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ABSTRACT
The role of sediment biogeochemistry on diffusive flux of inorganic

P was examined under laboratory conditions using intact sediment
cores obtained from a subtropical hypereutrophic lake. The effect of
light and dark conditions in the water column on soluble P flux from
sediments was measured over a period of 1 yr. Soluble reactive P
(SRP) level in the overlying water column was low (<0.01 mg -I )
under light conditions, while values under dark conditions steadily
increased. This suggests algal uptake under light conditions. Dif-
fusive flux of soluble P from sediments as calculated by measuring
the increase in concentration of the overlying water in the dark was
2.71 mg P m-2 d-1. Flux of this magnitude could increase lake water
SRP levels by approximately 0.5 mg P L-I yr1. Soluble reactive P
concentrations were roughly equivalent to dissolved P concentra-
tions, both for the water column and for the sediment purewater.
Purewater SRP increased with depth to a maximum of 6.0 mg P L-~
at 40 cm. Phosphorus flux as calculated from prewater SRP gra-
dients averaged 1.69 mg P m-2 d-a. Sediment P fractionation indi-
cated that water soluble P, KCI extractable P, and Fe and Al-bound
P decreased with depth, whereas the amount of Ca-bound P in-
creased. Calcium-bound P was the dominant fraction, comprising
over 50% of the total P content. Ion activity products (IAP) calculated
using GEOCHEM indicated that the sediments were supersaturated
with respect to apatite, beta tricalcium phosphate and whitlockite,
with the latter expected to be the phase controlling PO~~ activities.

L AKE SEDIMENTS can act as either a source or a sink

for P. Under normal conditions, sedimentation
of P via particulates exceeds the amount released by
sediments, causing a net accumulation over time.
However, under certain conditions, release of inor-
ganic P from sediments may be large enough to cause,
or at least perpetuate, the eutrophication process (Len-
nox, 1984). For example, Bengtsson (1975) demon-
strated that although 98% of the external P load had
been diverted from Lake S6dra Bergundasj/)n in Swe-
den, it remained eutrophic due to the high rate of P
regeneration from its sediments. Bostrom et al. (1982)
suggested that the most important processes involving
P release from lake sediments include desorption, dis-
solution, ligand exchange and enzymatic hydrolysis.
Once the P is in dissolved inorganic form it can be
transported from the sediment to the water via dif-
fusion, wind-induced sediment resuspension, biotur-
bation and gas ebullition.

A number of approaches have been used to quantify
P availability in lake sediments. Many studies have
been conducted on P release from intact sediment col-
umns to the overlying water (Andersen, 1975; Banoub,
1975; Wildung et al., 1977; Theis and McCabe, 1978;
Holdren and Armstrong, 1980; Fowler et al., 1987).
These studies have usually shown that Eh, pH, tern-
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perature, microbial zctivity and porewater soluble P
levels strongly affect P release or retention by sedi-
ments. Early work by Mortimer (1941, 1942) dem-
onstrated that sediment P release was greater when the
overlying water was anoxic, due to the reduction of
relatively insoluble f~rric phosphates. Later work by
Holdren and Armstrong (1980) showed that this was
true only for noncalcareous lakes. Several researchers
have shown that the rate of P release from intact cores
increases with pH (Andersen, 1975; Drake and Hea-
ney, 1987). Andersen (1975) showed that P release
from sediments increased as pH increased until about
pH 9.5, followed by decrease in P release at pH levels
>9.5. This was attributed to two processes: (i) P de-
sorption from Fe oxides and hydroxides due to ex-
change with OH-, and (ii) precipitation of P as hy-
droxyapatite. Phosphorus release from sediments was
also shown to be highly correlated to the concentration
gradient of P in the interstitial waters (Kamp-Nielsen,
1974) and to temperature (Holdren and Armstrong,
1980).

Sequential chemical extraction procedures have
been widely used to characterize sediment P. Chang
and Jackson (1957) tirst developed a P-fractionation
scheme for soils. Williams et al. (1971) modified the
procedure so that it ~liscriminated Fe- and Al-bound
P from that associated with Ca; however, their frac-
tionation scheme included the use of CDB, which also
extracts about one-third of the P from C phosphate
minerals such as apatite (Hieltjes and Lijklema, 1980).
Modifications of this procedure by Hieltjes and Lijk-
lema (1980) and by Van Eck (1982) suggested using
NH4C1 for loosely bound P, NaOH for Fe- and A1-
bound P, and HC1 tbr Ca-bound P. Bostrom et al.
(1982) reported that fi~w papers are available that com-
bine studies on fractional distribution of P with studies
on associated P release from sediments.

