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SEDIMENT AND NUTRIENT FLUXES OF
LAKES IN THE LAKE WASHINGTON DRAINAGE BASIN

D. Spyridakis, P. Birch and B. Barnes
University of Washington

Sediment patterns were measured in the four lakes of the Lake Washington
drainage basin. More extensive treatment of sediment fluxes were made
in Findley Lake and sediment nutrient regeneration from in situ Lake
Sammamish experiments.

Sediment of detritus through the water column was measured by sediment

traps at pelagic and nearshore zones at three-week to two-month intervals
in the four lakes from April 1972 up to the present. Sediment traps

were placed at two to three different depths in the water column cor-
responding to trophogenic and thermocline zones of the lakes. Only the

sedimentation rates measured at two meters off the sediment bottom will
be discussed. Sediment aliquots were analyzed for total carbon (99%
organic carbon), phosphorus, nitrogen, and iron and a number of trace
metals.

The rate of sedimentation of autochthonous and allochthonous material
to the bottom of the four lakes for comparable time periods is presented
in Table 1. It is difficult to generalize from these results, for
each of the four lakes represents distinct local characteristics. Thus
station 2 in Lake Washington is strongly influenced by inputs from the
Evergreen Point Bridge. Basic differences in the lakes are shown by

elemental fluxes, percent contents, and ratios of carbon:nitrogen,
nitrogen:phosphorus, and carbon:phosphorus. Thus, the sediment trap
data indicate that.a major input to Findley Lake is allochthonous organic
while in Chester Morse Lake inorganic inputs from either bottom sediment
resuspension or from allochthonous sources are predominating. The sedi=
mentation data from Lake Sammamish indicates the relative importance of
inputs, expecially phosphorus and iron, from sediments brought about by
the reduction of Fe + and dissolution of phosphorus in the oxygen-depleted
sediment-water interface.

With regard to total sedimentation there is little relative difference
between the lakes with the exception of Findley Lake, which shows appre-
ciably smaller sediment flux. Also with the exception of Findley Lake,
where large allochthonous carbon inputs are occurring, there is little
difference in carbon fluxes measured for the lakes. The nitrogen fluxes
in Chester Morse and Findley Lakes are approximately half those of lakes
Sammamish and Washington, reflecting the nitrogen poor watershed environ-
ment. In contrast to low nitrogen content, the phosphorus content of
sedimented material in Findley Lake is relatively high, but not appreciably
different from those of Lakes Washington and Chester Morse. Lake

Sammamish shows both the highest flux and content of phosphorus, empha-
sizing the importance of the bottom sediment--derived phosphorus through
Fe3+ reduction. Both phosphorus and iron are redeposited in Lake



Sammamish hypolimnion upon oxydation of Fe2+ and precipitation of ferric
hydnocyphosphates. The significantly higher iron contents of sedimented
material in Chester Morse Lake further indicate the possibility of sedi-
ment resuspension. No generalization can be made relative to C:N and
C:P ratios in the traps except that in Findley Lake these ratios are two
to four times higher than in the other lakes, indicating the high allo-
chthonous organic inputs in the former lake. The N:P ratios are signifi-
cantly higher in Lake Sammamish as a result of phosphorus dissolution
from bottom sediments. Seasonal plankton sedimentation data not depicted
in Table 1 rank the lakes in the same order relative to productivity
as measured by carbon-14 assimilation: Lake Washington ' Lake Sammamish
> Chester Morse > Findley Lake.

Analysis of sediment trap samples for lead, copper, and zinc has confirmed
substantial inputs of these elements to the lake sediments. In Lake

Washington, the lead input as measured by the traps indicates that the
floating bridges and associated highway traffic are primary causes of
high lead concentrations in the sediments. In more remote areas of the
lake lead concentrations drop to 100-200 ppm, about one-tenth of that
of the bridge site. Lake Sammamish values of 50-250 ppm, are very
similar to Lake Washington nonbridge levels. Chester Morse lead levels
of 63-150 ppm are slightly lower than those in Lake Sammamish and may be
attributed to lessened urban intensity. Findley Lake, on the other hand,
has much higher lead values than either Chester Morse or Lake Sammamish--
possibly attributable to local mineralization but more likely due to
effects of research activity on this small, remote lake.

