The topographic slope, a (circle), calculated from the 

bathymetric chart along 320-330 T from Station 1 in 

Emerald Basin (1) and along 180 T from Station 4 in 

adjacent basin (2) over 10 m contour intervals and the 

characteristic slope, c (asterisk), calculated from equation 

(1). Error bars show 95 % confidence interval. Points 

without error bars indicate that the 95 % confidence 

interval is smaller than the size of the marks. Note that 

the "critical" depth is at 160-171) m in (1) corresponding 

to the main basin, and at 130 m in (2) corresponding to 

the smaller basin to the northeast. 

I 
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to transport the suspended particles. Current meter data, collected within a few 

kilometres of Station 1 during the spring of 1967 and 1968, have mean (root mean 

square amplitude of low frequency currents, maximum) flows of 0.03 m/s along 130 

°T (0.11 m/s, 0.23 m/s) at 95 m and 0.01 m/s along 297 °T (0.11 m/s, 0.29 m/s) at 250 

m. A flow represented by the mean current at 95 m would carry the particles from 

the critical area of the slope to Station 1 in about 2 days. During this time they 

would sink approximately 25 m (assuming a 12 m/d sinking rate) to 185-205 m, in 

reasonable agreement with profiles "a" and "f' in Fig. 3-2. If the flow had the 

magnitude of the root mean square current, only 0.5 d would be required, 

givingparticles time to settle between 165-185 m at Station 1 as observed with the 

deeper nephel signal in Fig. 3-2d. However, this explanation cannot account for the 

shallower of the two nephel signals in "d" (Fig. 3-2) nor for the intermediate 

nepheloid layer at Station 5 (Fig. 3-3), which is far from any potential critical area. 

On the other hand, coincidence of the critical depth and observed intermediate 

nepheloid layer occurred at a depth of 130 m for the adjacent basin (station 4), north 

of Emerald Basin (Fig. 3-7-(2)). It is worth noting that the Brunt-Vaisala frequency 

had a minimum at the nephel signal depth. This implies that well mixed water with 

a higher particle load generated elsewhere was advected to this area. 

Since the depth of the intermediate nepheloid layer appears to match the 

"critical" depth of the M2 internal tide, the intermittency of co-occurrence in terms of 

phase was investigated. The U component (toward the east) and V component 

(toward the north) of the semi-diurnal tidal velocity were calculated at station 1 from 

the available hydrographic data (Drinkwater and Taylor, 1982)(Fig. 3-8). Among 

P 
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Fig. 3-8 V component (towards the north) of the semidiurnal 

(Mj, N2 and S2) tide velocity calculated at Station 1. 

Intermediate nepheloid layers were observed at a, d and 

f. (Time is GMT) 



91 

V component 

24 

April 
Time (days) 

Fig. 3-8 



92 

intermediate nepheloid layers observed at the critical depth, "a" and "d" have the 

same phase relation to the surface tide, i.e. they occurred when the V component was 

strongest to the north. In contrast profile T shows the intermediate nepheloid layer 

180 degrees out of phase. In both cases, the intermediate nepheloid layers appear 

when the V component is strongest. The close relationship between the M2 ti(3al 

cycle and the sediment resuspension (particles on the sea-bed are resuspended when 

the tidal velocity is strong) has been reported for the continental rise off Nova Scotia 

(Pak, 1983), for the Porcupine Seabight (Lampitt. 1985) and for Baltimore Canyon 

(Gardner, 1989). Intermittent resuspension of parixles on the slope at the "critical" 

depth, along with temporal variability of the currents, appears to be the likely cause 

of the observed intermittency of the intermediate nepheloid layers in Emerald Basin. 

The intermittency of nephel signals at Station 1 also implies that other areas of 

the Basin may be deposition zones of the resuspended particles, because in the 9 

hours between profile "a" and "b", and 4 hours between profile "d" and "e", nephel 

signals disappeared. This time scale is not long enough for particles to settle to the 

bottom, i.e. they must have been advected elsewhere. The surficial geology of the 

Basin (King, 1970) indicates that clay is dominant in the eastern part of the Basin, 

while the site of possible resuspension is exposed bedrock. This suggests that the 

likely fate of these particles is deposition in the eastern part of the Basin. 

f 
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CONCLUSIONS 

Intermittent intermediate nepheloid layers in Emerald Basin on the Scotian Shelf 

were found at a depth for which generation and/or energy concentration are most 

likely to occur for the internal tide with M2 frequency. A reasonable explanation of 

this observation would be that the particles are resuspended by the internal tide on 

the Basin slope at the "critical" depth and then are transported by the variable flows 

and mean circulation in the Basin, intermittence of the light-scatter signal at the 

critical depth appears to be ascribable to the intermittency of particle resuspension 

on the Basin slope and temporal variability of the currents. These mechanisms 

appear to be significant over the entire basin. Accumulation of particles in Emerald 

Basin is probably episodic and is related to major storms during winter that 

resuspend surface sediment in shallower areas with little net deposition (Piper, 1991; 

Amos and Judge, 1991). However, sediments carried onto the basin slope by this 

process and particles that have settled from the surface layer are sorted and 

reworked through the year by the more persistent mechanism associated with the 

internal tide. 

The study in this chapter illustrates the strong physical control on particle 

distribution below the surface pycnocline. The results described in this chapter 

present a good contrast to the study in the coastal basin (Bedford Basin) described 

in Chapter Two, where biological control is the dominant factor in the distribution 

I 
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of particles. In both stud'ss strong features in particle distribution below the surface 

mixed layer, i.e., the formation of bottom nepheloid layers and intermediate 

nepheloid layers, appear to be unrelated to the density structure of the water column. 

1 I I 



Chapter Four 

Measuring physical characteristics of particles: 
A new method of simultaneous measurement for size, 

settling velocity and density of constituent matter 
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INTRODUCTION 

The distribution of particles in the ocean results from the combination of water 

structure including flow, density (salinity, temperature and pressure) structure and 

turbulence, and the physical characteristics of particles themselves. However, the 

chemical properties of the water such as oxygen concentration and biological effects 

such as abundance of heterotrophic organisms, including both microbes and higher 

trophic level animals, modify and sometimes strongly influence the distribution of 

particles. The particle distribution is the result after particles are sorted by various 

oceanic processes. In Chapters Two and Three, the particle distribution was studied 

in two marine environments for the purpose of investigating the effect of density 

gradient on marine particle distributions. Results of these studies demonstrate the 

dominance of biological and physical controls. In this chapter, study of the 

distribution of particles is approached from another perspective - the physical 

characteristics of the particles. 

Size, density and settling velocity are fundamental physical parameters for 

evaluating the settling behaviour of particles in the water column and consequently 

the distribution of particles in the water column. Of these physical parameters, 

density has proven especially difficult to measure directly (Taghon et al. 1984). 

Moreover, two kinds of density must be considered. The bulk density, the density of 

aggregate including interstitial sea water, is of primary importance in settling rate. 
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The density of constituent matter, the density of materials comprising the aggregate 

but not including interstitial water, is one of the factors in combination with 

permeability (Gardner et al., 1991) that is suggested to determine the settling 

behaviour of an aggregate in a pycnocline or at a density discontinuity. 

Until now no direct measurement of bulk density of aggregates has been 

reported. The most common method for obtaining estimates of the bulk density of 

aggregates is to calculate it from observed aggregate size and settling velocity and 

Stokes' equation. Using this method, Riley (1970) gave densities ranging from 1.152 

g/cm3for 2 to 6 /*m particles to 1.033 g/cm3for particles of high organic content and 

size >60 (im. Krone (1972) reported 1.164 to 1.056 g/cm3 for <1 mm particles. 

Kawana and Tanimoto (1979) reported that the density of suspended particles with 

diameter from 10 to 100 pm ranged from 2.0 to 1.1 g/cm3 and decreased with 

increasing particle diameter. Shiozawa et al. (1985) using in situ measurements of 

size and settling velocity found the density to range from 1.38 to 1.03 g/cm3 for 10 

lim to 1 mm particles. In his review of available data, McCave (1975) concluded that 

the considerable variability in the data leads to uncertainty of up to a factor of 3 in 

particle settling rates whatever particle shape is assumed. 

More recent studies by Alldredge and Gotschalk (1988) measured the settling 

velocity of macro-organic aggregates with SCUBA in surface waters off southern 

California. The excess density, or difference between bulk density of the aggregate 

and sea water density, was determined to range from 2.2xl0"2 to 1.3xl0"5 g/cm3. These 

limits were calculated from the volume and dry weight of the aggregates, the fluid 
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density and an assumed density of the solid hydrated matter comprising the 

aggregates, i.e. the density of constituent matter. For this last parameter the density 

of wet euphausiid faecal pellets, 1.23 g/cm3 (Komar et al. 1981), was used. This is the 

only estimate of the density of constituent matter that we have been able to find in 

the literature, although Syvitski and Lewis (1980) demonstrated the importance of 

constituent matter density in settling /ate of faecal pellets comprised of clays of 

different types. 

