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Size spectra and aggregation of suspended particles in the deep ocean

I N McCave*
(Recewed 24 May 1983, in revised form 31 August 1983, accepted 1 November 1983)

Abstract—Work of the last 10 years has demonstrated that oceanic particle size distribution by
volume tends to be flat at mid-water depths (equivalent to a cumulative particle number distribution
with a slope of —3) and 1s peaked 1n nepheloid layers with active resuspension and in surface waters
with active biological production The observed loss of fine peaks from the suspensions to yield flat
distributions requires aggregation of the matenal, as the fines settle slowly Mechanisms leading to
particle collision are examuned, for interactions between particles of similar size, Browman motion
domunates below 15 to 8 um However, 1f large particles (such as ‘marmne snow’) are present at
realistic concentrations, they become important in the removal of fine particles by shear-controlied
coagulation The coagulation times calculated for shear are too long for steady state to be presumed
while the size distributions evolve under the influence of coagulation mechanisms Therefore
suggestions that the flat size distributions are quast-stationary results of shear-controlled coagulation
are rejected, and the notion that there 1s sub-equal production of particles at different ponts in the
spectrum 1s favoured Such production and the subsequent scavenging of small particles by large
setthng ones confers great importance on components of bitological origin 1n both providing elements
of the total size spectrum and determining the distribution and sedimentation of others of hithogenic
origin In surface waters, filtration rates by zooplankton indicate that aggregation rates of particles
above submicron sizes are biologically determined

INTRODUCTION

THE removal of particles from surface and mud-water depths in the ocean normally requires
their aggregation into larger units having a setthng speed greatly in excess of the original
particles The argument has been presented and corroborated by several authors including
REx and GoLpBERG (1958), SCHRADER (1971), McC Ave (1975), Honio (1976), and 1n papers
based on sediment-trap data The size distribution of suspended particles 1s a function of
several variables including source and nature of the particles, physical or biological processes
of aggregation and ‘age’ of the suspension In this paper the physical processes controlling
formation of aggregates are examined, their rates are compared, and their relative importance
evaluated. A large body of theory and experience concerning particle interactions has been
developed by aerosol physicists and by chemical engineers treating aqueous suspension The
work has been made easily accessible in books by FRIEDLANDER (1977), TwoMEY (1977), and
PrupPACHER and KLeTT(1978), and has been presented by LERMAN (1979) for natural waters
Another purpose of this paper 1s to examune the implications of the aerosol and experimental
work for the hydrosols of the deep sea

There are few measurements of particle size spectra from the ocean. The principal
sources give Coulter Counter® data (BRUN COTTAN, 1971, SHELDON ef al., 1972; McCaVE,
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1975, LERMAN et al, 1977; Pak et al, 1980, RICHARDSON, 1980; McCave, 1983)
Counting and sizing particles by microscopy 1s tedious and few data have been obtamned n
that way (WELLERSHAUS et al., 1973; Harris, 1977, BAKER et al, 1979, LAMBERT ef al,
1981). Wellershaus et al. used light microscopy while Harris used transmisston and the others
scanning electron microscopy to examune the particles. The particle number data can, n
nearly all cases, be fitted by a power-law distribution over a large part of the measured range
Expressed as cumulative number N as a function of particle diameter d thisis N=kd™? A
value of B = 3 signifies equal particle volumes n logarithmically increasing size grades This
was found by Brun-Cottan, Sheldon, McCave, Lerman et al., and Pak et al (cited above) in
regions well away from the bed or, if close to the bed (Lerman et al), regions of very low
concentrations (Fig 1) In more concentrated nepheloid layers near the bed the sizes show a

z
e
©
SAMPLE KN83/12/10 1000 mab €
15 ]
& 2
2 @ :
& g
@ 104 g
. \/\/\/\/' z
La~—a} 2
E: 5+ 17 3ppb 3
g
>
=
0 v +
1 2 4 8 16 32
s |(d
10 1 (9]
18]
O
4 )
09 (93
z )
SAMPLE KN83/13/01 3 mab % o
20 G 1071
© > o
&
= @ [$)
Z 2
4 151 3107
& (9]
w w
e 2
£
Z 101 <10'4 o
< 3
[+ 655ppb 5
2 © (9]
g 5 104
R O
Q 1¢' v + + v )
1 2 4 8 6 32 1 2 4 8 6 32
d um d pm
Fig | Examples of size distnibutions that are relatively flat in volume (a) with the equivalent

number distnbution showing 2 slope close to -3 (b) [sample obtained from 3900 m at ~1000 m

above the bed over the Nova Scotian Continental Rise (Sta 12 of MC CAVE, 1983)]and (c) peaked

from a nepheloid layer with a number distnbution (d) that 1s not a straight line Size analysis by
Coulter Counter® with 70-um aperture
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peak around 3 to 4 um and the number distribution cannot be fitted by a straight line
(RiCHARDSON, 1980; McCAVE, 1983). LAMBERT ef al (1981) also maimntained that the
distributions  of individual components (e g, aggregates, goethite, aluminosilicate) they
observed are not of power-law type but are log-normal by number They found a distinct fall-
off at the finest end of the distibution whereas HarRis (1977) counted the finest particles
down to 0 1 ym and showed a power-law distribution with B = 1 62 in the region d < | um
WELLERSHAUS et al {1973) also found a decrease in numbers of fine particle but said that it 1s
an artifact of the counting method The sum total of the components shown by LAMBERT ef a/
(1981, Fig 1) however, seems to be fitted by a straight line over a good part of the measured
range with § ~ 3 The only results from the Pacific (BAkERr et al., 1979) also are fitted by the
higher value of § = 3 29 for 3 < d < 8 um from mid-water samples

In summary, most workers show data implying B8 ~ 3 in the size range 1 to 100 um n clear
water There 1s no consensus as to what 1s the distribution of submicron particles Relatively
young (1e., freshly eroded) suspensions in nepheloid layers have peaked volume size
distributions, but old ones are flat (1e, f§ ~ 3) according to McCavEe (1983) And there s
one view that the overall distribution, whatever it may be, 1s made up of log-normal number
distributions of several different components The flat § = 3 distribution may extend to sizes
well beyond 100 um shown by SHELDON et al (1972)

The recent surge of interest 1n rapidly setthing particles coupled with the demonstration that
the first choice, faecal pellets, could only account for a small fraction of the measured vertical
flux (Honyo, 1980), has prompted a re-examination of ‘marine snow’ as described by the
Japanese 1n the early 1950s (Suzuki and X aTo, 1953, NisHizawa et al , 1954, SHAaNksS and
TrENT, 1980) The effectiveness of such aggregates in collecting particles as they settle and
the mechamsms for production of smaller flocs i the ocean are still unclear, and 1t 1s intended
that this paper will set out some of the physical principles involved