Zinc data also show strong evidence of anthropogenic inputs near the
bridge in Lake Washington, but even the background values away from the
bridge are higher than those in other lakes. Chester Morse and Lake
Sammamish values are similar although the range of values is considerably
greater in Chester Morse. Findley Lake zinc levels are generally about
half that of Chester Morse (55-184 ppm). Copper levels show patterns
similar to zinc, with the ranges in the larger three lakes almost identi-
cal and Findley levels about a factor or two lower (16-70 ppm).

Tables 2 and 3 present detail bottom sedimentation data for Findley
Lake by season and station in mg per m2 per day (Table 2 ) and in
g per m2 per growing season 28 June-27 September (Table 3 ). An est-
mated annual daily sedimentation rate was computed and presented in
Table 2 On the basis of this sedimentation rate (174 mg per m2 per
day) and assuming that sedimented material at the lake bottom has a
density of 1.05 g per cm3 and contains 90% water, a sedimentation rate
of about 0.40 mm per year was calculated. This rate compares well with
the 0.27 mm per year rate calculated by Adams (1973) from pollen analysis.
Tables 4 and 5 show some of the physical and chemical characteristics
of the Findley Lake sediments (10 cm deep). Comparison of C:N ratios of
sedimented material with those of surrounding soils of the watershed
indicates that a certain nitrogen enrichment occurs in sediment. Nitrogen
immobilization in Findley Lake may be due to nitrogen uptake by microbial
organisms on litter during late summer and fall, when relatively energy
rich material is entering the lake. Such nitrogen immobilization, if
it actually occurs, could explain the low inorganic nitrogen levels



measured in the lake in late fall and could be responsible for the
nitrogen enrichment of sediments.

The sediment nutrient regeneration studies in Lake Sammamish involved

the incubation of six sediment-water columns in enclosed cylinders in
situ. Starting in the fall of 1972, water samples were removed from
the columns at irregular intervals over a 180-day period and analyzed
for total phosphorus and total soluble phosphorus, total and soluble
iron, dissolved oxygen, and alkalinity. Specific conductance, pH, tem-

perature, total nitrogen, total soluble nitrogen, N03-plus-N02-N and
NH4-N were also monitored. This experiment was repeated in the spring
of 1973 employing the same methods, except sampling was at 10-day inter-
vals over a 30-day period.
Representative results of the release of total soluble phosphorus and
iron and total phosphorus and iron from the Lake Sammamish sediments
into two in situ incubated lake water--sediment columns are presented
in Figures 1 and 2 (F. C. Monahan pers. commun.). The oxygen
depletion data are also depicted. Figure 1 represents data for the
fall 1972 to spring 1973 incubation study while Figure 2 . represents
results from the 30-day spring 1973 experiment. Differences in the
rates of phosphorus and iron release as well as oxygen depletion depicted
in these two figures are easily attributable to the distinct temperature
regimes observed in the lake water during the winter and spring incubations.
There was approximately 10°C difference in the water temperature between
the two experiments; the lowest and highest temperatures measured were
7°C (winter 1973) and 15° to 18°C (spring 1973), respectively.

The oxygen content of the columns was depleted relatively rapidly. The

oxygen level decreased from initial levels at about 6-10 to less than
3 mg/l within 30 days and subsequently dropped to as low as 0.7 mg/l
in some columns. The measured oxygen values may have been higher
than actual levels because of sampling difficulties. No differences
were observed in the oxygen levels in opaque and transparent columns
indicating photosynthetic processes were either absent or insignificant.
The loss of oxygen was accompanied by increases in phosphorus, iron,
and nitrogen contents. Conductively and alkalinity increased while pH
decreased to 6.8 in most cases.