The density gradient method described by Taghon et al. (1984) was modified and 

a simple system was developed to measure the size, density of constituent matter and 

settling velocity, all independently, and for each aggregate. Constituent mfitter 

density measurements reduce the number of unknown physical characteristics of 

aggregates that affect the particle settling behaviour, and in addition, can be used to 

estimate bulk density and porosity. 

METHODS 

The system consists of a column for measuring the settling velocity and density 

of constituent matter of aggregates, a microscope for size determination and a 

camera for recording images for shape information. The column, made of Pyrex, is 

3.2 cm in diameter, 150 cm long, and is marked off in 1 mm increments. An acrylic 

water jacket keeps the column temperature at 15±0.5°C. For imaging aggregates for 
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size and shape determination a Wild stereoscopic dissecting microscope equipped 

with a 35 mm camera (PentaxME Super) is mounted on a travelling stage that allows 

focus in any part of the gradient column (Fig. 4-1). 

The upper 110 cm of the column is filled with filtered (0.45/tm Millipore) sea 

water, and sterilized with 0.2 % sodium azide. The lower 40 cm of the column 

contains a sea water-Metrizamide mixture. Metrizamide, 2-(3-acetamido-5-N-methyl-

acetamido-2,4,6-tri-iodobenzamido)-2-deoxy-D-glucose, a tri-iodinated benzamido 

derivative of glucose, has many advantages as a density gradient medium. It is 

nonionic, chemically inert, and has a low degree of hydration in solution. In addition, 

when mixed with sea water, the solution has a low viscosity and gives a wide range 

of densities (Rickwood and Birnie, 1975). 

To set up an "instant" density gradient column, the Metrizamide stock solution 

(1.4579 g/cm3) and filtered, sterilized sea water are connected by a peristaltic pump. 

Metrizamide solution is pumped into the sea water beaker and mixed by a magnetic 

stirrer. The resulting mixture is then passed into the bottom of the column at half 

the rate of the Metrizamide stock solution flow to form a linear density gradient. This 

density gradient is calibrated using four hollow glass floats with known densities. The 

linearity of the gradient is described in our experiments by 

p = -0.1936 + 0.01088 * h (r^Q.99) (1) 

in which p is the density of the medium in g cm'3 and h is the height in cm from the 
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top of the column (h> 110cm). The linearity of the gradient was very stable through 

the entire 44 day period in which measurements were made (Fig. 4-2). 

Two groups of particles were used to test the system in this study. One group 

was from a small coastal basin, Bedford Basin, Nova Scotia, and was collected on 

Oct. 31 and Nov. 2, 1989. The suspended particle concentration of the ivater 

sampled on Nov. 2, determined using a 0.45 /*m Millipore filter, was 2.76 mg/1. Many 

zooplankton were visible on the filter surface and in the water samples. The other 

group of particles was taken from a laboratory diatom batch culture (Chaetoceros). 

0.2 % Sodium Azide was added to both samples to eliminate biological effects such 

as microbial decomposition of particles and possible buoyancy regulation by living 

organisms incorporated into the aggregates. Laboratory aggregation of the samples 

from Bedford Basin and the diatom culture was created in upwelling as sample water 

was convected slowly in a glass container. The resulting aggregates were sampled 

using very slow flow into a wide-bore pipet designed to minimize aggregate breakup. 

To measure settling velocity, particles were introduced to the top of the column 

and velocity was measured in the sea water layer (Fig. 4-2). To avoid error caused 

by measuring'settling velocity before aggregates reached terminal velocity (W^), the 

length of this transient region was estimated. Newton's second law applied to an 

aggregate of radius, r, yields 

P.V-^ = (p, - p/)gV - ^Vpf-^ - toixrw (2) 

where p, is particle bulk density in g/cm3, V is the volume of the particle in cm3, w 
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Fig. 4-2 Density profile of the column 

0-110 cm : sea water layer with density 1.0217 g/cm3 

110-150 cm : sea water and Metrizamide mixture with 

linear density gradient from 1.0217 to 1.429 g/cm3 
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is the settling velocity in cm/s, g is the gravitational constant 980 cm/sec2, pf is the 

density of the fluid in g/cm3, and /* is the dynamic viscosity in g/cm-s. The first term 

on the right hand side of the equation is the gravitational force, the second term is 

the virtual inertia due to particle settling (Batchelor, 1967), and the third term is the 

frictional viscous drag (assuming Re<l). From this equation, the settling velocity is 

9fi 

in which 

fi = 
9/J. 

2(Pa + pf/2)r 9.V2 

(3) 

The distance particles sink as a function of time is 

X — I wdt 

_2(p , -p f)gr2 

9ii 
t+ 

2(p,+P//2)r2 

9u. exp(p?)+- (4) 

In order to reach 99% of terminal velocity (w099), the particle sinks for time t 

r = P_I log 0.01 (5) 

-^0.99 ~ 

4(3.61)(pJ-p/)(pJ + p //2)r4g 

81|i2 (6) 

= 1.7^106(p3-p/)(p,+P//2)r4 
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When (pt-p{) = 10^ g/cm3 and r=l mm, X ^ =2.6*102 cm; when (p,-p,)= 10"2 g/cm3 

and r=l mm , X ^ =2.6 cm; when (Pi-pi)** 10"1 g/cm3 and r=lmm, Xo,, = 27.8 cm. 

Most of particles in this study were less than 1 mm in radius. When (p,-p() varies 

from 10'1 to 10"* g cm3, X ^ is less than 30 cm. Therefore 30 cm should provide 

sufficient distance for most of the particles in this study to reach terminal velocity. 

The use of equation 2 with the Stokes condition for settling is strictly 

applicable to spheres settling at Re<<l, but is reasonably accurate for spheres at 

Re<l (Batchelor, 1967). Clearly, aggregates in the ocean are not typically spherical 

nor are they limited by Re<l, although in the case of Re>l the length of the 

transition regiod should be shorter than that predicted from the above treatment. 

While more comprehensive equations of aggregate settling that include the 

influence of shape can be found in the literature, equation 2 is sufficiently accurate 

for our purpose to estimate the length of the settling transition region. Note too that 

replicate measurements of settling velocity were made for each aggregate. A 

stopwatch was used to measure the time of particle sinking through specific depth 

intervals in the settling velocity region of the column. Settling velocities were 

sufficiently low that at least three measurements were made during the descent of 

each aggregate from the Bedford Basin samples, and at least ten measurements were 

made during the descent of each aggregate from the Chaetoceros culture. When the 

first measurement was significantly lower than the subsequent measurements, the first 

result was discarded, the assumption being that the particles had not yet reached 

terminal velocity. In most cases settling velocity results for each particle were in good 
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agreement (the coefficient of variation, CV<6%). 

The maximum diameter (that perpendicular to the settling direction) and the 

maximum length (that parallel to the settling direction) were measured to 0.01 mm 

using an ocular micrometer fitted to the microscope eyepiece. These measurements 

were made after particles had settled into the density gradient portion of the column 

and had slowed in sinking rate. 

Measurement of the density of constituent matter was performed in the density 

gradient portion of the column. Since settling velocity is a function of the density 

difference between the aggregate and ambient fluid, settling velocity decreases as the 

aggregate sinks into the density gradient portion of the column. Particles stop sinking 

when the density of constituent matter is equivalent to the density of the ambient 

fluid. Therefore the aggregate constituent matter density is obtained from the 

ambient fluid density where the particle stops settling. In any part of the column, the 

fluid density is calculated from the calibration floats and the linearity of the gradient 

(Equation 1 and Fig. 4-2). 

Aggregates contain interstitial fluid. As an aggregate settles in a medium of 

different density, exchange of the fluid between interior and exterior of the aggregate 

occurs. Here, only the final position of the aggregates is needed to evaluate the 

density of constituent matter. Most of the aggregates required only 3 to 4 hours to 

reach either an equilibrium position in the density gradient or to settle to the bottom 

of the column. 

Uniform latex particles (styrene divinylbenzene) were used to test the 
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precision of our density measurements. The latex used has a diameter of 25.7 p.w 

and p of 1.05 g cm'3. One ml. of latex suspension (10% by volume) containing 

approximately 107 latex particles was introduced at the top of the column. The 

particles settled to form a band 8 mm J- .k, corresponding to a density range of 

7X10"3 g cm"3. From equation 1, this band is between 1.047 and 1.054 g cm'3. Since 

this result includes real variation in the density of the latex particles, error from the 

experiment is less than 0.7%. 