Solubility measur,~ments provide an alternative
method for characterizing the stability of P minerals
in lake sediments. In Fe-dominated systems that are
oxidized, ferrosoferric hydroxyphosphates have been
reported to be the most stable minerals (Nriagu and
Dell, 1974), whereas vivianite is the dominant phase
under reduced conditions (Nriagu and Dell, 1974;
Emerson and Widmer, 1978). Golterman (1982) 
dicated that apatite equilibrium may also influence P
concentrations in calcareous lakes. However, apatite
formation may be hindered by the presence of Mg
(Martens and Harris,;, 1970), carbonate (Stumm 
Leckie, 1970) and organic acids (Inskeep and Silver-
tooth, 1988), or by the absence of calcite surfaces or
seed crystals (Griffin and Jurinak, 1973, 1974).

Lake Apopka, located in central Florida, is a shallow
lake (mean water depth of 2 m) that is currently hy-
pereutrophic as a result of nutrient loadings from ex-
ternal (agricultural d:rainage from adjacent vegetable
farms and runoff from nearby citrus groves) and in-
ternal (sediment) sources (U.S. Environmental Pro-
tection Agency, 1979a). Heavy N and P loadings from
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the above external sources over a number of years
have resulted in very high algal populations, with chlo-
rophyll a concentrations at times exceeding 150 #g L-1

!Fisher and Reddy, 1987). Rapid turnover of the algae
in Lake Apopka also has contributed to sediment
buildup and, over the years, settling of undecomposed
algal biomass has resulted in sediment deposition at
a rate of about 1.1 cm yr-~ (Reddy and Graetz, 1990).
This sediment contains up to 97% water, is highly floc-
culent, and is believed to be releasing dissolved nu-
trients into the overlying water column via mineral-
ization of organic N and P to inorganic forms. Such
processes may perpetuate the eutrophic condition of the
lake even after external inputs have been eliminated,
since the quality of overlying waters is to some extent
governed by the transport of dissolved forms of C, N,
and P from the underlying sediments. This transport
is primarily due to (i) diffusion and mass flow as a result
of concentration gradients across the sediment-water
interface, and (ii) release of dissolved nutrients upon
sediment resuspension in the water column during
short-term wind events (Pollman, 1983). Therefore, 
order to establish regulatory strategies for the manage-
ment of eutrophic lakes, knowledge of the extent of such
internal nutrient cycling is necessary.

The objectives of this research were to: (i) determine
the diffusive flux of P from sediment to the overlying
water column; and (ii) elucidate the potential solid
phases regulating P solubility in sediments and the
water column.

MATERIALS AND METHODS

Thirty-six intact sediment cores (6.35 cm by 60 cm) were
obtained from Lake Apopka using 1 m Plcxiglas tubes and
a modified plunger-equipped corer (Ali, 1984). Upon return
to the lab, the watcr depth above the sediment was adjusted
to 30 cm and continuous aeration was provided with aquar-
ium pumps via Tygon tubing. The columns were incubated
under either partially light or totally dark conditions at 25 °C
for 1 yr. There wcrc three replications per treatment. The
light treatment (200 #mol -2 s-~) consisted of a12-h li ght
and 12-h dark daily cycle, provided by fluorescent growth
lights. Water samples were taken wccldy. The amount of
water taken for weekly samples (60 mL) was replaced with
filtered (0.3 ~m) lake water of known composition.

Rcdox potential (Eh) measurements wcrc taken with
bright Pt electrodes inserted through rubber septa located at
the 1-; 3-; 6-; 12-; 24-; and 40-cm sediment depths. After the
elctrodes had equilibrated for 24 h, Eh was measured by
placing a single-junction, sleeve-type, calomel reference elec-
trode in the overlying water.

