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ABSTRACT

Various aspects relating to suspended matter over the Madeira Abyssal Plain
are discussed. Special attention is paid to the nepheloid layer including
resuspension and transport processes; time variabilities in particle
concentrations and fluxes; particle morphology, microbiology and chemical
composition; phase association of metals. Also, tentative predictions of
the behaviour of some radionuclides are made based on theory and data on
rare earth elements. Instrumentation developed for the project is detailed
- the deep water particle sampler.
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This work has been commissioned by the Department of the Environment as part
of its radioactive waste management research programme. The results will
be used in the formulation of Government policy but, at this stage, they do
not necessarily represent Government policy.
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BACKGROUND
Outline of report

This report summarises the work conducted over a five-year period at a site
on the Madeira Abyssal Plain chosen for a feasibility study into the subseabed

disposal of radicactive waste. The programme was structured as follows:

(1) to design, build and prove new instrumentation in order to sample suspended
particulates and monitor particle distributions in terms of concentration
and size spectra,

(2) to compare this data with other work carried out in the RWD programme,
(3) to characterise suspended particulates morphologically and chemically,

(4) to identify key processes in particle production and fate including
particle mass fluxes.

The report is laid out fnllowing these main themes.
Relevance of work to RWD

Particles entering the oceans via fluvial and atmospheric transport and
biogenic particles produced in situ control the chemistry of the oceans. Uptake
of elements from solution may be simplistically viewed as 'active', i.e.
biologically mediated, or 'passive', i.e. adsorption on to surfaces and, as
such, there can be chemical fractionation between particle types. The ultimate
removal of these particles to form sediments, their history in transport, and
their subsequent diagenesis is fundamental to deep-sea geochemical cycling of
elements. Of relevance to RWD is the characterisation of particulates above the
sediment-seawater interface since, in the event of release of radionuclides from
sediments, the particle layer above the sediments (the nepheloid layer) becomes
a further barrier to, or mechanism for, transport back into the food web.



SECTION 1 - RATIONALE BEHIND AND VALIDATION OF NEW INSTRUMENTATION

RATIONALE BEHIND DEVISED INSTRUMENTATION

Figure | shows an idealised particle difference spectrum with the types
of particle associated with different size ranges. The main features are
that:

(a) As particle size decreases, the particle concentration tends to zero
since material effectively becomes dissolved.

(b) The particle maximum in concentration is at about 0.8 pm.

(c) The bulk of the particle concentration is found between 1 and 200 pm.

(d) The tail of the spectrum become asymptotic to the largest size
encountered.

Aggregation-disaggregation tends to smooth the distributions, leading
to the cumulative number distribution of the type shown in Figure 2. No
method available covers the whole size range with one technique thus, in
this work, the 1-10 pm range was determined by electron microscopy and the
8-256 pm range by an in-situ particle counter. The cumulative number
distribution for this range is given by

N =ad

>8

and approximates to the straight line

log N = log a - b Tog d

In terms of particle counting, the size range chosen was a compromise
of flow rate through the sensor head allowing the provision of 'good'
statistics for larger particles (256 pm) against the lower cut-off
determined by the size that has a small but significant vertical transport



component in terms of settling (8 um). Particles smaller than this tend to
remain in suspension due to Brownian motion. In terms of filter sampling
the compromise was for a porosity and diameter of filter that give flow
rates of an order to provide sufficient material for analysis. At 1 pm
porosity the bulk of material collected is less than 200 pym.  Thus, the
counting and sampling methods are approximately comparable.

[t is the smaller particles that are most important for element removal
and concentration, whether biologically produced, e.g. in the surface
waters, or whether considering clays versus bacterial adsorption in the
nepheloid layer.

The speed of transport to sediments (flux) is primarily an effect of
the aggregation of small particles into bigger ones by zooplankton grazing.

DEVELOPMENT AND VALIDATION OF NEW INSTRUMENTATION

The experimental design was discussed in an earlier report (SIMPSON,
1984) and the aims discussed in that report have been met. The instrument
built to fulfil those aims, the deep water particle sampler (DWPS), and the
validation of the results obtained have also been presented (SIMPSON,
GWILLIAM, LAWFORD, LEWIS & FASHAM, 1987). This paper is included as
Appendix 1 below. The salient features of the instrument are as follows:

(i) the sensor package includes:

(a) a novel in-situ counter that effectively sizes particles into
sixteen ranges between 8 and 256 pm (first cruise 10-174 pm),

(b) a transmissometer which monitors light attenuation proportional to
the particle concentration in water, and

(c) temperature and pressure (depth) sensors to give information on
water structure.
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(i1i) a filtration package of four independently operated filters that allows
the removal of particles greater than 1 pm using flow rates of about
3 ,-1
1t m” h

subsequently chemically and morphologically analysed.

at midwater depths. The particles so collected can then be

The operational advantages of such a system are that informed sampling

can be carried out on the basis of real-time information from the sensors
and the system allows flexibility in that many samples can be taken on one
cruise. Disadvantages are that estimates of fluxes are obtained indirectly
by modelling of particle data and only for the size range quoted. The
information provides a 'snap-shot' of prevailing conditions rather than a

time-integrated signal.

Further information will be drawn from Appendix 1 as and when

applicable.
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SECTION 2 - COMPARISON OF DATA FROM THE DEEP WATER PARTICLE SAMPLER
WITH LONG-TERM TRANSMISSOMETER AND SEDIMENT TRAP MOORINGS
IN BOTTOM WATERS OVER THE MADEIRA ABYSSAL PLAIN

INTRODUCTION

The validation of the deep water particle sampler as a tool for
collecting uncontaminated filter samples and good particle size distribution
data for suspended particulate matter was addressed by SIMPSON et al. (1987)
Appendix 1.  However, the modelling of particle size data went only as far
as the calculation of particle volume concentration (Tables 3 & 4 in
Appendix 1). Here estimates of particle mass concentration from size
distribution are compared to transmissometer and bulk chemical data. Also
the estimation of particle mass concentration and particle mass fluxes from
size distributions is discussed and compared to estimates of

(a) resuspended mass from Tong-term transmissometer moorings, and

(b) particle mass fluxes from long-term sediment trap moorings.

INSTRUMENTATION AND STUDY AREA

Table 1 1ists cruises, stations worked with the DWPS and
CTD-transmissometer and the position and duration of moorings. The study
area is shown in Figure 3 and the configuration of the trap and
transmissometer moorings are shown in Figures 4 and 5 respectively.

The DWPS is described fully in SIMPSON et al. (1987), Appendix 1. The
I m pathlength transmissometers were Seatech instruments (BARTZ, ZANAVELD &
PAK, 1978) and the mooring details were discussed by SAUNDERS (1987). The
sediment traps were built at I0S and have a collection area of 0.575 m’, are
conical funnels of 72° slope, of height 76 cm from mouth to the top of the
sample cup. The cup diameter is 5 cm. Chloroform was added to the cups
before deployment to prevent microbial degradation of the sample.
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SUSPENDED PARTICULATE MASS CONCENTRATION

Transmissometer profiles - were taken on both DWPS and CTD casts. In
all cases a clear signal of material resuspended at or transported to the
site was observed in the bottom 500 m (Figure 6). The relative changes in
percent transmission between the near bottom maximum and midwater minimum
were 0.19, 0.20 and 0.15% for June 1982, 1985 and May 1986 respectively.
SAUNDERS (1987) calculated that 0.5% light transmission represents
7.5 mg m-3 dry weight based on the gravimetric calibrations of BISHOP
(1986), thus the above values convert to resuspended concentration maxima
over background of 2.9, 3.0 and 2.75 mg m'3, respectively. Integrating
from the seabed to 500 m off-bottom the "resuspended" load ranges between

0.56 and 0.75 g m 2.

Particle counter data - can be used to estimate mass based on the
assumption that the mass of material between the equivalent sphere diameters

di and di { is given by

+

M. = nip a?/6

1 P

where n, is the number concentration of particles between di and di f 10 pp
is the density of particles of geometric mean diameter di for that size

interval. The values of pp were calculated according to the relationships
given in McCAVE (1984). The mass concentration for a given size spectra is

the sum of those in the individual channels.

The wet weight mass concentration profile for particles between 10 and
174 pm for Station 10554 is given in Figure 7(a). This profile is based on
the data given in SIMPSON et al. (1987), Appendix 1. Table 2 extends the
data summary given in Table 4 of SIMPSON et al. (1987) Appendix 1. The
resuspended material is about double the concentration of that in the
midwater.  Also, the change in distribution gradient from - 2.43 to - 2.25
mid- to bottom water, suggests an increase in aggregation in the nepheloid
layer. The combined data for the casts carried out on Station 11287 is
shown in Figure 7(b), this for particles between 8 and 256 pum.  The same
general characteristic is observed.
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Table 3 summarises data collected whilst filtration was being carried
at four heights above bottom.  The masses are higher than 10554, probably
due to the increase in limits of size range covered.