For aggregates that settled to the bottom of the column, densities of constituent 

matter were determined from extrapolation of the time vs. density curves (Fig. 4-3a); 

i.e. after sufficient time, all interstitial water is exchanged with the ambient water and 

therefore the asymptote for density vs. time curve represents the density of the 

constituent matter of aggregates. To do this, the curve of density vs. time in Fig. 4-3a 

is approximated by assuming the density change due to water exchange occurs as 

y=at/(b+ct), known as a saturation curve, in which y is the density in g/cm3, t is time 

in minutes, and a, b and c are constants. The saturation curve was empirical and 

there is no mechanisms implied. Time scale for the density change of aggregates due 

to the water exchange by diffusion and advection processes was estimated in a two-

layer system in chapter 5. When t -> oo, y -> a/c. Therefore a/c is the extrapolated 

density of constituent matter of the aggregate. In order to obtain a/c, t/y was plotted 

against t (Fig. 4-b). Since t/y = b/a + (c/a)t, the reciprocal of the slope of the linear 

regression is a/c, and gives the density of constituent matter of an aggregate. At t 

< 40, t/y did not follow a straight line; however, the linear region of the plot (t>40 

minutes) gave a very high correlation coefficient (r = 0.99, p< 0.001). For example, 
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Fig. 4-3 (a) Settling of a particle (sample no.21 in Table 4-1) 

through the density gradient column as a function of 

time. This curve is assumed to be expressed as a 

saturation curve : y = at/(b+ct) 

(b) Plot of Y = t/y against t and linear regression for t>40 

minutes 

Y = 6.022 +0.683t (r=0.99, p<0.001) 
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for one aggregate (No.24 in Table 4-1) the linear regression was t/y = 6.022 

+0.6831. The reciprocal of the coefficient of t gave the density of constituent matter 

for this aggregate as 1.464 g/cm3. 

RESULTS AND DISCUSSION 

System 

The system was used to determine properties of 24 aggregates produced in the 

Bedford Basin sea water samples (0.5 m, 5 m and 65m depth) and of 20 aggregates 

produced in the Chaetoceros culture. Some of the aggregates from the Bedford Basin 

samples contained intact copepod bodies while others were aggregates of small 

minerals and organic debris. Diameter, settling velocity and density of constituent 

matter of each aggregate are shown in Table 1 for the Bedford Basin samples and 

in Table 2 for the Chaetoceros samples. 

The size, shape and porosity of aggregates undoubtedly depend on the flow 

regime, chemical composition of the water and surface properties of constituent 

particles. Since the aggregates in this study were reaggregated in the laboratory, they 

might not be representative of those in a particular marine environment; however, 

they do serve to demonstrate the method. 

The diameters of the aggregates in this study ranged from 0.29 mm to 1.79 mm. 

Maximum length, that parallel to the settling direction, ranged from 0.24 to 2.22 mm. 

These dimensions are well within the range reported for marine aggregates. During 
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Table 4-1 

Diameter, maximum length, settling velocity, density of constituent matter, excess 
density, bulk density and porosity of aggregates produced in Bedford Basin sea water 
samples. (The two results in parenthesis for density of constituent matter were 
obtained by extrapolation using the method described in this paper.) Estimated 
errors for diameter and length measurements are ±0.03 mm. For settling velocity it 
was ±6% of the measurement and for the density of consituent matter it was ±0.7% 
of the measurement. 

Sample 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 • 
22 
23 
24 

depth 

(M) 

65 

5 

0.5 

Diamete 
(mm) 

0.71 

0.94 
0.53 
0.88 
0.59 
0.89 
0.41 
0.76 
0.53 
0.47 
0.29 
0.35 
0.59 
0.53 
0.35 
0.29 
0.65 
0.88 
0.71 
0 53 
0 59 
0 45 

Settling Constituent 
Length Velocity 
(mm) 

1.18 

1.29 
0.4/ 
1.29 
1.35 
1.18 
0.47 
0.88 
0.59 
0.53 
0.53 
0.59 
0.59 
0.35 
0.53 
0.53 
1.18 
0.71 
1.06 
0.59 
0.29 
0.88 

(m/day) 

126 
144 
183 
114 
136 
36 
91 

110 
67 
51 
86 
54 

116 
245 
26 

262 

Density 
(g/cm3) 

1.358 
> 1.439 
> 1.439 
> 1.439 

Excess 
Density 
(g/cm") 

0.0053 

0.0027 
> 1.439(1.497)0.0103 

> 1.439 
> 1.439 
> 1.439 
1.267 
1.306 

1.095 
1.100 
1.274 
1.274 
1.313 
1.314 
1.397 

1.321 
1.218 
1.216 

0.0010 
0 0056 
0.0030 
0.0085 
0,0019 
0.0065 
0.0052 

0.0058 
0.0067 
0.0011 

> 1.439(1.464)0,0275 

Bulk 
Density 
(g/cm3] 

1.0270 

1.0244 
1.0320 
1.0227 
1.0273 
1.0247 
1.0302 
1.0236 
1.0282 
1.0269 

1.0275 
1.0284 
1,0228 

1,0492 

Porosity 

0.984 

0.978 

0.992 
0.977 

0.984 

0,996 

0,938 



Table 2-1 continued 

Porosity (a) is calculated as follows; 
Bulk density (ps) is 

/>, = ( ! - a)pe + apf (1) 

From 

Excess 

Stokes' 

density (p. 

equation 

, - pf) is 

v — 

{Ps 

Pc ~ Ps 
a = 

Pc-Pf 

Kps - p/)gr2 

9p 

9vp 
Pf) = 2gr* 

9va 

v and r are measured. 
pf is measured or calculated from the salinity and the temperature. 
// is calculated. 
g is 98,0 cm/su2 

.'. p3 is calculated. 

Use this ps ahd measured pc, a can be calculated from (1) 

a: Porosity v: settling velocity 
p„: bulk density g: gravitational acceleration 
pc: density of constituent matter r: particle diameter 
pf. density of the ambient fluid p.: dynamic viscosity 



114 

Table 4-2 

Diameter, maximum length, settling velocity, density of constituent matter, excess 
den?ity, bulk density and porosity of aggregates produced in laboratory diatom 
(Chaetoceros) culture. Estimated error for diameter and length measurements are 
+0.03 mm. For settling velocity it was ±6% of the measurement and for the density 
of consituent matter it was ±0.7% of the measurement. 

sample Settling Constituent Excess Bulk Porosity 
No. Day Diameter Length Velocity Density Density Denisty 

25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 

1 
1 
1 
3 
3 
3 
3 
3 
7 
7 
10 
10 
10 
14 
14 
14 
44 
44 
44 
44 

(mm) 

0.64 
0.95 
0.79 
0.86 
0.80 
0.99 
1.36 
0.86 
0.99 
0.74 
1.67 
0.93 
0.80 
1.05 
1.24 
1.11 
1.24 
0.74 
1.79 
1.30 

(mm) 

0.95 
1.11 
2.22 
1.24 
1.11 
1.30 
1.48 
1.17 
1.17 
1.24 
2.16 
1.17 
0.93 
136 
1.85 
1.17 
1.11 
0.80 
1.54 
1.48 

(m/day) 

21 
14 
18 
11 
15 
18 
25 
14 
13 
14 
51 
14 
9 
30 
20 
24 
97 

138 
' 83 

(g/cm3) 

1.341 
1.347 
1.356 
1.341 
1.344 
1.264 
1.275 
1.275 
1.268 
1.267 
1.326 
1.320 
1.324 
1.289 
1.322 
1.257 

(g/cm3) " 

0.0011 
0.0003 
0.0006 
0.0003 
0.0005 
0.0004 
0.0003 
0.0004 
0.0003 
0.0005 
0.0004 
0.0003 
0.0003 
0.0006 
0.0003 
0.0004 
0.0013 

0.0009 
0.0011 

fa/cm3) 

1.0228 
1.0220 
1.0223 
1.0220 
1.0222 
1.0221 
1.0220 
1.0221 
1.0220 
1.0222 
1.0221 
1.0220 
1.0220 
1.0223 
1.0220 
1.0221 
1.0230 

1,0226 
1,0228 

0.999 
0.9'J8 
0.999 
0.999 
0.999 
0.999 
0.998 
0.998 
0.999 
0.999 
0.998 
0.999 
0.999 
0.995 

0.996 
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the settling observations I noted that some aggregates change shape and sometimes 

break up into smaller pieces. Deformation usually resulted in a more comet-like 

shape, and was observed mainly in the upper part of the column. Aggregates for 

which breakup or significant deformation occurred were not included in the results 

described in Tables 2-1 and 2-2. 

Settling velocity ranged from 9.2 m/day to 262 m/day, giving a range within that 

of reported data (Alldredge and Silver, 1988 a review). 

Density of constituent matter of particles ranged from 1.095 g/cm3 to more than 

1.439 g/cm3. Eight particles out of 24 produced in the Bedford Basin samples were 

more dense than 1.439 g/cm3, requiring that their densities b", determined from 

extrapolation of settling data. The only information on density of aggregate 

constituent matter available in the literature for marine macroaggregates, 1.23 g/cm3 

for the wet density of euphausiid faecal pellets (Komar et al., 1981) lies within the 

range of measured values in this study. Clays incorporated into faecal pellets in the 

laboratory feeding studies of Syvitski and Lewis (1980) had densities significantly 

higher than our constituent particle density measurements. 

