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SUMMARY AND CONCLUSIONS

, Laboratory analyses of sediment
samples recovered from Deer Creek
Reservoir showed the sediments to have a
moderate potential for serving as a
source of phosphorus (P) for the over-
lying water column under anaerobic
conditions. This source could account
for the occurrence or exacerbation of
blue-green algal blooms in the upper end
of the reservoir when the sediment
surface becomes anaerobic late in the
summer. It could also delay the re-
sponse of the reservoir to programs that
decrease external P loading, if the
upper end of the reservoir still has
large enough algal blooms to render the

sediment-water interface anaerobic. The
redox cycle of Fe is closely associated
with P release in the reservoir sedi-
ments, and aerobic P release rates are
probably insignificant in the phosphorus
budget of the reservoir. Sediment
profiles indicate that the trophic state
of the lake has probably not changed
significantly since the reservoir was
first filled. The profiles do indicate,
however, that much of the P input to the
lake may be in the relatively unreactive
apatite-P fraction, and attempts at
reducing P loading from external sources
should take into account the degree
of availability of the P thus removed.



INTRODUCTION

Phosphorus inputs from tributary
streams and nonpoint sources are well-
known contributors to nuisance algal

.growths that degrade water quality for

potable and recreational uses in lakes
and reservoirs. However, phosphorus may
also enter the euphotic zone from within
the lake itself, as a result of releases
from both oxic and anoxic sediments.
Such releases may originate from
phosphorus inputs to a lake or reservoir
during high runoff periods in the
previous winter or spring, or they may
represent phosphorus trapped in the
sediment many years earlier, when
phosphorus contributions from natural or
anthropogenic sources were higher than
at present.  Whatever their origin,
phosphorus loading from sediments may
exacerbate the eutrophication process or
delay the recovery of a eutrophic lake
or reservoir following reductions in
external phosphorus loading aimed at
water quality restoration (Bengtsson
1978, Larsen et al. 1975, 1981). This
phenomenon has been graphically likened
to the "memory" of a lake for its
previous trophic state: oligotrophic
lakes tend to trap phosphorus in their
sediments, thus remaining oligotrophic,
while eutrophic lakes "mine" their
sediments for phosphorus during summer
stratification and further contribute to
the production of late summer and fall
phytopl ankton blooms (Imboden 1974).

Virtually no information is avail=-
able on the extent to which internal
phosphorus loading is important in
reservoirs in the Intermountain West, or
on the factors controlling phosphorus
uptake or release in such sediments.
In fact, there remains considerable
debate over the accuracy of the simple
paradigm outlined above for all lakes

and reservoirs. Under certain circum-
stances, oxic release rates of phos-
phorus from some sediments can be
substantial, while anoxic release rates
may .be relatively low (Holdren and
Armstrong 1980). For this reason, a
series of studies on sediments in
several reservoirs in the Intermountain
West 1is being conducted at the Utah
Water Research Laboratory in order to
further our understanding of important
sediment-water interactions 1in the
phosphorus cycles of such reservoirs
(e.g., Messer and Ihnat 1983a, Messer et
al. 1983b). The data reported here
represent results from the first full
yvear of these studies on Deer Creek
Reservoir, The data relate to the
phosphorus chemistry of the sediments
themselves, and to phosphorus release
simul ations carried out on intact
sediment cores incubated in the labor-
atory. The aim of the discussion that
follows is to compare the chemistry and
release rates of cores from Deer Creek
Reservoir with some values obtained in
studies of other reservoirs, and to
discuss some Iimplications of these
results with regard to potential prob-
lems that could be encountered with
internal phosphorus loading from the
sediments if external phosphorus load-
ings were to be reduced.

The studies reported here do not
address the importance of reservoir
hydrodynamics in transporting phosphorus
released from the sediments to the
euphotic zone, nor is the significance
of the timing of such transport con-
sidered in relation to the growth of
phytopl ankton popul ations. Bostrom et
al. (1982) and Messer et al. (1983b)
recently have reviewed the pertinent
sediment geochemical literature, and



these reviews will not be repeated here.
Stauffer (1981) has provided a quantita-
tive rationale for relating sediment
release data, such as those reported in

this study, to the impact on the over-
lying water column, but insufficient
data presently exist to apply them to
Deer Creek.



METHODS

Sediment cores were collected from
the reservoir on five dates, beginning
in November 1982, and ending in October
1983, at four stations shown in Figure
1. The cores were collected either
using a gravity corer equipped with an
acrylic core liner (Tapp Plastic Co.,
Salt Lake City), or by SCUBA diver using
the core liner alone. Core liners were
prewashed with 6N nitrie acid and
thoroughly rinsed with reagent grade
(MILLEQ, Millipore Corp.) water in the
laboratory. Cores to be used for
release experiments were pre-soaked in 2
mg/l NajgHPO, solution for 48 hours
prior to use to prevent sorption of P by
the tube walls during the incubation.
The tubes were subsequently rinsed in
lake water immediately prior to collect-
ing the cores. It was generally neces—
sary to drop the corer from 1-2 meters
above the sediment surface in order to
allow the core tube to penetrate to a
sufficient depth to retain the core.
Therefore, cores were discarded if there
was any evidence of loss of the inter-
facial layer caused by the bow wave of
the descending corer. This problem was
avoided by diving with SCUBA, but the
high altitude and depth of the reservoir
resulted in relatively short down-time,
and thus all cores could not be collect-
ed by this procedure. The cores were
returned to the laboratory within 10
hours of collection.

Phosphorus Release Studies

In order to compare aerobic and
anaerobic release rates of phosphate
from the sediments, two cores taken from
each reservoir station were incubated in
the laboratory. Incubations were
begun on cores that had been held over-
night following collection.

"surface chemical reactions.

Prior to

incubation, the sediment height in all
cores was adjusted to approximately the
same height by allowing the sediment
core to drop through the bottom of the
core tube until the sediment-water
interface was at the desired level.
Water collected at the time of sampling
was used to bring the water level in
each core back up to the same height.
This was done to minimize differences
among cores in turbulent shear caused by
stirring or bubbling, or in the amount
of microbial biomass growing on the
exposed surface of the core tube.

The aerobic cores were incubated
with an open headspace, into which
was inserted a paddle attached to a jar
test apparatus to provide mechanical
stirring (4 rpm). The paddles were
painted with an epoxy resin that
has been determined to be inert to
Before
each sampling, deionized water was added
to each core to make up for evaporation,
and after 20 minutes of stirring, a 12
ml aliquot of water was withdrawn into
an acid washed flask containing a drop
of 6N sulfuric acid (inclusion of
the acid acted as a control for the
anaerobic cores, to which acid was added
to prevent the oxidation of iron and the

subsequent precipitation of phosphate
when the sample was aerated during
filtration). The aliquot was filtered

immediately through a 0.45 um Gelman
membrane filter prior to analysis for
ortho-P, using the manual ascorbic acid
method (APHA 1981).