PARTICLE DENSITY AND SETTLING VELOCITY

For model calculations some assumptions about density are necessary to obtain settling
velocity It is clear that density decreases with increasing aggregate size and there 1s a wide
spread of values for any given size, partly because of the diversity of particle types Earlier
data were summarized by McCAve (1975) and a simple mean law was assumed More
recently there have been measurements of settling velocity by CHASE (1979), Tamso and
WATANABE (1979), and Kawana and TaniMoTo (1979) [subsequently re-analysed by
HawLEY (1982)], all of which suggest (on incomplete data) that for Stokes’ setthng, the
densities given earher are too low Also, from comparison of the particle density data of
Lacvankar and GEMMELL (1968) with the settling data of Tambo and Watanabe, 1t appears
that either the densities are low or that the particles settle faster than Stokes’ Law would
allow, a central point in Chase’s arguments. To avoid problems here I shall follow the
suggestions of Tambo and Watanabe. They showed fall-off of density for clay-iron and
clay—magnesium flocs to be as d,'' approximately and for biological flocs d;'® Here I
assume d,'* dropping to a density contrast Ap = 0.003 g cm™® at d, = 0.12 cm derived from
Tambo and Watanabe’s data but assuming particle spliericity of unity

The value 0.003 1s assumed constant for larger (non-Stokesian because Re > 1) particles
With a fall-off of 4, 3 there must be a change to a lesser slope of Ap vs d, at some size
<100 um as surmised by Tambo and Watanabe. I shall assume a break at 50 um (Fig 2) ana
an ongin at Ap=1gcm™ atd, = I um This 1s denser than assumed by McCave (1975), but
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Fig 2 Model particle density contrast as a function of size for aggregates assumed here After
TaMBO and WATANABE (1979)

Table | Model particle parameters*
d(um) Apt (g em™) w, (cms™) Ret
01 1 363 x 1077 254 x 10710
02 1 145 x 10~ 203 x 10~*
05 1 908 x 10~¢ 318 x 10°®
1 1 363 x 103 254 x 10~
2 0746 108 x 10— 151 x 10-¢
S 0 506 460 x 104 161 x 10—
10 0378 137 %1073 959 x 1073
20 0282 409 x 10 573 x 10~
50 0191 00174 609 x 103
100 00776 00282 00197
200 00315 00458 00641
500 958 x 10~? 00870 0305
1000 389 % 10 01410 098
2000 3Ix 107? 0 1447 203
5000 3 x 10~} 01563 547
104 3 x 107} 01736 122

* Compared with Table 2 of MCCAVE(1975) w, 1s greater
T Ap = (p; — p), where p, 1s particle in situ bulk density and p 1s flnd

density (here taken as 1 05 g cm™?)
} Re = wd/v with v = 0 0143 Stokes

recent investigations of nepheloid layers (McCavE, 1983) show higher apparent densities at
high concentrations, where there is presumably less low-density organic matter and less
aggregation. Below d, = 1 um a constant Ap 1s assumed (Table 1, Fig 1)

THEORY OF PARTICLE INTERACTIONS

Introducrion

Although the interaction of particles must play an important role in controling oceanic
particle size spectra, there has been little work on the subject. There has, however, been
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extenstve work on atmospheric aerosols and, as most of the processes are similar and the
equations are presented in non-dimensional form, substantial use has been made of this body
of experience in the present treatment (TwoMEY, 1977, FRIEDLANDER, 1977, PrRuPPACHER and
KLETT, 1978). SHoLkoviTz (1976) and EpzwaLD ef al (1974) substantiated Krone’s (1962,
1972, 1978) contention that flocculation i1s important i estuaries and thus there 1s every
reason to believe particle aggregation occurs 1n the deep ocean, albeit more slowly because of
the lower concentration Krone showed that under estuarine conditions Brownian motion
controlled aggregation of particles <1 um in diameter, and shear controlled aggregation of
larger ones The formation of aggregates involving both organic and inorganic materials has
been experimentally demonstrated by Kranck and MiLLiGan (1979) Within the water
column and on the sea floor there are several types of organic—inorganic aggregates including
those known as ‘marine snow’ and faecal pellets. Some such organic aggregates result from an
organism actively gathering and consolidating sediment and orgamc matter (e g, faecal
pellets), whereas others result from the passive collision of particles, whether organic or
inorgamic In the latter case an organic component may simply provide a sticky substrate for
particle accumulation It may increase the coalescence efficiency (i e , the fraction of collisions
that result in particle sticking) but the organic matter does not play any active role n
increasing the frequency of collisions The efficiency 1s often assumed to be ~1 i atmospheric
aerosol work because 1t 1s difficult to obtain independently and no great discrepancy between
calculation and measurement 1s caused by the assumption (TwoMEy, 1977, p 126) However,
SwirT and FRIEDLANDER (1964) determuned efficiency of ~0 37 for both Brownian and shear
coagulation of polystyrene latex n salt solution, and EpzwaLDp er al (1974) showed the
efficiency to be only about O | for natural sediment from the seaward end of an estuary in
artificial seawater. Thus there 1s room for improvement of coalescence efficiency by sticky
organic coatings (mucus) Nevertheless, work on estuarine and coastal suspensions has
shown that particles tend to be electrically uniform with the same electrophoretic mobility
(HunTer and Liss, 1982), a property most likely conferred by particle coatings of dissolved
organic matter (NieHorF and Loes, 1972, 1974, Loes and NIeHOFF, 1977, HUNTER, 1980)
The surface similarity of particles should decrease the chance of their coalescence because of
mutual repulsion and could explain the smaller efficiency reported by EpzwaLp ef al (1974)
than that of Swirt and FRIEDLANDER (1964) Still, the principal control on aggregation 1s the
frequency with which particles come nto contact, which 1s controlled by physical
mechanisms outhned 1n a later section

The size distribution function

The continuous size distribution function n(v) 1s defined by dn = n(v)dv, where dn 1s the
number of particles of volume between v and v + dv per umt water volume The related size
distribution function n(d,) 1s defined by dn = n(d,) d(d,), where dn 1s the number of particles
per umt volume of suspension in the size (diameter) nterval d, to [d, + d(d,)|. Because
particulate material has many more small particles than large ones a distribution of the form
dn = n(x) d(x) 1s generally used where x = logd, so n(log d,) = dn/d(log d,) Because
d(log d,) = d;' d(d,) the distribution functions are related by

dn dn

108 %) = Siogdy ~ % &)

)
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Data are often acquired in such a way that the cumulative distribution, the number of
particles N larger than a given size, 1s commonly used for presentation, log N being plotted vs
log d,,, where

N= fw n(d,) d(d,) = ® nllog d,) d(log d,)
%

iog dp

for a given size d, (TwoMEY, 1977, pp 4-7). From this 1t can be seen that

N dn
m = n(log d,) = m V3
and
=n(d) = dn
d(d,) P d(d,)

The slope of the cumulative number distribution 1s often a straight lne of slope
d(log M)/d(log d,) = —B, where log N = —8 log d, + log k. Also for such a distribution the
slope of dN/d(log d,) vs d, on log-log axes 1s —P, and the slope of drn/d(d,) vs d, commonly
plotted 1n aerosol work and by LERMAN et al. (1977), BAKER er al. (1979), and Pak et al.
(1980) 1n the oceans 1s —(B + 1) (BADER, 1970)

Plots of particle volume as dv/d(log d,) vs log d, are also commonly used and are employed
here n a discrete form normalized by total particle volume, [Av/A(log d,)1/V, where the size
interval A(log d,) used is A log,od =0 1003. In this scheme the size classes are in a volume
doubling sequence, 1., grain size doubles every third class. This 1s the built-in scheme of the
Coulter Counter® with a 2" size sequence, or a one-third phi interval scale in geological
parlance (SHELDON, 1969) The advantage of using the volume distribution function n(v) 1s
that volume 1s conserved when solid particles collide, while the distribution function using
number n(d,) 1s usually plotted.

