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ABSTRACT: The release of silicic acid from sediments is known to play a n  important role in 
determining the silicic acid concentration in the water columns of estuaries, but factors controlling the 
rate of release are poorly understood. Silicic acid efflux from sandy Chesapeake Bay sediment cores 
that were maintained in the dark was strongly dependent on biogenic silica deposition, temperature 
and salinity, but was independent of oxygen concentration in the overlying water. Silica dissolution 
and release from the cores accelerated rapidly with temperature above 15 "C. The release rate also 
accelerated very rapidly with salinity increase between 10 O/m and 20 %, but was less dependent on 
change in salinity in the low and high ranges. These findings help account for observed late summer 
maxima in water-column silicic acid concentrations in mesohaline regions of Chesapeake Bay. 

INTRODUCTION 

Silicic acid (H,SiO,) regeneration from biogenic 
silica appears to be a major pathway in the estuarine 
silicon cycle. In some estuaries, at least during sum- 
mer, regenerated silicic acid inputs exceed allochthon- 
ous inputs to the water column (Wilke and Dayal, 1982; 
D'Elia et al., 1983; Helder et al., 1983). Regeneration of 
silicic acid from particulate silica suspended in the 
water column has been shown by itself to be inade- 
quate to account for the observed summer increases in 
silicic acid concentrations (van Bennekom et al., 1974). 
Such increases must also result from regeneration of 
silicic acid from recently deposited biogenic silica in 
diatomaceous debris in the sediments (van Bennekom 
et al., 1974; Pilson et  al., 1980). Silicic acid flux from 
the sediments into the water column has been mea- 
sured in Long Island Sound (Aller and Benninger, 
1981), in Narragansett Bay (Nixon, 1981), and in 
Chesapeake Bay (D'Elia et al., 1983). The sediments in 
each location constitute a significant source of silicic 
acid to the water column, with sediment effluxes rang- 
ing from 2 to 7.5 times the principal allochthonous 
input source on an annual basis (Table 1). 

To understand the silicon cycle of estuaries, we 
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clearly need to understand the factors affecting the rate 
of regeneration of silicic acid from silica. This rate 
depends on the supply and surface area of substrate 
(i.e. mineral and biogenic silica) available, the dissolu- 
tion rates of the silica forms present, and the solubility 
of silicic acid. Dissolution of biogenic silica is of par- 
ticular interest, since dissolution of this form of silica is 
quite rapid relative to that of mineral crystalline forms 
(e.g. Hurd, 1972), which for ecological purposes can be 
considered inert. Most previously published studies 
have not examined the dissolution of biogenic silica 
under estuarine conditions. Although the effects of 
environmentally important factors on the solubility of 
silicic acid have been well studied (Greenberg and 
Price, 1957; Hurd and Theyer, 1975; Kamatani and 
Riley, 1979), silicic acid is likely to be found at con- 
centrations considerably below saturation in the water 
columns and surface sediments of most estuaries. 
Accordingly, factors affecting the dissolution rate of 
biogenic silica and the amount of substrate available 
are undoubtedly of greater importance in determining 
the rate of regeneration of silicic acid in estuaries. 

The dissolution rate of biogenic silica varies consid- 
erably with chemical composition and temperature of 
the solution (Werner, 1977). All of the major salts in sea 
water strongly catalyze silica dissolution, so that the 
dissolution rate of silica in sea water is several orders 
of magnitude greater than in  distilled water (Kato and 
Kitano, 1968; Kamatani, 1971). However, the relation 
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Table 1. Comparison of silicic acid recycled from benthic sources to principal allochthonous silicic acid sources in several 
estuaries 

Estuary Allochthonus Si Recycled S1 

moles m-? yr-' moles m-2 yr-' 
Ratio 

I Narragansett Bay 
Nixon (1981) 

I Long Island Sound 
Aller and Benninger (1981) 

Chesapeake Bay 
D'Elia et al. (1983)C 

1 a Estimated riverine and sewage inputs 
Measured benthic regeneration; source of data not specified 
Estimated from volume of water advected into the main basin of Long Island Sound multiplied by mean silica content of 
that water 
Benthic flues of sediment cores were measured, with yearly benthic flues extrapolated from the temperature relation for 
summer fluxes 
Estimated from fluvial inputs alone 
Benthic fluxes measured directly using in situ incubators 

between silicic acid regeneration and salinity has not 
been examined in detail. The dissolution rate also 
increases with temperature, both in Tris buffer solu- 
tions (Lewin, 1961) and in sea water (Lawson et al., 
1978). 