Paired anaerobic cores were in-
cubated by sealing the top of the core
with a three-hole rubber stopper through
which pass two glass tubes that extended
into the water overlying the sediment,
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Figure 1. Map of Deer Creek Reservoir showing sediment sampling sites.
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and one tube that extended only into the
5 mm air space between the water and the
stopper. The glass tubes were each
attached to a length of Tygon™ tubing
secured with a pinch clamp. Before each
sampling, reagent grade nitrogen gas
(99.995 percent purity, subsequently
passed through an Alltech gas purifier)
was bubbled into the water for 4-5
minutes to provide thorough mixing of
the water column (but no sediment
suspension). This was done by passing
the gas into the long inlet tube and out
through the short tube connecting to the
headspace. The short exhaust tube was
then sealed, and the gas pressure
was increased to force a 15 ml aliquot
of water out of the long exhaust
tube into a flask containing a drop of
sul furic acid. A 15 ml aliquot of
deionized water was added through the
short tube to replace that withdrawn
for the sample, and the tube was then
bubbled for 10 minutes with Ng to
remove any O inadvertently admitted
during sampling. Toward the end of
the experiment, the replacement water
was bubbled with Ny to remove any
oxygen admitted inadvertently during
sampling. However, no significant
change in P release was observed as a
result of this added precaution.
Both aerobic and anaerobic incubations
were carried out in the dark.

Additionally, five cores collected
in October 1983 were incubated in an
envirommental chamber under a nitrogen
atmosphere. These cores were set up as
described above for the paired anaerobic
incubations with the following excep-
tions. An additional 25 mm diameter
hole was placed in the core cap to
facilitate the measurement of Eh and pH.
This hole was sealed with a small rubber
stopper when not in use. Eh and pH
measurements were taken after the cores
were sampled as described above, but
prior to addition of the replacement
water. Aliquots of 30 ml of chamber
water were withdrawn into 6N sulfuric
acid for analysis of metals and ortho-P
as described above, and an additional 10
ml were withdrawn into a glass test

tube, which was stoppered and analyzed
within 2 hours for total inorganic
carbon on an Oceanographic International
TOC Analyzer. Replacement water
for these cores was deionized water made
up to 150 mg/1 as CaCoOj.

Both aerobic and anaerobic incuba-
tions were carried out at 12°C, except
for two experiments. In November 1982
the cores were incubated at 9°C. 1In
another experiment in October 1983
triplicate cores collected at the upper
sampling station were incubated at three
different temperatures; 5°C, 12°C, and
20°C. The results of this experiment
were used to correct the results of the
November incubations to 12°C for
comparison with the other data.

Sediment Chemistry

On the day following the incuba-
tions, the cores were extruded and
sectioned into 2 cm slices. Wet weights
were determined on each section, before
drying to constant temperature in a
105°C oven. Dry weights were also
measured, thus allowing fractional dry
weight to be calculated.

In the early stages of the study,
phosphorus fractionation and analyses
were performed following the general
outline of Mayer and Williams (1981).
These results were reported by Messer
and Ihnat (1983a) and were subsequently
found to underestimate the phosphorus
fraction associated with iron in the
sediments, and to overestimate the
amount associated with calcium phases
(see Hieltjes and Lijklema 1980, and
Messer and Ihnat 1983a). Subsequent
analyses utilized an adaptation of the
technique of Hieltjes and Lijklema
(1980) that appears to avoid the
effects noted above. Although the basic
procedure is outlined below, a complete
protocol has been published by Ihnat and
Messer (1983).

A 60 mg aliquot of dried sediment
was first extracted in two sequential 30
ml volumes of neutral IN NH4Cl for 2



hours on a shaker table at room temper-
ature. SRP was determined on the
combined, filtered supernatants from
the two extractions using the ascorbic
acid technique (APHA 1981). This
fraction is thought to include SRP
in interstitial water, as well as
P held on anion exchange sites. The
pellet then was extracted in 30 ml
of cold 0.1 N NaOH/1l N NaCl solution
for 18 hours on a reciprocating shaker
table. The resulting suspension was
centrifuged and filtered through a
Gelman 0.45 um membrane filter, and
soluble reactive P (SRP) was determined
on the neutralized filtrate by the
ascorbic acid method (APHA 198l1). This
fraction is referred to as NaOH-P,
and is thought to consist of ortho-P
dissolved in sediment interstitial
water, as well as that bound on ion-
exchange sites and on the surface of
hydrous iron oxide gels (Williams et al.
1976) .

The pellet was subsequently ex-
tracted in 30 ml of 0.22 M Na-citrate/-
0.11 ml NaHCO for 15 minutes in an
85°C water bath. One gram of Na-
dithionite was then added, and the
solution was incubated for an addi-
tiomal 15 minutes. SRP was deter-—
mined on the CDB extracts using the
colorimetric finish of Weaver (1974).
One ml of 1 M FeCly was added to each
extract and the solution was bubbled
with wet air for 4 hours to oxidize
the dithionite, which would otherwise
interfere with color development.
The sample was diluted to 60 ml, and
an aliquot of this solution was ana-
lyzed for P. This fraction, CDB-P,
is thought to include SRP shielded
by iron oxide gels, and consequently
not extractable by the NaOH solu-
tion (Williams et al. 1976). The
sum of the NaOH~P and CDB~P is referred
to as non-apatite inorganic phosphorus
(NAI-P), following the practice of
Williams.

The sediment pellet was then
extracted in 30 ml 0.5 N HCl at room
temperature on a shaker table for 18
hours. The supernatant was centrifuged
and filtered, and SRP determined on the
neutralized filtrate using the ascorbic
acid method (APHA 1981). This fraction
is referred to as apatite-P, and has
been shown by Williams et al. (1980a) to
be comprised of Ca-bound P species.

Total P was determined by the
persulfate digestion method (APHA 1981)
on a separate 60 mg aliquot of each
sediment added to 30 ml of deionized
water. The difference between total P
and the sum of NAI-P and apatite-P
is assumed to represent organic-P by
Mayer and Williams (1981).

CDB~Fe and CDB~Mn

CDB~extractable iron and manganese
were determined on an aliquot of the CDB
extracts, acidified to pH < 2 with
HNO3, by atomic absorption spectro-
photometry on an IL Model 357 spectro—
photometer. The standard curve was
prepared using standards carried through
the entire extraction procedure. In
unpublished experiments on Deer Creek
sediments, it was found that minimal Fe
is extracted by NH4Cl or NaOH/NaCl,
although some Mn is extractable in the
NH,Cl extraction.

Total §

Total § analyses were performed on
1 g aliquots of the oven-dried, powdered
sediments by a Leco induction furnace
method by Rocky Mountain Geochemical
Corp., Salt Lake City, Utah.

Cesium dating was performed on
ground 2 cm sections of sediment follow-
ing the technique of Ritchie et al.
(1973).