The general dynamical equation

FRIEDLANDER (1977, chap. 7) and JerrrEY (1982) presented the general dynamical equa-
tion or population balance equation for particles in flow systems. A two-dimensional time-
averaged form of the equation appropriate to the case of particles in mid-water oceanic depths

1S
on  _on on 0 on now,(v on
—t J—= [(D+EX)S;]+_—[(D+SZ) n]— J()+W,(V) n

ot ox ox oz oz 0z 0z
(® () () av)
1 v ©
- f T K,y v, = v) no,) n(y, — v,) dv, — f K(v,, v;) n(v;) n(v,) dv, G)
2 0 0
W) )

+ f wJ(v/ + v, v, ) 00, +v,)dy, —f ! J,3 v, v, —v)n(v) dv,,
0 0

(vn) {vi)
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where # 15 the volume distribution function n(v)dv The terms are (1) non-steady, (1) horizontal
advection, (1i1) diffusion including both Browman diffusion with the coefficient D = kT/3nud,
where k is the Boltzmann constant, T the absolute temperature, 0 dynamic viscosity, d
particle diameter, plus turbulent diffusivities €., &;, (iv) setthng of particles with settling
velocity distribution w(v), (v) increase of particle numbers in certain sizes (v,) due to coagula-
tion of smaller ones v, and (v,—v,), (v1) loss of particles of size v, by coagulation,
(vn) gam of v, sized particles from breakup of larger ones and (vun) loss of v, sized particles by
breakup to give smaller ones In (v) and (v1} the terms K(v,, v, —v,) and K(v,, v,) are the
coagulation kernels. The probability that a particle of volume v, will encounter a particle of
volume v, 15 proportional to the number of v, particles and 1s given by K(v,, v,) n(v,) dv,
(TwoMEY, 1977, p 123) The analogous J terms for breakup are such that

J,, v, v, —v)n(v,)dv, dv, d

gives the number of flocs of size v, that break into flocs of sizes v, and (v, — v,) in time d¢ and
are due to JEFFREY (1982)

There are several other terms that could be added to the equation, namely deposition sink
and source terms. The sink of deposition on the bed can be expressed as

—;ISWS(V)[I — To/‘fl(v)]a

where 715 1s the volume distribution function of particles within the viscous sublayer of
thickness 8, and 1,(v) 1s the distribution of lirmting shear stress for deposition as a function of
particle volume (EINSTEIN and KRoNE, 1962, McCAvVE and SwiFt, 1976) Large particles of
high settling velocity that might be deposited rapidly would, if broken up into pieces, have a
slower rate of deposition Finally, near the bed there 1s a possible source from erosion Little 1s
known about this source 1n terms of numbers of particles produced and their size distribution

Coagulation mechanisms

As was pointed out above, coagulation mechanisms are ways of bringing particles together
They are discussed in greater detail by PrRuppacHER and KLETT (1978, p 304) and 1n other
aerosol texts. The mechamisms are however physically general and have been verified for
aqueous suspensions by Swirt and FrRIEDLANDER (1964), BIRKNER and MorGaNn (1968),
HanN and Stumm (1970), DELIcHATSIOS and PRroBsTEIN (1975), and Hunt (1982a,b) Five
mechamsms are discussed below and their relative effectiveness 1s assessed.

Brownian motion. Spherical particles undergoing Brownian diffusion have a probability of
colliding given by the kernel K 5, times the number of particles The kernel with dimensions
L3T s
2kT d}

3u dd,’

where D, =(D; + D)), the sum of the diffusion coefficients (D, =kT/3npd,), and
d, = (d; + d;), the sum of the diameters of particles of size d, and d,. If all the particles are the
same size at the beginning of coagulation (a monodisperse suspension) then the coagulation
time ¢, the time to reduce the mitial number N, of particles per unit volume by a half. 1s
t. = 3u/4kTN,yE. Using appropriate values for deep-ocean nepheloid layers, u = 0.015 poise,
T = 275°K, N, = 4.10° particles cm™ in the s1ze range 0 5 to 1 pum, then ¢, ~ 8 6 days assum-
ing efficiency (E) of unity With more realistic efficiency E = 0.10 from EpzwaLp et al (1974)
t. ~ 3 months, which could be reduced to about 10 days for the concentrated suspension

Ky, =2nDyd, = “)
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reported by Biscaveet al (1980). Thus we expect appreciable Browman pumping of particles
from submicron size into aggregates a few um in diameter on time scales of a week to a few
months to occur imtially after production of a nepheloid layer by erosion of the bed.
However, well away from the boundaries where the number of small particles 1s about 100
times less, the coagulation time 1s ~20 years. Thus at mid-water depths, Brownian coagula-
tion of small particles is very slow.
Lanrunar and turbulent shear. The lammar and turbulent shear kernels are similar:
3
Kpg, = rf} )

for laminar shear with I' = dU/dz and
K15, =0 163 d3, (¢/v)"2 ©)

for turbulent shear with the shear rate I" given 1n terms of the turbulent dissipation rate € and
kinematic viscosity v (SAFFMAN and TURNER, 1956). The relationship has been venified for
aqueous suspensions by DELICHATSIOS and PrROBSTEIN (1975) though they had the constant as
0105 The coagulation time corresponding to equation 6 for a monodisperse suspension
(d, = d)1s t. = 0.693 n/4VT, where V = nd’N,/6, the total sohd particle volume conserved mn
the collistons. In the deep sea, turbulence levels are generally low, and I shall assume values
no higher than a dissipation rate of 10~ cm? s n the bottom mixed layer (NEWBERGER and
CALDWELL, 1981) and 107® cm? s n clear mid-ocean depths (OAKEY, personal communica-
tion) Higher values may occur in surface waters (10~ to 1072 cm? s73). Using temperature
and viscosity as above with a water density of ~1.05 g cm™ gives kinematic viscosity v = u/p
of ~0.0143 stokes. The imphed shear rates I' = (¢/v)"/? are 0.084 and 0.0084 s These
values charactenstic of the deep ocean will be used from here on The relative importance of
Browman and shear coagulation 1s approximately given by Kp, /K, s, or 2kT/ud’T, and so
for equal importance with T' = 0 0084 s™' 1n a mono-disperse suspension d ~ 8 um, but with
'=10s"'(e=14x102cm?s73), d=1.7um So Brownian coagulation dominates over
shear 1n suspensions with low turbulence intensity for particles of diameter <8 um, but in
more turbulent suspensions shear dominates down to 1.7 um. With variable stresses the grain
size region 1.5 to 8 um 1s thus a transition region from Brownian to shear-domunated
behaviour of particles relative to their near neighbours in size