The present study evaluates factors affecting the rate 
of silicic acid regeneration in estuarine sediments. We 
used sediment cores to reproduce as closely as possible 
the conditions under which silica dissolution in 
estuarine sediments occurs. These cores were exposed 
to a range of temperatures, salinities, and biogenic 
silica input rates to determine the effects of these 
factors on the benthic release of silicic acid to the 
estuarine water column. 

MATERIALS AND METHODS 

Cores were taken using a 3.5 or 5.7 cm diameter 
Plexiglas tube from sandy sediments at depths of 1 to 
3 m in the vicinity of the Chesapeake Biological 
Laboratory pier near the mouth of the Patuxent River 
on Chesapeake Bay during late summer. During this 
period, salinities were between 11 and 14 %O and water 
temperatures were between 25 and 30 "C. Sediments 
in the area sampled were composed of 98 % sand with 
the remainder being silt and clay (J. Boynton, pers. 
comm.). 

Cores were preincubated for from 7 to 21 d in the 
dark with overlying water at the same salinities and 
temperatures as the subsequent experiments, after 
which a suspension of diatoms, serving as a source of 
deposited biogenic silica was layered over the surface 
of the cores. The diatom used, Thalassiosira pseudo- 
nana, Clone 3H, is a small (3 pm diameter) centric, 

estuarine diatom that is an important component of the 
Chesapeake Bay phytoplankton in all but the winter 
months (van Valkenberg et al., 1978). The alga was 
cultured in sterile bay water enriched with f/4 nutrient 
supplement (Guillard and Ryther, 1962) with 0.44 mM 
silicic acid. Batch cultures of T, pseudonana were 
allowed to settle in the dark for 4 d to make a concen- 
trated suspension. The diatom suspension was not 
tested for viability, but since planktonic diatoms do not 
survive well in the dark (Lewin, 1961), we assume that 
they were moribund when added to the cores. Biogenic 
silica was added to the cores in an amount (60 
mm01 m-') equivalent to several days accumulation of 
the normal summer deposition to Chesapeake Bay 
sediments (D'Elia et al., 1983). The cores were then 
incubated in the dark, and silicic acid concentrations 
in the water over the cores were determined periodi- 
cally according to Technicon method 188-72WB1 using 
a Scientific Instruments Continuous Flow Analyzer 
(Model CFA 200). Particulate biogenic silica was 
determined using a slight modification of Paasche's 
(1973) sodium hydroxide digestion method (D. Nelson, 
pers. comm.). 

RESULTS 

The flux of silicic acid from freshly collected sedi- 
ment cores was in some cases considerable, but dis- 
solvable silica in the cores was quickly exhausted. For 
example, in one set of cores with a mean initial release 
rate of 1.6 mm01 H,SiO, m-' d-l, the rate declined to 
0.13 mm01 H4Si0, m-' d-' after 1 wk of incubation at 
22 "C (not shown). The application of a layer of 
moribund planktonic diatoms to the core surface 
resulted in a steady and more prolonged flux of H4Si0, 
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from the cores. The release rate from cores at 22 "C was 
independent of the oxygen concentration of overlying 
water but was directly proportional to the amount of 
biogenic silica applied to the cores (Fig. 1). These 
observations suggest that silicic acid regeneration 
depends more strongly on recent deposition rates of 
biogenic silica to surface sediments than on silica 
dissolution rates in older, deeper sediments. Unfortu- 
nately, we do not have H,SiO, profiles of sediment 
interstitial porewaters from which we can estimate 
dissolution rates in the deep sediments. 

When cores onto which biogenic silica had been 
freshly deposited were incubated at various tempera- 
tures, effluxes of silicic acid into the water over the 
cores were low at temperatures below 15 "C, but 
increased rapidly and exponentially above 15 "C 
(Fig. 2). We were unable to find a theoretically valid 
mathematical model to represent the relationship. 