Total phosphorus increased in most of the columns to about 200 ig/l
±20 ug/l, while soluble phosphorus increased to 140 ug/l ±10 jig/].
Total iron increased in most of the columns to 2.1 mg/l ±0.2 mg/l,
while soluble iron increased to 1.50 mg/l ±0.1 mg/l. Generally, the
total phosphorus and total soluble phosphorus curves paralleled each
other, coinciding with reduction of Fe+3. Purging the columns with
N2 affected the rate of oxygen depletion and subsequent rate of release
of nutrients but not the magnitude of release. The high iron content
measured in the columns under nearly complete anoxic conditions increased
the sensitivity of the systems to any possible oxygen intrusion. Thus,

in some of the column systems, iron and phosphorus were found to decrease
following their peak concentrations as a result of the precipitation of
ferric hydroxy and/or ferric hydroxphosphate compounds.



With respect to nitrogen, N03-plus N02-N generally decreased on the columns
but did not disappear. In most cases NH4+-N was initially increased to
between 150 to 180 jig/] before decreasing to values less than 100 ug/l. In
general it was found that total inorganic nitrogen increased 20.~25 ahovo

the initial levels followed by a marked decrease in the later staocs of
incubation. This decrease represented a 40%-50% loss of the initial in-
organic nitrogen contents. It appeared that as the anoxic conditions
became more pronounced, there was a loss of nitrogen from the system by

biological and/or chemical denitrification.

The maximum rates of phosphorus release were from 4-6 mg per m2 per day
at temerpatures between 6° and 10°C and increased to 11-15 mg per m2 per
day at temperatures between 10° and 18°C. The maximum amount released
was not a function of temperature.

The release of phosphorus in the columns increased to a maximum between
550 and 600 mg/m2 for total phosphorus and 350 and 400 mg/m2 for total
soluble phosphorus. These values compared well with those obtained for
the lake but were 50%-60% lower than those in a laboratory experiment
conducted at 25°C under completely mixed and anaerobic conditions.

Despite this discrepancy in the magnitudes of release, the soluble
phosphorus/total phosphorus and soluble iron/total iron ratios compared
well for the in situ and laboratory experiment, further emphasizing
the role of the ferrous-ferric iron coupling in the control of phosphorus

concentrations. In all three systems, lake, in situ, and laboratory,
the relations of soluble phosphorus/total phosphorus to soluble iron/.
total iron were similar.

Comparison of the maximum amounts of phosphorus in the in situ column
and in 30-m-deep lake water column to the surface (10 cm deep) sediment
phosphorus contents revealed that as much as 19%-20% of the sediment
phosphorus was released in both cases. The corresponding maximum iron
values in the water columns represented 4%-5% of the amount of iron
in the surface sediments.

It can be concluded that sediment phosphorus release is a primary input
factor in the dynamics of phosphorus in the lake. The release of

phosphorus from the sediments could supply enough phosphorus to support
summer production in Lake Sammamish provided that a lake mixing mechanism
were available to supply hypolimnetic phosphorus to the photic zone.
About 75% of the total phosphorus released into the hypolimnion of the

lake is supplied by the sediments, on the basis of the in situ column
study results. The lack of response in the trophic status of Lake
Sammamish following sewage diversion in 1968 could very well be
attributed to this demonstrated ability of lake sediments to supply
large amounts of nutrients to the lake water column. It will be diffi-

cult to anticipate any changes in the nutrient status of the lake
within a time period comparable to that observed in Lake Washington case,
as long as hypolimnetic oxygen deficits continue during stratified

periods.



The significance of the in situ study is that it indicated that compari-
sons can be drawn between laboratory and in situ studies. If the

laboratory studies are done under comparable conditions, the results
can be extrapolated to the natural system.