At the end of 0, l, 2, 4, 7, and 12 months, triplicate sed-
iment cores wcrc sectioned horizontally at 2, 4, 8, 12, 24,
and 54 cm in a glove bag under a N2 atmosphere. Sectioned
sediment fractions were transferred into 240-mL centrifuge
tubes, also under a N atmosphere. Sediment wet weights in
each interval wcrc determined and subsamples were taken
for water content determinations. Sediment porcwatcr was
obtained by centrifuging the sediment at 4066 × g for 20
rain and filtering anaerobically through a 0.45-~m mem-
brane filter.

Water samples and porcwatcr wcrc analyzed for alkalinity,
electrical conductivity (EC), SRP, dissolved organic 
(DOC), NH4-N, NO3-N, metals, total Kjcldahl N (TKN)
and total P (American Public Health Association, 1985). Al-
kalinity, EC, and pH wcrc determined on unfiltered samples
(in order to avoid dcgassing). Dissolved organic C in water
and porewatcr samples was determined on filtered (through

Table 1. Annual mean metal concentrations in the water column
under partially light and totally dark conditions.

Light Dark

Me~ Me~ SD n Mean SD n

-- mg L-~ -- -- mg L -~ --

Ca 41.8 7.4 125 47.5 4.1 143
Mg 19.1 2.3 125 19.5 2.1 143
Na 17.3 2.3 125 17.3 2.07 143
K 14.2 6.2 125 15.2 5.1 143
Si 0.99 1.5 125 4.45 3.1 143
Zn 0.08 0.17 111 0.08 0.16 125
As 0.06 0.04 125 0.02 0.02 143
B 0.06 0.05 125 0.11 0.06 143
Fe 0.05 0.09 112 0.06 0.13 125
A1 0.02 0.03 125 0.02 0.04 143
Mo 0.01 0.04 125 0.009 0.04 143
Cu 0.009 0.009 118 0.012 0.014 137
Pb 0.008 0.016 125 0.009 0.024 143
Ni 0.005 0.009 125 0.006 0.013 143
Mn 0.004 0.013 125 0.004 0.008 143
Cd 0.003 0.013 125 0.001 0.002 143
Cr 0.002 0.003 125 0.002 0.002 143

glass-fiber filters) samples by IR spectroscopy following per-
sulfate oxidation (U.S. Environmental Protection Agency,
1979b). Samples taken for metals, SRP, NH4-N and NO3-
N were filtered through 0.45-~m millipore filter paper and
acidified with concentrated H2SO4 (1 drop/20-mL sample).
Analyses for inorganic N and P were conducted using an
autoanalyzer (APHA, 1985). Soluble reactive P was deter-
mined using an ascorbic acid technique, according to APHA
Method 424-G (American Public Health Association, 1985).
Ammonium-N was determined with a salicylate-nitroprus-
side technique, according to Method EPA 351.2 (U.S. En-
vironmental Protection Agency, 1979b). Nitrate (+ nitrite)
was determined via a Cd reduction method, according to
Method APHA 418-F (American Public Health Association,
1985). Metals listed in Table 1 were determined with an
inductively coupled Ar plasma emission spectrometer
(ICAP). Total organic and inorganic C in the sediment were
determined by coulometry (Huff‘man, 1977). Total N and 
in the sediment were determined according to the method
of Bremner and Mulvaney (1982).

The computer program GEOCHEM was used to calculate
ion activities in lake water and sediment porewater samples
(Sposito and Mattigod, 1979). Input consisted of the meas-
ured concentrations of A1, B, Ca, Fe, K, Mg, Mn, Na, P, Si,
total water-soluble carbonate, an estimate of pCO2 (based
on alkalinity and pH), pH, pe, and an estimate of Cl (35 
L-~). When calculating ion activities, precipitation was not
assumed to occur.

A sediment P-fractionation scheme similar to that of
Hieltjes and Lijklema (1980) was employed with primary
focus on inorganic P. After the sediment porewater was re-
moved by centrifugation, 5 g of residual sediment were
shaken for 2 h with 20 mL of 2 M KCI to remove loosely
sorbed P. Afterwards, the samples were centrifuged and fil-
tered as above. The residual sediment was then shaken for
17 h with 0.1 M NaOH for assessment of nonapatite P,
centrifuged, the supernatant filtered and the solutions were
analyzed for SRP. The residual sediment was extracted for
24 h with 0.5 M HCI to obtain an estimate of apatite P.