In a concentrated nepheloid layer the size range 4 to 8 um (d = 5.65 um) has less particles
than the range <! um, and we shall take the value N, =3 10° (McCave, 1983) giving
V=283 x 1077 cm® and thus ¢, = 222 days with I' = 1 s™! and efficiency 0.1. This could be
shortened by higher shear (but sustained high shear 1s not a feature of the abyssal environ-
ment), and lengthened to 7 years for I' = 0.084 s~' In low concentrations at mid-depth, N, 1s
100 times less and this suggests coagulation times of ~7000 years if the efficiency 1s 0.1 and
I' = 00084 s=' Because of the term d 1n the shear coagulation kernel polydisperse suspen-
sions (more than one particle size) coagulate more rapidly than the examples given here.
Where there are a few large particles they may grow rapidly because of therr large value of &%,
when combined with any other particle. Such cases need to be examined by numerical solu-
tions such as those of JuNGE (1957, 1963), Junce and ABEeL (1965, as reported in PRUPPACHER
and KLETT, 1978, Fig. 12-2), and WALTER (1973). Nevertheless 1t appears that Browman
coagulation will create aggregates of a few um diameter faster than shear coagulation will
remove them to larger sizes, at least during the mtial stages of aggregation. It must be noted
that, as will be seen later, coagulation of similar sized particles in the size range 5 to 50 um 1s
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Fig 3 Coagulation kernels K for collection of 05, 5, and 50-um particles plotted for oceanic

conditions (p=105, p=0015 e=10"* and 10~%cgs umits, T=275°K) in the manner of

FRIEDLANDER (1965) Subscripts are B for Brownian, G for differential settling (gravitational), and
S for shear

not dominated by shear but by differential sedimentation with a kernel about four times as
large (Fig. 3) Even with this value, however, the rate at which particles are pumped into the
size range 1 to 5 um by Browman aggregation 1s greater than thewr removal up the size
spectrum Subsequently, as the number of submicron particles becomes relatively depleted,
the ‘bump’ mn the size distribution at values of a few um will be dissipated by transfer of
particles to larger sizes (McCavg, 1983)

Turbulent inertial coagulation. In turbulent flow local turbulent accelerations produce rela-
tive particle velocities for particles of unequal mass (PruppacHER and KLETT, 1978, p. 375)
The resulting coagulation kernel is

2
Ky = ;:il(’, — ) v, @)

where ¢, and ¢, are the viscous relaxation times, the time scale for the particle in Stokes flow,
gven by £, = d?Ap, /18, where Ap, 1s the in situ density contrast of particles with diameter d
If the particle 1s travelling at a speed U, then its stop distance 1s UodiApj/ 18u The relative
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importance of the two turbulent mechanisms 1s
Ky ~ Apj(dj ~d;) - (dj —d,)
Krs 4ph, B ah,

for p, =p,~p with the Kolmogorov microscale length A, = (v /e)”* Using v=
0014cm?s™ and € n the range 10~ to 10 cm?s~%, 4, 1s 023 to 04 cm and possibly
~0 1 cm in higher stress (#, ~ 2 ¢cm s™) events This shows that turbulent inertial collection is
normally only important when particles differ in diameter by more than 4, or more than
1 cm Thus the mechanism may aid impaction of very small on very large particles (clay onto
‘marme snow’), but will not influence colliston of most particles in the ocean for which
d< 1cm In fact the assumption p, = p, 1s not good and the plotted values of the kernel
(Fig. 3c) are two to three orders of magnitude less than those for turbulent shear

Dyfferential settling. The faster settling of larger particles through a suspension leads to
collisions with slower setthing particles and their capture to form aggregates The kernel 1s
given simply by the area swept out times the relative velocity, the collision efficiency E ¢, and
the efficienicy of diffusive collection E

®)

nd;
KGU = T(wsj - wst) (ECy + EDU) (9)

The collision efficiency 1s the ratio of the number of particles with which the settling particle
makes contact to the number 1n the volume 1t sweeps out as it sinks The ratio 1s small (think
of trying to catch small particles on your finger 1n a bowl of water, most of them elude
capture) The collision efficiency 1s given by PrupPACHER and KLETT(1978) as

d/d)

) = here d, > d, 10
“ vy Y a0
and by FRIEDLANDER (1957, 1965) as
3 1
Eg =1 an

— +
21+d/d) 21+d/d)

When the Reynolds number of the setthng particle w,d/v 1s >1 the efficiency 1s also given by
the Stokes number, the ratio of the stop distance for the small particle at a relative speed
U = (U, — U)) to the linear dimension d; of the large particle (TwoMmey, 1977,p 59)

o Ap,dtU
= 5ud

(12)

Small particles are also transferred by Browman diffusion to the surface of the larger settling
particle. The collection efficiency by diffusion 1s the ratio of the diffusive flux of small particles
onto the catcher to the flux of particles moving past it due to its settling. This is related to
the Peclet number by E,;=4Pe” (1+036Re"*Pe'®) n the diffusive range and
Ep, =11 Pe?? 1n the transition from the diffusive to the inertial range, where
Pe=d, {(w, —w,)D, (TwoMEy, 1977, p 146, FRIEDLANDER, 1967, HampL et al, 1971). The
transition 1s 1n the region Re ~ 1 to 10,

Values of the various formulae for efficiency have been plotted in Fig. 4 for oceanic condi-
tions. The expressions of Friedlander and of Pruppacher and Klett for the viscous range have
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Fig 4 Collection efficiencies for setthing particles by Browman diffusion (Ep) and by collision

according to FRIEDLANDER (1957) (F), PRuPPACHER and KLETT (1978) (P + K) and the Stokes

number (Stk) These will only yteld the actual overall capture efficiencies if the coalescence efficiency
18 unity

a similar trend but data do not indicate which 1s correct. The former 1s used here The Stokes
number merges well with the other curves for sizes <1 cm (Re 2 10)

There are several cases of interest that can be illustrated, the capture of small particles
(d = 0.5 and 5 um) by medium sized (d ~ 50 pm) and large (d ~ 5 mm) ones, and the capture
of medium by large particles (Table 2). The efficiency for diffusive capture of 0.5-um particles
1s always greater than that for collision, while for 50-um particles most interactions are
dommnated by collision (Fig.4). For 5-um particles also most of the range of interest 1s
dominated by collision save for particles <1 um, where diffusion is most important The
figures (Table 2) show also that inertial capture of small particles by ‘marine snow’ 1s most
inefficient and 1s not important, but that diffusive capture is relatively efficient. Setthng
through mud-water where there are perhaps 3 x 10* particles cm™ of size 0.35 to 0 7 um a
piece of ‘marine snow’ of diameter 5 mm and cross-sectional area 0 2 cm? sinking through
1000 m would collect 1700 particles 1n that size range assuming 10% coalescence efficiency
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Table2  Settling capture efficrencies

Catcher
Caught 5 mm snow 50 pm aggregate
(um) Ep E¢ Ep E¢
50 143 x 10— 147 x 10~ - _
S 616 x 10— 15x10-¢ 58 x 107 12 x 102
05 285 x 103 15x10°% 266 x 1073 147 x 1074

Underlined values are the most efficient for interactions of that pair of particles E p = diffusive
capture, E¢ = collision capture

This may be important for the individual aggregate, but to sweep the water column clean of
such particles would require about 35,000 more particles following the path of the first' In
fact, the ‘snow’ catches the 50-um aggregate more efficiently and the 50-um aggregate
catches the 5-um one most efficiently However, 1t will be seen below that turbulent agitation
of large particles leads to more contacts with small ones than does any mechamsm simply
related to their sinking

Clearly the efficiency of mertial capture increases as the relative sizes of the catching and
caught particles become closer Thus, small particles are most efficiently coagulated into
aggregates a little larger and so on through the spectrum up to particles of millimetre dimen-
sions or more 1n estuaries (BiDDLE and MiLEs, 1972). Thus, there could be a cascade of
particles from small into large sizes which, judging from the calculations for monodisperse
suspensions, would take many years to hundreds of years to achieve flat volume distributions
in the deep sea. The larger particles have settling velocities increasing as d? in the Stokes
region and so are increasingly rapidly lost from the system. It must also be noted that the
larger particles, particularly ‘snow’, are not produced by aggregation of small ones, they start
out with a large organic substrate With evolution of size spectra to flatness there 15 also a
decrease in concentration. Eventually, far from erosional sources and at mid-water depths far
from surface sources, some large sinking particles may contribute small particles by breaking
up while others continue to sweep their way through the water column, perhaps resulting in a
steady state.