Excess density, the difference between particle bulk density and the density of 

surrounding water, was calculated assuming Stokes settling (Tables 2-1 and 2-2). 

Bulk density, used to estimate fluxes from aggregate size (e.g., Gardner and Walsh, 

1990), is obtained by adding the density of surrounding water (in our study, 1.0217 

g/cm3) to the excess density. The excess density ranged from 3.00 x 10"4 to 1.03 x 10"2 

This is within the range of reported values (Alldredge and Gotschalk, 1988). The 
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porosity is the ratio of volume that is filled with sea water to the volume of the 

aggregate. The porosity was calculated from the estimate of the bulk density and the 

measurement of the constituent matter density. The resulting porosities were greater 

than 0.938 (Tables 2-1 and 2-2). 

The relationships between measured physical parameters for particles sampled 

both from Bedford Basin and diatom culture are shown in Fig. 4-4. Most of the 

particles are larger in the axis of settling direction than the one perpendicular to it. 

These two parameters have a very good correlation (P<0.001)(Fig. 4-4a). No clear 

relationship was observed between aggregate size and the density of constituent 

matter nor aggregate size and settling velocity (Fig. 4-4b,c), while the density of 

constituent matter and settling velocity had a very weak correlation (Fig. 4-4d). 

Aggregates from Bedford Basin 

In the Bedford Basin sample, aggregate diameter and length had a significant 

correlation (P<0.001) and particles are elongated in the settling direction. This 

tendency is clearer in aggregates with larger diameter (Fig. 4-5a). The correlation 

between diameter and density of constituent matter and between the density of 

constituent matter and settling velocity are very weak (P<0.1). There was no 

significant correlation between diameter and settling velocity of aggregates. There 

are not enough data to discuss the difference of physical parameters with sampling 

depths. However, it is worth noting that the settling velocities of aggregates sampled 

from 65 m depth are relatively constant and slightly higher (average=140.6 m/d, 



4-4 The relationships between diameter and length, diameter 

and settling velocity, diameter and density of constituent 

matter and density of constituent matter and settling 

velocity of aggregates from both Bedford Basin and 

diatom culture. Diameter and length of aggregates are 

correlated at the significance level P< 0.001 

(Y=0.99x+0.24), while, the correlation between diameter 

and settling velocity is weak (P<0.01, Y=580x-718). 

There is no significant correlation for others. Points in 

parenthesis are particles that have the density of 

constituent matter more than 1.439 g/cm3, and the 

constituent matter density was not obtained by 

extrapolation. These points were excluded from the 

correlation calculation. 
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4-5 The relationships between diameter and length, diameter 

and settling velocity, diameter and density of constituent 

matter and density of constituent matter and settling 

velocity of aggregates from Bedford Basin. Diameter 

and length of aggregates are correlated at the 

significance level P<0.001 (Y=1.15x+0.24), while the 

correlation between diameter and density of constituent 

matter and between density of constituent matter and 

settling velocity are weak (for both, P<0.1, 

Y=0.137x+0.894 and Y=675x-809, respectively). Points 

in parentheses are particles that have the density or 

constituent matter more than 1.439 g/cm3, and 

constituent matter density was not obtained by 

extrapolation. These points were excluded from the 

correlation calculation. 
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SD=26.2 m/d), compared to that of aggregates from surface waters (0.5 m and 5 m, 

mean=114 m/d, SD=75.28 m/d), even though diameter and the density of constituent 

matter are variable. As a result of reworking of marine particles - aggregation, 

disaggregation, shape modification or being compacted, during settling or 

resuspension, many aggregates in deeper water might become adjusted to the 

ambient hydrodynamic conditions and tend to have a constant settling velocity 

towards the bottom, compared to the aggregates in surface waters that have not 

experienced much reworking. 

Aggregates from the Diatom Culture 

Aggregates from Bedford Basin are composed of phytodetritus, the parts of 

zooplankton and other biogenic materials and inorganic minerals. Aggregates 

collected from the diatom (Chaetoceros) culture, however, include only aggregates of 

diatom detritus. Chaetoceros is a major spring phytoplankton bloom species and 

known to be a primary marine snow constituent in Bedford Basin, Nova Scotia 

(Kranck and Milligan, 1988) and in California coastal waters (Alldredge and 

Gotschalk, 1989). Aggregates of day 1 were taken right after the diatom bloom 

started flocculating (Chi a. concentration was 132.12 /tg/1 and 4 days later value 

dropped to 71 pg/1). Samples were taken until 44 days after the first sampling. Time 

series of diameter, length, diameter/length ratio settling velocity and density of 

constituent matter of aggregates are shown in Fig. 4-6. As the culture aged, the 

settling velocity of aggregates and diameter/length ratio of aggregates increased with 

time, while there was no significant relationship in diameter vs.time, length vs. time 



4 
? 
ft 

122 

l Fig. 4-6 The changes of size, length, settling velocity, size/length 

and constituent matter of aggregates from diatom 
1 
'l (Chaetoceros) culture with time. 
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and the density of constituent matter of aggregates vs. time. As a result, decrease in 

porosity of aggregate (calculation for porosity is described in Table 4-1), with time 

is indicated (Fig. 4-7). The diameter/length change with time suggests that aged 

aggregates become more robust and that the shape of the aggregates is not modified 

as readily as for fresh aggregates, which were often observed to form a comet shape 

during settling. Moreover aggregates found in the aged culture settle faster, since 

they are more compact and have lower porosity (larger bulk density) with time. 
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Fig. 4-7 Change of the porosity of aggregates from diatom (Chaetoceros) culture 

with time. 
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CONCLUSIONS 

Measurements of physical properties of particle aggregates, including size, density 

and shape, are important for understanding the dynamics of suspended particulate 

material in the ocean. A system was developed that gives simultaneous and 

independent measurements of size, settling velocity and density of constituent matter 

of aggregates. Especially important among these parameters is density of aggregate 

constituent matter, a measurement not previously made on marine aggregates and 

considered an important parameter for influencing the particle distribution at the 

pycnocline. Aggregates produced in the laboratory from diatom culture and from 

particles collected in coastal waters have been used to test the system. Results 

showed that the density of constituent matter was > 1.095 g/cm3 for aggregates from 

Bedford Basin and > 1.257 g/cm3 for aggregates from the diatom culture. Settling 

velocity ranged from 26 to 262 m/d for Bedford Basin aggregates and from 9 m/d to 

138 m/d for the diatom aggregates. Particle size ranged from 0.29 mm to 0.94 mm 

for Bedford Basin aggregates and 0.64 mm to 1.79 mm for diatom aggregates. From 

these measurements, the calculated porosity was very high (> 0.938 for Bedford Basin 

sample and >0.995 for the diatom culture sample). These values are used in the next 

chapter to model the effect of density discontinuity on the particle distribution. 



Chapter Five 

Density Structure of the Water Column and 
the Marine Particle Distribution 
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INTRODUCTION 

Marine particles experience various discontinuities in water characteristics during 

lateral and vertical transport from sites of generation or introduction. A vertical 

density discontinuity, the pycnocline, is one of them. Since particle settling velocity 

is controlled by density differences between the particle and the ambient fluid as well 

as particle size and shape, there have been suggestions in the literature that density 

stratification and particle distribution should be correlated. In the early 1970's, 

Carder (1971) reported a correlation between light-scatter and Brunt-Vaisala 

frequency for water samples collected using bottles. Using submersibles, Russian 

(Aybulatov and Novikova, 1984) and Japanese researchers (Ebara and Asaoka, 1985) 

reported on abundance and shape of marine snow at discontinuity layers. Their 

results indicated a rapid decrease in concentration, an increase in size and change in 

shape of aggregates below the density interface. 

Introduction of in situ optical methods, including transmissometers and light-

scatter meters, that enable continuous measurement of the particle distribution 

offered new insights into the role of the density discontinuity in particle distribution 

and transport. An early study by Drake (1971) concluded that there was a close 

relationship between turbid layers and vertical thermal gradients off southern 

California, although the study did not contain a detailed comparison of light-scatter 

and temperature profiles. Many recent studies have shown the accumulation of 
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particulate matter on the seasonal or permanent thermoclines, (e.g. Pak et al, 

1980a.b, Thorpe and White, 1988); however, the mechanism that sustains particle 

accumulation is still unknown. Moreover, very few studies have been conducted on 

the relationship between the small scale density structure observed in mid- and deep 

water and the particle distribution. 

