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Summary. In order to simulate the fate of biogenic silica 
generated in the surface waters of the Southern Ocean, 
the dissolution of silica frustules was studied for seven 
natural assemblages of diatoms, collected during summer 
1984 in the Indian sector, and two typical Antarctic 
diatoms (Nitzschia cylindrus and Chaetoceros deflan- 
drei), following the procedure of Kamatani and Riley 
(1979). For mean summer conditions in the surface 
waters of the Southern Ocean (2<T°C<12;  
7.5 < pH < 8) rate coefficients of dissolution range from 
2.2 to 18.5×10-3d -1 for the natural assemblages. The 
silica frustules trapped by fecal pellets and by gelatinous 
aggregates, and rapidly transported through the cold 
waters of the Circumpolar Current, reach the sea bottom 
of either the continental shelves of the abysses without 
loosing much of the initial amount of silica (less than 
10°70). A model based on Stokes' law, modified to take in 
account of non ideal conditions and of the upwelling rate, 
is used in order to simulate the fate of silica of unag- 
gregated particles settling down in the cold waters of the 
Antarctic Divergence. It supports the ideas that 1-the cy- 
cle of siliceous particles which radii are <2 ~tm (i.e., of a 
part of the nanoplankton) is completely achieved in the 
surface layer, 2-although the biogenic silica of large unag- 
gregated particles (radii over 25 txm) may reach the sea- 
bottom (within one month to a few years) without com- 
plete dissolution, the main explanation for the accumula- 
tion of biogenic silica on Antarctic abysses remains trans- 
port by fecal pellets and gelatinous aggregates. 

result from rapid transportation of silica debris incor- 
porated in fecal pellets (Schrader 1971; Urrere and 
Knauer 1981; Suess and Ungerer 1981; Tsunogai et al. 
1986, among others), fecal material and marine snow 
(Smetacek 1985). It might also result from the slow 
dissolution of silica frustules (Nelson and Gordon 1982) 
settling down in low temperature and relatively low pH 
Antarctic waters. Although several works (review in 
Kamatani et al. 1988) have evidenced the effects of tem- 
perature and pH on the frustule dissolution of diatom 
assemblages, most of them dealed with the behaviour of 
silica particles at the water-sediment interface. Only few 
studies are concerned with the fate of Antarctic diatoms 
in the water column (e.g., Van Bennekom et al. 1988). The 
simple first-order reaction law for the dissolution of 
biogenic silica, proposed by Kamatani and Riley (1979) 
and used in the present study, offers the advantage of in- 
troducing a pseudo rate constant (herein called "rate 
coefficient") expressed in time- 1, i.e., comparable to the 
specific dissolution rate Vaiss determined by the isotopic 
method of Nelson and Gordon (1982) 

The objectives of this work are: 1) measuring the 
dissolution rates of biogenic silica for specific and 
natural assemblages of Antarctic diatoms, at conditions 
prevailing in Antarctic surface waters during summer ; 2) 
simulating the fate of the biogenic silica particles settling 
down through the cold and turbulent waters of the Cir- 
cumpolar Current. 

Introduction 

In spite of low primary production in the photic layer of 
the Southern Ocean (Priddle et al. 1986a, b; von 
Bodungen et al. 1986; Trrguer and Jacques 1986), large 
amounts of biogenic silica have been observed on the 
abyssal sea bottom and continental shelves (Lisitzin 1972; 
Pichon 1985; Dunbar 1984; Dunbar et al. 1985a, b; Led- 
ford-Hoffman et al. 1986). This silicon paradox may 

Material and Methods 

1 Samples of Biogenic Silica 

a) Specific Populations. The two Antarctic diatoms Nitzschia cylindrus 
(Grunow) Hasle and Chaetoceros deflandrei (Manguin) were grown on 
a MOiler medium (salinity: 34 PSU) at 4 °C under LD cycle (illumina- 
tion: 113 ktE m -2 s-l) .  After 12 days, the diatom cells were collected by 
filtration and stored in a refrigerator until used. Samples were not 
sterilized. 
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Table 1. Dates of experiments, location of sampling stations and domi- 
nant species composition of phytoplankton natural assemblages 

Dates of Sam-Stations Dominant species 
experiments pie 

No. Location 

November 
and Septem- 
ber 1984 

(A) 7: 51°S-62°30'E 

(B) 11: 65°3ffS-69°10'E 
13: 67°30'S-72°30'E 

(C) 39: 55°S-74°E  

October (D) 8: 54°30'S-64°E 
1985 (E) 26: 60°S-88°30 'E 

February (A) 7: 51 ° S-62°30 'E 
1986 (E) 26: 60°S - 88°30'E 

Nitzschia heimii - 
Nitzschia pro- 
longatoides - Nitz- 
schia turgidula 
Nitzschia cylindrus - 
Fragilariopsis rhom- 
bica - Nitzschia 
kerguelensis 
N. cylindrus - 
N. kerguelensis - 
Fragilariopsis sp. 