Also given in Table 3 is the interpolated mass for 0.8 to 8 pum based on
the 8 pm best-fit value for the distribution. A cumulative number
distribution gradient of - 3 was assumed for this size range (McCAVE, 1975,
1984; SIMPSON et al., 1987). The relative change in mass concentration
wet weight from 1000 m ab to 15 m ab was about double that of 10554.  From
Table 2, the mean in-situ density of the larger aggregated particles is
1.15 ¢ cm_3 suggesting a water content of about 90%, thus the dry weight
values are estimated to be about 10% of the wet values. For the smaller
individual particles of greater density the water content is probably about
70%, thus they account for about 66% of the total mass. The relative

increase in dry mass from mid- to deep water is about 3 mg m_3.

Bulk particle chemistry - can provide rough estimates of the total dry
weight concentration by scaling up major element concentrations by the
stochiometric ratio for the mineral phase with which they are associated.
Analysis of filters gave aluminium (or scandium), calcium and iodine values
(Table 4) which were scaled accordingly to give estimates of clay, calcite
and organic content (Table 5). The combined data from Stations 10554 and
11287 are plotted in Figure 8.

The Ca:Al ratio (Table 4) and calcite:clay (Table 5) show that the
coccolithophorid community dominates the surface zone; clay concentrations
were low probably due to zooplankton grazing (aggregation into faecal
pellets). In deep water the resuspended material is dominated by clays,
calcite having been partially dissolved.

Estimated organic concentrations are greatest in surface waters due to
production and show a significant increase in the bottom sample compared to
midwater due to bacterial production and/or resuspension of organic
particles. Clay, calcite and organic concentrations increase by factors of
3, 4 and 5 respectively between 1100 m and 15 m off bottom.
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TABLE 4 - Scandium, aluminium, calcium and
iodine particulate concentration from

GME (ng 174y, Depth, z, in meters.

z Sc Al Ca I Ca/Al

120 - 50 3940 18.2 78.8
134 0.0034 27% 1242 - 46.0
750 - 28 1100 1.6 39.3
1320 0.0105 84* 812 - 9.7
1806 0.0105 84+ 503 - 6.0
2300 - 90 630 4.3 7.0

+ 1000 - 66 160 0.2 2.4
+ 100 - 190 200 0.1 1.1
+ 25 - 266 460 0.7 1.7
+ 15 - 279 440 1.0 1.6
+ 5 0.0295 236* 475 - 2.0

* [A1] = [Sc] x 8 «x 103 (Cruise 129 only).

+ Depth off-bottom
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TABLE 5 - Estimates of the Concentration of Major Components of

the Suspended Particulate Matter:

Station 11287

1

(ng 17°)
DEPTH  CLAY CALCITE ORGANICS  OPAL TOTAL  calcITe
(m) (mg m~3) T CLAY
120 250 9850 19,950 3339 33.4 39.4
750 135 2750 1,753 515 5.2 20.3
2300 450 1575 4,714 749 7.5 3.5
+ 1100 330 400 219 105 1.1 1.2
+ 110 950 500 110 173 1.7 0.5
+ 25 1330 1150 767 360 3.6 0.9
+ 15 1395 1100 1,096 399 4.0 0.8
where [CLAY] = [A1] x 5
[CALCITE] = [ca] x 2.5
(ORGANICS] = [I] x 945 x 1.16, i.e. [I] x (C:I) x Redfield
Ratio
[OPAL] = 10% TOTAL

+ Depth off-bottom



These observations are supported by scanning electron microscope
analysis of samples (Figure 9 in SIMPSON et al., 1987; Appendix 1). There
is an excess of 3 mg m_3 between the midwater minimum and the near-bottom
sample from the combined estimate of mineral phases (Table 5).

Long-term variation in suspended particle concentration - was reported
by SAUNDERS (1987) (Fig. 7). The break in the record occurred whilst the
mooring was being serviced and the transmissometers exchanged. This was
carried out during the occupation of Station 11287. From this record it
can be seen that the station was worked over a period of low particle
loading and weak current activity (Fig. 7). At no time in the 304 days did
the suspended Toad exceed 5 mg m'3 over the background concentration.
Highest concentrations were seen between January and March 1986. This
mooring will be discussed further in relation to the trap data.

Comparison of methods - the data on particle mass concentrations is
summarised in Table 6. Bearing in mind the disparity of the methods
involved the agreement is good. The differences from minimum to maximum
values for each method range from 2.9 to 3.9 mg m°3 the same as the SAUNDERS
(1987) estimate. There is fairly good overall agreement between particle
counter models and transmissometer data yet the total chemical estimates are

a factor of 2 to 4 lower.

PARTICLE MASS FLUXES

Particle counter data - can be modelled to estimate the rate of mass
movement of material through the oceans (McCAVE, 1975). The settling
velocities of a population of particles of mean diameter ai is assumed to
follow Stokes' Law:

ghp a§

- -1
Ui = T8 (md )
where g is gravity, 4o is the density difference between the particle and
seawater, and n is the viscosity of the seawater. The density and
viscosity of seawater were determined from CTD measurements and particle

density and mean diameter calculated as indicated above. Thus, for each
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TABLE 6 - Data Summary of Mass Concentration Estimates: Station 11287
-3
)

(mg dry wt. m

HEIGHT TRANSMISSOMETER ~ PARTICLE COUNTER INTERPOLATED  CHEMICAL

ABOVE V. (MODELLED) PARTICLE DATA  ANALYSIS
BOTTOM GRAVIMETRIC 8-256 um 0.8-256 um (MAJORS)
1100 4.0 1.31 3.98 1.1
110 5.95 2.05 6.67 1.7
25 6.1 2.21 6.83 3.6
15 6.25 2.38 7.12 4.0

A MAX/MIN 2.25 1.07 3.14 2.9
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size interval (channel) of the particle counter the total mass flux is given

by
F=1IM, .U, (mg w2l

Included in Table 2 for Station 10554 (10-174 pm) was the estimated
fluxes in surface, mid- and bottom waters. Most of the material in surface
waters is intensively recycled by the biota; Tlittle escapes to depth. The
mean midwater flux is 157 mg m2 ¢!
flux of 247 mg m-2 d'l. The more detailed Station 11287 (8-256 um) gave
wet weight fluxes of 244, 359, 379 and 471 mg m_2 d-1 at 1100, 110, 25 and

15 m above bottom during filtration runs (Table 7). The greater fluxes are

wet weight compared to a deep water

due in part to the wider size range under consideration. Note that the

t

mean settling velocity is between 17 and 20 m d " for this population of

particles compared to 14 m d_1 for 10554. It is not necessary to consider
particles < 8 pm since their contribution to the total flux is small but the
estimate of 90% water content holds and the fluxes need to be divided by 10
in order to estimate the dry weight flux. These estimates can be compared

directly to sediment trap data.

Sediment trap fluxes - are calculated simply by measuring the dry mass
of material collected, M, and dividing by the product of the collection
area, a, and the duration of the deployment, t:

F - E

M -1
it (mgm?©=d ")
The duration of deployments A, B and C were 172, 50 and 99 days
respectively. Table 7 and Figure 10 show the measured fluxes at given

heights above the seabed.

Deployment A covered the period December 1985 to May 1986,the trap at
+ 3 m giving the maximum in measured flux of 54.3 mg m 2 d! and at + 10 m,
46.4 m2 4l For the deployments B and C combined (May to October), the
+ 10 m average flux of 28.9 mg m 2 g1

months. Essentially the order of decreasing flux is Winter - Spring > Late

was about half of the previous six

Summer - Autumn > Summer.
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The 321 day averaged supply of material at + 1000 to + 1200 m is
33.3 mg m'2 d'l, at + 100 to + 120 m is 25.3 mg m_2 ¢! and at + 10 m,
38.4 mg m% a7l The observed decrease in flux at '100 m' compared to
'1000 m' may be due to disaggregation followed by dissolution. The
seasonal variation in percent organic carbon content was small, although
slightly greater values were evident during the winter-spring period
(4.4%:3.7%).

Comparison of methods - Both methods, modelled particle-counter data
versus direct measurement, have limitations. There is the a? dependence in
modelled fluxes which will be a source of error, yet traps are poorly
understood in terms of collecting efficiencies, particularly for small
particles. The size range of particles being sampled will overlap and the
differences that emerge can be used to advantage.

The first point to note is that the overall agreement is good; within
a factor of 2 or better.

Second, particle counter data, supported by transmissometer data, show
an increased particle concentration from + 1000 to the bottom, whereas the
low observed at 100 m with traps appears anomalous. However, the apparent
'loss' of material of about 20 to 25% between these traps could account for
part of the 'gain' (32%) in material seen by the particle counter. The
distribution gradient at 110 m (Table 3) becomes more negative and the
intercept values increase supporting the idea of disaggregation between
1000 m and 100 m off-bottom.

Third, part of the increased flux in the winter-spring deployment could
be due to resuspension as seen in the transmissometer mooring (Fig. 7),
although increased production in surface waters during the spring bloom
seems to have a greater affect on particle supply to deep waters.

Lastly, the difference in organic C (20% on filters, 4% in traps)
probably reflects the amount of bacterial production (see Section 3).
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DISCUSSION
Resuspension or Transport?

Consider three types of individual particle representative of GME
sediments, clays, coccoliths of E. huxleyi and bacteria. Their mean
diameters and densities are 1.6 (LAMBERT et al., 1981) 2.4 and 0.8 pm
(PATCHING, pers. comm.) and 2.2, 1.4 and 1.1 g cm.3 respectively.