RESULTS AND DISCUSSION

Sediment Chemistry

Mean values from sediment analyses
conducted on the Deer C(Creek cores are
shown in Table 1, along with some
results from other reservoirs in the
Intermountain West for comparison. All
values represent the surface 12 cm of
sediment. This depth was chosen to
allow a comparison to be made with the
Flaming Gorge data (Messer et al.
1983b), but it also corresponds to the
relatively active diagenetic zone of
most reservoir sediments (e.g., Allan
and Williams 1978).

NH4Cl-P, or "exchangeable" P,
concentrations can be seen to be lower
in the Deer Creek sediments than in any
of the other reservoirs. The amount of
NaOH~-P in a sediment is thought to be
primarily associated with phosphorus
loosely bound to colloidial iron oxy-
hydroxide gels, and thus is a function,
not only of anthropogenic P loading, but
also of the Fe content of the sediment
(Williams et al. 1971b). Deer Creek not
only has several sources of anthro-
pogenic phosphorus in its watershed,
but it also can be seen to have a
relatively high iron content, relative
to that of the other reservoirs. This
may be the reason that the otherwise
phosphorus~rich sediment has so little P
easily removed by the NH4Cl extractant
(cf. Panguitch and Flaming Gorge in
Table 1).

NaOH-P is of particular interest,
because it has been shown to be highly
correlated with anaerobic P release
rates from sediment cores taken from
upper Flaming Gorge and other Inter-
mountain reservoirs and incubated in the
laboratory - (Messer and Ihnat 1983b,

Messer et al. 1984). This observation
is consistent with the view that the
NaOH-P represents primarily P 1loosely
bound to the surface of ferroso-ferric
hydrous oxide gels, and which would be
readily released upon reduction of the
iron to Fe(II) when the sediment inter-
face becomes anaerobic (Mortimer 1941,
1942). Therefore, the NaOH-P concentra-
tion may provide a useful indicator
of the relative potential for P release
into an anoxic hypolimnion.

NAI-P concentrations averaged 470
mg/kg in the sediment cores, and thus
are in the >200 mg/kg range cited by
Allan and Williams (1978) to be typical
of sediments found in midwestern eu-
trophic lakes. We have argued elsewhere
(Messer and Ihnat 1983a) that the CDB-P
component of NAI-P, which is virtually
identical at the four stations, may
represent Fe—-P inputs from the watershed
to a greater extent than does the NaOH-P
fraction, although this hypothesis
remains to be proved.

HC1-P, or apatite-P, concentrations
in the Deer Creek cores averaged 394
mg/kg, and were intermediate among the
five reservoirs. This fraction account-
ed for 40 percent of the total P in the
cores. It is important to note that
under the ambient chemical conditions in
the bottom waters of the reservoir
(e.g., neutral to high pH), the corre-
sponding apatite~P would remain trapped
in the sediment, with little possibility
of interacting with the overlying
water. Thus, if the majority of this P
form is detrital in origin, rather than
having been formed diagenetically from
other forms of P in the interstitial
water, a large fraction of the P loading
to the lake may be unavailable for



Table 1.

Comparison of P fractions and CDB-Fe in some Intermountain reservoir

sediments based on the extraction procedure of Hieltjes and Lijklema,
as modified by Ihnat and Messer (1983).

Deer Flaming

P fraction Creek Panguitch Scofield Gorge Strawberry
NH,C1-P 35 128 63 48 69
NaOH-P.__ _295 _248 _177 _27L _132

=P 330 376 240 319 201
CDB-P _140 _16 _143 15 _n

NAI-P 470 452 383 394 270
HCl-P 394 146 423 487 278
Organic-P _123 _ 246 284 __ 81 _154

Total P 987 864 1090 962 712
CDB-Fe 8800 4800 10400 5700 4900
CDB-Fe :NAI-Pl 10 6 15 8 10

IMole basis

phytopl ankton growth. It would be
extremely valuable for watershed manage—
ment to know whether the origin of this
potentially unavailable fraction is
equally distributed among all of the
tributaries.

Two other sediment chemical param-—
eters that are useful in determining the
importance of internal P loading are the
stoichiometric ratios of reactive Fe to
both NAI-P and S in the sediments.
Allan and Williams (1978) held that the
ratio of CDB-Fe to CDB-P is indicative
of the degree of overloading of poten-
tial Fe reaction sites with anthro-
inputs of P from the watershed. They
cited a range of ratios for a group of
Canadian prairie lakes known to exhibit
significant internal P loading of from 6

10

to 12 (mole basis), while lakes with
apparently little internal P loading had
values above 20. The Deer Creek sedi-
ments have a CDB-Fe: NAI-P ratio of 10,
and thus would appear to be at the
extreme upper range for reservoirs
culturally overloaded with phosphorus.
These sediments thus might show some
resistance to P release under anoxic
conditions, relative to reservoirs such
as Panguitch with a similar amount of
NAI-P, but with much less iron to bind
it.

The mobility of NAI-P also depends
on the stoichiometry of Fe, ortho-P, and
sulfide in the interstitial water
(Stauffer 1981). Sulfide in 1lake
sediments originates either from the
anoxic decomposition of organic sulfur



compounds, or from sulfate that 1is
reduced by the respiratory activities of
bacteria such as Desulfovibrio. If the
resulting sulfide concentration exceeds
a 1:1 stoichiometric ratio with Fe*?,
the P that was released from the Fe-P
complex will be free to migrate upward
in the sediment column until it en—
counters an oxidized Fe gel. 1In sedi-
ments overlain by oxygenated water, this
encounter will occur in the so-called
oxidized microzone at the surface of the
sediment, and P release to the overlying
water will be minimal (e.g., Mortimer
1941, 1942). 1If the 0.2 eV Eh isopleth
moves above the sediment surface into an
anoxic lake hypolimnion, however, P will
be released to the overlying water
column,

1f sulfide is present at less than
the 1:1 stoichiometry described above,
Fe** will be free to form a variety of
phosphate minerals which will greatly
reduce {but not eliminate) the migration
of P upward in the sediment. Such
minerals include vivianite (Fe3(P04)s-
8Hp0) and anapatite (Ca Fe(POg)3-4H,0).
Vivianite has been found to be both
present and thermodynamically stable in
the sediments of Lake Greifen, Switzer-
land (Emerson 1976, Emerson and Widmer
1978), and in the North American Great
Lakes (Nriagu and Dell 1974). Williams
et al. (1980) found that vivianite and
rockbridgeite, an iron hydroxyphosphate,
are both represented quantitatively
in the NAI-P extraction procedure.
The appropriateness of the 1:1 Fe-S§
stoichiometry was determined by Nriagu
(1968) and Doyle (1968), who found that
mackinawite (FeS) was the stable reduced
Fe~S5 phase in most lacustrine sediments.
Stauffer (198l) raises the point that if
the source of P to the overlying water
derives primarily from mineralizing
detritus on the surface of the sediment,
the Fe:S stoichiometric ratio may be
relatively low because of the corre-
spondingly low ratio in biomass. If
allochthonous Fe inputs are also low,
then such 1lakes may experience rela-
tively heavy P loading from sediments,
even under oxic conditions.