In this chapter, measurements of light-scatter and density of the water column, 

which were collected from the western North Atlantic, "Halifax Transect" July, 1989, 

from Bedford Basin (Chapter 2) and from Emerald Basin (Chapter 3), are 

investigated and compared to identify the relationship between density stratification 

and the distribution of particles. A simple model, using the measurements of physical 

properties of marine particles (described in Chapter 4), is developed to test the effect 

of a density discontinuity on the retardation of particle settling and attendant particle 

accumulation in this layer. 

The words "discontinuity" and "interface" are used in this study to describe an 

abrupt change in water characteristics. The "pycnocline" is one type of discontinuity 

or interface and refers only to the density of the water. 

RESULTS AND DISCUSSION OF THE FIELD DATA 

Light-scatter measurements and calculated densities of the water column from the 

"Halifax Transect" (Fig. 5-1) are shown in Fig. 5-2 (because of the depth limitation 



Fig. 5-1 "Halifax Transect" stations in the western North Atlantic. 

Station 1 The Scotian Shelf Station (100 m depth) 

Station 2 The Scotian Slope Station (200 m depth) 

Station 3 The Gulf Stream Station (4000 m depth) 
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Fig. 5-2 Vertical distribution of light-scatter and sigma t at three 

stations from "Halifax Transect". 
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of the light-scatter meter, only the uppermost the 200 m of data are presented). 

The "Halifax Transect" is located south of Halifax (64°33') and is a regular 

hydrographic study area that includes the Scotian Shelf, the Scotian Slope and Gulf 

Stream. Detailed studies of the water mass structure are available. The Scotian shelf 

station (station 1) consists of three layers. The upper 30 m water is called "coastal 

water", flowing from the Gulf of St. Lawrence through the western side of Cabot 

Strait and is characterized by low salinity (<32 %o) and seasonal temperature 

variations (in this study, 10-15 °C). The intermediate layer, which has cold 

temperatures (< 5°C) and a salinity of 32-33 %o, extends from 30 m to 75 m depth. 

A warm saline (>5 °C, >33 %o) water forms the bottom layer of the Shelf 

(Houghton et al., 1978; Smith etal, 1978). The Scotian Slope station (station 2) also 

has roughly 3 water masses in the uppermost 200 m. "Coastal water" extends to 40 

m depth, warm slope water (Gatien, 1976) below 100 m depth and a mixing layer 

between 40-100 m. The Gulf Stream station has a very warm saline (26 °C, 36%o) 

surface mixed layer (about 20 m deep) with a wide pycnocline occupying the 20-100 

m depth range of the water column. The pycnocline is underlain by warm (13 °C), 

more saline (>36 %o) water. 

General features of the light-scatter data are an indication of a relatively high 

particle load above the pycnocline in all three stations (in a shallow mixed layer 

observed at station 3), a*d a decrease of the particle load with depth. At station 1, 

the particle distribution is characterized by a high particle load in the coastal water 

layer (<30 m), followed by a minimim particle load at the bottom of the 

intermediate layer (75 m) and a small bottom nepheloid layer below 70 m depth. 
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The surface particle load at station 2 was not as strong as at stations 1 and 3, 

however, there was a narrow light-scatter peak at the bottom of the pycnocline (40 

m). At station 3, a weak light-scatter peak in the surface mixed layer (0-20 m) and 

clear bottom water (light-scatter signals are at the detection limit of the instrument, 

that condition is same as the study in Chapter Two) belov; 80 m depth were 

observed. 

To understand the relationship between density stratification and the distribution 

of particles, the gradient of the water density (d(density)/dz) was calculated using a 

five points ( « 5m) least square fit and compared to the light-scatter profile (Fig. 5-

3). The general decreasing trend of light-scatter with depth was removed by 

calculating the deviation of light-scatter from the linear regression of light-scatter on 

depth, which was obtained by using the data below the pycnocline. The density 

gradient is stronger and more variable in surface water than in mid- and deep water. 

A weak, low variability of the density gradient is especially evident below 100 m at 

station 3. Because of the high light-scatter at the pycnocline observed in the surface 

water and decrease of light-scatter with depth, overall correlations between light-

scatter and the gradient of the density of the water column should be significant (Fig. 

5-4). However there was no significant correlation below the pycnocline; i.e, particle 

accumulation is obseived at surface pycnoclines possessing sufficient gradient (0.05 

kg/m3/m is the lowest gradient among surface pycnoclines of three stations), but there 

is no apparent accumulation of particles in small scale (<0.05 kg/m3/m) density 

gradients below the pycnocline. Response of particle distribution to the density 
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Fig. 5-3 Profiles of light-scatter and the density gradient of the 

water column (kg/m3/m) from the "Halifax Transect". 

The density gradient was calculated using 5 points (* 

5m) least square fit. 
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Fig. 5-4 The relationship between light-scatter (after general 

trend was removed) and the density gradient of the 

water column 

significance level 
for the regression 

(P) 
1-1 Station 1. all data <0.001 (^=.46, Y=4.395*X-0.019) 
1-2 Station 1. >30 m no significance 
2-1 Station 2. all data <0.001 (^=.10, Y= 1.381 *X+0.005) 
2-2 Station 2. >100m no significance 
3-1 Station 3. aL data <0.001 (^=.15, Y=3.635*X-0.002) 
3-2 Station 3. >100m no significance 
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stratification depends not only on the strength of the density gradient of the water 

column but also on the physical characteristics of the particles. Therefore the 

criterion for the density gradient to trap particles may change regionally and 

seasonally. Standard error of estimate of light-scatter using linear regression, which 

is the variance of light-scatter after the general trend was eliminated, demonstrate 

that there were larger variances of light-scatter in the pycnocline layers than in the 

layers below them (Table 5-1). This result may suggest that there are sorting 

mechanisms for particle distribution in the pycnocline layer. 

Some of the light-scatter profiles and water column density gradients from 

Emerald Basin and Bedford Basin are shown in Fig.5-5 and Fig. 5-6. In Emerald 

Basin no apparent relationship between density gradient and light-scatter was 

observed. Rather, in intermediate nepheloid layers the density gradient was low, 

because the water is well mixed in these layers (Chapter 3). Density stratification is 

not a major control of the particle distribution there. The surface pycnocline in 

Bedford Basin becomes stronger towards the summer and light-scatter is always high 

in this layer. However, the formation of the bottom nepheloid layers are obviously 

not caused by the density structure of the water. Thus, it is concluded that relatively 

high particle load was observed in strong density gradients (for example, >0.05 

kg/m3/in) in surface water, especially in coastal basin, however, there was no apparent 

relationship between particle distribution and weak density structure in the mid- and 

deep water columns. 
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Table 5-1 

Linear regressions of light-scatter on depth in each water mass in Halifax Transect 
and their standard errors of estimate 

Depth 
range 
(m) 

0-30 
30-75 
>75 

0-40 
40-100 
>100 

0-20 
20-80 
>80 

Regression Significance 
level (P) 

Y=-0.037*X+4.648 <0.001 
Y=-0.008*X+3.757 <0.001 
Y= 0.009*X+2.530 <0.001 

Y=-0.009*X+3.703 <0.001 
Y=-0.006*X+3.716 <0.001 
Y=-0.002*X+3.412 <0.001 

N 
Y=-0.007*X+3.514 <0.001 
Y=-0.001*X+3.078 <0.001 

Standard 
error of 
estimate 

0.23 
0.09 
0.12 

0.15 
0.11 
0.10 

0.14 
0.10 

N: There was no significant correlation between depth and light-scatter signals. 



Fig. 5-5 Profiles of light-scatter and the density gradient of the 

water column (kg/m3/m) from Emerald Basin, Station 1 

and Station 4. The density gradient was calculated using 

5 points (» 5m) least square fit. Note the low density 

gradient at the depth of intermediate nepheloid layers. 

(N.B. The condition of light-scatter meter is different 

from the one used in Bedford Basin and in Halifax 

Transect.) 
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Fig. 5-6 Profiles of light-scatter and the density gradient of the 

water column (kg/m3/m) from Bedford Basin, Mar. 10, 

Apr. 13 and Aug. 16 data. The density gradient was 

calculated using 5 points (* 5m) least square fit. Note 

the low density gradient at the depth of bottom 

nepheloid layers. 
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A Model for the Effect of a Density Discontinuity on 

The Distribution of Particles 

A model for evaluating the effect of a density discontinuity in the water column 

on the distribution of particles was developed. One goal of the model is to assess 

whether observed accumulation of particulate matter at the surface pycnocline and 

no accumulation of particulate matter at small scale density discontinuities in the 

mid- and deep- water, can be explained in terms of the retardation of aggregate 

settling velocity due to increase of ambient water density. 

Assumptions are as follows; 

(i) Steady-state (particle distribution does not change with time) 

(ii) All particles have the same size r and this does not change with depth. Also, 

particles have the same initial bulk density p„ which is subject to change due to the 

exchange of water inside and ambient sea water outside of the aggregates. 