The critical friction velocity to initiate motion of particles, U, can
be derived from the relationship

00,2 T ]-0.3

~ 0.1 |
to g d o

where p is the density of seawater (all other parameters as given above).

The resulting values for U, for clay, calcite and bacteria are 0.33,
0.14 and 0.06 cm s'l. SAUNDERS (1987) also gave the relationship for the
friction velocity at the sediment-seawater interface and the mean flow at
some height off the bottom to be dependent on the drag coefficient, C

thus:

D’

Ulom =U*x C

ol
|

For GME it was calculated that C~.° = 34 therefore the + 10 m current

D
velocities required to move clay, calcite and bacteria are 11.2, 11.6 and
2 cm s'l. Furthermore, WEAVER, BUCKLEY and KUIJPERS (in press) found that
the mean grain size of surface sediments at the Madeira Abyssal Plain was
1 .

will be

required to initiate movement. Current meter measurements on the plain at

2 pm thus assuming non-cohesion, a + 10 m current of 11 cm s

+ 10 m showed that currents only exceeded 10 cm s_1 for 71 hrs in

23,000 hrs, i.e. for 27 hours per annum, therefore erosion at GME is
probably a rare event and only very fine (< 1 pm) material is constantly
reworked. That small organic particles move more easily helps to explain
the higher organic content of filter samples compared to trap material.
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The mean size of 2 pm also suggests that large aggregates are rapidly
broken down (BILLETT et al., 1983).

The settling time of fine particles under Stokesian settling is Tong
(e.g. for 100 m: 880 years at 0.1 pum, 10 years at 1.0 pm, { year at 4 um,
and 85 days at 10 pm) and the Brownian aggregation of small particles can be
shown to be insignificant at the concentrations encountered at GME as
follows.  McCAVE (1984) demonstrated that the particles that undergo
Brownian diffusion (< 8 pm) have a probability of colliding given by the
coagulation kernel, K,

and that the time taken to reduce the original concentration, N, (number
1_1), of a monodisperse suspension by half is

t, = 3n/kTNOE

P

where k is Boltzmann's constant (1.381 x 10~ 1° g em? 72k
temperature (275°K), n is viscosity (0.016 g en !l s7h

'1), T is absolute

, ddij is the sum of
the particle diameters of size di and dj and E is the efficiency of 5
collision-coagulation. For example, a range of concentrations of 1 x 10
to 1 x 10 particles e at 0.8 um, typical of GME, give

t; = 3.16 x 1012/NOE (sec) or 1 x 105/NOE (yr)

1
2
or t% between 10 to 100 years at 10% efficiency or 1 to 10 year at 100%
efficiency.

Thus it seems likely that the fine particles in the nepheloid layer
have been transported over great distances to the site and will remain in
suspension until particle concentrations are sufficiently great for Brownian
coagulations to be significant. However, this does not take into account
the effect of biological ingestion and excretion as an accelerator of the
aggregation process.
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Mass Fluxes and Sediment Accumulation Rates

The mass fluxes measured are consistent with other measurements made
over abyssal plains in low production areas of the Western Atlantic,
i.e. Sohm Abyssal Plain - April 1978 to August 1986 - at + 1000 m in 4200 m,
15.6 to 85 mg m > d”' (DEUSER, ROSS & ANDERSON, 1981; JICKELLS, DEUSER &
KNAP, 1984) and at various depths in 5581 m, 13-69.4 mg m_2 4! (HONJO,
1978, 1980); Demerara Abyssal Plain at various depths in 5288 m,
47-69 mg m 2 471 (HonJo, 1980). However, the primary flux at the site
(> 25 mg m? d_l) outweighs the sediment accumulation rate. This rate was
determined to be 0.5 cm/lO3 yr which, based on the known water content of
50% and dryzwei?ht density of 2.2 glcm-3, is equivalent to a dry weight flux

d

of 15 mg m , or 5.5. g m2 yr " (COLLEY, pers. comm.). Obviously the
comparison of long-term (100 yr) with short-term (1 yr) fluxes does not
allow for the possibility of small-scale fluctuations but dissolution of
calcite and uptake by biota and/or remineralisation of organics could
account for some of the difference. Also remobilisation due to the ‘rare’
high current event (SAUNDERS, 1987) could move some of the material from the

2

site but at present the nepheloid layer contains only 0.56-0.75 g m “ or the

equivalent of 10% to 14% of the annual accumulation.

CONCLUSIONS

1. There is good agreement between calibrated transmissometer and modelled
particle counter data.

2. From Tight transmission, size spectra and chemical methods the
nepheloid Tayer concentration is 3 mg m'3 above the midwater minimum
values.

3. The long-term concentration in the nepheloid layer does not exceed
5 mg m_3, i.e. the nepheloid layer at GME is weak.

4. Resuspension at the site will occur rarely and only effect particles
<1 opm, Organics are likely to be preferentially moved.
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The nepheloid layer is probably transported to the site from local
topographic highs and/or the ocean margins.

Brownian aggregation is likely to play a minor role in sedimentation.
Disaggregation of large particles between 1000 m and 100 m occurs.

There is good agreement between trap and modelled particle counter
fluxes and sediment accumulation rates (15 to 25 mg m'2 d-l).

The implication is that, should radionuclides escape from the seabed or
be introduced at the sediment-seawater interface and subsequently
adsorbed on to particles, they will be transported great distances or
until the nepheloid layer particle concentration is great enough for
Brownian coagulation to be a significant removal process. This will
be addressed in the following section.
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SECTION 3 - MICROBIOLOGY, ELEMENT ENRICHMENTS IN PARTICLES AND PARTICLE
SURFACE CHARGE OVER THE MADEIRA ABYSSAL PLAIN

INTRODUCTION

In this section the aim is to tie together the chemical, biological and
physical aspects of element scavenging and attempt to predict how
radionuclides will behave in sea water should they be released at the
sediment-seawater interface.

METHODOLOGY AND SAMPLING

Results discussed in this section were obtained from RRS Discovery
Cruises 125 (THOMSON, 1982), 129 (WILSON, 1982), 147 (SIMPSON, 1984), 148
(ROE, 1984) and 159 (SIMPSON, 1987) - all in the NE Atlantic. Station
positions will be given in the text or figures. Bacterial and
phytoplankton samples were taken by CTD-rosette casts and suspended
particulates for surface charge and elemental analysis by large volume
filtration through | pm Nuclepore membranes using the deep water particle
sampler (SIMPSON et al., 1987; Appendix 1).

Bacteria were counted by epifluorescence microscope analysis. Water
samples (20 ml1) were taken from water bottles and fixed with 40% formalin
(2 m1) and stored at 4°C. Acridine orange (0.2 ml of 1 g 1'1) was used as
the stain.

For phytoplankton analysis, water samples of about one litre were
filtered through 0.4 um Nuclepore membranes. Membranes were rinsed with
distilled water to remove excess salt, air dried and subsequently analysed
by scanning electron microscopy. |

Subsamples of sea water were also taken and transferred to growth media
then incubated in Tight at 15°C for later examination.
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Nuclepore (! um) membranes (29.3 cm diameter), used on the DWPS to
collect suspended particulates, were rinsed with distilled water, air dried
and later analysed by instrumental neutron activation analysis (SIMPSON et
al., 1987; Appendix 1).

Preparations for surface charge analysis were made by resuspending
particles from 4 cm2 section membranes cut from DWPS samples. Analysis was
carried out by electrophoretic mobility determinations using filtered deep

ocean water as media.

MORPHOLOGY

Scanning electron microscopy with energy dispersive X-ray analysis was
used to characterise particles from GME and other stations in the
subtropical NE Atlantic. Figure 11 shows results for 1-10 pm particles in
the GME region (Tleft and middle column). Calcium, in the form of coccolith
calcite, dominates all depths but the alumino-silicate fraction (clays)
significantly increases with depth to give a high proportion of the total in
the nepheloid layer. Of the minor components, the organic and opal ratios
decrease with depth allowing sand (quartz) grains to be more readily
identified in deep samples.

For the 10 to 100 um particles (Figure 12) calcium in the form of
coccospheres and coccoliths aggregated in faecal material dominate.
Identifiable clay aggregates are limited to about 20 pm maximum and
identifiable diatom and radiolarian tests (opal) peak between 20 and 40 pm.
Amorphous organic aggregates are in relatively high abundance from surface
to mid-waters.  Thus from this simple analysis, irrespective of size,
coccolithophorid calcite dominates the 1 um to 100 pm fractions.
Alumino-silicates are significant from 0.2 um (LAMBERT, JEHANNO, SILVERBERG,
BRUN-COTTAN & CHESSELET, 1981) to about 20 pm and are particularly evident
in deep water. There also appears to be a dramatic decrease in the organic
component from surface to depth.
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MICROBIOLOGY

The bulk of the particle assemblage is derived from the phytoplankton
and thus it was decided to look in more detail at the community structures
of the micro-organisms at GME. These organisms are involved in primary
fixation of material and, therefore, the active uptake of elements from
solution. Bacteria may also be primary producers yet also degrade and
recycle detritus.