RESULTS AND DISCUSSION

Water Chemistry

Soluble reactive P levels in the water column in-
creased to over 1 mg P L-~ during the year under dark
conditions, while SRP levels remained less than 0.01
mg P L-~ under light conditions (Fig. la). A dense mat
of algal growth was observed under light conditions
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Fig. ]. Solub]e reactive P and total dissolved P concentrations in

water columns under partially light and continually dark condi-
tions as a function of time.

along the inside walls of the acrylic tubes, suggesting
that algal uptake of P may control inorganic P levels
in the water column. Close agreement between SRP
and dissolved total P levels (Fig. lb) suggests that most
of the dissolved P is in reactive form, and thus is
readily available to algae. Banoub (1975) also reported
that most of the dissolved P in an overlying water
column was SRP, with only small amounts of organic
P. Such results suggest that diffusion of dissolved or-
ganic P from underlying sediment to the overlying
water column is not significant.

The increases in SRP levels under dark conditions
(corrected for water removal and replenishment) cor-
respond to a flux of 0.99 g P m-2 yr-~, which is equiv-
alent to a whole-lake loading of 124 t P yr-L A flux of
this magnitude could increase lake water SRP levels
by as much as 0.5 mg P L-l each year. Actual tlux in
the lake are probably much higher, due to a greater
diffusion gradient and to regular sediment-water mix-
ing caused by wave action. Pollman (1983) calculated
the potential diffusion rate from Lake Apopka sedi-
ments to overlying water at 5.25 mg P m-2 d-t. This
value is of the same order of magnitude as our findings
(2.71 mg P -2 d-~). Reddy and Rao (1983) measured
a P flux of 9.8 mg P m-2 d-~ from Lake Apopka sed-
iments that had been drained for agricultural use and
then reflooded.

Concentrations of metals in the water column were
similar under light and dark conditions (Table 1).
However, Si concentrations were depleted under light
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Fig. 2. Physicochemical characteristics of Lake Apopka sediments
as a function of depth (annual mean values).

conditions, suggesting that uptake by diatoms may
have occurred. Calcium concentrations, conversely,
were slightly higher under dark conditions, possibly
due to the difference in pH between the two treat-
ments. The mean pH of the light treatment was 8.46
(SD = 0.15) whereas that of the dark was 8.20 (SD
= 0.17). Concentrations of most of the transition and
heavy metals were low, probably due to their relative
insolubilities at high pH.

Sediment Characteristics
Water content of the sediments decreased with depth,

from about 98% at the surface to 94% at the 54-cm
depth (Table 2). This significant decrease in water con-
tent was reflected by changes in bulk density (dry weight
basis), which increased from 0.016 g cm-3 at the surface
to 0.051 g cm-3 at the 54-cm depth (Table 2).

Sediment C contents were fairly constant (334 to
366 g C kg-~) with depth (Table 2). Total N was also
relatively constant (30.3 to 35.5 g N kg-~), with slightly
higher concentrations near the sediment surface. In
contrast, total P values decreased from 1.65 g P kg-~
near the surface to 0.6 g P kg-~ at the 54-cm depth¯
While the C/N ratio increased slightly with depth
(from 10.5-11.8), the C/P ratio increased nearly three-
fold (from 218-605), due to decrease in total P content
with depth.

Sediment Porewater Chemistry

Annual means for selected sediment physicochem-
ical characteristics for all treatments are shown in Fig.
2. The pH of the sediment porcwater decreased from
7.73 at the surface to approximately 7 at the 12-cm
depth, and remained in this range with depth. The Eh
of the sediments was lower at 1-cm depth compared

Table 2. Chemical and physical properties of Lake Apopka sediments.

Total Inorganic Total Total Bulk
Depth C C N P C/N N/P C/P density Water content

cm g kg -~ (dry wt) gcm-3 kg kg-I wet gcm-3

1 366 6.8 34.2 1.65 10.7 20.7 222 0.0157 0.984 1.000
3 359 9.0 35.5 1.75 10.1 20.3 205 0.0173 0.982 0.999
6 352 9,6 33,7 1,50 10.4 22.5 235 0.0210 0,979 0.970