Table 1. Total sediment, C,, N, P and Fe fluxes in milligrams per square meter per day, percentage of C,
N, Pand Fe contents, and C:N, N:P, and C:P ratios of sedimented material 2 m off bottom at nearshore and
pelagic stations of Lakes Chester Morse (CM), Findley (F), Washington (W) and Sammamish (S) during the

year 1973 (P. B. Birch, R. S. Barnes, personal communication).

ndkL De th Total C N P Fe Ratios ofe aa
station

p
(mm) Date sediment (flux) (%) (flux) (y) (flux) (%) (flux) (X) C:N N:P C:P

CM-1 23 22 Apr-
15 Sep 685 41.4 6.1 4.9 0.72 1.02 0.15 31.0 4.5 8.5 4.8 41

CM- 2 28 22 Apr-
25 Sep 657 53.6 8.1 6.8 1.03 1.67 0.26 34.0 5.1 7,8 4.1 32

F-1 12 13 Apr-
27 Sep 263 78.9 30.0 2.9 1.09 0.52 0.20 2.5 0.9 28.0 5.5 153

F-2 24 13 Apr-
27 Sep 165 47.2 28.6 3.0 1.81 0.47 0.29 4.8 2.3 16.0 6.3 100

W-4 11 19 Apr-
7 Sep 463 30.2 6.1 4.9 1.06 0.73 0.16 8.8 1.9 6.1 6.7 41

W- 2 60 28 Apr-
6 Sep 953 56.2 5.9 9.9 1.04 1.60 0.17 25.0 2.6 5.6 6.2 35

S-i 17 18 May-
21 Sep 247 45.9 18.6 4.9 2.00 1.50 0.61 4.5 1.8 9.4 3.3 31

8-2 28 7 Apr-
8 Oct 582 43.9 7.5 7.2 1.24 1.71 0.29 13.3 2.3 6.2 4.2 26



Table 2. Total sediment, C, N. and P fluxes in milligrams per square meter per day, percentage of C,
N and P contents, and C:N, N:P, and C:P ratios of sedimented material 2 m off bottom as a function of
season and station in Findley Lake during the year 1973 (Birch,1974, R. S. Barnes pers commun.)a

Total
Depth sedi- C

Stn. (m) Date ment (Flux) (X) (Flux) (%)