Biogenic aggregation processes It 1s possible to write down a coagulation kernel for active
particle catching and aggregate production by animals Basically they sweep or filter a certain
volume of water each second, V' = AU, where A 1s the area of water column swept at speed U,
and catch particles with an efficiency E,,, which depends on the type of organism j, the size
d, of the particle, and its perceived food value f The kernel would have the form
Kp, = AUE,.

Microzooplankton with flagellae or cilia appear to act as filters (FENCHEL, 1980,
JORGENSEN, 1983). For the Tintinnids, data of Storcker and GUILLARD (1982) suggest filtra-
tion rates of ~10ul h™! per ammal. With populations of, for example, 10? to 10*1"
(HeinBockEL and BEErs, 1979), fractional filtration rates are 10~! to 10~ h~! giving complete
filtration times for the water of 0.5 to 50 days Mucous membranes and nets employed by
other, large, zooplankton (ALLDREDGE and MADIN, 1982) also operate as filters (FLoop and
FiaLa-Mepiony, 1981, JORGENSEN, 1983) In several species of ascidian the efficiency of such
mucous nets 1s 100% for particles over 3 um n diameter (RANDLOV and RusGARD, 1979)
Data summarized by MapiN (1982) and ALLDREDGE and MADIN (1982) for gelatinous
zooplankton using mucous nets and films show filtration rates of 6 to 60 mih~ for
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Appendiculana, 5 to 12mlh~' for Doliolids, and a remarkable range from 3 up to
5000 ml h~! for salps. Salp population densities can be as high as 65 m~* n swarms (W IEBE ef
al, 1979), but they are often more sparsely distributed, 8 x 10~ m as measured by MADIN
(1982). At a rate of ~3 x 10-3 m? h™! per animal, a Salpa aspera swarm would completely
filter the surface water in 5h The lower population density would still give significant
aggregation rates of larger particles compared with rates due to morgamc processes alone

Copepods 1t now appears are suspenston but not filter feeders as often supposed (KogHL
and STRICKLER, 1981, PAFFENHOFER ef al , 1982, JORGENSEN, 1983). They are quite selective
about the particles they capture and do not take many small particles They process appreci-
able volumes of water however (4 to 8 mlh™' per ammal from data summarized in
ALLDREDGE and MADIN, 1982) Population densities of copepods in surface waters are highly
variable but a representative range for oceanic waters from lower to higher productivity
(eastern North Atlantic to Gulf Stream) 1s 10 to 100 m~® (Grice and HULSEMANN, 1965,
Grice and HArT, 1962) This decreases to <1 m™ below 1000-m depth and may be as low as
0 1 m™3 at 4000 to 5000 m (Grice and HULSEMANN, 1965) At the filtration rates given above
the denser populations result in fractional filtration of 0 02 day™ or complete processing in 50
days By contrast the deep populations give very small fractional filtration rates (~0 4% per
year) At the surface the amimals can scavenge and aggregate a sigmficant fraction of the
bigger particles (25um) and convert them into rapidly settling faecal pellets (KoMar et al ,
1981)

The data show that amimals are likely to have the major impact on particle spectra tn the
upper layers of the ocean where there 1s most food It 1s not clear what the effects will be at
great depths in mid-water and in the nepheloid layer, where even the population densities are
not well known (WISHNER, 1980)

Paruicle breakup

In equation (3) the breakup terms seven and eight due to JEFFREY (1982) were inserted
Earher VALENTAS and AMUNDSON (1966) and VALENTAS et al (1966) proposed breakup
terms, which SpieLMAN (1978) summarized as

aﬂ(l’,) co 7R
o= f J(v,, %) 1)) dv, — n(v,) fo Jv—j‘J(vJ,v,)dvj (13)

i

The breakup function J(v,, v)) gives the rate of production of v, sized particles from breakup of
v, sized particles as J(v,, v )n(v) dv, dv,. However 1t 1s by no means clear what should be the
functional form of the J terms of JEFFREY (1982) or the other authors They depend to some
extent on the modes of particle breakup.

PARKER et al. (1972) proposed that particles either are fractured or are eroded particle-by-
particle through surface shear. Therr analysis showed that, for particles smaller than the
Kolmogorov microscale A,, the maximum size stable to surface erosion should be d,, oc T,
and for d > A, it should be d,, oc ' 2, while 1n both regimes the breakup size should be d,, oc
['-2, PARKER et al. (1972) cited experimental support for such dependencies. Examination of
floc size distributions frequently shows many flocs larger than A,, which PARKER et al (1972)
conclude must be undergoing surface erosion but are also mamntamned by high rates of
aggregation. The rate of production of particles by surface erosion below the microscale was
shown to be dN/dr = K,I'%, where K, 1s the floc breakup rate coefficient.

Dufferent relationships for floc fracture were proposed by Tamso and Hozumi (1979) They
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suggested that d,, oc ¢”¥2%**’ 1n the viscous subrange and d,, oc €™''**0 1n the inertial sub-
range, k, 1s the exponent i the relationship between floc size and density having a range
ko,=11to 1.5, 50 d, ac €% and d, oc £©5° %4 If we say for the viscous subrange
d, oc e, then d,, oc u;' or 15"/ rather than ' as suggested by KRONE (1962) Tambo and
Hozum’s relationships for the viscous range are supported by photographic size data from a
strred flocculator. They found d,~15mm at ¢=2102cm?’s® and 200 pum at
e=10cm?s™ (I'=1.4 and 32s™") for clay—alummum flocs. This suggests that in the
generally low shear environment of the sea, flocs of several millunetres and more will be stable
while 1n higher shear zones near the bed 100 to 200 um may be the imit. Under depositional
conditions 1y < 0.1 Pa (4, < 0.98 cms™!) yielding, in the viscous sub-layer, a shear rate
dU/dz <100s™' Equating this with the local turbulent shear rate (e/v)"? in the vicinity of
suspended particles suggests that an equivalent condition 1s € < 100 cm? s™3 Extrapolating the
results of Tamso and HozuMi (1979) indicates particles of diameter up to 100 um would be
stable, and for deposition under t;,=0.031 Pa(u,= 055 cms™') particles up to 200 ym
would be stable

The above values of size depend on floc strength, and clay—alumimum flocs are not
particularly strong. For example, T ampo and Hozumi (1979) found that the addition of 2 ppm
of an organic polymer flocculent increased floc strength by a factor of 48 and raised the
maximum diameter at € = 10 cm? 573 from 0 2 to 0 6 mm, and, at € = 0.4 cm? s73, from 0.54
to 1 6 mm Organically produced polymers are also capable of increasing the efficiency of
coagulation (decreasing stabihity of the suspension) and are used in wastewater treatment to
promote flocculation (BuscH and StumM, 1968; GREGORY, 1978; O’MELL!A, 1978)