12 340 11.7 31.9 1.29 10.7 24.7 264 0.0264 0.974 0.945
24 334 9.8 30.7 1.30 10.9 23.6 257 0.0376 0.962 0.914
40 349 8.2 30.3 0.76 11.5 39.9 459 0.0535 0.947 0.867
54 369 6.2 30.7 0.60 12.0 51.2 615 0.0508 0.949 0.859
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to the deeper sediments, probably due to deposition
of easily decomposable algal cells (Reddy and Graetz,
1990) and as a result of greater microbial activity in
the freshly deposited sediment. Titratable alkalinity
increased from 266 mg CaCO3 L-~ at the surface to
600 mg CaCO3 L-I at the lower depths. This increase
was probably due to increasing partial pressures of
CO2 with depth (Emerson, 1976). Increases in EC were
also observed with depth, and were probably related
to alkalinity.

Sediment porewater SRP concentrations also in-
creased with depth (Fig. 3). There was no significant
effect of light and dark treatments on sediment pore-
water SRP concentrations. Sediment porewater SRP
concentrations near the surface increased with time
under both light and dark conditions. These increases
are probably due to diffusion from underlying sedi-
ments. Under natural conditions in the lake, periodic
wind events resulting in sediment resuspension would
probably deplete SRP in the surficial sediments to ex-
tremely low levels, such as observed at time zero. The
SRP concentrations in porewaters at the deeper depths
remained relatively high (averaging 6 mg P L-l), when
compared to values for different lakes as given by Bos-
trom et al. (1982). This findings suggest that porewater
P concentrations reflect the eutrophic state of a lake.

Diffusive flux of phosphate was calculated from the
porewater profiles using Fick’s 1 st law,

Ji -- - ck Ds( dC/ dx) [1]
where Ji = diffusive flux of component i in mass per
unit area per unit time; 4~ = porosity (volume of water/
unit volume of sediment); and Ds = whole-sediment
diffusion coefficient in terms of area per unit time (Ber-
ner, 1980). The diffusion coefficient for PO4~- was cal-
culated according to the method of Krom and Berner
(1980) as follows

Ds = Do/O2 [21
where Do = the diffusion coefficient at infinite dilu-
tion; and 0 = the tortuosity. The relation used in turn
to calculate the tortuosity was

02 = 4~R/Ro [3]
where R = electrical resistivity of the sediment; and
Ro = electrical resistivity of the porewater. For Lake
Apopka sediments, the ratio ofresistivities for the sed-
iment and the porewater approaches unity, as does the
porosity. Therefore, the diffusion coefficient is ap-
proximately equal to that in water.

For simplicity, the ratio HPO]-/H2PO~ was consid-
ered to be unity. This would assume a porewater pH
of 7.2, which is in the range observed for the upper
sediment layers. Values for Do(HPO42-), and
Do(HEPO~) then were taken from Li and Gregory
(1974) as 7.34 and 8.46, respectively, in units of -6
cm-2 S-~. Since the ratio of HPO~E-/H2PO~ was taken
as unity, the weighted average Do(PO4) was 7.9. Uti-
lizing the assumptions stated above and a concentra-
tion gradient (dC/dX) of 0.25 gg P cm-4, the calculated
P flux was 1.69 mg P m-2 d-~. This value is lower than
the flux calculated based on overlying water P con-
centrations for the dark treatment.

Klump and Martens (1981) found that P flux cal-

Soluble reactive P, mg ~
0 . .2 , 4.. 60 2 4 60 2 4 6

40

¯ ~" 60 time 0

Fig. 3. Porewater SlIP concentrations as a function of depth under
partially light and continuously dark conditions at selected sam-
piing times.

culated from diffusion based solely on porewater con-
centration gradients was less than measured flux for
Cape Lookout Bight, NC, sediments during the
warmer months. They suggested that the increased flux
was due to sediment-water transport associated with
bubble tubes created by gas ebullition. This is certainly
possible for Lake Apopka sediments as well, since bub-
ble ebullition was frequently observed in the cores. It
is highly unlikely that tubificids or other burrowing
invertebrates live in these sediments, due to their
highly anoxic, fluid, nature.