Bacteria - Bacterial samples were collected on Cruises 147 and 159.
To date, the stations along 42°N have been worked up: 11097 (10°W) to 11101
(25°W) (PATCHING, pers. comm.). Bacteria were nearly always free, i.e. not
attached to particle surfaces; there were a few instances when clumps were
observed but only in surface waters. The frequency of dividing cells
(% FDC) was also noted and population doubling times were calculated to be
8.8 to 28 hr, based on the expression

P.d.t. = 0.693/u

where p (the instantaneous growth rate constant, h_l)

0.299 FDC - 4.961

8 1'1, from surface to 100 m;

The concentrations ranged from 2 to 6 x 10
1 to 3 x 108 171, from 100 m to 2000 m; 0.6 to 1 x 108 171, from 2000 m to
within 100 m of the bottom; and | to 3 x 108 1_1, in bottom waters. The
concentrations at GME are likely to be Tower than this due to the lower
surface production in the subtropics, but probably not by more than a

factor of two.

Phytoplankton community structures - Coccolithophorids are
phytoplankton that lay down calcareous tests. Generally, the phytoplankton
community of the sub-tropical region of the NE Atlantic is dominated by
coccolithophorids (Fig. 13), irrespective of time of sampling (pers. comm.
R. JORDAN). There are, however, changes in family and species dominance
during the annual cycles. This can clearly be seen in Figures 14 and 15.
In near-surface waters the holococcoliths, those made of individual
microcrystals, dominate, yet due to their fragility and rapid dissolution



-31-

are rarely seen at depth. Of the more robust forms, the heterococcoliths,
E. huxleyi dominates as it does in most of the world's oceans. It gives
way to U. tenuis in the summer months. One interesting observation is that
as the water depth increases, the degree of complexity of coccolith
structure and calcification increases. Why this happens is unknown but it
may influence the distributions of elements laid down with the calcium in
calcite as, for example, Cd and possibly the rare earth elements.

Protozoans - As a group, very little is known of microprotozoans in
Seawater. In attempting to isolate coccolithophorids sampled at sea into
pure culture in the laboratory, problems were encountered due to the
presence of protozoans at high concentration and in the size range 1 um to
100 pm (R. JORDAN, pers. comm.). Zooplankton grazing is yet to be
assessed.

CHEMISTRY OF TRACE METALS

Although the gross change of particle type with size and depth can be
appreciated it tells us little of the absolute change in concentrations of
the elements from which the particles are made. Major elements (A1, Ca,
Si, 1) are discussed in Section 2. For the trace metals it is best to look
at their enrichments in particulates against their background concentration
in the continentally derived clay component. [t is assumed that Sc or Al
concentrations are derived only from clays and hence can be taken as unity.
Since the concentrations of the other elements in continental clays are
known, their relative enrichments in particulates from in-situ processes can
be derived. Table 8 and Table 9 show results for some elements from
Cruise 129 and Cruise 159 respectively. As can be seen, Th, Fe and Mn give
EF values close to the shale concentrations whereas Co, Ba and V show some
enrichment particularly in surface and near-surface waters, probably due to
involvement in biological metabolism. The remainder of the elements (Sb,
Ag, Se, Hg and Au) are known as the volatile elements with enrichments
partly due to fallout of atmospheric particles containing high concentration
of these elements and partly through active concentration by the biochemical
pathways of the organisms living in surface and near-surface waters. This
effect is clearly seen in Figure 16 where the top 2500 m values and the deep
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Particulate Element Concentration

(ng 1—1), 1-60 pm particles

134 m 1320 m 1806 m 5470 m
Sc  0.0034 0.0105 0.0105 0.0295
Th  0.0038 0.0116 0.0118  0.028
Fe  13.45 36.38 54.22 87.3
Co 0.0307 ©.0505 0.0799  0.0759
i Sb 0.0279  0.0528  0.0834  0.0245
| Ag  0.0103  0.2537? 0.0350 0.0134
i Se  ©0.0711 0.0516 0.0507 0.0279
| Hg 0.1040 0.0513  0.1307 0.0721
(b) Crustal Enrichment Factors:
E.F.C = ([Element}/[Sc])particles/([Element]/[Sc])Crust
134 m 1320 m 1806 m 5470 m  ([E11/[ScD) . o,
Th 2.6 2.5 2.7 2.2 0.436
Fe 1.5 1.4 2.0 1.2 2559
Co 7.9 4.2 6.7 2.3 1.136
b 903 553 873 91 9.091 x 107>
Ag 953 . 1048 143 3.182 x 1073
Se 9212 2167 2130 417 2.272 x 1073
Hg 8400 1342 3419 671 3.636 x 1077




mnoe X 26 64 ) 6°n SLty 2" 9§ 6786 L84 ed

¢|of X 8 01 < 9 'S 8'E 8°0 o€l 8 11l it

m|o_ X Gl L*ec G*¢ e N3 £ 9t L°&E L*9 U

P oey/0Ta]) WGl ¢ w Gz + woolL + woeQOL + w 00tc W 05L w02t

-33-

Sf= d
Py 1 rausweta 1) ST (v ) fqusweta]) = Oravg

1SJ070B4 QUBWYDTJUY TeISnJ) (q)

Sl 00l 8 £'91 £ 9¢ 7l £'0c ®Bg
L0 g1ee 8°0 20 90°0 62°0 L9 A
88 9L <5 VAR 6°91 STl G € UW
6L2 99¢ 061 99 06 8¢ 06 v

uw Gy o+ u Ge o+ wooL +  WwoooL + w0t w 04L w 0cl

(T gu)
UOT31eJd]uUsdUuUO0) JUIWITH 9jenNdTlded (®)

6 H14dV.L




-34-

T - & T o e e 7

o

b ¥

d . .
U3 (0os1/03387) /2P PR os1/ramu) = PLEYS- 403 tuorgeazueouos ssew ayorgaed = [w] pue ¥ 33y1/saio1qued [334] = 4 susyn

[w)(3-1)/4°d = Oy $SUOLILAIUIIUCD IJOUBP $33)YOeJAq ddenbs paqLadsap suoLjenba 2y UL ¢ * 484 WOAS - UOLIBAIUSIUOD PAALOSSLQ

632 G472 $29°0 G22°0 922°0 9€/0"0 v280°0 : 9jenotided - og
02 L0 A ! i ¢ v (9
601 L7l 8"l 81 8t 6°9 (e 3leys *4°3
s0LXZ29 s01%9°¢ sOLXt°/ MR YA sOLXpel : 0y
20€0°0 ¥810°0 6.10°0 8510°0 £520°0 Po81enoLjaed
91°g 00°S 66° 1 18" ¢ Gi°¢g : PaALOSSLP - QA
501 b6°0 21 24 92 9'2 (q
£9°¢ [ vl Gl 1°¢ 0°¢ (e 3Leys 43
501X s01%0°2 501%2°2 s0173°2 W0LXL76 : Qy
£120°0 G600°0 201070 120070 £L00°0 : 2je{ndijaed
224 L¥6°0 286°0 (vl §19°0 : paAloSSLp - N3
265 L1 b 2'¢ 92 0°¢ (q
82v 0°2 6°€ 8°¢ €€ G°¢ (e 3leys 473
) s01X2 1 L01x2° L01%0°2 s01%E"9 L01%8°8 : Gy
€122 6951 10" 1 12v°0 005°0 :o@jenotyaed
|55 L'22 -£Ugy 9°61 £°29 : PAALOSSLD - 3)
562 16°0 1°2 b2 Al - (g
€12 L) G2 82 bl - (e afeys 473
S0iX1 "} o0LXE"E s01XN°G s01xg°} - : Iy
18570 264" 0 6YS°U £680°0 ‘pru to9je(nalyded
VARV n°le 822 076l [ 9¢€ : paAlosstp - 7
0l 494 (9 6 43y (@ 0LbS 978! 02¢€1 bel 82 - Doosapoqaeg{ (W)
Aﬁ-m > Lowu) , (syadagq
UOLIBUAUIIUOY 3[RUS 00St 000€ 8 0062 0051 % 0001 002 3 001l 0 : J33eM( 9 dures
J43931eM woljoyg d31eM amma ::mm:wx;mﬁbm:: 22eJdng JeaN wum.t:w . :o_.mmm S-5

(39S *SA) suo03de4
juawydraul aleys pue onv SIUILIL 430D UOLINGLALSL] ‘(01X .»mx [OW) SuOL]RJAIUIOUO) JuUSWI[I Y3he] adey QL 318YL

.- - Cen e aew = e T D I Tt (R



-35-

water values have been averaged. The enrichments in deep waters are lower
for two main reasons. First, the nepheloid particles are rich in clays
relative to biogenic components and hence the samples are "diluted".
Secondly, the organic and calcite contents are much lower than in surface
waters hence the authigenic enrichment is lower.

The rare earth elements La, Ce, Eu and Yb have been considered
separately (Table 10). The enrichments are Tow, between | and 7, yet the
estimated KDs, using ELDERFIELD AND GREAVES' (1982) solution data, show that
the system is non-steady state. Cerium is known to exist as Ce IV and to
be more reactive than the + III oxidation state possessed by the rest of the
REE. This is reflected by the consistently high enrichment factor. Also
of interest is that there is an increase in concentration towards the bottom
in both dissolved and particulate phases.

Particle surface charge - The electrophoretic mobilities of small
particles from GME cruises were measured by LODER AND LISS (1982) and
P. NEWTON (pers. comm). In every case the particles were found to carry a
negative surface charge due to the adsorption of organics to particle
surfaces (Fig. 17).