N. kerguelensis 
Nitzschia barkleyi - 
N. prolongatoides - 
N. turgidula 

(see above) 
(see above) 

b) Natural Populations. Diatom assemblages were collected using a 
phytoplankton net, during the Antiprod 3-Apsam 2 cruise 
(January-February 1984, Indian sector of the Southern Ocean). The 
location of the sampling stations and dominant species are given in 
Table 1. Samples were kept frozen ( -20  ° C) until experimentation at the 
laboratory. 

2 In vitro Dissolution Experiments 

Dissolution experiments were carried out on biogenic material accord- 
ing to Kamatani and Riley (1979). Five pH values were chosen: 7.5, 7.75, 
8.0, 8.25, 8.5 for three different temperatures: 2.5 °, 12 ° and 22 °C. The 
biogenic material was suspended in sea water collected either in the 
Southern Ocean (September and October 1984 sets) or in coastal water 
from the Bay of Brest (November 1984 and February 1986 sets). In each 
case, the sea water, filtered on Mlllipore filter (0.45 ~tm), was treated 
with 25 ml/1 of 0.1 M Tris solution (Merck p.a.) and finally adjusted to 
the desired pH using HC10.1 N or NaOH 0.1 N. Predetermined weights 
of diatom samples were suspended in the seawater of desired pH. The 

mixture was then transfered into 1-1 polyethylene bottles placed in a 
constant temperature room (+ 1 °C) and shaken at 100-120 strokes per 
minute. The initial concentrations of biogenic silica used for the ex- 
periments are shown in Tables 2 and 3. 

Approximately 10 ml sample were removed at regular intervals; after 
centrifugation, orthosilicic acid concentration was determined by the 
automatic method of Tr6guer and Le Corre (1975). The accuracy of the 
method is +0.2 Ixg at-Si in the range 0-15  gg at-Si and _+1.7 ~tg at-Si 
in the range 0-200 gg at-Si. 

3 Calculation of  the Rate Coefficient 

The variation of the concentration C of biogenic silica versus time t 
follows equation (1)" dC/dt = -KC; K is a pseudo kinetic constant (ex- 
pressed in time -1) called herein "rate coefficient", C o being the initial 
concentration of C at time t = 0. The integration of (1) gives equation 
(2): In ((Co-c)/C0)= -Kt.  The decrease in C corresponds to the in- 
crease in orthosllicic acid c as measured in the solution. 

Results  

F i g u r e  1 shows  typ ica l  p lo t s  o f  t he  v a r i a t i o n  o f  d i s so lved  

o r thos i l i c i c  ac id  c o n c e n t r a t i o n s  versus  t i m e  ( a c c o r d i n g  to  

e q u a t i o n  2), d u r i n g  the  d i s s o l u t i o n  o f  d i a t o m  assem-  

b lages  co l l ec t ed  at  3 s t a t ions  o f  t he  A n t i p r o d  3 - A p s a r a  2 

cruise.  T h e  ra te  c o e f f i c i e n t  is c a l c u l a t e d  f r o m  the  s lope  o f  

e a c h  curve.  Firs t ly ,  th is  f igure  ev idences  the  e f fec t  o f  t e m -  

p e r a t u r e  o n  the  d i s so lu t ion :  t h e  h ighes t  the  t e m p e r a t u r e ,  

t h e  fas tes t  t h e  d i s s o l u t i o n  o f  b i o g e n i c  silica. Second ly ,  it 

a l so  i l lus t ra tes  s i gn i f i c an t  va r i a t i ons  o f  t h e  ra te  coe f f i -  
c ien t  d e p e n d i n g  o n  t h e  c o m p o s i t i o n  o f  t he  d i a t o m  

a s s e m b l a g e s  (Table 1): a t  2.5 ° C  a n d  p H  = 8, t he  ra te  c o n -  

s t an t  was 2 . 3 " 1 0 - 3 d  -1 fo r  p h y t o p l a n k t o n  p o p u l a t i o n s  

d o m i n a t e d  by  N i t z s c h i a  cy l indrus  a n d  N i t z s c h i a  

kergue lens i s  (55 °S),  2 . 7 . 1 0 - 3 d  -1 for  p o p u l a t i o n s  

d o m i n a t e d  by  N i t z s c h i a  cy l indrus  a n d  N.  r h o m b i c a  

(64 o_ 65 ° S), a n d  3.9" 10 - 3d -  t fo r  p o p u l a t i o n s  

d o m i n a t e d  by  N i t z s c h i a  sp. (51 °S).  I t  m u s t  be  n o t e d  t h a t  

t h e  w h o l e  s amples  c o n t a i n e d  debr i s  o f  d i a t o m s .  Thirdly ,  

Fig.  1 shows  t h a t  d u r i n g  t h e  f i rs t  20 days  o f  t he  ex- 

p e r i m e n t s  n o  s ign i f i can t  d i s s o l u t i o n  o f  u n t r e a t e d  d i a t o m  

o o z e  d o m i n a t e d  by  R h i z o s o l e n i a  sp. ( s amp le  co l l ec t ed  by 

Table 2. Kinetics of dissolution of biogenic silica (diatom natural assemblages): mean rate coefficients (K 1 × 10-3d-i )  for different conditions of 
temperature and pH 

Samples Dates of Initial amount Temperature pH 
experiments (rag SiO2/1 ) (°C) 