(iii) There is no resuspension and the system is laterally homogeneous. 

(iv) Particulate matter concentration and light-scatter measurements are linearly 

related. 

In the two compartment model used, the first compartment represents the water 

mass above the pycnocline and the second compartment represents the water mass 
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at the pycnocline (Fig. 5-7). Since steady state is assumed, 

dQ(t)/dt= ( Q t t K Q ^ y A z 

= 0 (1) 

where Q(t) and (^(t) are the concentration, and vx and v2 are the settling velocity of 

particulate matter in compartments 1 and 2, respectively. From equation (1), 

CVQ-vAa (2) 

Consequently, when the particle settling velocity decreases at a density discontinuity, 

there is an accumulation of particles. 

When Stokes' equation is applied to the settling velocity, particle settling is a 

function of the density difference Ap between particle (p.) and the ambient fluid (pf) 

and particle size r. Here r is constant from assumption (ii), so particle settling 

velocity is only a function of Ap. A change of dynamic viscosity (fi) due to salinity 

and temperature is not included in this model, however, the effect of p enhances the 

retardation of particle settling velocity at the pycnocline. 

The bulk density of aggregates (p.) is expressed as a combination of the density 

of the aggregate constituent matter (pc) and the density of the interstitial fluid (pf) 

with porosity (a). 

P. = (l-a)pc+ap{ (3) 

The density profile of the water column (pf), of constituent matter of particle (pc), 

change of the particle bulk density (p,) due to the interstitial water exchange and of 

the density difference between the particle and the ambient water (Ap) at the density 

discontinuity are sketched in Fig. 5-8. As a particle falls through the density 

discontinuity, ambient water density changes from pn to pa. The interstitial water will 
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Fig. 5-7 Two compartment model for the particle distribution at 

the pycnocline. Q and Q are the concentrations of 

particles in the water above the pycnocline and at the 

pycnocline, respectively. V! and v2 are the settling 

velocities of particles in each layer. px ar.d P2 are the 

densities of the ambient water in compartments 1 and 2. 
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Fig. 5-7 
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Fig. 5-8 A sketch of the density profile for the constituent matter 

(pc), ambient water (pf), bulk density of particle (ps) and 

denJity difference between the particle bulk density and 

ambient water (Ap) at the density discontinuity layer. 
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exchange with the ambient water according to the laws of diffusion and advection in 

the surrounding water and permeability of the particles (Lerman, 1979). The density 

of the aggregate interstitial water will change from pn to p^ as the proportion of the 

ambient water in aggregate (/3(t)) increase from 0 to 100 %. £(t) is expressed 

asymptotically as B(t)=l-exp(-t/r). r is a time scale for the watei exchange, but there 

is no observation of r for marine particles available at this stage. Estimate of r is 

done using a theoretical frame work later in the discussion. From equation (3), the 

bulk density of the particle is 

p,(t) = (l-a)pc+a(l-&)pn+a&p2 

= (l-a)pc+apn+a(l-exp(-t/T))(pc-pn) (4) 

The density difference between the particle and ambient water (Ap) shows a 

minimum value just below the density discontinuity, because the particle contains 

interstitial water of lower density (pn) than that of the ambient water (pc). As 

particle bulk density changes with time - therefore with depth, Ap reaches the new 

adjusted value Ap2 as follows, 

Ap(t) = (l-a)pe+a(l-&)pa+a&pa-pa 

= {(l-a)pc+Pn-Pc}+a(l-exp(-t/r))(pf2-pn) (5) Li the 

following example, two extreme cases, (1) instantaneous water exchange (r-*0, 

:.Q-*1), and (2) no water exchange (T-*<», .\fl-»0), are demonstrated. 

(case 1) 

When water exchange inside with ambient water outside of aggregates occurs 

instantaneously, particles have a new settling velocity adjusted to the ambient fluid 
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density at the pycnocline (pc), 

AP2 = Pa - Pa 

= (l-a)pc+apc-pQ 

= (1-«)(P£-PC) (6) 

Therefore 

Ap2/Apx= V ^ 

= {(l-a)(Pc-p12)>/{(l-a)(Pc-Pn)} 

= (Pc"Pc)/(Pc-Pn) (7) 

This result shows that when the water within exchanges with water outside of 

aggregates instantaneously, the ratio of settling velocity between the two layers, above 

and just below the pycnocline, is independent of the porosity and becomes a function 

of the density of constituent matter of aggregates and the density of water masses. 

From equation (2), 

OJCy = vjv2 

= (Pc-Pn)/(Pc-Pc) 

= l+(Pc-Pn)/(pc"Pf2) (8) 

At the surface pycnocline, where a density discontinuity is usually strong, (pn -pn) 

* 0.002 g/cm3 and pa = 1.026 g/cm3 are used from the data from "Halifax Transect" 

(Fig. 5-2); and from Chapter 1, pc>l.l g/cm3. Using these values, 

CyCVc 1.027 

and when p= 1.497 (Table 2-1), 

c y c ^ 1.004 
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A linear relationship between light-scatter and SPM concentration in the Halifax 

Transect data is shown in Fig. 5-9 and is, 

Y=4.679X+2.584 

(X=SPM concentration, Y=light-scatter measurement) 

So Q/C, calculated above is equivalent to < 0.5 % of light-scatter change when the 

SPM concentration is 0.1 mg/1 (value at the pycnocline at station 3) and < 0.9 % 

when the SPM concentration = 0.25 mg/1 (value at the pycnocline at station 1). This 

range is much smaller than the observed light-scatter change at the pycnocline ( » 

10 % at station 1 and 20 % at station 3 in Fig. 5-2) and is of the same range as the 

noise level (0.9 %). At the smaller scale density discontinuity, (pa -pn)< 0.002, the 

change of light-scatter signal is much less than the values calculated above. 

The results suggest that under the condition of instantaneous water exchange the 

effect of density discontinuity of the water column on the retardation of particle 

settling velocity does not explain the observed accumulation of particles at the 

pycnocline. 

(case 2) 

If exchange of water inside with ambient water outside of the aggregate is 

minimal, (4) is 

Ap2 = PcrPa 

= (l-a>c+apn-Pf2 

= <*(Pn-Pc)+(Pc-Pe) (9) 



9 Light-scatter measurement and SPM concentration 

relationship for the "Halifax Transect" data. A linear 

regression for the data is 

Y=4.679*X+2.584 
(Y=light-scatter, X=SPM concentration) 
(r=0.68, significance at the level P<0.05) 



157 

Halifax Transect 

0.15 0 2 0 25 

SPM concentration (mg/l) 

03 
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Therefore, 

Apa/Api = v ^ 

= {a(Pn-Pc)+(Pc-Pc)}/{(l-a)pc+aPn-Pn} (10) 

and, 

c y q = Vl/v2 

= {(l-a)(Pc-Pn)}/{a(pn-Pc)+(Pc-pC) } (11) 

Equations (9) and (11) indicate that when a-»0, i.e., solid particles that do not include 

interstitial water, C/Q-^P^PC-PE) and when a-*l, i.e., particles that do not include 

much constituent material, and water inside of particles does not escape, a particle 

cannot sink below its equivalent density. Under the same conditions of pn, pa and 

pc as in case 1 with a porosity a=0.938 (Chapter 4, Table 2-1), 

cyci = 1.75 

This is equivalent to 11 % and 23 % of light-scatter increase, when SPM=0.1 mg/l 

and 0.25 mg/1, respectively. This is the same range as the observed light-scatter peaks 

at the pycnocline. As porosity increases, CVQ will become larger; however, at the 

point when particle bulk density is equivalent to the ambient density, particles 

become neutrally buoyant and stop sinking. When the density difference of ambient 

water is 0.002 g/cm3 (1.024-1.026 g/cm3) and constituent matter density is 1.1 g/cm3, 

the particles become neutrally buoyant when the porosity is 0.998 with no water 

exchange. Porosity of 0.998 was observed for the diatom aggregates (Chapter 4, 

Table 2-2). 
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The general form for Cj/Q with the saturation of the ambient water in aggregate 

B (% of interstitial water) is, 

c y q = v,/v2 

= {(l-a)(pc-pfl)}/{(l-a)pc+(l-B)apfl+Bapc-pl2} (12) 

Changes of C^Q depending on B under different conditions are shown in Fig. 5-10. 

When the constituent matter density is large (pc=1.5 g/cm3), or density discontinuity 

is weak (pn=1.024 g/cm3 and pa= 1.02405 g/cm3), with a low proportion of interstitial 

water exchanged, increase of SPM concentration at the pycnocline is small. As the 

proportion of interstitial water exchange with ambient water becomes higher, there 

is less accumulation of particulate matter at the pycnocline; however, when 

stratification is weak there is no significant difference. 