Salinity had a marked effect on silicic acid release 
from the sediment cores (Fig. 3). This release did not 
vary in direct proportion to the salinity, but instead was 
low at salinities below 10 Y!, accelerated rapidly with 
salinity in the 10 to 20 %O range, and was high and 
relatively constant above 20 O/m (Fig. 3). There was a 50- 
fold increase in the efflux from the lowest to the high- 
est salinities. The initial pH's of the artificial sea water 
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Fig. 1. Sediment efflux of silicic acid at 22 'C as a function of 
the amount of biogenic silica added to the cores, under both 
anoxic and aerated conditions. The water over the aerated 
cores was bubbled constantly with filtered, humidified air to 
maintain the top layer of the sediment in oxidized condition. 
Anoxic conditions were created by sealing the Plexiglas tube 
ends. Sediments and the water above were black with 
released sulfide during the experiment; Eh values were in the 
-200 to -300 range, and dissolved oxygen levels were less 
than 1 mg ml-', the lower limit of detection for the oxygen 
meter used. Equations for the linear regressions were: aerated 
cores, y = 0.0262 X 0.295; anoxic cores, y = 0.0254 X + 0.199 
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Fig. 2. Rate of efflux of silicic acid from the cores vs. tempera- 
ture at local salinity (14.4 %). Rates of efflux were computed 
only for periods of time when silicic acid concentrations In the 
water above the cores increased with time at a linear rate and 
silica substrate available for dissolution was not exhausted 

at all salinities were all between 7.70 and 7.80, except 
for at 5 %, which was pH 7.55. The pH probably fell 
further during the course of the experiment, but the 
results of Matisoff et al. (1975), who measured the pH 
of interstitial water in a low salinity region of 
Chesapeake Bay, suggest that the pH probably never 
fell lower than pH 7.2 to 7.4 in either the water column 
or the sediment cores of our experiment. According to 
data on the change in the value of k, with pH from 
Hurd (1973), a drop in pH of this magnitude would 
decrease the dissolution rate of silica by 30 %, much 
less than the salinity effect we  observed. 

DISCUSSION 

Our results indicate that the deposition rate of 
biogenic material to the sediment surface, the salinity 
of the overlying water and the ambient temperature all 
have substantial effects on the efflux of silicic acid 
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Salinity, %O 

Fig. 3. Rates of efflux of silicic acid at 22 "C from duplicate 
cores vs. salinity. Artificial sea water (Lyman and Fleming, 
1940) was diluted with distilled water to achieve salinities 

between 5 and 30 %o 

from estuarine sediments. While we did not measure 
factors affecting silicic acid regeneration from particu- 
late material suspended in estuarine waters, we as- 
sume that silicic acid regeneration in the water column 
is similarly affected. 

Under certain conditions, i.e. at higher temperatures 
and salinities, biogenic silica deposited on the sedi- 
ment surface appears to recycle very quickly, as D'Elia 
et al. (1983) assumed in their calculations in which 
they related benthic silica release to a minimum esti- 
mate of diatom productivity in the overlying water 
column. In the present study, we found that silicic acid 
regeneration from the cores occurred in direct propor- 
tion to the amount of biogenic silica applied (Fig. 1) 
and that the rate of silicic acid regeneration from 
freshly collected cores declined rapidly with time after 
collection. Accordingly, realistic measurements of 
natural rates of silicic acid regeneration appear to be 
reliably obtainable only with freshly collected cores. 
Our observations also suggest that the greatest con- 
tributor to the benthic flux of silicic acid, at least 
during the warmer months and at higher salinities, is 
that material deposited on the sediment surface and 
not that buried beneath the sediment surface. 

Fluxes of silicic acid from cores incubated at various 
temperatures increased rapidly with temperature. The 
most complete set of comparable published data on the 
dissolution of whole diatoms that we could find was 
that of Lawson et al. (1978), in which natural phyto- 
plankton assemblages were dissolved in sea water. 
When we replotted Lawson et al.'s data in a form 

similar to ours (Fig. 4 ) ,  we found that the increase in 
the dissolution rate of biogenic silica with temperature 
is very similar in the 2 data sets (Fig. 2 and 4). In the 
present study and also in the work of Lawson et al., the 
dissolution rate of silica increases exponentially in the 
temperature range typical of Chesapeake Bay summer 
waters. Our data did not prove amenable to modeling 
using standard Qlo equations. However, the data of 
Lawson et al. are more amenable to mathematical 
treatment and yield a Q,o of approximately 2.5 in the 
temperature range from 7 to 28 "C. 