The Fe:S molar ratios in the top 12
cm of the Deer Creek cores was 6.2, and
thus it is unlikely that sulfide would
interfere with P release from Fe com-
plexes under anoxic conditions. It
should be noted that the Fe:S ratio, as
measured here, represents a minimum
estimate, because the Fe value may not
include pyrite-Fe, while S from this
mineral would be included in the Leco
furnace analysis.

Mean concentrations of various
sediment phosphorus and metal fractions
at each of the sampling stations are
presented in Table 2. Two different
patterns in the chemical data are
apparent. HCl-P, which would be ex-
pected to be associated with heavier-
grained phosphorus fractions such as
apatite, that would settle rapidly
toward the head of the reservoir, can
be seen to be present at higher con-
centrations in the upper reservoir
stations. Conversely, those sediment
fractions normally associated with
the lighter or finer-grained particles
(i.e., NaOH, CDB-Fe and CDB-Mn) in-
creased down gradient in the reservoir.
These observations are consistent with
the percent dry weight values, which
also decrease in a downstream direction.

Figures 2-4 display the variations
in constituent properties with depth in
cores taken at each of the sampling
sites in July 1983. Percent dry weight
increases with sediment depth as ex-
pected in the cores, although many of
the curves do not show the monotonic
exponential decreases typical of pelagic
marine sediments (e.g., Berner 1980).
The absence of smooth compressional
density increases suggest that different
layers of the sediment might be expected
to have a mineralogical composition
determined by historical input events,
in addition to steady-state diagenesis.

Neither NaOH-P nor NAI-P (Figure 3)
show significant vertical trends, such
as those observed in cores from Canadian
prairie lakes (Allan et al. 1980) or in
Panguitch Lake, Utah (Messer and Ihnat

11
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Table 2. Mean concentration of extractable phosphorus and metal fractions, and percent dry weights for all
dates at each sampling station. All values are in mg/kg and represent the top 8 cm of the sedi-

ment cores.

Fraction
Sampling 3
Location NH,C1-P NaOH~P NAI-P HC1-P TOT-P CDB-Fe CDR-Mn %/Dry Wt
Upper ‘ 54.3% 155.2 355.8 542.0 825.6 6,400 50 41.6
24.5 51.9 22.8 84.2 120.6 1,700 23 5.6
(16) (16) (12) (12) (12) (8) (8) (16)
Upper 43.9 148.3 334.1 448.3 674.5 7.600 64 48,2
Middle 14.6 42.6 72.9 108.3 168.0 1,700 19 14.1
(16) (16) (12) (12) (12) (8) (8) (16)
Lower 50.0 249.1 438.6 432.5 815.1 10,000 95 36.9
Middle 40.5 120.9 138.6 59.5 147 .4 1,900 42 19.8
(23) (23) (23) (23) (23) (15) (15) (23)
Lower 47.0 342.7 475.5 396.4 912.8 11,400 160 16.9
15.3 95.0 115.7 92.1 82.4 800 76 2.3
Qan (11) (11) (11) (8) (11) (11) (i

*Mean, standard deviation, and number of sections analyzed, respectively.
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Figure 2. Percent dry weight as a function of depth in sediment cores collected in
July 1984 from four sampling sites in Deer Creek Reservoir (see Figure

1).
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1983a). This suggests that there have
been no recent historical trends in
phosphorus loading to the  sediments of
the reservoir. The higher extractable
iron concentrations toward the surface
of the cores collected from the upper
and upper-middle sites in the reservoir
are typical of sediments that are
frequently anoxic at the surface, in
which iron migrates toward the sediment-
water interface and is trapped in the
surficial layers of the sediment. The
low concentrations of manganese in these
cores are unique in our experience with
Utah reservoirs, but are consistent with
the low release of manganese from these
sediments under anaerobic conditions
(see below).

Phosphorus Release Studies

The results of some typical phos~
phorus release incubations are shown in
Figure 5 for duplicate cores collected
from each station in July 1983. During
the 48-day anaerobic 1incubation,
phosphorus in the overlying water
gradually increased to a peak of 600-
1100 ug/l and then declined to somewhat
lower values. Both the maximum soluble
reactive phosphorus (SRP) concentration
and the timing of the peak varied from
station to station and from one sampling
date to another in the reservoir, but
the general pattern of a peak followed
by a subsequent decline in SRP was
typical of all of the cores studied.

Aerobic release curves were generally
flatter than the anaerobic release
curves, with SRP concentrations remain-

ing well below 50 pg/l. It should be
noted that, because each sample aliquot
was replaced with water containing
no SRP, a flat concentration curve
indicates a low, constant release
rate, rather than no release.

The results of long~term incuba-
tions of cores from the upper and lower
middle sampling sites in Deer Creek are
shown in Figure 6. While both cores
exhibited peaks in SRP concentrations
during the first 45 days of incubation,
a second major peak in SKP concentration

16

was observed to occur between 50 and 60
days following the beginning of the
experiment. SRP subsequently declined
to values (300-400 pg/l) similar to the
peaks in the first 45 days of incuba-
tion. These results indicate that there
may exist two Fe-P fractions in the
sediments: one that is released fairly
readily, and a more abundant fraction
released only at lower redox potentials.
Alternatively, the second peak may
result from some indirect effect of the
low redox potential. As in most other
cores, aerobic release rates were
minimal.

A more complete set of chemical
data were obtained for five cores
collected from the reservoir in October
1984, and incubated in an Ng-filled
enviromental chamber. The results of
these experiments are shown in Figures
7a-d. These plots indicate that the
initial rise and subsequent decline in
SRP concentrations is driven by redox
reactions involving Fe (Figure 7a-d). A
decline in Eh occurred during the
initial increase in SRP concentrations,
and Eh increased during the subsequent
decline in SRP around days 18 to 30.
However, the second rise in the SRP
concentrations was not accompanied by a
drop in Eh and a coincident drop
in the Fe concentration. Rather, the Fe
concentrations continued to increase,
thus suggesting that this second peak is
not redox controlled, but rather is
mediated by some other process. Equi-
librium modeling wusing REDEQL.EPAK
(Ingle et al. 1980) indicated that only
in the core with the highest iron
concentration at the first peak (Figure
7¢) was the water supersaturated with
respect to siderite (FeCO3). However,
several of the cores became saturated
with this iron mineral as the 1iron
concentration rose late in the incuba-
tions. At no time were the over-
lying waters saturated with vivianite
(Fe3(P0O4)9), thus suggesting that the
decline in iron and phosphate following
the first phosphate maximum was not
driven by precipitation of a phosphate
mineral (e.g., Emerson 1976), nor



SRP (ug/1)

SRP (ug/1)

Figure 5.