7.5 7.75 8.0 8.25 8.5 

A /B /C  September 1984 34/28/27 2.5 
A /B /C  November 1984 31/36/45 2.5 
D/E October 1985 18/8 2.5 
A/E  February 1986 11/26.5 2.5 

A /B /C  September 1 9 8 4  34/28/27 11.5 
A / B / C  November 1984 31/36/45 12.0 
D/E October 1985 18/8 13.5 
A /E  February 1986 11/26.5 12.0 

A / B / C  September 1 9 8 4  34/28/27 24.0 
A /B /C  November 1984 31/36/45 22.0 
D/E October 1985 18/8 22.0 
A /E  February 1986 11/26.5 23.0 

3.0 
1.9 
2.2 4.2 3.3 

2.0 1.5 

8.6 
15.9 

17.0 
44.0 

13.0 

15.6 52.1 
13.0 11.3 

41.2 

65.0 91.0 
46.2 33.0 

4.0 

7.8 
39.7 

22.3 
62.0 



Table 3. Kinetics of  dissolution of  biogenic silica (mouospecific popu- 
lations o f  diatoms): rate coefficient (K 1 x 10-  3d-  1). F = Chaetoceros 
deflandrei; G = Nitzschia cylindrus 

Temperature  Dia tom Initial amoun t  pH  K 1 
(°C) species (mg SiO2/1 ) 

2 F 41.0 7.5 3.1 
2 F 38.5 8.5 0.5 
2 G 57.3 7.5 1.9 
2 G 42.2 8.5 0.9 

14 F 41.0 7.5 7.1 
14 F 38.5 8.5 3.2 
14 G 57.3 7.5 6.6 
14 G 42.2 8.5 5.8 

22 F 41.0 7.5 14.7 
22 F 38.5 8.5 12.5 
22 G 57.3 7.5 17.4 
22 G 42.2 8.5 15.6 

corer, in the Pacific sector, 64 ° 16.3'S; 136 °06.8'E, 3200 m 
depth, by courtesy of  Dr. Nemoto) was measured: the 
dissolution of  biogenic silica in Antarctic surface waters 
is much more rapid than that of  diatoms at the sediment- 
water interface (for a review of  the dissolution of  ooze, 
see Kamatani et al. 1988). Fourthly, Fig. 1 evidences two 
stages in the dissolution of the silica frustules, the first 
one being slower than the second: the enhancement of the 
kinetic rate, observed after 10-15  days for samples B and 
C at 11.5 °C, might correspond to the removal of the pro- 
tective coating of  organic matter which has remained in 
the samples and to different stages of  hydration for 
biogenic silica (Lewin 1961; Kamatani et al. 1980). Herein 
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is only considered the first step of  the kinetics of dissolu- 
tion of  biogenic silica (constant rate K1, Table 2). 

The mean rate coefficients for the different condi- 
tions of  temperature and pH used during our experiments 
with natural assemblages are given in Table 2. According 
to Hurd (1973) and Hubbard and Riley (1984), the 
dissolution rate of  frustules depends on pH. Table 2 
shows that for natural assemblages A/B/C the rate coef- 
ficient goes through a maximum at pH 8 (K 1 = 13.10 -3 
and 41.2.10-3d -1, respectively, at 12 ° and 22 °C) com- 
pared with pH 7.5 (K 1 = 8.6 and 17.0.10-3d -1, respec- 
tively, at 12 ° and 22°C); the maximum is reached at pH 
8.25 for samples D/E.  The effect of  pH on the dissolu- 
tion rate is usually explained by metals-silica interactions 
(Harvey 1937; Goldberg 1952; Iler 1955; Geissler 1958; 
Ives 1959; Lewin 1961; Martin and Knauer 1973; Van 
Bennekom and Van der Gaast 1976; Van Bennekom 
1981). 

The effect of temperature for the two specific Antarc- 
tic diatoms upon the rate coefficient is illustrated in Fig.2 
as compared with previous measurements data on several 
diatoms collected in coastal waters (Kamatani 1982). At 
pH 7.5 a linear regression is achieved between In K 1 and 
temperature ranging between 2 ° and 23 °C, with a mean 
slope of  -0.11,  i.e., in good agreement with previous 
results by Kamatani (1982) for temperature varing be- 
tween 8 ° and 28 °C. The corresponding mean slopes for 
the Antarctic natural assemblages varied between -0.11 
and -0.19.  This clearly demonstrates that the dissolution 
of  biogenic silica at the northern limit of the Southern 
Ocean (12 °C) is 4 to 14 times as large as that near the 
continent ( -  1.8 °C). 