Fractionation of Sediment Phosphorus
Up to 20% of the total P in these sediments was in

the water-soluble fraction. This is partly due to the
extremely low bulk densities of these materials, which
resulted in water/dry sediment ratios of 16 to 64, de-
pending upon depth. Bostrom et al. (1982), on the
other hand, stated that porewater P generally consti-
tutes less than 1% of the total P in lake bottom sedi-
ments. The amount of P extracted by KC1 decreased
with depth, and often became even slightly negative
when corrected for that P associated with the entrained
porewater (Fig. 4a). This anomaly may have been
caused by the precipitation of Ca phosphate during
extraction, due to increases in Ca2÷ concentration fol-
lowing exchange with K÷. Curtin et al. (1987) found
that P release during sequential water extractions was
much greater if originally Ca-saturated soils were first
Na saturated by extracting with NaC1. Later work by
Sharpley et al. (1988) indicated that P release following
Na saturation was matched by decreases in Ca-P com-
pounds (HCl-extractable) in Ca-dominated soils.

The amount of P extracted by NaOH decreased with
depth. This fraction represents Fe/Al-bound P, plus
some hydrolyzable organic P (Fig. 4b). It is highly un-
likely that any of the NaOH-extractable P below the
top centimeter of sediment represents ferric phos-
phates, since the sediments were all highly reduced
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Fig. 4. Amounts of P extracted with 1 M KCI, 0.1 M NaOH, and
0.5 M HC1 as a function of sediment depth (negative values are
a result of subtracting the amounts already present in the water-
soluble fraction).

below this depth. It should be noted that the fraction-
ation schemeprimarily accounts for inorganic P. In a
separate study, we have measured 31 to 56% of total
P in organic form, thus it is likely that NaOH extrac-
tions contained significant amounts of organic P
(Reddy and Graetz, 1990). However, the NaOH so-
lutions were analyzed only for inorganic P, thus no
account was made for organic P.

Over 50% of the total sediment P was extracted with
0.5 M HC1. Although the relative proportion of total
P extracted by HCI remained the same, the absolute
amount (on a volume basis) increased with sediment
depth (Fig. 4c). Traditionally, this extraction has been
associated with Ca phosphate minerals.

Mineral Equilibria

Ion activity products calculated using the soil-
solution model GEOCHEM indicated that the pore-
waters were undersaturated with respect to A1, Fe and
Mn phosphates; and were supersaturated with respect
to apatite, beta tricalcium phosphate and whitlockite
(Table 3). When GEOCHEM was run again with solid
phases allowed to form, it predicted that apatite would
precipitate from these solutions. However, organic
acids and Mg2., each of which were found in relatively
high concentrations in these sediments (Reddy and
Graetz, 1990), have been shown to inhibit apatite for-
mation. Therefore, a more soluble mineral phase, such
as ~-Ca3(PO4)2 (beta tricalcium phosphate) or a similar
mineral, may be forming instead.

Ion activity products calculated for the sediment-
water column indicate that the porewater and the over-

38
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Fig. 5. Theoretic~ solubility isotherms for Ca phosphate minerals,
measured solubilities in the sediments (~) in the water under p~-
tially light (0) and continuously dark (~) conditions.

lying water in the dark treatment were at or near equi-
librium with respect to /~-Ca3(PO4)2 (Fig. 5). Other
phases shown in this figure include: dicalcium phos-
phate dihydrate, also known as brushite (DCPD, Ca
HPO4"2H~O); octacalcium phosphate [OCP, Ca4 
(PO4)3"2.5HaO]; and dicalcium phosphate, also known
as monetite (DCP, CaHPO~).

Norvell (1974) found that inorganic P was precip-
itated when added to lake sediments. The disappear-
ance of added P was accompanied by decreases in lev-
els of Ca2÷, Fe2÷, and Mn2÷. Solubility equilibria
indicated that the interstitial solutions were dose to
equilibrium with respect to ~-Ca3(PO4)2 both before
and after the P additions. Norvell (1974) referred 
this mineral as whitlockite, and stated that substitu-
tion of Fe and Mn for Ca, as well as other impurities,
are reported to stabilize this phase with respect to
transformations into less-soluble apatites. However,
pure fl-fa3(PO4) 2 was shown to be formed only in high-
temperature (1000 °C) systems free of ~-÷ and Fe2÷
(Gregory et al., 1974). Fixen et al. (1983) also found
near-equilibrium with respect to #-Ca3(PO4)2, and
stated that whitlockite, a similar mineral with average
composition Cals(Mg,Fe)H:(PO~)la, may be forming
instead of~5-Caa(PO4)2 in soils. The pK for whitlockite
as shown in Table 3 was calculated assuming a Gibbs
free energy of formation of 6251.0 Kcal mo1-1, which
was determined using the method of Nriagu (1976).