DISCUSSION
Element Scavenging and Transport

The problem with element scavenging, a loose term that covers a
multitude of processes but is generally applied to clay particles, was
succinctly summarised by BREWER AND HAO (1979) in that the number of free
hydroxyl groups on clay particles required to remove elements from sea water
would outweigh the particulate matter in sea water by 1.3 x 102. They
concluded that "the concept of horizontal diffusion towards a boundary and
adsorption at the sediment-water interface may have much merit". But then
how does this mechanism work? A further problem with scavenging is that
many of the elements have negatively-charged complexes in solution
(WHITFIELD & TURNER, 1981) and particulates are all negatively charged
(LODER & LISS, 1982; P. NEWTON, pers. comm.). Exchange mechanisms
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TABLE 11 - Relative Surface Area Concentrations of Clays, Calcite Particles (Emiliana

huxleyi coccoliths) and Bacteria in Sea Water.

CLAYS CALCITE BACTERIA
Mean diameter (um) 1.6 2.2 0.8
Equivalent sphere surface
area x 2 (pm®) 16 32% 4
Particle density (g cm ) 2.2 1.4 1.1
X -6 -6 -7
Particle mass (pg) 9 x 10 8 x 10 * 3 x 10
NEAR SURFACE  0.25 9.9 3. Q%x*
Mass concentration**
1 MIDWATER 0.33 D.4 1.8%x*
(g1 )
DEEP 1.4 1.1 3. 0%x*
4 6 8
NEAR SURFACE 2.8 x 10T 1.2 x 10T 1 x 10 (1-3)
Number concentrations of 4 4 8
N MIDWATER 3.7x 10T 5.0x 10T 0.6 x 10 (0.6-1)
particles (no. 1 ) 5 5 8
DEEP 1.6 x 100t 1.4 x 107 1 x 10 (1-3)
7 8
NEAR SURFACE 4.5 x 10 2.6 10 4 x 10
Surface area concentrationft 5 6
-1 MIDWATER 5.9 x 10 1,6 x 10 2.4 x 10
(um® 1 ) p 8
DEEP 2.6 x 10 4.5 x 10 4 x 10

%

ko

Honjo (1977).

Taken from Section 2.

-7
Individual mass (3 x 10 ) x no. concentration/10, i.e. 90% water

assumed.

Mass concentration/Particle mass.

Number concentration of particles x surface area.
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proposed by SCHINDLER AND STUMM (1987) have similar problems to those
mentioned above, i.e. insufficient OH groups to allow for exchange.

However, the work in the deep NE Atlantic has shown that free-floating
bacterial surfaces could be 100 times greater than the sum of clay and
calcite (Table 11). In this table are presented the physical data for
particles.  The mass given for an individual bacterium is the wet weight
which has been converted to a dry weight for direct comparison with clays
and calcite (mass taken from Section 2). The other calculations are
straightforward: 1i.e. no. concentration = mass concentration/particle mass
(bacteria were measured directly) and total surface area = no. concentration
x (equivalent sphere surface area x 2). The factor of 2 was measured
directly on coccoliths (HONJO, 1977), assumed for clays on the basis of
interstitial surfaces and assumed for bacteria because of the outer membrane
present in marine bacteria. Hence it is derived that marine bacteria could

offer as much as 100x the surface area of other small particles.
This has far-reaching consequences in that

(a) elements not only can be passively adsorbed to the surfaces but also
the negative solution complexes may encounter acid pH at the cell
membrane and hence be actively absorbed as positive complexes,

(b) bacteria have sufficient low density and small size to be moved from
the sediment surface by low bottom currents monitored at 31°N over the
Madeira Abyssal Plain (clays and calcite are thought to be immobile).

Recall that resuspension at this site was thought to be minimal and thus the
weak nepheloid layer was transported across the site from some distance away
and Brownian aggregation (Section 2) was shown to be insignificant at this
site.  Thus remineralised material readsorbed on to bacterial (or in
solution) may be transported over great distances to the margin where
conditions may favour removal (e.g. high particle loads or biological
scavenging). The role of the protozoan/bacterial loop in this process is
yet to be assessed.
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Prediction of behaviour of the radionuclides - The nearest we can come
to predicting the behaviour of the transuranics in sea water is to compare
some of the properties of these elements, e.g. charge, and ion diameter,
with other heavy elements of variable oxidation state, e.g. REE.  This
discussion is tentative but may give some indicators.

First, consider the table of oxidation states of the elements in
Figure 18 divided into the isoelectronic structures of the outer electron
shell (right-hand column). It is assumed that Am, Cf and Ac have oxidation
states of + 3, cf. REE; Pu + 4, cf. Ce and Th; and Np + 5, cf. Ta, Pa.
Second, if the energy coefficients for these oxidation states are calculated
(ROESLER & LANGE, 1972), some interesting patterns emerge (Fig. 19):

(a) The element order is primarily controlled by the isoelectronic
structure.

(b) This orders the elements in the sequence of mineral character (see
WHITFIELD & TURNER, 1979), and

(c) biological character.

(d) The horizontal line denotes the speciation in sea water (WHITFIELD &
TURNER, 1981).

Thus, Ac III bears a close resemblance to La III; Np V and Pu IV fall in
the same zone as Ce IV, Th IV, Pa V and Ta V; and Am III occurs with the
light rare earth III series.

The simplest analogy, then, is for those in the Ce/Th group to form
hydroxides in sea water and those behaving like the lanthanides to form
mono- and di-carbonate compiexes with a small percentage (< 10%) present as
free jons (CANTRELL & BYRNE, 1987). Residence time estimates (t) of the
rare earths in deep water were calculated using the relationship given in
BACON AND ANDERSON (1982) from the data supplied in Table 10. For La, Ce,
Eu and Yb, respectively, the ranges of t are 255-510 yr, 65-130 yr,
505-1010 yr and 1395-2770 yr, respectively. These fall in the ranges
quoted in ELDERFIELD AND GREAVES (1982). Also Th has a deep-ocean
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residence time of 40 yr. Residence times of the order of 100 yrs can be
expected for Pu, about 200 to 500 yr for Ac, and 500 yr for Am.

CONCLUSIONS

1.

Rapid adsorption/uptake by biota in surface waters is predicted, based
on the behaviour of the rare earth elements.

Remineralisation in deep water is also predicted.

Bacteria are possibly the most important scavenger of elements in the

deep sea.

Bacteria are a possible mechanism for the dispersal of radionuclides
from the site, but may carry material back to the margin.

The tentative prediction is for Pu to behave 1ike Ce and Th, Am like
La, and Ac like the light REE.
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CAPTIONS

1 Idealised difference distribution.

2 Cumulative number distribution: top line, surface water;
bottom line, mid-water.

3 Work area on the Madeira Abyssal Plain.

4 Transmissometer mooring configuration.

5 Sediment trap mooring configurations.

6 Top - ship's record of DWPS cast Station 10554.

Right - CTD transmissometer cast, Station 8.

7 Mass concentration profiles, Stations 10554 and 11287.

8 Particulate concentration profiles of calcium, aluminium and
jodine and equivalent calcite, clay and organic C mass
concentrations, Station 10554 and Station 11287 (ng 1_1).

9 10 m above-bottom current: transmissometer mooring record and
instrument drift.

10 Dry weight particle mass fluxes from the three sediment trap
depioyments.

11 Proportionality of major mineral phases in small particles.

12 Difference distributions of major particle types in the
NE Atlantic (combined station and depth data): 10-100 pm
particles.

13 Plankton community structure over the Madeira Abyssal Plain,

May and July.
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Coccolithophorid family distributions over the Madeira Abyssal

Plain, May to July.

Coccolithophorid species distributions over the Madeira
Abyssal Plain, May to July.

Enrichment factors of elements in the upper and deep ocean.

Electrophoretic mobilities of particles in the NE Atlantic.

Table of the elements based on predicted oxidation states in
sea water and isoelectronic structure of outer shell.

Energy coefficients against elements in major oxidation states
related to biogeochemical character.
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STATION 11287
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STATION 11287
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Figure 5 Sediment trap mooring configurations.
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Figure 10 Dry weight particle mass fluxes from the three
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INSTRUMENTS AND METHODS

In situ deep water particle sampler and real-time sensor package with
data from the Madeira Abyssal Plain

W. R. Simpson,* T. J. P. GwiLLIAM.* V. A. LAwFORD,* M. J. R. FasHAM®
and A. R. LEwis*+

(Received 28 July 1986: in revised form 31 December 1986: accepted 7 January 1987)

Abstract—A deep water particle sampler was designed to measure physical variables in real time
and collect particulate and water samples i sitte with the view to furthering our understanding of
biogeochemical cycles. Profiles of particulate concentration, particle size distribution (10—
200 pm) and temperature against depth are taken on the outward and return casts to & maximum
depth of 6000 m. Particle samples are collected by large volume filtration at four depths pre-
selected on the basis of outwird cast data. For metal analyses, | pm polycarbonate membranes
are used, and glass fibre tilters for organic analysis; larger particles may be collected by prefilters
of any chosen mesh size.

Data presented from the Mudeira Abyssal Plain illustrate the function of the instrument and
the results are compared to those reported previously.