At mc 
20 

10 

2~C 

8 
I l l . § ~  

0 I I I I 

5 10 15 20 days 
Fig. 1. Kinetics o f  dissolution of silica frustules of  Antarctic diatoms at 
pH 8: plots o f  Y = - I n  (C0-C) / (C0)  versus time. Natural  assemblages 
collected during summer  in the Indian sector (Antiprod3-Apsara 2 
cruise, see Table 1): A O 2°C,  • 11.5°C; B [] 2°C,  • 11.5°C; C V 
2 °C, • 11.5 °C. Diatoms ooze (from the Pacific sector, see text): F • 
11.5°C 

lO-Z 

10"3 

10-4 

• ' ~ " 

30 20 o£ 10 0 

Fig. 2. Effect o f  temperature variations on the dissolution of  silica 
frustules: rate constant K 1 versus temperature (°C); the continous lines, 
drawn according to Kamatani  (1982), delimitate the domain  of  varia- 
tions of  the rate constant,  for different species. Monospecific popula-  
tions of  Antarctic diatoms: Chaetoceros deflandrei 0 pH 7.5, • pH 
8.5; Nitzschia cylindrus [] pH 7.5, • pH  8.5. The dashed line shows 
the regression line at pH 7.5 (see text) 
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Discussion 

1 Comparison Between the Rates Measured by the 
Present Method and the Isotopic Method 

Nelson and Gordon (1982) have measured the dissolution 
of biogenic silica during summer, in surface waters of the 
Pacific sector, by using an isotopic method. Between 
51 °30 to 64°15S, i.e., for temperature varying between 
about 12 ° to 2°C, the specific dissolution rate Vdiss 
ranged between 9.2 and 58.10-8s -1. Although the 
specific rates measured at the two stations located in cold 
surface waters are close together (mean 
rate = 29.10-8s-1 at 62 o_ 67 °S), the mean rate measur- 
ed at 51°30S was only 17.10-8s -1 (Fig. 7, p. 497 in 
Nelson and Gordon 1982), suggesting that other factors 
than the temperature may control the dissolution of the 
biogenic silica in the photic layer. In the same tempera- 
ture range our method gave K 1 between 2.2 and 
18.5"10-8s-1; although our upper limit is compatible 
with Nelson and Gordon's results, our lower limit is 
about 4 times as small as that of these authors, suggesting 
a possible under-evaluation of the dissolution rate by the 
in vitro method we used for this study. 

Although Kamatani and Riley's method on the one 
hand, Nelson and Gordon's method on the other hand, 
used natural assemblages (grazed or ungrazed diatoms) 
for the experiments, the main difference between both 
methods arises from the different size classes of the par- 
ticles of biogenic silica. No filtration is required by the 
isotopic method which measures the silica dissolution of 
the whole frustules present in the seawater sample, while 
our method does not take into account the dissolution of 
the small components of natural assemblages as they are 
not collected by the net (50 ~m mesh). This suggests that 
the silica frustules of small particles (i.e., a fraction of the 
nanoplankton) might dissolved more rapidly than those 
of the diatoms of microphytoplankton. In the model we 
built to simulate the fate of the biogenic silica in the 
Southern Ocean, the mean rate coefficients measured by 
the isotopic method are supposed to be more represen- 
tative of the dissolution of the silica for small particles, 
and those measured by the Kamatani and Riley's method 
will be used for large particles (radius over 25 Ixm). 

2 The Fate of  Biogenic Silica in the Southern Ocean 

If surface-water temperature is a major factor that con- 
trois the silica dissolution rates in the ocean, it would 
result in a higher fraction of the biogenic silica generated 
in the photic zone being transported to depth and sea 
bottom at polar and subpolar areas than in the tropical 
and subtropical areas. Previous works show that in 
coastal upwelling ecosystems and in warm-core rings 
(e.g., in Gulf Stream) the recycling of orthosilic acid can 
be very intense (80070 - 100070 of the pelagic biogenic silica 
production is dissolving in the upper 100 m layer, review 
in Nelson and Goering 1977; Richards 1981; Jacques and 
Tr6guer 1986; Brzezinski 1987). On the contrary in the 

Southern Ocean between 18°70 and 58% of the biogenic 
silica production is dissolved in surface layers (Nelson 
and Gordon 1982): the other part escapes from this layer 
as the result of rapid transportation by fecal pellets and 
gelatinous aggregates, and/or settling of unaggregated 
diatom cells. 

By comparing field observations and measured data 
about the dissolution rate of biogenic silica, the following 
questions are adressed in this discussion: 1) which size 
classes of siliceous particles are able to dissolved in the 
surface layer? 2) Which size classes of siliceous particles 
are able to reach the sea bottoms of the different Antarc- 
tic domains? 

In the Bransfield Strait Dunbar (1984) noted that, the 
trapped material was predominantly composed 1) of fecal 
pellets (cylindrical and compact ellipsoidal pellets being 
more abundant in the deeper trap samples) 2) of biogenic 
silica (fine diatoms fragments being predominant). For 
the Ross Sea, the importance of both low density 
gelatinous aggregates and diatom tests in the sediment 
traps was noticed, settling rates as high as 200 to 400 m 
per day being measured (Dunbar et al. 1985b) for 
zooplankton fecal pellets. Tsunogai et al. (1986) demon- 
strated that one of the most striking features of the 
Southern Ocean ecosystem is the very rapid settling rate 
of biogenic silica particles (230 m/day). Moreover obser- 
vations made by Pichon (1985) reveal good preservation 
of diatoms in marine sediments south of Polar Front. 
Sediment deposits deeper than 4000 m are composed of 
large species (Thalasiosira lentiginosa) and also of small 
species (Nitzschia curta, N. cylindrus). 