Porewater Ca and Mg concentrations (annual av-
erages) increased with increasing sediment depth (Fig.
6a,b). Emerson (1976) also showed increasing Ca 
Mg concentrations with depth, and attributed such to
associated increases in CO2. Table 4 lists the ion ac-

Table 3. Mean ion activity products (IAP) of selected phosphate mineral in Lake Apopka sediments.

Mean
Mineral Formula pK plAP Range SD

Apatite Caio(PO~)6(OH): 104 100.5- I 17.8 3.34
Beta tricalcium phosphate /~-Ca3(PO4)2 28.9 29.2 27.1-33.2 1.03
Crandalite CaAI3(PO4)2(OH)5 ¯ 85.9 97.0 " 93.6-104,7 2.53
Reddingite Mn3(PO4)2 31.8 39.0 37.5-45.1 1.10
Waveilite AI3(PO4)2(OH)3.5H20 31.5 38.5 34.3-47.8 2.99
Whitlockite Ca~8(Fe,Mg)H2(PO~)t~ 222 222 209.2-249.3 7,23
Vadscite AIPO~.2H20 22.1 23.5 21.7-27.9 1.33
Vivanile Fe3(FO4)2.8H20 36.0 42.2 38.2-46.6 1.15
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Table 4. The pJT values and mean ion activity products (IAP) of
carbonate minerals in sediment porewaters.
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Fig. 6. Porewater Ca, Mg, Mn, and Si concentrations as a function
of sediment depth.

tivity products (lAP's) of both calcite and dolomite.
These data suggest supersaturation with respect to cal-
cite (K = 10-834), aragonite (A: = IO'816) and dolomite
(K = IO-17). Drever (1982) noted that dolomite is usu-
ally formed by alteration of aragonite or calcite as fol-
lows

CaMg(CO3)2 + Ca2+ = 2 CaCO3 + Mg2+. [4]
In solutions where the Mg2VCa2+ activity ratio is 0.6
or higher, dolomite is generally the thermodynami-
cally stable phase. However, there is a large amount
of uncertainty associated with this number, with cal-
cite seldom converting to dolomite unless the Mg2V
Ca2+ activity ratio is higher than 10. The average Mg2+/
Ca2+ activity ratio in the Lake Apopka porewaters was
around 0.6.

The solubility of Mn also tended to increase with
depth (Fig. 6c). Since the porewaters generally were
saturated with respect to MnCO3 (rhodocrosite), this
phase was believed to be controlling Mn solubility.
Porewater Si concentrations also increased with in-
creasing depth (Fig. 6d). Such distribution is likely due
to the dissolution of diatoms.

CONCLUSIONS
Levels of soluble reactive P in Lake Apopka water

are apparently governed by algal uptake under light
conditions, while SRP levels in continually dark water
increased severalfold. Phosphorus flux from the un-
derlying sediments as inferred from the increase in
concentration of the overlying water averaged 2..71
mg P irr2 d-1. Flux of this magnitude could increase

Mineral
Aragonite
Calcite
Dolomite
Siderite
Rhodocrosite

Formula
CaCoj
CaC03
CaMg(C03)2
FeCO3
MnCO3

pK
8.16
8.34

17.0
10.2
10.4

Mean
pIAPt

8.06
8.06

16.6
12.4
11.3

SD
0.26
0.26
0.52
0.35
0.25

Range
7.19-8.6
7.19-8.6
15.0-17.5
10.7-12.9
10.7-12.0

t/i=131.

the lakewater SRP level by 0.5 mg P L-' annually.
Phosphorus flux calculated from porewater SRP gra-
dients was on the order of 1.69 mg P m~2 d"1.

Sediment P-fractionation indicated that porewater
P, KCl-extractable and Fe- and Al-bound P decreased
with depth, while the amount of apatite Ca-bound P
increased. Calcium-bound P was the dominant frac-
tion, comprising over 50% of the total P measured.
Ion activity products calculated using GEOCHEM
suggested that the sediments were supersaturated with
respect to apatite, beta tricalcium phosphate and whit-
lockite, with the latter expected to be the phase con-
trolling porewater PO^ activities.
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