Numerical models such as that of Ives and BuoLE (1973) show that breakup may exert a
controlling mfluence on size distributions. Differing distributions are produced by breakup
into 2. 3, or 4 fragments None of the theoretical treatments yet goes much beyond total
disintegration or breakage in two PARKER et al (1972), TamBo and Hozumi (1979), and
JerrrEY (1982) all consider some floc breakage mechanism by a straiming flow resisted by
floc strength However no kernels for breakup (J terms 1n equations 3 and 13) have yet been
proposed

SOLUTIONS TO THE GENERALDYNAMICAL EQUATION

The general dynamical equation cannot be solved other than numerically even if simphfy-
ing assumptions such as 9/0t =0, 3/dx =0, D < ¢, ,, and w,(v) 1s constant with z are made
One complex part of the equation is solution of the coagulation terms. Two principal
approaches have been made by Friedlander and his co-workers (FRIEDLANDER, 1977; see also
TwoMEY, 1977, p. 132 and PrupPACHER and KLETT, 1978, p 399). A “self-preserving distribu-
tion’ (FRIEDLANDER and WANG, 1966) is an asymptotic solution to the coagulation equation
where, after a long time, the coagulating suspension acquires a size distribution whose shape
1s related to the mechamism governing coagulation. The solution to the equations 1s achieved
by using stmilanty transformations that reduce the coagulation equation to a function of one
independent variable. The conditions for a self-preserving distribution to fit a measured one
are that the distribution should have undergone a long evolution by coagulation (when ‘long’
1s of order 10¢,), and should have neither gained nor lost particulate matter Such distribu-
tions are not applicable to the oceans because of sedimentation and dissolution and because
on the time scales mvolved, thousands of years at mid-ocean depths and a few years close to
the bed, there would be considerable departure from constant oceanic conditions A similar
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lack of apphicability was found for the atmosphere by JUNGE (1969) The ‘steady-state solution’
(FRIEDLANDER, 1960a, b) 1s not exactly a solution but through dimensional analysis gives the
form of the distribution for different subranges dominated by different coagulation
mechanisms

FRIEDLANDER (1960a, b) proposed that for distributions where there was production of
particles at the fine end and removal by sedimentation at the coarse end, the form of the
distribution 1s determined by the parameters describing the coagulation and sedimentation
mechanisms and the flux of matter through the spectrum In this he drew analogy with the
theory underlying spectral analysis of turbulence, and the form of the distributions deduced
are termed ‘quasi-stationary’ In equilibrium the size spectrum displays several subranges
each dominated by a single coagulation mechamsm There is a flux of particulate matter
through the distribution from smaller to larger sizes ending in sedimentation of large particles
In the atmosphere there 1s a source of small particles from condensation but in the ocean such
mput at the fine end 1s more sporadic and largely confined to erosion of the bed and input of
aerosols and biogenic particles at the surface The subranges are dominated by Brownian
motion, shear, and differential sedimentation An aspect of the concept of a subrange pointed
out by JEFFREY (1981) 1s that collision between particles of similar size should make most
contributions to term (vi) of equation (3) Again, if there 1s net loss of material from a distribu-
tion or if 1t changes shape with time 1t 1s not stationary and Friedlander’s method 1s inapplic-
able

In the subrange where Browman motion dominates the particle spectrum, dimensional
analysis of n(d), d, K = 2kT/3p, and E,, the material flux through the distribution, with
dimensions of

n(dy=L>1"',d=LK=LT",

and
E,=PL3T,
where [ and L are particle and fliuid length dimensions respectively, yields the result
E 12
n(d):A(-Kl) @, (14)

Thus the cumulative distribution Alog N/Alog d = n(log d) varies as d* or B = 3/2 It s
of considerable interest that HArRRIS (1977) measured particle number in the range 0.1 to I um
in a nepheloid layer and showed a varniation of cumulative number as p = 1.65 suggesting a
Browman-controlling mechanism in the submicron range.

Hunt (1980) applied the same similarity argument to additional subranges dominated by
shear and differential sedimentation coagulation. For the cumulative number distribution he
finds the following dependencies on d; for shear B =3 and for differential sedimentation
B = 3.5. In addition for relatively high shear conditions, I' = 3 s/, he suggested that the shear
subrange occupied the region d = 1 to 100 um and that Brownian and differential sedimenta-
tion dominated at lower and higher diameters, respectively. The prediction of a flat volume
distribution when shear 1s dominant was verified experimentally by Hunt (1982a, b).

For vald application of the sinilanity arguments E,, must be constant with respect to size
and time, so particle input and removal by non-coagulative processes act against maintenance
of constant E,,. As there is only episodic fine particle production 1n nepheloid layers and as
there 1s hikely to be deposition of a substantial part of the size range for most of the time that
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u, 508 cms™ (McCAvE and SwiFT, 1976), the occurrence of quasi-stationary distributions
may not be common. In mid-water situations the possibility of a source of fine particles 1s
even less likely and one would not expect a Browman subrange with a @' * slope there.

Several authors have solved the coagulation equation numerically for particular aerosol
problems. LINDAUER and CASTLEMAN (1971) examined the case of Brownian coagulation with
gravitational fallout assuming an initial log-normal number size distnibution. With time the
mean size increases at first and then decreases—particle growth by coagulation is overtaken
by fallout. In WaLTER’s (1973) numerical experiment, condensation nuclei (d, = 1.2 nm) are
coagulated and show a steep fall-off with size and development of a secondary peak at 0.1 to
0.3 um If larger particles (0.1 um) are introduced they rapidly scavenge out the smaller ones
and leave a gap in the spectrum for d, <001 um Simlar numerical experiments would be
illummating for the case of marine particles

PHYSICAL PARTICLEINTERACTIONS IN THE OCEAN

The regions dominated by the different coagulation mechamisms are shown in Fig 3 1n a
form based on the original suggestions by FRIEDLANDER (1965) The coagulation rate con-
stants from the kernels are plotted for interactions with particles of size d, = 0.5, 5, and 50 um
The conditions assumed are those of low shear, I' = 0.084 to 0.0084 s™', and deep-sea density
and viscosity mentioned above with particle properties of Table 1. Browman motion
domuinates interactions of fine particles, followed by an intermediate range where differential
sedimentation 1s most effective, and finally shear dominates for large particles because of the
d’, term n the kernel This differs from the sequence Brownian—shear—differential sedimenta-
tion proposed by HunT (1980) using I' = 3 s~! (¢ ~ 0.1 cm? s7*) appropniate for some coastal
waters According to the plots shown here, differential sedimentation should dominate
coagulation between similar-sized particles over most of the range of interest in the sea (1 to
100 pm) However, the ‘giant’ particles represented by marine snow appear to be dominated
by shear 1n their interactions.

Such a plot may seem to reinforce the notion of a cascade of particle volume through the
size distribution Particle collisions with near neighbours (in size) are favoured so small
aggregates join to make bigger ones and so on up to large sizes. However, the time scales
calculated for the processes are very long with 10% efficiency; Brownian coagulation times
for 0 5-um particles are 3 months to 20 years for nepheloid layer and mid-water concentra-
tions, respectively, and corresponding shear-coagulation times for 5-um particles are from 7
months to 7000 years. This makes it unlikely that small particles can aggregate into big ones
other than through biological intervention to produce faecal pellets Apparently the mill grinds
very slowly.