2a The Fate of Biogenic Silica Trapped by Fecal Pellets 
and Gelatinous Aggregates in Coastal Areas and Open- 
Ocean Areas 

Let us suppose that large particles of biogenic silica 
escape from the surface layer and are transported within 
the cold deep waters at a rate of 200-300 m/day. 

In the coastal seas of the Antarctic domain, recent 
studies (Nelson and Smith 1986; Nelson et al. 1987) dem- 
onstrated that very productive diatom blooms, suppor- 
ting intense food demand of krill and other herbivorous, 
are associated with the seasonal retreating of ice, especial- 
ly over the Antarctic continental shelves of Ross Sea and 
Weddell Sea (which are about 500-600 m deep). Only 
two to three days are needed by the biogenic silica par- 
ticles, produced in surface water, and then picked up by 
fecal pellets, to reach the water-sediment interface. Dur- 
ing this period the particles settle down through cold 
waters (< 2 °C) and the amount of biogenic silica dissolv- 
ed during this transport is negligible (less than 2070, from 
equation (1) with 2.2<K 1 × 10-8s -~ <4.9 for 
7.5 < pH < 8, see Table 2). In Antarctic open-ocean 
(depths over 4000 m) the silica particles collected by fecal 
pellets and gelatinous aggregates, escape from the mixed 
layer, settle down through the water column 
(temperature < 2 °C) reaching the sea bottom within 10 to 



20 days; during this transport (using equation (1) and 
2.2<K~ × 10 -Ss - l<  18.5) we can calculated that more 
than 90% of  the initial amount of  biogenic silica are 
preserved from dissolution, ultimately accumulating on 
the Antarctic abysses (Ledford-Hoffman et al. 1986). 

2b The Fate of Unaggregated Particles of  Biogenic Silica 
Settling Down Through the Water Column 

In order to simulate the fate of  the biogenic silica par- 
ticles generated in the surface layer and settling down at 
slow rate (compared with the gravitational settling rates 
of  aggregates), through the cold waters (about 2°C) of  
the Antarctic Divergence, a model based on Stokes' law 
is used. As compared with previous models (e.g., Wollast 
1974) the improvement comes from taking into account 
of: 1) the upweUing rate of  the Circumpolar Deep Water 
(t °C about 2 °C) which rises to the surface, resulting in 
a decrease of  the usual Stokes' settling rate, 2) the 
dissolution rate coefficient measured for different natural 
assemblages (expressed in t ime-l) ,  3) the shape factor 
occuring for various kinds of  diatoms frustules, 4) the ef- 
fect of  turbulence on the sedimentation rate. 

Let us first suppose that an idealized solid sphere 
(radius R0 at the surface and radius R at depth z, molar 
mass M, specific mass ROs) of  biogenic silica is settling 
down through the water column (specific mass ROw). 
The total amount of  silica skeletons per unit of volume 
C is given by equation (3) C = (4~R3/3 M)ROsn, n being 
the number of  particles settling per unit volume of  
seawater. From equation (1) and (3), the variation of  R 
versus time is given by equation (4) dR/dt  = -(K1/3)dR.  
Taking in account of  (5) dR/dt  = (dR/dz)/(dz/dt)  and of  
the upwelling rate W (mean value 5 0 m y  -1 or 
1.6.10 -4 cm s -1 at the Antarctic Divergence, according 
to Gordon and Taylor 1975), the usual Stockes' law for 
a laminar conditions must be modified following equa- 
tion (6) dz/dt = BR 2-W, (B is given by (7): 
B = (2 g (ROs-ROw)/9Nu) ,  g is the gravitational ac- 
celeration: 981 cm/s, and Nu is the viscosity of  seawater: 
1.72.10 -2 poise for cold waters, according to Walton 
Smith 1974). The mean wet density of  plankton particles 
may vary between 1.528 to 1.057 g cm -3 for particles 
which radius is between 0.7 gm and 181 ~tm, the largest 
the size of the particle, the smallest the wet density 
(McCave 1975); the mean specific mass of  Antarctic sea- 
water is about 1.028 g cm -3 consequently B ranges be- 
tween 367 (large particles) and 6337 cm-1 s-1 (small par- 
ticles). 

In equation (6), "BR z'' represents the rate of par- 
ticles settling in a motionless watermass; " B R 2 - W  '' be- 
ing the net settling rate in waters of  the Antarctic 
Divergence (Fig. 3). Following (6), the settling rate 
dz/dt  = 0 when BR 2 = W, which means: when the radius 
of  the particle decreases to R c (herein called "compensa- 
tion radius"), at time tc ("compensation time"), the par- 
ticle stops settling down at depth z c ("compensation 
depth"), and then this particle will rise towards the sur- 
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face. This is a unique feature of  the movement of  par- 
ticles in a divergence zone. 

z c = ( - ( 3  B /2K1)×(R 2 -R2) )+ (3  W/kl )× ln  (Rc/Ro) (8) 

t e = - (3/K 1) × In (R c /R 0) (9) 

R c = (W/B) 1/2 (10) 

To simulate the conditions prevailing in situ we must 
take in account of  the effect of  the different shapes of  the 
particles upon the settling rate. This is done by modifying 
the parameters B as k ×B, with k = 1 for spheres, k is 
about 1.3 for lamelles, between 0.96 and 1.7 for ellip- 
soidal particles (Brun-Cottan 1976a, b; MacNown et al. 
1951), and may reach value as high as 10 for needles. So, 
the settling rate of  the non spherical particles may be 
twice as fast as that of  ideal spherical particles; this settl- 
ing rate may be ten times as fast for silica needles. For 
non spherical particles, in the above equations "R" repre- 
sents an "equivalent spherical radius" (McCave 1975). 