100

1000
900 A
800 - N !
700 ! \ \
600 + | +
500 - J S

400~  ”

P "~ A

/
(Wod
L4

o

21 24 27 30 33 36 30 42 45

Time (days)

T
18

1100

48

1000
900 ) \
800+
700 | P \
600 P T
500
400 - 0
300+ i
200- e

+
100- X

e

i .y ™ + i T ; >
18 21 24 27 30 33

Time (days)

Release rates of soluble reactive phosphorus from aerobic (A) and
anaerobic (x and +) sediment cores collected from four sampling sites

in Deer Creek Reservoir in July 1984. See Figure 1:
b) upper-middle site, c¢) lower-middle site, d) lower site.
lines represent duplicate anaerobic cores.

17

a) upper site,

Multiple



ﬁOO
1000+
900J
800+
700+
6004

500+

SRP (ug/)

21 24 27
Time (days)

100

1000 + «

900~

8004

7004

600+

5004

SRP (ug/l)

A servea oI Y SOy T A rrecie Aeanonso Ao, A L.l A

Figure 5. Continued.

1 i 3 1 1 I |
18 21 24 27
Time (days)

18




61

1100 pra
X ®.
1 i
1000 ~ ‘ \\
! \
! X
! \
900- ; \
i AY
J’ x‘
800 X "%
b
] Ay
] \
700 / X,
— i %
< : +.*+\ \)<
- i /+—‘ p
g 600 " I+/ \\\ ,)h \\\
- ! ’I +"""+/ \\""‘+~. 3
& 500 $ 7 X,
,(f) * 14 ‘\\\ §
7™ |4 VR AN
400- AN ;S VTw #N
'l X\\ “lli" \X--K\\k\‘ ’,)( \k‘&
300 / Y, ¥ w - %
X=X Db N .
/! S X +
200 ,’ ~k 'I
I; :
i X !
100 M o 4
ST g oAt TR
A ik AT PPTEE: ki o eera g
1 i i i i i ] i |13 i 1 1 i i ] 1 )] i ) ¥ 1] i [) 1 1 i H 1
12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60 63 66 69 72 75 78 81 84 87 90 93 96 99 102105
Time (days)
(x--x) anaerobic lower

0 3 6 9
Soluble reactive phosphorus release from intact sediment collected in June 1984 from Deer Creek
(+--+) anaerobic upper site;

(+...+) aerobic upper site;

Figure 6.
Reservoir.
middle site.



7.5 2000.0
J-1
7.0
- 1800.0
6.5
6.0 - 1600.0
5.5
< = 1400.0
< 504
£
4.5 -
E 45 12000
c 2
= 4.0 R
- woaoé;
Q 3.5' >
o ~
£  3.01 - 800.0
= +
& 254
- 600.0
0O 20- ;
15 / L 400
3 ~+ d 400.0
1.0 \\‘//* k. //
T‘;— \+ ¥ - 200.0
05 ... R SN v i 27 SRRPNRNPNRES S SR e N .
& " .
0‘0 ] 1 1 1 I 1 1 1 L i 1 T I I 1 1 1 L 1 U o'o
0 & 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60 63
Time (days)
350 —+ o+ 7.5
Prag AN PN
~ AN e \ a’+---+--'“
N
4]
=
[¢]
2
E
=
w
(]
o_
—50 ] [] ) [] 1 i 1 ) 1 U 4 i i 1 1 ) 1 Ll 5
0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57
Time (days)
Figure 7. SRP, Fe, Mn, Eh, and pH in the water overlying sediment cores collected

from sites U, UM, and LM (Figure 1) in Deer Creek Reservoir in October
1984 and incubated under an Ny atmosphere.

20



75
u-2
7.0
6.5
<
=
>
£
p g
o
=
—
N
o
£
Nt
&
O
0.5 B mBm = Amm Am o Amm = Avmm frmm A e Arm il fem =l = iy =l =B <= mp = mB == 4
o'ol 1 1 ] T ] 1 ] I H Y H L L i i ¥ J T 1 H
0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60 63
Time (days)
350
1 +\ & PN T
N Py . - N Pid
“\ l” “\ "’-_..-+I \"‘l \+’
3004 \ P s U o /
N A S TR
250
200-
Py
n
=4
[=]
=
= 150
E
N
-4
wi
100+
[
50-
0_
_50 i i 3 ¥ I |4 i i ¥ i U U 3 1 3 J 1 1
0 3 & 9 12 15 18 20 24 27 30 33 36 39 42 45 48 51 54 57
Time (days)
Figure 7. Continued.

21

2000.0

1800.0

1600.0

1400.0

1200.0

1000.0

800.0

600.0

400.0

200.0

0.0

75

SRP (ug/l) +



2000.0
L 1800.0
T 1600.0
< - 1400.0
—
N~
o
R | 12000
£
=
- 1000.0
[
>
. 800.0
£
i
- §00.0
im|
- 400.0
;i AmmnAmmmAmmn Avmm o= Ammm pArmmopem b m A A m o pe e B m e oD = p == A== =A== =p-— -4 200.0
0.5 _wemm===""
5
0'0 ¥ 1 1] 3 ¥ 1 1 ] t 1 1 i 1 1] 1 H ] 1 ¥ H 0'0
0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60 63
Time (days)
350
300~
2504
200-
Eand
P2
°
2
= 150+
E
o
W
100-
(m)
50
0..
~50 T T 1 T T ¥ 1 T T v T T T T 5

+ { 1 1
0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57
Time (days)

Figure 7. Continued.

22

SRP (ug/l) +



2000.0

75
UM-2
7.0
- 1800.0
6.5+
1600.0
< 1400.0
=
™~
o
E 1200.0
oy
=
1000.0
ol
>
800.0
£
[
Lo
600.0
O
400.0
- 200.0
0'0 3 1] 1 [ i T i 1 H 1 i t i ¥ 1 1 I 1 L O'O
0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60 63
Time (days)
350 —— -t 75
- o Y : A’
~ 4 S e -
‘-la\ “;4-. . , ‘+,\ ,,+'
300 SN S pR Tyt W
\+‘
7
250
200+
o~ - 6.5
+
S
E 150 =
E
= +
u | 5
100
g
501
> 55
0-
—50 i i ¥ H T i T ¥ 1 1 i ¥ t ¥ i H 1 H 5
0 3 6 9 12 15 8 21 24 27 30 33 36 39 42 45 48 51 54 57
Time (days)
Figure 7. Continued.