INTRODUCTION

SUSPENDED particles in ocean waters are primarily biogenic with a lesser contribution of
non-biogenic minerals either transported from the continental masses or produced
authigenically. The suspended particulate matter (SPM) holds the key to our understand-
ing of the bivgeochemical cycling of the elements. The removal of elements from
solution, either by adsorption on to particle surfaces or by active biological uptake, is one
step in their ultimate removal to sediments. During transit to sediments, the elements
associated with the particles may be recycled many times via biological activity,
dissolution, adsorption—desorption cycles, resuspension and post-depositional migration.
Also the flux of particulate material can be accelerated by biological or physical
aggregation (McCavek, 1984) or retarded by fragmentation (LERMAN, 1979). The general
aspects of SPM in the oceans was reviewed recently (SimpsoN, 1982). Towards a fuller
appreciation of how the system functions we need to know the rates of the processes and
this involves the interrelationship of physical, chemical and biological controls. How-
ever, there is a basic constraint on the ease with which this can be achieved, that is, the
low concentration of SPM in ocean waters, ranging from a few microgrammes per litre in

* Institute of Oceanographic Sciences. Brook Road, Wormley, Godulming, Surrey GUS SUB, U.K.
* Research Vessel Base. No. | Dock. Barry, South Glamorgan, CF6 6UZ. U K.
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1478 W. R. SIMPSON ¢r al.

mid-water to a few hundred microgrammes per litre in surface waters. [ situ, large
volume filtration (LVF) systems provide sufficient material for subsequent analysis; also,
these instruments can act as vehicles for water samplers and in situ real-time sensors, e.g.
conductivity, temperature. depth (CTD), particle concentration and particle size distri-
bution.

Such a combination offers distinct advantages of informed sampling, taking samples of
both particulates and water at depths based on information from the sensors, and
flexibility, taking many samples at a number of depths on various stations over a short
time period. Previously, LVF systems have not had this facility (LAIRD et al., 1967;
SPENCER and SacHs, 1970: BEER er al.. 1974; Bistop and EDMOND, 1976; KRISHNASWAMI et
al., 1976, BisHor er al., 1980) but they have proved their versatility in radiotracer studies
(e.g. BacoN and ANDERSON. 1982) and major element fluxes in surface and intermediate
waters (e.g. Biswor er al., 1980). With the proper precautions in clean handling
techniques, these systems can also be applied to problems relating to trace element
chemistry and, since the material is fresh. to the chemistry of labile as well as refractory
organics.

A disadvantage of LVF is that samples are collected over minutes to hours, thus
providing a “‘snap-shot” record that cannot show changes in particle composition,
concentration or fluxes integrated over time as obtained by time-series sediment traps.
However, problems of collection cthiciency and sample preservation with traps have not
been totally solved as yet. By LVF and particle counting, fluxes can be derived by models
based on size distribution, density and water structure data (McCave, 1975, 1984). In
essence, pumps and traps complement each other: the former allowing a better under-
standing of the processes, the latter more suited to long-term flux evaluation.

The instrument described here w ..\ designed, first, to give real-time information, both
on the physical structure of the wuter column under study and also the concentration and
size distribution of the SPM and. ccond. to collect sufficient quantities of SPM by LVF
(1 m™ h™') for subsequent chemical and morphological analysis. The sampling depths
were chosen based on information obtained from the sensors on the outward cast. By
combining the results, the data may be used to model fluxes of particulate material and
the associated elements.

Since the system is new, the discussion centres on validation of the results in terms of

with other particle size distribution work on open ocean samples. The station described
was worked on R.R.S. Discovery Cruise 129 (Sta. 10554) at 31°29'N, 24°28' in June 1983,

INSTRUMENTATION

The overall dimensions of the instrument (Fig. 1) are 1 m diameter, 1.1 m in height,
weighing 450 kg in air and 250 kg in water. The instrument is lowered on a 10 mm
Rochester conducting cable (9.2 /100 m resistance and 5900 kg breaking strain). Casts
are run at a maximum of 1 ms™', which maintains a working safety factor of 2.5 and to a
maximum depth of operation of 6000 m within 10 m of the sea floor.

The following description will be given in three parts: the filtration system, the sensors

7
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The filtration system

Filter stacks. The design is shown in Fig. 2. The units were turned from nylon and
crush between the top and base plate made with stainless steel nuts and bolts. A spiral
groove was cut into the filter support plate and 2 mm holes drilled every 5 cm on the
spiral, to provide even flow through the filters. The “'top-hat™ arrangement provided seal
on the prefilter but its main function was to prevent both wash-off of material during
passage through the water column and contamination of the sample.

A prefilter (142 mm diameter, Estal polyester >30 um porosity) could be included in
the stack to provide in situ fractionation of the robust larger particles. For metal analyses
Nuclepore polycarbonate membranes of 1 pm porosity were used. For full elemental
analyses it was estimated that the minimum amount of material required was 2 mg dry
weight, equivalent to filtering 1 m? of water at the particle minimum. This volume was
achieved in <1 h with 293 mm diameter. 1 Hm membranes. The system can equally be

applied to the study of the organic chemistry of particula-es by using glass fibre filters
(Whatman GFC or GFF),

SCHEMATIC OF FILTER STACK

"TOP HAT"

‘O’ RING

TOP PLATE & 30Um
PREFILTER SUPPORT

'O’ RING

NUCLEPORE
MEMBRANE
SUPPORT
PLATE

&?’i‘b

R' ﬁ" BASE PLATE
~ “'HOSE CONNECTOR

0 5 10 15 20 25¢m

Fig. 2. A schematic of 4 filter stack.
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Pumps and motors. A disc-type armature DC motor (G9M4 Printed Motors) that
offered compactness, low drag armature and good efficiency was coupled to a polypropy-
lene centrifugal pump (Austin). The motor was contained in a pressure-balanced plastic
housing filled with liquid paraffin which has low viscosity and high electrical impedance.
A seal around the drive shaft prevented seawater entering the box. Though the liquid
drag decreased the efficiency of the motor, the better cooling allowed the use of a small
motor driven at increased power rating (Fig. 3). Checks for carbonization were made
during routine maintenance but after 200 h running at ambient pressures between 400

and 600 bars the wear on the bearings and brushes was slight.

The pump gave a maximum head of 10 m and the power requirement was reasonably

constant at all flows with a maximum flow available of 2480 | h™! (Fig. 3).

250
___—— —— POWER MOTOR IN 200
- PARAFFIN
.5 150
(=)
<
w
I
w POWER. MOTOR IN AlR.
e
%]
-~
104 / 100
5 50
0 1000 2000 3000 0

FLOW £ /hr

Fig. 3. Pressure head and power output on the motor and centrifugal pump run in paraffin and

in air against flow rate,

POWER. W. (volt 23 (nom)
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Power. With a current demand of 20 A from a 24 V supply for the motor, it wa
decided that the instrument should carry its own energy source. A close-wound lea
plate and paste electrolyte cell was chosen in preference to lead-acid accumulators tha
are difficult to handle at sea. Cells with a capacity of 5 Ah and 27 Wh kg™ were use:
(Chloride Cyclon X001). There was an advantage in having the cells pressure balanced t
allow light weight and inexpensive packaging. To test performance the outer casing of
cell was removed, two holes drilled into the top of the inner polypropylene case an
transformer oil injected into the cell to fill the air space. A normal cell at atmospheri
pressure was compared to the modified cell at 600 bar over 10 identical charge—discharg
cycles using a 1 Q load. There were no large adverse effects over this number of cycle
(Fig. 4). Mentor oil-filled cells showed less capacity drop than cells filled with othe
liquids although liquid paraffin was only marginally worse.

Pressure balanced fibre glass boxes (34.5 x 34.5 x 9 cm) were made to hold 48 cells
The cells were connected into four units of 12 in each box to supply 24 V (15 Ah) to ths
motor. Diodes were fitted to allow for the even discharge of power between units. Eacl
box was fitted with a Perspex lid and the seal provided with screws and Selastic. Twc -
valves for pumping oil into the boxes, pressure balancing and gas pressure release o1
recharging were necessary. Six such boxes provided 6-h filtration time for one cast.

Flow meters. The essential requircments were accuracy, small resistance to flow an«
low power consumption.

A Venturi restriction above the pump inlet coupled to a modified pressure transduce
of the LVDT type (Appleby and Irclund) was used for monitoring the flow rate in real
time. This operated between 300 and 3000 1 h™! to +5% accuracy. For greater accuracy

304 Tests Carried Out To Determine
[ The Effect of Pressure on Battery Cells
+Cycle 2 Normal Cell
aCycle 2 Cell at 600 bar
25+ Q *Cycie 10 Normal Cell
\ OCycle 10 Cell at 600 bar
I\\
ol
20+ N
Y —
TERMINAL 0‘8\&\:\:
vOLTS
1-5+ .
a
1-01
0-54
v 30 60 90 120

]
OFF LOAD VOLTS

Duration of Tests (min)

Fig. 4. Battery output vs discharge rate at atmosphcric pressure and 600 bars after 2 and 10
discharge cycles.
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the total volumes filtered were recorded by Kent mechanical positive displacement flow
meters (accurate to one part in a thousand) fitted in-line between each stack and the
selector valve.