DISCUSSION 

This simple model demonstrates the relationship between the strength of water 

density stratification, density of the particle and the accumulation of particles at a 

density discontinuity. The importance of the rate of water exchange between the 

aggregate interior and ambient sea water for influencing the distribution of particles 

at a density discontinuity layer is illustrated. Of primary importance in this exchange 

is the permeability of marine particles - a parameter that is little known and needs 

to be studied. The time scale of water exchange, r, is estimated from the diffusion 

and advection flux into the aggregates. To evaluate the magnitude of diffusion and 
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Fig. 5-10 Particle accumulation (Cj/Cj) change with the proportion 

of the interstitial water exchange with various conditions. 

(a) pc= 1.1 g/cm3, pn=1.024, Pa= 1.026, a=0.938 

(b) pc= 1.5 g/cm3, pn=1.024, Pa= 1.026, «=0.938 

(a change of constituent matter density) 

(c) pc= 1.1 g/cm3, pn=1.024, pa= 1.02405, a=0.938 

(a change of the density gradient) 
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advection flux, the Peclet number is calculated. Peclet number is a dimensionless 

number, defined as Pe=LU/D. Here, D is the diffusion coefficient, L is the average 

distance of migration and U is interstitial water flow velocity. When Pe<<l, 

diffusion is the major process and when Pe>>l, advection is the major process. 

Logan and Hunt (1987) predicted velocities of intra-aggregates flow from 1 pm s"1 for 

organic aggregates with constituent density pc=1.06 g cm'3, and 100 pm s"1 for the 

heavier mineral aggregates with density of constituent matter pc=2.65 g cm'3. The 

diffusion coefficient for a porous medium is approximately related to the porosity (a) 

and is given as D=D0a
2 (Lerman, 1979). Diffusivity of heat (DT) is IxlO"3 cm2/s, and 

of salt (Ds) is IxlO"5 cm2/s. Since porosity is > 0.938, DT for the aggregates is 

>0.88xl0"3 cm2/s and Ds is >0.88xl0"5 cm2/s. Using these values and L=l mm as 

typical aggregate size and U=l pm s"1, the range of Peclet numbers for marine 

organic aggregates is 10"2<Pe<l. For mineral aggregates, the Peclet number is 

1 <Pe< 102. Therefore for marine organic aggregates, diffusion fluxis more important 

than advection flux in terms of interstitial water exchange and for mineral aggregates, 

advection flux is more important. Next, the time scale of water exchange due to 

diffusion is estimated. Water exchange between the aggregate interior and ambient 

sea water is expressed as a saturation of ambient water in aggregate interior by the 

diffusion process. Diffusion in spheres is expressed in the following equation (Jacobs, 

1967), 
dC Dfd 2 5 C \ 
" = ~ 7 ^ T " r ~T"' (13) 
dt r Br dr K J 

C is the concentration of the substrate at distance r from the centre of the sphere at 
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time t and D is the diffusion coefficient. Equation (13) is solved to obtain the 

saturation of ambient water in the interstitial water (0d(t)) by the equation, 

/3^t)=l-(6/^){exp(-ir2Dt/r2)+1/4exp(-4ir2Dt/r2)+ } (14) 

in which r is the size of aggregates, D is the diffusion coefficient. Using 1 mm as 

aggregate size and the diffusion coefficients of salt and heat for a porous medium, 

/3d(t) is calculated (Fig. 5-11). From equation (14) and Fig. 5-11, the time scale of 

water exchange (r) ranges from 2-3 seconds to 10 minutes. The sinking velocities of 

particles (v) is about 10 m/day to 100 m/day for organic aggregates, thus the depth 

for adjustment of particle bulk density due to water exchange is VT=0.2 mm to 0.7 

m. For the fast settling heavy mineral aggregates (settling velocity of 100-200 m/day), 

advective flux is a primary process of water exchange and interstitial water flow 

velocity is estimated as 100 pm s"1 by Logan and Hunt (1987). Therefore the time 

scale for the 1 mm size particle is about 10 seconds and depth for the adjustment is 

1 cm to 2 cm. These results show that interstitial water exchange occurs within 1 m 

from the density discontinuity for slow sinking (10-100 m/day) organic aggregates and 

within 2 cm for fast sinking (100-200 m/day) mineral aggregates. However these 

results represent a very rough scaling. The time scale of diffusion processes in a 

permeable object is variable due to the complication of porous structure and 

hydrodynamic effects associated with the surfaces of settling aggregates. For 

convective exchange of water, the tortuosity of marine particles must be known. 

Moreover, the organic films produced by microbes on the surface of marine particles 

(Wangersky, 1977) may hinder diffusion and advection flux of ambient sea water into 

aggregates. 



11 Saturation of ambient water in aggregates by diffusion 

process as a function of time. Solid line is for the 

saturation using the diffusion coefficient of salt for 

porous medium (Ds=0.88xl05 cm2 s'1) and dashed line 

is for the saturation using the diffusion coefficient of 

heat for porous medium (DT=0.88xl03 cm2 s"1). 
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To explain the accumulation of particulate matter at the surface pycnocline, for 

example (p2-pi)> 0.002 g/cm3, in terms of the retardation of settling velocity in this 

layer, it is necessary to assume that the water exchange rate between the interior of 

the aggregate and ambient sea water is slow compared to the settling velocity. Since 

there is no measurement for permeability of aggregates, other possible mechanisms 

need to be considered as well. One such possibility is the existence of neutrally 

buoyant particles. Neither light-scatter measurements nor SPM measurements can 

distinguish between neutrally buoyant or sinking particles, hence the distribution of 

suspended (neutrally buoyant) particles is unknown in the ocean. However, if 

neutrally buoyant particles are distributed homogeneously over the range of sea water 

density, more particles will be observed for a unit depth at the pycnocline. Moreover, 

it is known that phytoplankton regulate their buoyancy due to light intensity, nutrient 

concentration and physiological stage (Smayda, 1970; Steel and Yentsch, 1960; Ballek 

and Swift, 1986). This abundance of a living phytoplankton population is a part of 

the cause of observed light-scatter signals in the surface water. However, it is 

important to note that nonliving POC represents something like 10 times the living 

fraction in the ocean. 

Another possible mechanism for accumulation of particulate matter at the 

pycnocline is the turbulent effect that keeps particles in suspension. Lande and 

Wood (1987) modeled the suspension times of particles in the upper ocean as a two 

layer system, and demonstrated that particles with a slow sinking rate make many 

rapid excursions between the interior of the mixed layer and the top few meters of 
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the thermocline. The result is a reduced sinking rate at the thermocline. However, 

the turbulent effect on particle distribution is still little known in either theoretical 

studies or in measurements in the laboratory or in the field. 

The model described here does not include a viscosity change in the pycnocline. 

Where the pycnocline is derived from thermal stratification, the viscosity change in 

this layer can be important for particles of small size. At this stage, it is not possible 

to evaluate such effects quantitatively, 

The model in this study shows that meso- and micro- scale density discontinuities 

(Ap, < 0.00005 g/cm3) are not sufficient to trap settling particles and cause the 

accumulation of particulate matter detected in the light-scatter measurements of this 

study. Narrow peaks exceeding instrument noise level probably represent the 

occurrence of a single large aggregate (Thorpe and White, 1988). The decrease of 

light-scatter observed below the pycnocline indicates an increase in settling velocity 

or dissolution of particles. 
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CONCLUSIONS 

Data describing vertical particle distributions, obtained by light-scatter 

measurements, together with the density structure of the water column, were 

collected from the western North Atlantic, "Halifax Transect". Comparisons were 

' made for measurements on the Scotian Shelf, Slope and Gulf Stream stations, a 

coastal basin, Bedford Basin, and an offshore basin, Emerald Basin. Accumulation 

of particulate matter was observed at the surface strong density interface (Ap > 0.002 

g/cm3), but there was no apparent relationship between the weak density stratification 

observed in mid- and deep- water and the light-scatter measurements. 

A simple model was used to assess the effect of density stratification on the 

particle distribution. The model demonstrates the importance of the density of 

constituent matter of particles and aggregate permeability for settling through a 

density discontinuity. The higher the aggregate permeability and density of 

constituent matter of particles, the lower tendency for particles to accumulate at a 

density discontinuity. Where the density stratification is weak (Ap, < 0.05 kg/mj/m 

which is the range of most of observed density discontinuities in mid- and deep water 

column), particle accumulation is not sufficient to be detected by the light-scatter 

measurement used in this study. 
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Summary and Conclusions 

(I) A high particle accumulation on top of the pycnocline was observed from 

coastal to offshore regions; however, there was no apparent relationship between 

meso- to microscale density structure and particle distribution in mid- and deep 

water. Instead, the particle patchiness below the mixed layer was influenced by 

biological and physical processes. 

Light-scatter measurements together with the simultaneous measurements of 

salinity and temperature were conducted in the western North Atlantic, "Halifax 

Transect" - including the Scotian Shelf, the Scotian Slope and the Gulf Stream 

stations, in a coastal basin in Nova Scotia and Emerald Basin on the Scotian Shelf. 