Although the conditions prevailing in-situ are far 
from laminary flow, the effect of  turbulence on the mean 
settling rate is usually considered to be negligible, and the 
Stokes law is often used to simulate the settling of  par- 
ticles in the ocean (review in McCave 1975). However, 
from experimental studies carried out with large spherical 
particles (radius ranging between 31.5 and 80~tm), 
Dietlin (1982) demonstrated that the turbulence increases 
the settling rate up to a factor of  about 2 (the smallest the 
particle, the biggest the effect of  turbulence). In case of  
non spherical particles we will consider herein that tur- 
bulence combines its effect to that of  the shape factor: in 
the above equations "4 × B" is substituted to "B" and the 
corresponding maximum settling rate (for non ideal con- 
ditions) is 4 times as high as the Stokes settling rate (for 
ideal conditions). 

2bl  The Fate of the Biogenic Silica of Unaggregated 
Small Particles. The upwelling of  Circumpolar Deep 
Water (CDW) at the Antarctic Divergence results in slow- 
ing down the settlement of  particles. From McCave 
(1975) and from the above considerations, for this size 
class of particle, "B"  ranges between 4056 and 
25 348 cm - i s - l :  from equation (10), any plankton par- 
ticle, which radius is less than 2 ~tm ("compensation 
radius" for ideal conditions) to 0.79 ~tm (non ideal condi- 
tions), cannot escape the surface layer. Consequently the 
silica cycle of  a part of  the siliceous nanoplankton is 
completely achieved in the Antarctic surface mixed layer. 
By using a mean dissolution rate coefficient 
K1 = Vdiss = 29- 10 -8 S -1 (Nelson and Gordon 1982), for 
this size class of  particle, about 5.9 months would be 
necessary to dissolved 99% of  the initial amount  of  silica 
of  small particles. Of course during such a period the 
probability to be grazed or picked up by gelatinous stuff 
and so to escape from the surface layer is not negligible. 
The above considerations support the idea that the 
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siliceous which dissolved in Antarctic surface waters 
comes mainly from nanoplankton. 

2 b 2 The Fate of the Large Particles in Coastal and Open- 
Ocean Areas. In order to illustrate the dissolution of  
silica from large size class particles, the fate of  a particle 
which radius is 25 ~tm is herein examined. From the above 
considerations "B" ranges between 1020 and 
4080 cm-1 s-I  and values of the rate coefficient K 1 for 
natural assemblages are considered in the above equa- 
tions. 

In the Antarctic domain, the surface water summer 
temperature is about 2 °C and K 1 ranges between 2.2 and 
4.9" 10 -8 s -1 for natural assemblages. Between 3 and 6.6 
years are needed to dissolve 99% of  the initial amount  of  
biogenic silica; with mean settling rate between ranging 
between 1.6 and 6.7 m per day, a 25 ~tm radius particle is 
able to reach depths between 1710 m (for ideal condi- 
tions) and over 5000 m (non ideal conditions) (Fig. 3). 
This means that the large unaggregated particles are able 
to reach the bot tom of  the continental shelves 
(500-600  m) and even of  the Antarctic abysses. In the 
former case a silica particle is able to reach the bot tom 
within 1 to 3 months (between 67°70 to 94% of  the initial 
amount  of  particles being preserved from dissolution). In 
the latter case the silica particle can reach the Antarctic 
abyss within one year (Fig. 3), about 20% of  the initial 
amount  of  biogenic silica being preserved from dissolu- 
tion. This means that a contribution from this process 
may be considered to explain the accumulation of  
biogenic silica on Antarctic abysses. 

m 
i i 

1 

E 

2 

, .3  

" O  

4 

5 • t 

g 1 2 

t i m e  y 

Fig. 3. The settUng of  an unaggregated 25 I~m radius silica particle 
t rough the waters o f  the Antarctic Divergence (2 °C) simulated by using 
a modif ied Stokes' law (see text), k 1 = 4 .9-10-Ss-1;  ideal conditions: 
B =  1 0 2 0 c m - i s  -1 ( © e ) ,  non  ideal conditions: B = 4 0 8 0 c m - l s  -1 
(El II); upwelling rate w = 0.00016 cm s -1 (continuous line); w = 0 
(dashed line). Depth (km) versus t ime (year) 

In the subantarctic domain, out from the oceanic 
upwelling area (w = 0), the dissolution of  biogenic silica 
is first performed in temperate surface waters 
(12°-14°C;  K 1 ranges between 10 and 18.5"10-8s-1). 
With mean settling rates varying between 5 to 20 m d -  1, 
a 25 ~tm radius particle is able to reach the base of  the 
surface layer (100 m) within a period of  between about 5 
days to 3 weeks. During this first step, between 3 °70 and 
27o7o of  the initial amount  of  biogenic silica is dissolved. 
Then this reduced radius particle enters the cold deep 
water layer, i.e., it meets analogous conditions to those of  
the previous case, except that the settling rate is not slow- 
ed down (Fig. 3) as the upwelling rate is nul. Consequent- 
ly, the probability that large particles reach the sea bot- 
tom of  the subantarctic domain has also to be considered. 