23

SRP (ug/h +



2000.0

7.5
7.0
1800.0
6.5
6.0 1600.0
q 551
1400.0
Q 5.0
o
E 454 1200.0
[t
= 401
/ 1000.0
—~ 3.5
>
£ 304/ 800.0
p——_
L as4
600.0
0 201
1.5 400.0
o m A mm A mm A e A e A m = Ar e e Aem = A== Ae = AL
1.0 4%~ e . Sal Ty e Wiy N VI Sy Oy SRt
200.0
0.5 (
0'0 I ) ¥ 1 1 1 4 1 1 1 t ) i 1 1 I 1 1 1 0'0
c 3 & 2 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60 63
Time (days)
350 - 7.5
/'+\\ ,"'+---+\‘~ -+ \\\\ - .
o pd N L+ S 47 Y m oot
K AN I NLLe7 N -~
300, / mon ¥ Lt
’ .o’
‘\\I’/ +
¥ -7
250
{
200+
/u? _6.5
=
g
= 150 5
E
£
w L5 +
100
a
50
- 5.5
1
0_
—50 1 1 ) 1 1 I T 1 1 ) 1 t 1 1 1 1 1 5
0 3 6 2 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57
Time (days)
Figure 7. Continued.

24

SRP (ug/l) +



could phosphate have precipitated onto
siderite. Also, although all of the
chambers were supersaturated with
respect to apatite, none were ever
saturated with respect to the more
kinetically labile Ca-P phases such as
tricalcium or octacalcium phosphate
(e.g., Nancollas et al. 1979). Also,
calcite was never supersaturated, thus
precluding coprecipitation of phosphorus
onto calcite. These observations
suggest that the control of phosphorus
concentrations in these cores may be
controlled by some unknown clay mineral
complex (e.g., Nriagu 1976), or by a
nonequilibrium bioclogical process.

We have found in previous studies
(e.g., Messer and Ihnat 1983b), that SRP
release rates are often predictable on
the basis of NaOH-P in the sediments,
and that SRP and Fe release rates often
are highly correlated (Messer et al.
1983b). Figure 8 demonstrates that,
while high levels of both Fe and SRP
release occurred in the cores, the
correlation was not strong. This
observation suggests that high rates of
both SRP and Fe are released under
anaerobic conditions, but not at a
constant ratio. Similarly, NaOH-P is
not a good predictor of P release in
these sediments (Figure 9).

Examination of various sediment
parameters, including total sulfur,
Fe and Mn extractable in the CDB-P
fraction, percent CaCO3, percent dry
weight, percent organic carbon, and
X~-ray mineralogy, failed to show any
consistent differences between the Deer
Creek sediments and those from the other
reservoirs studied. However, Deer Creek
1s unusual among these reservoirs in
that it receives a higher proportion of
its P loading from municipal wastewater
inputs. Because most of the data were
collected during a very wet water year
with such low hydraulic retention
times, the reservoir did not develop the
usual anaerobic conditions im the
hypolimnion. Also, an unusual dense
inflow current flowing along the
bottom of the reservoir and directly

into the hypolimnetic outlet works
probably removed sedimenting detritus
that normally would have settled to
the sediment surface, which may have
altered the amount or quality of
phosphorus available for release.

Table 3 summarizes the results
of a number of phosphorus release
simulations carried out over the
course of the study. Cores were
not always collected at each station
on each date because of logistic
problems with either sampling or in-
cubating the cores. There are suf-
ficient data, however, to see some
definite trends. First, it is obvious
that aerobic release rates are only a
small fraction of the anaerobic release
rates from these cores. This observa-
tion points strongly to the involvement
of the redox cycle of iron in con-
trolling phosphorus release from these
sediments.

The second major observation
with respect to the release rates
relates to spatial and temporal patterns
within the reservoir. Both aerobic
and anaerobic release rates from the
sediments appear to be higher in the
fall at all stations than in the summer.
This observation is consistent with the
interpretation that much of the SRP
release is ultimately driven by the
decomposition of blue~green algae
blooms that develop in the reser-
voir during late summer. The low
aerobic release rates, relative to the
anaerobic release rates on the same
dates, suggest, however, that when
oxidized iron gels are present at the
sediment-water interface, SRP released
by decaying phytoplankton is trapped
within the surficial sediments. It
might also be expected that the early
summer release rates, ranging from
approximately 1.6 to 3.0 mg P/m?-day,
may represent a reasonable estimate of
the "background" SRP release rate that
could be expected to result from phos-
phorus trapped in the sediment in
previous years or deposited during
spring runoff.
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Table 3. Aerobic and anaerobic P release rates based on 45-day laboratory incuba-
tions of intact sediment cores.
Release rate (mg P/m?-day)
Station 11/4/82 6/18/83 7/20/83 8/26/83 10/4/83
Upper 0.32 0.1 - 1.4
8.8b 2.1 3.0¢ - 9.4
Upper middle 0.3 - <0.1 - <0.1
5.0 - 6.5¢ - 8.5¢
Lower middle 0.9 0.1 <0.1 - 0.1
6.8 2.9 3.0¢ 2.5 10.4°€
Lower 0.6 - 0.1 - -
12.1 - 1.6¢ 0.3 3.2
2perobic
Anaerobic

CMean of duplicate incubations

Although insufficient data were
collected for rigorous statistical
analyses, the spatial pattern of SRP
release appear to be related to the
distribution of phytoplankton blooms and
the hydrodynamics of the reservoir.
Phytoplankton blooms in Deer Creek are
generally focused in the upper and upper
middle basins of the reservoir, repre-
sented by the first two sampling sites.
In the fall of 1982, the highest release
rates were found at the upper reservoir
station. Labile phosphorus originating
either from senescing phytoplankton or
zooplankton fecal pellets, is focused
onto the sediment surface from a rela-
tively shallow water column, thus
maximizing the areal deposition rate.
When phytoplankton blooms render the
sediment-water interface anoxic at the
upper end of the reservoir, SRP is
released to the water column where it
exacerbates the phytoplankton bloom.
When phytoplankton subsequently are
rafted toward the dam by wind or cur-
rents, biomass P transported to the

downstream sediments is likely to be
more or less permanently trapped at the
oxygenated sediment-water interface.

The SRP release pattern in Table 3
could suggest that, in a downstream
direction in the deeper parts of the
reservoir, the SRP release rate in-
creases due to the longer time that the
sediment~water interface has remained
oxic, thus trapping any SRP mineralized
from detritus. This scenario is sup-
ported by several other bits of evi-
dence. Extractable manganese concentra—
tions in the surficial sediments in-
crease in a downstream direction in the
reservoir (Table 2), possibly indicating
mobilization in the upper reservoir and
deposition in the middle and lower ends.
Extractable Fe:P ratios also decrease in
a downstream direction in the reservoir,
which would make sense if one were to
reason that the low Fe:P ratios in the
upper end of the reservoir result from a
combination of high P loading combined
with frequent Fe migration out of these
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frequently anoxic sediments (cf Figure
8). The high release rates from the
most downstream sediments then would
result from the fact that these sedi-
ments had relatively little chance to
release P during the year because the
overlying water was usually aerobic.