Selector valve. The selector valve (Fig. 5) was designed to direct water flow through
any of the four filter stacks. A motor and gear box supplied the torque to a spindle
connected to a frustrum-shaped stainless steel valve. The valve had a 27 mm L-shaped
hole through bottom to side. The filters were selected by rotation of the valve after direct
command from the ship (see below). Positive identification of the position of an open
valve port was made with reed switches activated by a magnet attached to the valve shaft.
The binary-coded decimal (bcd) output information was transmitted and displayed on the
shipboard display unit. A rotary solenoid was tried in the original instrument but was
found to be unreliable.

Water samplers. Four General Oceanics water samplers were used on the rig (either
2.5 1 Go-Flo samplers or 1.2 | Niskin bottles with reversing thermometer cages). Bottles
were cocked as in normal operation, but held under tension by stainless steel springs
coupled through a 10-Q resistor. The bottles were fired by passing sufficient current to
blow the resistor and hence close the bottle, the operation being controlled from the ship.

SCHEMATIC OF SELECTOR VALVE

A MOTOR &
. GEAR BOX

REED SWITCH

VALVE SPOOL

PRESSURE HOUSING
BETWEEN A & B
NOT SHOWING

VALVE

) HOSE CONNECTOR
TO STACK

OUTLET TO PUMP

Scole ¢m.

Fig. 5. Schematic of sclector valve.
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Remote command and control of functions. This system had three functions: to switch
the pump motors on and off: to fire the water bottles; and to turn the filter selector valve.
On command, the deck receiver equipment was isolated and a pre-selected binary code
generated and transmitted as pulse position modulations signals down the cable to the
receiver on the instrument. So that spurious signals did not interfere with the instrument,
two consecutive identical transmissions were necessary to carry out the function desired.
The signal decoded on the recciver electronics and the resultant number selected one of
the required functions.

The sensors

With the emphasis on particulates, an optical particle counter and transmissometer
were included in the instrument package. The counter constitutes a new in situ
oceanographic instrument that effectively counts particles in the range 10-200 um (see
below). Former in situ counters have used the impedance principle and operated only in
surface waters (Mappux and KanwisHer, 1965: Boyp and Jounson, 1969; Brown,
1977). Recently. Hoxio er al. (1984) have described a photographic instrument for
concentration estimates of particles >200 um.

As mentioned above, the data from the sensors greatly enhance the sampling strategy
for filtration, e.g. surface particle maximum, midwater minimum and nepheloid layer.
Water and particle structure can be related and simple treatment of the particle counter
data, assuming equivalent sphere diameters and density distribution, leads to estimates
of particle volume, mass and flux for the size range measured.

Temperature, pressure and conductivity. The platinum resistance thermometer mea-
sured temperature over the range -20°C with an accuracy of +0.005°C and resolution of
0.002°C. The strain gauge pressure sensor measured down to 6000 m with an accuracy of
*4 m and resolution of 0.6 m. Both operated with 1 s sampling with output frequency in
the range 800-2000 Hz. For the station described below, conductivity measurements
were taken on a separate cast using a Neil-Brown CTD. A prototype sensor based on a
Beckman three-terminal conductivity cell is to be tested.

Particle concentration and size distribution. A Sea Tech Inc. 1 m folded beam
transmissometer was used to monitor particle concentration (BARTZ er al., 1978). The
wavelength of operation was 660 nm so that the attenuation of light due to the suspended
particles was measured with no interference from dissolved organic matter. A 10 V
supply was required to provide a 100 mW power and the output ranged from 0 to 4.5 V,
equivalent to 0-90% light attenuation in water. The air calibration was checked before
deployment, and windows were kept dust and oil free with detergent and soft tissue. A
12-bit analogue-to-digital convertor was incorporated in the interface electronics to
provide a 0.02% resolution.

The counter developed here operated on a light blockage pringiple theoretically
covering the range 10-465 pm, but in practice 10-200 pm (see below). A relatively large
volume of water was sampled for one counting cycle (150 ml per 16-s cycle) which
allowed statistically good samples within the size range quoted. Water was pumped
through a 600 pm x 2.5 mm cell across which a collimated (600 um diameter) light beam
was passed to a photodetector. The output of the detector was amplified, integrated and
used to provide a feedback voltage to the lamp drive circuit, producing a steady state
reference voltage irrespective of lamp ageing and, within limits, water turbidity. Any
particle moving through the beam produced a voltage drop in the photodetector, the
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amplitude of which was proportional to the particle area. The precalibrated comparators
received the signal, the outputs of which were connected to 16-bit counters.

Calibration in the laboratory used latex bead standards of known mean diameter. The
comparator settings for each of the 16 channels were read from the calibration curve of
voltage vs diameter. The data were presented as cumulative number distributions; the
cut-offs for each channel are given in Table 2.

Also, a facility to monitor the 1-s record of the first channel, i.e. all particles >10 pm,
was included for work at sca in order to identify small scale features and “‘spikes™; the
latter were thought to be due to the fragmentation of large particles. To prevent large
particles (>2 mm) entering the ccll. a mesh was placed over the inlet funnel.

A second G9M4 motor and Austin pump provided the flow and this motor was
powered by a separate battery pack similar to those described above. except that the cells
were connected in 16 V blocks in order to give the optimum flow of 600 ml min~* for 8 h.
Flow was monitored by using the cell as a Venturi and coupling a modified Appleby and
Ireland differential pressure transducer across it.

Table 2. ClLannet number and the equivalent diameter

cut-off  for e cunudative number  disiribution

(N . — ad I'he geometrie means are used for dif-
“rence distribution calculations

Chuannel Diameter Geometric
(na.) (yum) mean (d)

CHAN | 10.0)

11.4 :
CHAN 12.9

14.7
CHAN ? 16.7

9.0
CHAN < 21.6

245
CHAN > 279

3.6
CHAN o 36.0

409
CHAN 7 46.4

52.8
CHAN 8§ 59.9

68.2
CHAN 9 77.4

88.0
CHAN 10 100.0

114.0
CHAN 11 129.2

147.0
CHAN 12 166.9

190.0
CHAN 13 2159

245.0
CHAN 1[4 287.5

316.0
CHAN 15 339.5

409.0

CHAN 16 164.5
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Height off-botrom. A near-bottom echo sounder was fitted for working close to the sea
floor, i.e. <10 m. It consisted of a 35 kHz transponder facing downward. The trans-
mission pulse was used to gate an 8-bit binary counter which was stopped by the reflected
pulse. The counter clock pulses were chosen to give a resolution of 1 m and a maximum
depth indication of 256 m off the bottom. The binary data were then inserted into the
data stream for decoding and displaying on the deck monitor. Due to the width of the
transmission pulse and local ranging. the minimum depth that could be observed was
approximately 9 m off-bottom. For working closer to the sea floor. a weight was
suspended beneath the rig connected to a no-load alarm.

Data transmussion. All the output signals from the sensors were reduced to a common
format of binary-coded 8-bit words after the necessary interfacing. Depending on the
resolution required. one or two 8-bit words were coupled to the sensors. The data words
were loaded to parallel input-serial output interconnected registers from which the data
were serially shifted at 2 Hz rate into the transmission line drive circuitry. During the 16-s
cycle of the particle counter. the data from the counters were fed to a multiplexor, thus
the data from each sample cycle were transmitted twice. ‘Comparison of the repeated
cycle was used to look for electronic noise in the data. Sub-multiplexing was also found to
be advantageous for transmitting data of the instrument functions, e.g. battery volts, flow
through the filters. Prior to transmission. a start bit and two stop bits were added to each
8-bit word to produce 11-bit words. The signal was then modulated with 34 and 6% kHz
representing 0" and "1 levels. 1espectively. thus providing a frequency shift keying
(FSK) signal suitable for transmis«ion via a single core conducting cable to the shipboard
equipment.

Data handling at sea and in the i orarory

As mentioned above, the main 1cason for real-time, i.e. within seconds from sensing
via calibration and editing to display . was to carry out informed sampling on the return
cast. The data were edited to reject bad data and particle counts fitted to linear log-log
distributions to aid comprehension. In the laboratory the data were averaged over depth
intervals on a number of data cvcles depending on the purpose of the analysis.

Ship. The data from the instrument passed to a Neil-Brown CTD deck unit or to an
IOS FSK demodulator. These units demodulated the FSK line signal and converted the
binary data into binary-coded decimal (bcd) format. During the course of a station, the
data from the instrument also were recorded directly on to a REVOX analogue tape
recorder for back-up purposes. and the 10S demodulator allowed double-speed replays
of these tapes if any calibrations were to be altered.

Data were displayed on the CTD deck unit and a second purpose-built unit. A BBC
micro-computer acted as full instrument monitor. Output from the deck units could also
be fed to analogue chart recorders, printers and the main ship’s computer. The computer
system on R.R.S. Discovery was described by LEwis and Jackson (1983). The sampling
program was purely data-driven so that it would cope with frames arriving both at the
“normal™ on-station data rate of two frames per second. and also the double-speed
REVOX playbacks, without any modification.

The arrival of raw data on disc activated the processing software (Lunn and Lewis,
unpublished data) which demultiplexed and calibrated the data, channel by channel, and
wrote it on a separate disc file. The arrival of calibrated data in turn activated the display
and secondary processing programmes (linear regression, particle mass concentration,
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particle mass flux, etc.). Real-time records (c.g. Fig. 6) of any four dependent variables
against any chosen independent variable could be plotted. The data required some
editing; there were some interruptions in the data stream and some spikes in the record,
e.g. at 67 min.