Anoxic conditions occur frequently in some estuaries 
like Chesapeake Bay during the summer (Taft et al., 
1980), and could possibly affect silica dissolution. 
Metal cations such as aluminum or iron can sorb to 
particles of silica and sharply reduce their dissolution 
rate (Lewin, 1961). Lewin has suggested that under 
reducing conditions, the iron associated with silica 
particles may be removed by sulfide to form ferrous 
sulfide (FeS). Freed of its protective coating of iron, the 
silica might then dissolve more rapidly. In this study, 
aerated and anoxic cores showed no significant differ- 
ences in the rate of efflux of silicic acid (Fig. 1). There- 
fore, association with the reducing sandy sediments 
used in this study seems not to affect the dissolution of 
silica. However, iron association with other types of 
reducing sediments may well have a greater effect on 

Temperature, 'C 
Fig. 4. Dissolution rate versus temperature for the data of 

Lawson et al. (1978) in their Fig. 1 
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silica dissolution than it did in these sandy cores. This 
should be investigated further. 

The pronounced effects of salinity and temperature 
on the dissolution rate of biogenic silica have implica- 
tions regarding the spatial distribution of silicic acid 
dissolution and regeneration rates in an estuary such 
as Chesapeake Bay. In low-salinity regions, during 
winter, when flow rates are high and salinities and 
temperatures are low, dissolution rates will probably 
be low also. Conversely, during summer and early fall 
when salinities are highest in the lower reaches of the 
estuary, dissolution rates will probably be high. In the 
mesohaline regions of the estuary, the dramatic 
increase in dissolution rate between 10 and 20 "A may 
result in large changes in the rate of silicic acid dissol- 
ution with small changes in salinity. This region is also 
just downstream from the zone of highest diatom pro- 
ductivity (Anderson, 1982). Consequently, the highest 
rates of regeneration of silicic acid would be expected 
in the higher salinity portion of the estuary, during the 
warmest months, and just after the period of maximum 
diatom productivity. 

Temporal and spatial availability of silicic acid in 
the water column must depend on the balance 
between its removal from the water column for 
biogenic silica formation and its resupply from fluvial 
sources and regeneration. D'Elia et al., (1983) have 
shown that silicic acid concentrations in the 
Chesapeake are lowest during the late spring, the 
period of highest demand by diatoms. Conversely, 
silicic acid concentrations are high during periods of 
high flow in the spring and also when regeneration 
rates are high in the late summer. Pilson et al. (1980) 
reported similar results for a marine microcosm located 
in Narragansett Bay, Rhode Island. Late summer 
allochthonous inputs of silicic acid into Chesapeake 
Bay are low, so that most of the silicic acid in the water 
column during this period must be from authochthon- 
ous sources. 

Longitudinal transects of western shore tributaries of 
the Chesapeake Bay show typical summer profiles of 
silicic acid (Anderson, 1982; D'Elia et al., 1983). Incom- 
ing river water has high silicic acid concentrations. 
Typically, there is a bloom of phytoplankton in the 
tidal freshwater reaches just above the limit of salt 
intrusion. Silicic acid concentrations become depleted 
to very low levels coincident with the phytoplankton 
bloom, and do not recover until farther downstream. 
This pattern suggests that silicic acid is removed from 
the water column upstream and is resupplied farther 
downstream; this is consistent with our findings that 
regeneration rates of silicic acid are low at low 
salinities and increase in the higher salinities found in 
the downstream portions of the estuary. Thus, the 
salinity 'transition' zone of the estuary seems to repre- 

sent an important spatial gradient with respect to pro- 
cesses affecting silicon cycling in the estuary. 

Our study also has implications relevant to the pre- 
servation of diatom frustules in sediments along the 
length of an estuary. Because of the differential sol- 
ubilities of diatoms in fresh and salt water, diatoms are 
likely to be much better preserved in the lower salinity 
portions of the estuary than farther downstream. As a 
result, stratigraphic work that depends on comparisons 
of diatom frustules preserved in the sediments in diffe- 
rent salinity portions of the estuary must be interpreted 
cautiously, especially when there are strong seasonal 
and interannual variations in prevailing salinities in 
the overlying water column. 
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