But does it? A feature of the turbulent shear kernel 1s that 1t attains high values for interac-
tion involving large particles. One way of examining the effect of this 1s to calculate particle
removal rate as suggested by LERMAN (1979, pp. 288-299) [cf. HipY’s (1973) Tables 4 to 6
for aerosols). This 1s given by the kernel times the numbers of interacting particles X n(v,) n(v)
with umits cm™ s~ Table 3 shows the results of calculations for nepheloid layer and mid-
water concentrations The numbers of smaller particles are based on data from McCAve
(1983) The numbers of giant (2 to 4 mm) particles are preliminary data from the photographic
observation system of Hownjo et al (1984) at a low-productivity North Atlantic station
(34°17'N, 73°27'W, 4140 m deep) (HoNso and ASPER, personal communication) The values
are about 100th those reported by Honio et al (1984) under the productive Calfornia
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Table3 Particle removal rates® —dn/dt (cm=3s~')

Nephelowd layer (I’ = 0 084 s7') Mid water (I' = 0 0084 s—*}

d, = 05um 5 um 50 uym 05um S um 50 um
Lg 674 607 x 10~ 243 x 1072 674 x 10~ 607 x 10~° 122 x 10~
Lg 137 x 1072 123 x 10 493 x 107? 137 x 1077 123 x107° 123 x 1012
Lg(2—4) 186 x 1072 561 x 1073 118 x 108 620 x 10°¢ 187 x 1078 197 x 10-%
L(50) 568 x 10~  885x 107 — 284 x 1077 444 x 10 —
Lg(2-4) 242 x 1073 234 x 10 135x%x 1078 806 x 10-¢ 780 x 10-° 224 x 10-10
N(ecm™) 10¢ 3 x 10? 06 10¢ 30 003
Ny _4(ecm™?) 6 x 10-3 2x 1073

* Assuming 100% efficiency

N, 1s the number concentration of particles of diameter d,

N, o4 15 the number concentration of ‘snow’ particles in the size range 2 to 4 mm

Subscripts for loss rates L are B = Browman, S = shear, G = differential sedimentation, (2 to 4) mm and 50 ym
Frequencies <3 17 x 1078 cm~3 s~! represent less than one collision per year

current. The calculated loss rate for Brownian (L ) and shear (L) assume a monodisperse
suspension (d, = d,), while the loss rates due to shear L (2 to 4) and differential sedimenta-
tion L (50) and L (2 to 4) presume interaction of particle d, with the larger particle specified
in the subscript

The most inportant feature of Table 3 1s that many of the collision frequencies are
<3.17 x 10 cm™ 57}, or less than one collision per year per cm?3. There is no significant
scavenging of 50-um particles (having a settling rate of ~15 m day™') by larger (‘snow’)
particles, or aggregation with similar-sized particles before they have settled out of the water
column. Differential settling loss rates come out less than those for the turbulent shear rate L
despite the fact that the plot of the kernels (Fig. 3) shows that differential settling should
domnate. Thts 1s a consequence of the fact that L 1s calculated for a monodisperse suspen-
sion and has [n(v,)]* while L (50) has n(v,) n(v;) where n(v,) 1s not very large This reinforces
the point about effective loss rates being greatest for near neighbours, at least by gravitational
setthng. At mid-water depths where concentrations are low there 1s mefficient scavenging of
small particles by large ones—whether by setthng or turbulent agitation The principal
mechanism of removal of 0.5-um particles there involves ‘snow’ particles (2 to 4 mm here) 1n
shear- and settlng-controlled collisions but at such low frequencies that the collision rate
involves only 5% of the small particles in a year By the time something happens to fine
particles at mud-water depth they have moved elsewhere Physical aggregation m the
nepheloid layer with appreciable frequency is again dominated by shear for 5-pum particles
and Brownian motion for submicron sizes. Shear both aggregates similar-sized particles and
leads to scavenging of small particles by ‘snow’ more effectively than differential settling This
presumably also applies to shear-controlled aggregation in the surface mixed layer though
shear rates there (thus aggregation rates) may be an order of magnitude higher. Numbers of
particles near the surface may also be higher than those assumed, again resulting in increased
collision frequency.

The enhanced coagulation rates for small particles with large particles in nepheloid layers
suggests that this will be a highly sigmficant mechanism in surface waters too, where tur-
bulence levels expressed as a shear rate may be an order of magnitude greater In addition, the



346 I N MCCAVE

concentrations of marine snow may be two orders of magnitude greater than the figure given
here [re., 5 x 1073 cm™ from SHANKs and TReNT(1980) and ~10~ cm~ from Honso et al
(1984)]. Thus, in surface water the smallest particles are aggregated by Browman motion
Such aggregates are lost by colliding with one another in motion controlled by differential
setthng, but they are scavenged even more rapidly by large particles with turbulent shear con-
trolling the relative motion. The potential importance of large scavenging particles decreases
the importance of FRIEDLANDER’s {1965) notion of subranges because coagulation may be
dominated by particles that are very dissimilar in size

The efficiency of particle capture has here been assumed to be around 10% However,
bacterial and algal exuded polymers may promote flocculation by increasing efficiency and
by increased floc strength. Recent work has demonstrated that ‘marine snow’ 1s the site of
extremely active bacterial and algal production (CARON et al , 1982; KNAUER e al , 1982) It
seems likely that this will result in ‘snow’ being a more efficient scavenger of small particles as
it settles. Such enhancement of efficiency may not be restricted to ‘marine snow’ as bacteria
attach to many surfaces, particularly in low-nutrient media (J ANNASCH and PRITCHARD, 1972,
FLETCHER, 1979). Perhaps 10% efficiency is a lower limt

The above discussion has considered physical factors mnvolved mn aggregation It must be
tempered by the fact outlined 1n the previous sectton that some filter-feeding organisms can
process the upper water column 1n a day. Browman aggregation 1s likely to put small particles
nto sizes 1 to 8 um, where they stand a good chance of being filtered by larger zooplankton if
they have not already been collected by microzooplankton. More data on filtration rates and
population densities of suspension feeders, particularly below the surface layers, will be essen-
tial mn elucidating deep-sea particle dynamics. Animals may dominate at depth as it seems
probable that they do in the surface.

SIZE DISTRIBUTIONS OF AEROSOLS AND MARINE PARTICLES

Flat oceanic and atmospheric spectra

Flat volume distributions (= 3) are a feature of both marine particulate matter and
aerosols. In the latter case 1t 1s known as the Junge distribution or the Junge subrange. It 1s of
more than passing interest that both in the atmosphere and the oceans there 1s a tendency to
have equal volumes of matenal in loganthmically increasing size grades. In the atmosphere
this holds over the range 0.1 to 100 um (JunGg, 1969) and 1n the ocean from 1 to > 100 um
(SHELDON et al., 1972), possibly out to 1000 um if scaling with the atmosphere 1s similar.
Why should this be so, and are there any other general lessons the marme sciences can draw
from the situations in the atmosphere? What are the exceptions to the pattern and what do
they tell us?