During the following year, this
pattern was slightly altered by unusual
hydrodynamic events associated with an
unusually large snowmelt hydrograph.
During the summer, prior to the onset of
heavy blooms in the lake (which began in
early July), "background” P release
rates were observed, until the mid-July
sampling date, when maximum SRP release
rates at the upper middle station in the
reservoir coincided with the spatial
peak of phytoplankton biomass. The low
P release rates at the lower reservoir
site during mid-1983 may have resulted
from a density-driven interflow in the
mid- to lower reaches of the reservoir
during this summer, which probably drove
much of the settling phytoplankton
detritus out of the reservoir through
the hypolimnion withdrawal. SRP release
rates during the fall of 1983 were
higher than in the previous year, at
all but the lower reservoir station.
The higher release at the upper-reser-
voir sites may result from the earlier
sampling date, or from the generally
higher phytoplankton biomass observed in
the reservoir during the latter year.

A temperature experiment was con-
ducted on triplicate cores from the
upper end of the reservoir in 1983 in
order to provide data for adjusting
SRP release rates from the laboratory
columns to in situ temperatures. The
results of this experiment are shown in
Figure 10, and they provide useful
information about the probable nature of
the SRP-release process in the upper
reservoir. The data were analyzed using
the Arrhenius relationship, which
relates process rates to temperature
(Stumm and Morgan 1981) according to the
formula:

In (release rate) = ln A = E4/RT . (1)

where

A = an empirically determined pre-
exponential Ffactor

E; = the energy of activation for
the reaction

R = the gas constant

T = Kelvin temperature

The model provided an excellent fit to
the data (r2=0.95), and indicated an
energy of activation for the reaction
of approximately 24.9 kcal/mole.
This value 1is somewhat higher than the
value of 18.1 kcal/mole found for
phosphorus mineralization in Lake Erie
sediments, but it is certainly in
the range of values associated with
reactions driven by the metabolic
activities of microorganisms, rather
than by simple dissolution or ion
exchange (Matisoff et al. 1981). This
observation further strengthens the
argument for phytoplankton detritus
driving the phosphorus release, but the
process appears to be complicated by
the buffering effects of iron in pre-
venting or delaying release of the
mineralized SRP. This result might also
suggest a reason for the decline in SRP
concentration (related to the release
rate) in the later stages of the
core incubations noted above.

Significance of Release Rates

The potential impacts of the
release rates measured here depend on
the timing and spatial relationships
surrounding actual releases in situ, as
well as on the hydrodynamics of the
reservoir (e.g., Stauffer 1981).
However, comparison of the values in
Table 4 with results obtained in similar
studies helps to put the release
rates into perspective. Holdren and
Armstrong (1980) observed release
rates during 2 to 27 day incubation
periods ranging from 0.02 to 83 mg
P/m2-day from some Wisconsin 1lake
sediments, depending on the incubation
conditions. Bioturbation by benthic
invertebrates was found to greatly
increase the rates of P release from
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their epilimnetic sediments, but
virtually no benthic invertebrates have
been found in cores collected from
Deer Creek. These authors also found
temperature to be important in regu-
lating SRP release from calcareous
sediments and observed higher SRP
release rates in the summer, when
phytopl ankton were abundant. Rates were
often 5 to 100 times lower from cores
collected from the same lake during the
winter. These results confirm that
labile organic P pools from senescent
phytopl ankton or macrophyte detritus may
be a significant source of P release
from epilimnetic lake sediments.

The results of in situ P release
studies by Sonzogni et al. (1977) on
the eutrophic, non-calcarious Shagawa
Lake, Minnesota, are especially in-
teresting in light of the confirmatory P
budget calculations of Larsen et al.
(1980). Using benthic release chambers,
Sonzogni et al. (1977) determined
release rates of P from profundal
sediments to range from 6.2 to 8.3 mg
P/mz—day. Mass balance calculations
led Larsen et al. (1980) to calculate a
mean annual release of 10.2 mg P/m2-day
from these same sediments. Although not
identical, the similarity of these
estimates suggests that simulations can
be a useful source of information on
actual P release rates from lake sedi-
ments. Larsen et al. also calculated
that the upper 10 cm of profundal
sediments in the lake contained 15-25
times the calculated annual internal P
loading in the form of NaOH-P. This
internal loading has been the cause of
the relatively slow response of this
lake to restoration by reduction of P
inputs (Larsen et al. 1975). Other
whole—lake P balances also have fre-
quently revealed quite high internal
loadings of P from sediments, especially
in response to decreased P loading from
surface sources. Allan and Williams
(1978) reviewed some of these studies,
and cite rates ranging from 7 to 50 mg
P/m2-day, with their eutrophic Canadian
prairie lakes falling into the range of
10-12 mg P/m%-day.

We have conducted SRP release
simul ations similar to those reported
here on several other Intermountain
reservoirs, and the results are compared
to those from the Deer Creek studies in
Table 4. Deer Creek can be seen to be
second only to Flaming Gorge Reservoir
in SRP release rates. Actually, the
mean anaerobic SRP release rate from
Deer Creek is probably significantly
higher, because the Flaming Gorge cores
were incubated at 22-24°C, but no data
were collected with which to perform a
temperature correction. Flaming Gorge
Reservoir, in the riverine reach where
the cores were collected, also develops
heavy late summer blooms of blue-green
algae. The anoxic SRP release rates
observed for Deer Creek Reservoir thus
represent rates that have been seen to
cause problems in other surface waters,
although they are far below rates
reported for many culturally eutrophic
lakes of Europe (e.g., 20-50 mg/mZ-day),
which have received heavy inputs of
wastewater P for centuries.

The actual impact of release rates
of the magnitude represented in Table 4
depends on the areal extent of each
sediment type, the length of anoxia, and
the effectiveness with which SRP is
transported across the thermocline under
stratified conditions. However, in a
wrst case scenario, if P transport to
the euphotic zone were 100 percent effi-
cient, then the average release rates
for all of the anaerobic cores, 4.6 mg/
mz—day, would be able to support the
production of approximately 230 pg/m3 of
chlorophyll a-day (Messer et al. 1983a),
over the average depth of the reservoir
(20 m). 1In other words, in the absence
of surface P sources, zooplankton
grazing, and algal senescence, approxi-
mately 10 mg chlorophyll a/m3 could be
produced over a 45-day period of anoxic
release, an amount sufficient in itself
to produce eutrophic conditions.
However, because transport is not very
efficient across the thermocline, and
because some phosphorus 1is returned to
the sediment by sinking detritus, the
actual contribution of the sediments is
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certainly lower. The release rate from
aerobic sediments would have a virtually
negligible impact.