Results showed high particle accumulation on top of the surface pycnocline in all 

sites; accumulation was especially evident in the coastal basin during the spring bloom 

period. In mid- and deep- water, strong patchiness of particle abundance was 

observed in Bedford Basin and in Emerald Basin, however there was no apparent 

relationship with density profile of the water column. Instead, particle distributions 

below the mixed layer were strongly influenced by biological effects in the coastal site, 

e.g., in formation of a bottom nepheloid layer. In contrast, intermediate nepheloid 

layers observed in Emerald Basin were caused by physical control of particle 

transport. In the "Halifax Transect", there was no strong light-scatter peak below the 
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surface pycnocline, and small narrow nephel signals there do not appear to be 

associated with the density structure of the water column. 

Bottom nepheloid layer formation was observed through a time series study of 

the vertical distribution of suspended particles conducted during and after a 

phytoplankton bloom in a small coastal basin, Bedford Basin, Nova Scotia, Canada. 

Through the period of the study three general stages were observed; however, the 

profiles of the particle distribution also reflected episodic events such as fresh water 

river input and storm mixing. During the peak of the spring bloom in March, the 

water column was characterized by a high particle load in the surface mixed layer (0-

8 m) with a smaller but uniform particle load in the middle and bottom water. The 

second stage (mid-April to July) featured bottom nepheloid layer formation (45-65 

m) and a high particle load in the surface water with minimum light-scatter at mid-

depth. This formation of the bottom nepheloid layer started 2-3 weeks after the 

settling of the surface spring phytoplankton bloom and persisted for a much longer 

period (3 months) than has been reported for the open ocean (20 days). In the third 

stage, in late July to August, the bottom nepheloid layer thinned and the mid-water 

became progressively clear. The light-scatter measurements revealed a patchiness in 

the vertical particle distribution. Water samples were selectively collected from the 

depths corresponding to light-scatter peaks for measurements of particulate organic 

carbon (POC) concentration, weight/volume concentration of suspended particulate 

matter (SPM), and microscope observation to identify particle characteristics. These 
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observations demonstrated that the distribution of particles is heterogeneous with 

depth as well as with time, not only in concentration but also in particle composition. 

As a bottom nepheloid layer developed, particles in this layer changed from 

predominantly intact diatom chain assemblages with high POC concentration to small 

and degraded aggregates with low POC concentration. 

Optical methods allow continuous measurement of the distribution of particles. 

One important application of optical methods is detection of intermediate nepheloid 

layers - nepheloid layers that are below the mixed layer and separated from the 

bottom nepheloid layer. These intermediate nepheloid layers are considered very 

important for transporting particulate matter from the ocean margin to the ocean 

interior. 

Strong intermittent intermediate nepheloid layers were observed on the Scotian 

Shelf in late April, 1987. These nepheloid layers were at 180-190 m in Emerald 

Basin and at 120-140 m in the adjacent basin-both well below the mixed layer and 

about 90 m above the sea bed. A slightly higher Chlorophyll a concentration was 

measured in the intermediate nepheloid layer, compared to the concentration of the 

water above and in the bottom nepheloid layer. Mechanisms that may cause these 

observed intermediate nepheloid layers are assessed from both biological and physical 

considerations. Depths of intermediate nepheloid layers coincide with the critical 

depth for possible generation, amplification and breaking of internal waves with semi

diurnal (M2) internal tide frequency. The criterion for generation or concentration 
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of energy of internal waves is met when the characteristic slope is close to the 

topographic slope. Intermittent particle resuspension at the "critical" depth on the 

Basin slope, along with temporal variability of the currents, appears to be the cause 

of the observed intermittency of the intermediate nepheloid layers. Observations of 

intermediate nepheloid layers at three stations in Emerald Basin (40 km apart, from 

the west side of the slope to the east side of the slope) and the adjacent basin (north 

of Emerald Basin) indicate that this process is not a rare event, but rather a basin 

wide phenomenon. Low-frequency slope water intrusion driven by storm surges 

during winter is predicted to result in mass transport of sediment from the outer shelf 

to the inner shelf basin. However, freshly deposited particles during the non-storm 

season, especially biogenic particles after a spring phytoplankton bloom, are sorted, 

reworked and transported by more regularly occurring processes such as internal 

waves. 

(II) A system was developed that enables measurements of physical characteristics 

of marine particles, including size, settling velocity and density of constituent matter 

simultaneously and independently for each aggregate. Density of aggregate 

constituent matter was presented for the first time for marine aggregates. 

Knowledge of physical characteristics of particles, including size, density and 

shape, are important for understanding distribution and transport processes of 

suspended particulate material in the ocean. Methods for detenmning size, shape 



174 

and settling velocity of marine particles have progressed rapidly over the past ten 

years and include: in situ optical methods, e.g., photography coupled with sediment 

traps, holographic methods and methods using SCUBA diving. The density of marine 

particles, however, is not well known and has proven especially difficult to measure 

directly. 

The system for measuring aggregate characteristics consists of a linear density 

gradient column, made from a solution of metrizamide in sea water, that permits the 

direct measurement of the constituent matter density. The density gradient column 

has been integrated into a system that also allows independent measurements of 

settling velocity, and aggregate size and shape. The measurements reported here are 

the first direct density measurements of any type for marine aggregates, and although 

the constituent matter density does not relate directly to settling velocity, these 

measurements will help reduce errors in estimates of other physical parameters, e.g., 

porosity. Aggregates produced in the laboratory from a diatom culture and from 

particles collected in coastal waters have been used to test the system. The results 

show that the density of constituent matter from these sources is > 1.095 g/cm3 and 

porosity > 0.938. 

(Ill) A model was developed to evaluate the role of physical characteristics of marine 

aggregates in settling through density discontinuity layers. The important parameters 

include density of constituent matter, porosity and exchange rate of interstitial water 

with ambient sea water. The model was developed using the measurements from the 
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field and the laboratory. 

High constituent matter density and high porosity of aggregates produced in the 

laboratory, both suggest that the small density gradients (<0.05 kg/m3/m) that were 

found below the surface pycnoclines in the field, were not sufficiently strong to trap 

a sufficient amount of particulate matter to be detected by the light-scatter meter. 

Accumulation of marine particles on the surface pycnocline is partly explained by the 

retardation of settling velocity due to the density effect. The model demonstrates the 

importance of physical parameters of aggregates for settling behaviour and 

distribution of marine particles at density discontinuity layers. Important parameters 

include density of constituent matter, porosity and exchange rate of interstitial water 

of aggregates. The first parameter has not previously been known for marine 

particles. 
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The noise level of the light-scatter measurement was calculated to evaluate the 

significance of the light-scatter peaks observed in the field. The light-scatter signal 

includes both light-scatter by the particle patchiness ("true" light-scatter) and the 

noise. The noise is composed of instrumental (electronics) noise and statistical noise 

by particles. The autocorrelation coefficient (r) with lag Az is defined as 

r= _HLS{zjLSrz±Az}]__ 
~<ETLS(z7JE[LS(z4^])* 

= EtLSrz^LSrz+Az^] (1) 
Var(LS(z)) 

Here E is the mathematical expectation, LS(z) is the light-scatter measurement at 

depth z and the mean of light-scatter is moved to 0. Var(LS(z)) is a variance of 

light-scatter measurement. Since light-scatter measurement includes both "real" light-

scatter signal (LS'(z)) and noise (N(z)), LS(z) is expressed as 

LS(z)=LS'(z)+N(z) (2) 

Using relation (2), (1) is expressed as follows, 

r= EffLS'̂ +Nrz^rLSYz+AzHNfz+Az^l 
Var(LS(z)) ' 

= E[LS'(z)2] 
Var(LS(z)) 

- Var(LS'(z)) 
Var(LS(z)) 
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r is calculated for lag Az (Fig. 1-1). When lag is 0, r is extrapolated to 0.787. 

Var(LS(z)) is calculated from the light-scatter measurement on Mar. 10 in Bedford 

Basin and is 0.043. Therefore the variance of "true" light-scatter signals is 0.034. 

Since variance of light-scatter contains the variance of "true" light-scatter and noise, 

the variance of the noise is calculated from the difference between the variance of 

the light-scatter (Var(LS(z)) and the variance of the "true" light-scatter (Var(LS'(z))-

Variance of the noise is 0.009 and 95% of confidence interval is LS(z) ±0.024. This 

value, 0.009, is in good agreement with the observed noise level at the "Halifax 

Transect" Station 3, the below 100m water mass (standard error of Y estimate is 

0.10, so variance is 0.01), where light-scatter signals are at the level of the detection 

limit of the instrument. 

> 
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Fig. 1-1 Autocorrelation coefficient of light-scatter with lag Az 

Y=-0.5596X+0.7865 (r=0.98, significant at the level of 

P<0.001) 

t 
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