The role of component subdistributions

In the ocean the data of LAMBERT ef al. (1981) indicate that the suspended matenial 1s made
up of a variety of components, each with a log-normal distribution perhaps, and that they add
up to a Junge distribution over part of the range. In the ocean, as in the atmosphere, when
close to the source (surface or bottom), size distributions are not flat but show various peaks
characteristic of the source. The peaks may be related to particular components (e g.,
foramunifera, clay, and silt particles in the ocean; fly ash or salt particles in the atmosphere)
They may also be related to aggregation, for example, formation of a peak by collisions due to
Brownian motion. Oceanic and atmospheric particles are similar in this respect, thus JUNGE’s
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Fig 5 Hypothetical wide-spectrum flat size distnbution by volume with suggested component
distributions that make it up

(1969) suggestion that mixing of different aeroso! components from differing sources
produces a statistical combination yielding 8 = 3 may also apply to the oceans. I suggest that
in a polydisperse system the component peaks cause local regions (in particle volume space)
of increased coagulation rate that tend to flatten out the bumps, and that in a polydisperse
system shear dominates the coaguiation aided by differential settling. The imtial condition
leading to a flat distribution is thus production of subequal amounts (differing by no more
perhaps than one or two orders of magnitude) of material to yield the different nitial peaks
(Fig 5) The approach to B =3 1s by no means perfect and values from 2.7 to 3.5 are
common, still with some bumps n the volume distributions. I suggest that the coagulation
rates 1n a poly-disperse system will be fast enough to flatten most of the bumps arising from
the source, and that the reported fits to the Junge distribution are not all that good (as 1s
evident when spectra are plotted as particle volume instead of particle number) Several
numerical experiments to examine the suggestion are possible.

Quasi-stationary evolution of distributions

Both for the atmosphere and for the ocean 1t has been suggested that the Junge distribution
represents asymptotic behaviour, the evolution of spectra to a stable form as exemplified by
self-preserving or quasi-stationary distributions. For the ocean the latter case ts argued by
HunT (1980) yet he used shear rates and concentrations typical of coastal waters (where the
Junge distribution does not obtain) to maintain that the observed flat oceanic distrnibuttons are
shear controlled. In the atmospheric case JUNGE (1969) disputed the applicability of self-
preserving distributions anywhere, and argued that quasi-stationary distnibutions may only
apply to the finest or largest particles, not those in the middle of the distribution where g = 3.
The criteria for applicability of quasi-stationary distribution are that particle gain and loss are
about in balance and that the rate of these processes i1s greater than the rate of change of
oceanic (atmospheric} conditions, 1.e., approximately stationary conditions. In the atmosphere
only the Brownian region and the largest settling particles are thought to have rates of particle
flux through the distribution that are fast enough. In the ocean the Brownian range (<1 um)
particles may coagulate fast enough shortly after their erosional supply but would not last for
long n equilibrium This may be why in one nepheloid layer Harris (1977) found a slope
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approaching that for Brownian coagulation whereas elsewhere in low-concentration cond:-
tions BAKER ef al. (1979) and L aMBERT et al. (1981) did not. Even the small part of the range
considered by LERMAN et al. (1977) (2.26 to 12 ym) is unlikely to be stable over the required
period of at least 6 months. In that time one would expect deposition and some fluctuation in
nepheloid layers, possibly including erosion, detachment of mixed layers, and supply from
above (McCave, 1983) Certainly the oceans are not stable over the very long periods
required for coagulation at mid-water depths. Thus 1t appears that in the oceans the rates of
processes in the Junge subrange, d ~ 1 to 100 um, are too slow relative to the rate of change
of oceanic conditions to produce flat distributions alone.

Rates and places for peak flattening

The two most effective physical mechanisms recognized for changing size distributions are
aggregation of small particles by Brownian motion and collection of smaller particles by tur-
bulent agitation with larger particles. The rates of the processes depend on number concentra-
tion and on turbulent shear rate. The overall distribution of small particles sensed by
nephelometers (Biscaye and EitTremM, 1977) and of large particies sensed by new optical
systems (HoNio et al., 1984) comprises maxima 1n surface and bottom regions with a broad
minimum 1n between The importance of organisms in production of faecal pellets as a means
of shifting particles from one end of the spectrum to the other (and from top to bottom of the
ocean) in one operation must be emphasized. The upper ocean 1s most turbulent and it must
be there that most particle production and modification of imtial size distributions occurs
Increased shear 1n zones of rapid temperature change and large Brunt—Vaisala frequency
(Evans, 1982) should result in a further smoothing of the size distribution of material entering
mud-water from above. Lateral supply of material to mud-water in the open ocean 1s likely to
be a slow process, thus part of the fine material in suspension will be old (order of years) and
should not show pronounced peaks. Larger components of the size distribution must have
come from above on a time scale of a week to months Some of the mid-water small particles
must also have come from above however, as EITTREIM ef al (1976) and Biscaye and
ErrTtremM (1977) showed that under regions of high surface primary productuvity the mud-
water contains a spatial maximum of fine particles The largest, fastest setthing particles would
probably yield distributions that were peaked 1n relation to time and place (time of plankton
bloom, under productive areas), but these have not yet been measured The <100-pm range
usually measured probably contains many relatively old particles (order of a year to many
years) and has thus had time to evolve towards flatness.

Ocean—atmosphere comparisons

We should beware of presuming that because there are regions of B = 3 1n both ocean and
atmosphere they are therefore equivalent 1n terms of particle dynamics The oceanic region of
flat volume distributions 1s well away from surface and bottom sources whereas that in the
atmosphere 1s in lower regions much closer to source in terms of both space and time JUNGE
(1969) pomnted out that aerosols in clean tropospheric air masses have B ~ 4, thus the region
1s not a good analogue for the mid-water situation. The higher value of the exponent
oceanic mud-water, indicative of relatively more large particles in the distribution than tn
tropospheric distributions, 1s perhaps due to the fact that the ocean has a source of particles
from above (faecal pellets and ‘marine snow’ falling and breaking up), which provides a
spectrum of sizes with relatively more 1n the coarse end
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Thus the atmosphere, which 1s more vigorously and rapidly mixed, has particle size distribu-
tions that evolve from peaked near the source, through B = 3 in the lower atmosphere, to
B = 4 n clear tropospheric air. The ocean by contrast moves and mixes much more slowly so
that large volumes of surface and bottom water can be dominated by (multiple) peaked
spectra Only far away from individual sources and a long time, probably more than a year,
after introduction of particles do ocean spectra become flat, and because of supply from
above they do not generally attamn a p ~ 4 form The closest they get in mid-Pacific water 1s
B ~3 5 (BAKER et al., 1979) The multiplicity of oceanic particle types provides the necessary
range of distributions, and the biological activity in surface waters that produces large
particles of both ‘snow’ and faecal pellet types as well as skeletal remains 1s responsible for
ensuring that most regions of the spectrum are represented by source peaks Thus small
particles do not have to work their way all the way up the spectrum to produce a flat distribu-
tion. By aggregation and with breakup they help fill in the valleys between the peaks
Geologists should consider that such small, often lithogenic particles, which ultimately con-
stitute the geological record, are only a very small fraction of surface ocean suspended matter,
<19 off West Africa according to FOLGER (1970). Thus processes of pelagic sedimentation
of ithogenic matter may be viewed as a side effect of excretion and disposal of other waste
products of the ocean’s biological systems Such biological intervention 1n the production of
the coarse end of particle spectra (from 10 um to several cm) 1s perhaps simply the transition
to the situation envisaged by SHELDON et al (1972), where the spectrum continues with equal
volumes of biological material in logarithmic size grades out to whale-sized particles
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