Paleolimnology

It was stated above that the
absolute concentrations of NaOH-P or
NAI-P were not useful in predicting
differences in trophic states between
lakes because of basic differences in
the iron chemistry of different lake
watersheds. However, paleolimnological
studies have shown that cultural eutro-
phication of lakes is often accompanied
by a sharp increase in the NAI-P or
NaOH-P concentrations in the sediments.
Allan and Williams (1978) demonstrated
an increase in NAI-P from 69 to 268
mg/kg in 6 cores from Lake Erie between
pre- and post-settlement horizons
(1850). Allan et al. (1980) also
demonstrated an increase from 306 to 528
mg/kg NAI-P with the onset of agricul-
ture in nine Canadian prairie lake
watersheds. Messer and Ihnat (1983a)
showed that an increase in NaOH-P
concentrations in the sediment profile
from a reservoir in southern Utah
corresponded to construction of the
original dam which inundated a natural
lake, and to rotenoning of the reservoir
to remove trash fish. 1In each case,
peaks in NaOH-P were associated with
major changes in the dominant diatom
flora preserved in the lake sediments.
Thus, vertical profiles often can be

useful in understanding time trends
in the eutrophication of lakes and
reservoirs.

Figures lla~-c represent a sediment
profile (core 18) at a site approximate-—
ly in the center of the reservoir,
of fshore from the State Park. In
Figure lla, the percent dry weight (dry
weight wet weight) is seen to increase
with depth in the sediment core as the
result of compression. The bottom
section contained fragments of woody
plants, and thus marks the original
riparian zone flooded when the dam was
closed in 1941. A constant sedi-
mentation rate model (Berner 1980)

allows an estimate to be made of the
corresponding date represented by each
sediment section, and some example
dates are shown in Figure lla. These
dates are in agreement with the observed
peak of cesium-137 in the core, which
corresponds to fallout from atmospheric
nuclear testing in 1964. Figure 1lb
shows a gradual increase in the ex-—
tractable Fe concentration toward the
sediment surface, and very little
differentiation of Mn with depth in the
core, apparently indicating that the
redox potential at the time the core was
collected was low enough to release
manganese, but not a great deal of
iron.

The concentration profiles of the
various phosphorus fractions are shown
in Figure llc. Each profile represents
the cumulative values of the fractions
thus far included, and the incremental
contribution of each fraction is repre-
sented by the distance between two
successive profiles. These sediments
were analyzed using the older Mayer and
Williams (198l) extraction technique,
and hence cannot be compared to the
values in Table 1. They are typical,
however, of results using the newer
Hieltjes and Lijklema technique on other
cores, which have not yet been dated, in
that there is no indication of a long-
term trend in deposition of either
NaOH~P or NAI-P. The observed increase
in the NaOH-P concentration in the
surface 6-8 cm 1is typical of most
sediment cores, and results from a
combination of trapping of iron-P
at the sediment-water interface and
the incomplete mineralization of
organic detritus in the surface micro-
zone. It 1s not likely to represent a
recent increase in P loading to the
reservoir or the sediment (e.g., Allan
and Williams 1978). The reason for
the NaOH-P peak at 25 cm depth is not
known. It is unaccompanied by a
peak in CDB-~Fe (Figure 3b) and may
represent an artifact.

The data used to construct Figure 3
also could be used to estimate the
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phosphorus retention coefficient for the
reservoir, providing a sufficiently
large number of cores were available.
For example, the total sediment loading
represented by core 18 is 155 mg/m?.
Based on a mean total P concentration of
987 mg/kg (Table 1), the total P loading
would be 153 g/m?2. If this loading
were distributed over the 41 years since
the dam was closed, the resulting P
retention rate represented by the core
has averaged 3.7 g/m?-yr. This value
is much larger than the calculated
present day loading of 2.4 g/m2-yr,
especially for a calculated P retention
coefficient of 0.17. A similar calcula~
tion based on a core from the upper
middle of the reservoir gives a similar
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value. The minimum sedimentation rate
calculated for a core from the upper
end of the reservoir is 325 kg/mZ,
which would considerably increase the
retention estimate. Apparently, either
very low sedimentation rates are charac-
teristic of other parts of the reser-
voir, sediment focusing concentrates
phosphorus in holes where sediment cores
can be successfully collected, or a sub-
stantial amount of phosphorus enters the
reservoir in the tributary bedload,
which 1is not sampled in the normal
course of monitoring. More sampling is
needed to shed further light on this
problem. Much of this phosphorus is
probably large-grained detrital material
(e.g., HCl-P) of low bioavailability.
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APPENDIX A

Concentration of wvarious constituents on successive days of
anaerobic incubated cores. Fe, Mn, Mg, Ca, and TIC are in mg/l,
phosphorus is in ug/l, and temperature in °C.
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Table Al. Upper station; October 4, 1983.

e 5w
a B = =
0 0.80 0.26 12.6
3

6

9 0.74 0.38 11.8
12 0.58 0.39 11.2
15 0.24 0.36 10.7
18 0.18 0.35 10.6
21 0.25 0.38 10.3
24 0.58 0.41 11.3
27 .23 0.42 10.0
30 2.22  0.44 10.5
33 2,15 0.48 10.4
36 1.96 0.47 9.9
39 0.96 0.46 9.7
42 0.65 0.47 10.0
45 0.36 0.47 9.6
48  0.51 0.47 9.6
51 0.60 0.45 8.8
34 2.15  0.48 8.7
57 3.82  0.49 8.5
60 4.23 0.52 8.5
63 5.12 0.51 8.2

Table A2, Upper station;
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211
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October 4, 1983,

5 e 0
A
0 0.49 0.27 12.4
3
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9 1.84 0.44 10.9
12 1.90 0.45 10.5
15 1.94  0.45 10.0
18 1.97 0.46 9.5
21 2.00 0.47 9.4
24 2,00 0.49 9.6
27 1.68  0.47 9.0
30 .95 0.49 9.2
33 2.23  0.51 9.2
36 2.33 0.51 8.8
39 2.32  0.51 8.6
42 .92 0.52 8.6
45 1.68 0.51 8.2
48 1.85 0.52 8.0
51 1.94 0.53 8.1
54 3.32 0.4 7.9
57 4.40 0.54 7.5
60  4.30 0.55 7.6
63 1.89 0.56 7.8
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Table A3. Upper middle; October 4, 1983.

Table A4.
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0 0.62 0.40 117
3

6

g 2,30 0.61 10.3
12 2.39 0.64 9.9
15 2.15 0.65 9.4
18 2.03 0.64 9.1
21 L:9%  0.66 9.0
24 2.00 0.68 9.0
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30 1.84  0.66 8.6
33 2.18 0.69 8.7
36 2.13  0.69 8.4
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45  1l.64  0.67 7.4
48  2.03 0.69 7.3
51 2.11  0.67 7.1
54 3.32  0.69 7.1
57. 4.35 0.69 6.8
60 5.15 0.68 6.6
63 5.98 0.70 6.4

Upper middle; October
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APPENDIX B

Concentrations of sediment phosphorus and metal fractions
extracted from successive core segments from anaerobically
incubated cores. All parameters except percent dry weight are in

mg/kg .
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