The above considerations based on the control of  
silica dissolution mainly by temperature, support the idea 
that if siliceous particles transported by aggregates do 
reach the Antarctic sea bottoms without any significant 
dissolution, deposits of  unaggregated large particles of  
biogenic silica must be expected either at the water-sedi- 
ment interface of  the continental shelves or even of  the 
abysses. 

Conclusion 

The present data confirm that the dissolution of  biogenic 
silica from Antarctic diatoms, within the water column 
are exceptionally slow, due to low temperatures which 
prevail in the whole water column of  the Southern Ocean. 
The empirical model used in this study brings to ideas in 
agreement with field observations: upwelling conditions 
favours a part of  the siliceous nanoplankton to be confin- 
ed in the surface layer where its dissolution may be com- 
pletely achieved; small particles are not able to reach the 
sea-bottom except when picked up by aggregates; intense 
accumulation of diatom skeletons and siliceous debris 
can reach the bottom of  continental shelves and the Ant- 
arctic abysses without complete dissolution, resulting 
either from the transport of  different size classes of  par- 
ticles trapped by fecal pellets and gelatinous aggregates, 
or from the settlement of  ungrazed large particles. 

Acknowledgements .  The authors  wish to thank the ARAGO  Laborato- 
ry for providing diatoms from monospecific cultures and particularly 
Ms Louise Oriol for her kind help and Dr. J.C. Brun-Cot tan (ENS, 
Paris) for useful suggestions. Thanks  are also due to T A A F / M R  for 
logistic support .  

References 

Bodungen B von, Smetacek VS, Tilzer MM, Zeitzschel B (1986) Prima- 
ry production and sedimentation during spring in the antarctic penin- 
sula region. Deep-Sea Res 33:177-194 

Brun-Cot tan JC (1976a) Contr ibution ~ l ' r tude  de la granulom&rie et 
de la cin&ique des particules marines.  Th~se D e s  S Univ P e t  M 
Curie, Paris, pp 200 

Brun-Cot tan JC (1976b) Stokes settling and dissolution rate model for 
marine particles as a function of  size distribution. J Geophys Res 
81:1601 - 1606 



403 

Bzrezinski MA (1987) Physiological and environmental factors affec- 
ting diatom species competition in a Gulf Stream warmcore ring. Ph 
D Diss, Oregon State University, Corvallis, pp 284 

Dietlin B (1982) Contribution h l'6tude de l'influence de la turbulence 
sur la vitesse de s6dimentation des particules marines. Thbse D Ing, 
Univ P et M Curie, Paris, pp 294 

Dunbar RB (1984) Sediment trap experiments on the antarctic continen- 
tal margin. Antarct J US 19:70-71 

Dunbar RB, Anderson JB, Domack EW, Jacobs SS (1985a) 
Oceanographic influences on sedimentation along the antarctic con- 
tinental shell Antarct Res Set 43:291-312 

Dunbar RB, Macpherson AJ, Wefer G (1985b) Water-column par- 
ticulate flux and seafloor deposits in the Bransfield Strait and south- 
ern Ross Sea, Antarctica. Antarct J US Rev, pp 90-  i00 

Geissler U (1958) Das membranpotential einiger diatomeen und seine 
Bedeutung for die lebende kieselalgenzelle. Mikroskopie 13:145-172 

Goldberg ED (1952) Iron assimilation by marine diatoms. Biol Bull 
102:243 -248 

Gordon AL, Taylor HW (1975) Heat and salt balance within the cold 
waters of the world ocean. Numerical models of ocean circulation. 
Nat Acad Sci, Whashington DC, pp 54-56 

Harvey HW (1937) The supply of iron to diatoms. Mar Biol Assoc UK 
22:205 -219 

Hubbard LML, Riley JP (1984) Kinetics studies of the rate of dissolu- 
tion of silica and diatom tests in seawater. J Oceanogr Soc Jpn 
40:148-154 

Hurd DC (1973) Interactions of biogenic opal, sediment and seawater 
in the Central Equatorial Pacific. Geochim Cosmochim Acta 
37:2257-2282 

Iler RK (1955) The colloidal chemistry of silica and silicates. New York, 
Cornell University Press, pp 324 

Ives KJ (1959) The significance of surface electrical charge on algae in 
water purification. J Biochem Microbiol Tech Eng 1:37-47 

Jacques G, Tr6guer P (1986) Ecosyst~mes p61agiques matins. Masson, 
Paris New York, pp 250 

Kamatani A (1982) Dissolution rates of silica from diatoms decompos- 
ing at various temperatures. Mar Biol 68:91-96 