The merging with CTD data, editing and averaging of data were conducted in the
laboratory, and were controlled primarily by the “good” particle counter data. The
synchronization of data was checked and the correlation coefficient of the regression line
of log cumulative number concentrations vs log diameter of the particles was calculated.
Before a distribution was passed as “good”, a correlation coefficient of =0.97 was
required (BRuN-CoTTan, 1976). Mean and standard errors of cumulative number
distributions and CTD data were calculated using a specified number of good cycles. It
was found that a high standard error resulted from the low probability of sampling
particles >200 um; essentially this made the last four channels redundant. Thus the
results in Table 3 are given for the first 12 channels or 10-174 pum particles; nine
successive cycles were taken for averaging giving a reasonable compromise between
reducing the noise in the higher channels and vet maintaining spatial resolution. The
regressions. volumes., masses. fluxes and their standard errors were calculated from that
averaged distribution. Of 375 c¢veles on the outward cast shown in Fig. 6. 270 met the

editing criteria of good distributions. Rejected data could be inspected in the original
listings.

5('7)80 6000

% TRANSMISSION

PARTIGLE COUNT (0-5000)
% TRANSMISSION (60-70)
DEPTH (0-6000 m)
TEMPERATURE (0-25°C)

PARTICLE
COUNT
N,

20 40 v

Fig. 6. Ship’s record of_ tempcrature, depth, pereent transmission and particle counts (all
particles >10 pm, not flow corrected) against time.
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DISCUSSION
Validation of particle data

The measured transmission ( 7r) was expressed as attenuation coefficient. ¢ (Tr = e,
where [ is the path length in metres). The linear regression equation of ¢ against all
particles >10 pm (N-,,) was given by

c = 8.46 x 107°N_, + 0.375 r = 0.996 n = 30.

The correlation was good. i.e. the two instruments were sensing the same populations.

The particle cumulative number distributions in the size range studied here by optimal
counting were contiguous with those given by LAMBERT et al. (1981; scanning electron
microscopy, 0.1-10 um), McCave (1975; impedance counting, 1-32 um) and Honio et
al. (1984; >200 pm, camera system) (Fig. 7). The distribution was consistent with a log-
normal form, yet the often used approximations to straight line fits (log N~ = log a -
m log d, where d = 1) hold between narrow ranges.

A further rough check that the size distributions and changes in gradient (m) are
consistent is to compare the volume concentration of particles (ppb) with the attenuation
coefficient. The volume of particies between sizes o, and d- is given by

—{ TN

A {
' 6(m - 3) R

iz for m # 3 (McCave, 1975).

9 10 32 2¢
LAMBERT ot al (1981) | '
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Fig. 7. Particle concentration against particle diameter spectrum expressed as log N, vs log d.
The top line represents surface waters and the bottom mid-waters. The range of operation for
each study is given by the dashed vertical lines.



-82-

(+L0°0) (10°0) (€000°0) (o) (950°0) (t01°0) (8t)
OLRT¢ Os'C FEsen 1<l L6670 N S60°¢ A
(L = ) 1918M doo(
(1sT0) (o) (10000 (6'0) (090°0) (O11°0) (ocetn)
NEINSS ul'r I8 06 L660 (Y0 i Len'e 0L8¢
(141 = u) 101MpIA
(96t"0) (6g7¢) (1£co°0) (er) (Z90°0) (r11°0) (€22)
I8C9¢ S191 SOTH0 Y LO6D Lt - 0L’ el
(+§ = w) 2ovying
:Alewwng
(%) (Do) ( :_‘v o (qdd) ] . \‘H_ unt | ou) (01 <, | ou) ()
< 1 D “ Y TIRIRITERISN] » 50| z
ESTIUITHN amueadwa g UoOLNUY 10 TRISIHATE) [RERIEHT| yidap
adeiony

tOsOl IS of saquans vingg o r Qo |




-83-

In sine deep water particle sampler 1493

Taking a value of loga = 6.5 (¢ =3.5 X 10°) at I um and a gradient, m, of 2.7 (McCaVE,
1975), the volume between 1.26 and 32 pm (McCave. 1983), Vi, is 29 ppb. For the
medium-sized particles (10-174 pm) the mean gradient was 2.4 (Table 4) hence the
equivalent 1 pm intercept value will be

loga =(65-27+24)=62 (@ =16 x 109

assuming that the 10 um values of log N are the same. The resulting volume, V,,, is
61 ppb and the ratio V,,:V, = 2.1.

McCave (1983) gave the relationship of attenuation coefficient to volume concen-
tration of 1.26-32 um particles as determined by Coulter Counter which. in practice,
measures particle volume to be

¢ =2.016 x 107V, + 0.410, n = 186, r = 0.93.

The volumes in Table 3 were calculated from the particle counter data, assuming
equivalent sphere diameters of a technique which effectively measures area. Taking the
geometric means between d; and d; ., = d, the total volume concentration for the first 12
channels, V,,, is Znnd?/6. From Table 3 the linear regression equation of attenuation
coetficient against V,, is given by

¢=9.088 < 10*V, 4+ 0372, n =30, n = 0.93.

The ratio of V,,,:V, =2.2 from the above two equations, close to that calculated from the
distribution example. Therefore. the volume estimates appear consistent. However, the
constants in the two equations are different (0.41 and 0.37); for clean seawater at
660 nm, ¢ should equal 0.41. The 10% error in our zero value is due to calibration error.
Essentially, the convergence of the three checks gives us confidence in the particle
counter measurements.

Validation of sampling efficiency

The elemental concentrations for 1-60 pm particles, collected in I pm porosity mem-
branes after prefiltration through a 60 um mesh, were determined by instrumental
neutron activation analysis performed at the Laboratoire *Pierre-Siie™ at Saclay, France
[see BUAT-MENARD et al. (1980) for methodology]. The results are presented in Table 5.
The concentrations are somewhat lower than those determined for the GEOSECS and
MIDATLANTE-MADCAP campaigns (BUAT-MENARD, 1979) but this is probably due
to the use of 1 pm porosity membranes in this work against 0.4 pm membranes in earlier
work. The consistency is best appreciated by comparing the crustal enrichment factors
(Table 5b) with those presented in BUAT-MENARD (1979) and BuAT-MENARD and
CHESSELET (1979) for Atlantic intermediate and deep waters (Fig. 8). The enrichments
are similar and there is no evidence of contamination (even for Fe).

The small particle scanning electron microscope energy dispersive X-ray data (Fig. 9)
reflect the Sc (clays)-Ca (coccoliths) changes with depth (Table 5a). The abundance of
the calcite in surface samples precluded the identification of clays in this sample but, as
can be seen, the clay component became more evident with depth. The high Sc
concentrations and clay abundance in deep waters (Table 3a, Fig. 9) reflect the

resuspension-horizontal transport processes as indicated by the particle profiles (Fig. 6
and Table 3).
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Tuble Sa.  Purticulaie element concentration (ng 1), =60 pm particles

134 m 1320 m IS06 m 3470 m
Sc 0.0034 0.0103 00105 0.0295
Th 0.0038 oullo 00118 0,028
Fe 13,43 3638 5422 87.3
Co 00307 {.0305 0).0799 (0.0759
Sh (0279 ().0328 (.0834 (0.0245
Ag 0ulos ().23377? 0.0350 0.0134
Se 0.0711 0.0516 0.0507 (.0279
Hg 0. 1040 (1O5T3 0.1307 0.0721
Au 0.0042 (0.04287 0.0060 (.0032
Ca 1242 S12 303 475

Tuble Sh. Crustal enrichment factors:
B — ([Element/[Sc)),,, i ((Elementl[Sc)), o,
134 'm [320m 806 m 3470 m HEHSC

I'h 20 A 2.7 2.2 0.436
Fe 1A : 2.0 i2 2559
Co 79 ’ O 2.3 L1360
Sh 903 73 91 vl x ot
Ag 933 [O4S 43 AR x 107
Se 9212 2130 317 22712 x 10t
Hy S400 Y 071 3.6036 x 100
Au 6790 ) 6() SIS < 10!

@ 10y -

o ‘

- 1 I &

(&) a 7

= o

L. 103

"z" % ANOMALOUSLY

G ENRICHED ELEMENTS

=

5 104

o

Z

w TERRIGENOUS

- 1o ELEMENTS

< a

= [ I

w : O

o

o 0 o I

O w0 s

Al 'S¢ Th Fe Co Sb Ag Se Hg Au
ELEMENT
Fig. 8. Comparison of crustal enrichment factors for some clements. O Buar-MeNarD and

CHESSELET (1979) (taking Al as unity). | This work (taking Sc as unity).
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Fig. 9. Scanning electron microscope—cenergy dispersive X-ray analvsis ol small particles
showing relative abundance of major forms.

tONCLUSIONS

The instrument meets the requirements of sampling suspended particles in the deep
ocean. Samples can be taken in un informed manner and free from contamination. The
data from the new particle counter reported in the literature fill in the “missing”’
information between small and luree particles. Results from the particle counter will be
used to model particle mass and flux distributions with a view to looking at the processes
of recycling, dissolution, resuspension and transport. The data from chemical analysis of
particles and water can be fed into these models.
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