Kamatani A, Riley JP (1979) Rate of dissolution of diatom silica walls 
in seawater. Mar Biol 55:29-35 

Kamatani A, Ejiri N, Tr6guer P (1988) The dissolution kinetics of 
diatom ooze from the Antarctic area. Deep-Sea Res 35:1195-1203 

Kamatani A, Ridley JP, Skirrow G (1980) The dissolution of opaline 
silica of diatom tests in seawater. J Oceanogr Soc Jpn 36:201-208 

Ledford-Hoffman PA, De Master DJ, Nittrouer CA (1986) Biogenic- 
silica accumulation in the Ross Sea and the importance of Antarctic 
continental-shelf deposits in the marine silica budgets. Geochim 
Cosmochim Acta 50:2099-2110 

Lewin JC (1961) The dissolution of silica from diatom walls. Geochim 
Cosmochim Acta 21:182-198 

Litsizin AP (1972) Sedimentation in the World Ocean. Soc Eco Min 
Paleo (special issue) 17:218 

McCave IN (1975) Vertical flux of particles in the ocean. Deep-Sea Res 
22:491-502 

MacNown JS, Malaika J, Pramanik HR (1951) Particle shape and settl- 
ing velocity. Proc Int Hydr Res, 4th Meeting, Bombay, pp 511-522 

Martin JH, Knauer GA (1973) The elemental composition of plankton. 
Geochim Cosmochim Acta 37:1639-1653 

Nelson DM, Goering JJ (1977) Near-surface dissolution in the upwell- 
ing region off northwest Africa. Deep-Sea Res 24:65-73 

Nelson DM, Gordon LI (1982) Production and pelagic dissolution of 
biogenic silica in the Southern Ocean. Geochim Cosmochim Acta 
46:491-501 

Nelson DM, Smith WO (1986) Phytoplankton bloom dynamics of the 
western Ross Sea ice edge II-Mesoscale cycling of nitrogen and 
silicon. Deep-Sea Res 33:1389-1412 

Nelson DM, Smith WO, Gordon LI, Huber BA (1987) Spring distribu- 
tions of density of nutrients and phytoplankton biomass in the ice 
edge zone of the Weddell Sea. J Geophys Res 92:7181-7185 

Pichon JJ (1985) Les diatom6es traqeurs de l'6volution climatique et 
hydrologique de l'Oc6an Austral au cours du dernier cycle climatique. 
Th~se Des  S, Univ Bordeaux, 250 pp 

Priddle J, Heywood RB, Theriot E (1986a) Some environmental factors 
influencing phytoplankton in the Southern Ocean around South 
Georgia. Polar Biol 5:65-79 

Priddle J, Hawes I, Ellis-Evans JC, Smith TJ (1986b) Antarctic aquatic 
ecosystems as habitats for phytoplankton. Biol Rev 61:199-238 

Richards FA (1981) Coastal upwelling. AGU, Washington 544 pp 
Schrader HJ (1971) Fecal pellets: role in sedimentation of pelagic 

diatoms. Science 174:55-57 
Smetacek VS (1985) Role of sinking in diatom life-history cycles: 

ecological, evolutionary and geological significance. Mar Biol 
84:239-251 

Suess E, Ungerer CA (1981) Element and phase composition of par- 
ticulate matter from the circumpolar current between New Zealand 
and Antarctica. Oceanol Acta 4:151-160 

Tr6guer P, Le Corre P (1975) Manuel d'analyses des sels nutritifs dans 
reau de met. Utilisation de l'Auto Analyzer II Technicon. Univ 
Bretagne Occidentale, Brest, 110 pp 

Tr6guer P, Jacques G (1986) UOc6an Antarctique. La Recherche 
178:746-755 

Tsunoga'/S, Noriki S, Harada K, Kurosaki T, Wanatabe Y, Maedaa M 
(1986) Large but variable particulate flux in the Antarctic Ocean and 
its significance for the chemistry of Antarctic Water. J Oceanogr Soc 
Jpn 42:83-90 

Urrere MA, Knauer GA (1981) Zooplankton fecal pellet fluxes and ver- 
tical transport of particulate organic material in the pelagic environ- 
ment. J Plankton Res 3:369-387 

Van Bennekom AJ (1981) The role of aluminium in the dissolution 
kinetics of diatom frustules. In: Ross R (ed) Proc 6th Diatom Syrup 
1980. Koeltz, Koenigstein (FRG), pp 445-454 

Van Bennekom AJ, Van Der Gaast SJ (1976) Possible clay structures in 
frustules of living diatoms. Geochim Cosmochim Acta 40:1149-1152 

Van Bennekom A J, Berger GW, Van Der Gaast SJ, De Vries RTP (1988) 
Primary productivity and the silica cycle in the Southern Ocean 
(Atlantic sector). Palaeogeog Palaeochim Palaeoecol (special issue) 
(in press) 

Walton Smith FG (1974) Handbook of Marine Science 19, CRC Press 
Pub I, pp 64-65 

Wollast R (1974) The silica problem. In: Goldberg ED (ed) The Sea. 
Wiley and Sons, New York, pp 359-392 