1 12 3-27 Mar 109
1 12 27 Mar-13 Apr 100
1 12 13 Apr-24 May 87

Station average b 96

2 24 13 Apr-24 May 26

Stn. 1 & 2 period average 61

ICE-COVERED PERIOD
8.1 7.5 0.86 0.78

34.1 34.10.86 0.86
24.3 23.31.92 2.21
19.4 20.21.40 1.45
8.5 32.7 1.02 3.93

14.0 23.01.21 1.98

1 12 24 May-28 Jun 639
2 24 24 May-28 Jun 416

Stn. 1 & 2 period average 528

1 12 28 Jun-27 Sep 199
2 24 28 Jun-30 Jul 112
2 24 30 Jul-27 Sep 156

Station average 140

3 12 28 Jun-30 Jul 74
3 12 30 Jul-27 Sep 316

Station average 232

ICE-MELTING PERIOD
262.0 41.2 4.47 0.70
141.0 33.9 5.44 1.31

201.5 38.24.96 0.94
SUMMER

35.3 17.7 2.67 1.34
20.7 18.5 2.95 2.63
33.2 21.32.92 1.87
28.8 20.5 2.93 2.09

13.7 18.6 2.02 2.73
37.3 11.8 4.13 1.31

29.1 12.5 3.40 1.47

P Ratios of
(Flux) (X) C:N N:P C:P

0.11 0.10 9.4 7.8 73.6
0.11 0.11 39.7 7.8 310.0
0.28 0.32 10.6 6.9 72.5

0.19 0.20 13.9 7.4 102.1

8.3

0.19 0.20 11.6 7.4 102.1

0.59 0.09 58.6 7.6 444.1
0.69 0.16 25.9 7.9 204.4

0.64 0.12 40.6 7.8 314.8

0.59 0.30 13.2 4.5
0.37 0.33 7.0 8.0
0.41 0.26 11.4 7.1

0.40 0.28

0.28 0.38
0.83 0.26

59.8
56.0
81.0

9.8 7.3 72.0

6.8 7.2 48.9
9.0 5.0 44.9

0.64 0.28 8.6 5.3 45.5

4 6 28 Jun-27 Sep 214 26.5 12.4 2.55 1.19 0.36 0.17 10.4 , 7.1 73.6

Stn. 1, 2, 3, & 4 period
average 196 30.0 15.32.89 1.47 0.50 0.25 10.4 5.8 60.0

ESTIMATED ANNUAL DAILY SEDIMENTATION, MARCH 1973-MARCH 1974c
All stations 174 39.1 22.5 2.38 1.37 0.40 0.23 16.4 6.0 97.8

aWeighta are given on oven-dried (105°C) basis. bAll average values are time weighted. CFor this es-
timation it was assumed that daily sedimentations for the periods 27 September-15 November and 15
November (lake freezing)to 3 March 1974 were the same as station 3 (30 Jul-27 Sep) and station 1 and
2 (3 Mar-24 May), respectively.

N



Table 3. Summer autochtohonous (AT), allochthonous (AL) and total (T)

sedimentation fluxes in grams per square meter, C, N and P contents, and
C:N, N:P-and C:P ratios of sedimented material at 2 m off bottom as a
function of station in Findley Lake, 28 June-27 September 1973.a,b

Type
of Total C N P Ratios of
Flux Flux (Flux) (°6) (Flux) (L) (Flux) (%) C:N N:P C:P

Total 12.7
AT

Total 18.1
AT
AL

Total 15.4

AT
AL

Total 21.1

AT
AL

Total 19.5
AT
AL

Total 17.9
AT
AL

2.60 20.5
1.44
1.16

3.21 17.7
1.14
2.07

2.91 18.9
1.29
1.62

2.65 12.6
1.72
0.93

2.41 12.4
1.20
1.21

2.66 14.9

1.43
1.23

DEEP SUBBASIN, STATION 2 (22 m deep)

0.27 2.13 0.040 0.32 9.6 6.8 65

0.24 0.034 6.0 7.0 42.4

0.03 0.004 40.0 7.0 290.0

DEEP SUBBASIN, STATION 1 (12 m deep)

0.24 1.33 0.054 0.30 13.4 4.4 59.4

0.19 0.027 6.0 7.0 42.2
0.05 0.007 40.0 7.0 295.7

DEEP SUBBASIN, AVERAGE OF STATION 1 and 2

0.26 1.69 0.047 0.31 11.2 5.5 61.9

0.22 0.031 6.0 7.0 41.6

0.04 0.006 40.0 7.0 270.0

SHALLOW SUBBASIN, STATION 3 (12 in deep)

0.31 1.47 0.058 0.28 8.6 5.4 45.7

0.29 0.041 6.0 7.0 42.0

0.02 0.003 40.0 7.0 310.0

OUTLET SUBBASIN, STATION 4 (6 m deep)

0.23 1.18 0.033 0.17 10.5 -7.0 73.0

0.20 0.029 6.0 7.0 41.4

0.03 0.004 40.0 7.0 302.5

WHOLE LAKE AVERAGE, ALL STATIONS

0.27 1.51 0.046 0.26 9.9 5.9 57.8

0.24 0.034 6.0 7.0 42.1

0.03 0.004 40.0 7.0 307.5

aFor original data see Table 3.
bThe proportion of total deposition to autochthonous and allochthonous was based

on the assumption that the autochthonous C:N:P and allochthonous C:N:P ratios
were 42:7:1 and 280:40:1, respectively.

is



Table 4. Eh and pH values, moisture contents, particle size distribution, and cation exchange
capacity of Findley Lake surface (10 cm deep) sediments (Lanich 1972).

Depth Eh
Moisture
cont t

Size distribution
M

en CEC
Station (m) pH (volts) M Sand Silt Clay (meq/100 g)a

1 25 6.5 +0.350 87 25 43 32 22.7

4 7 6.0 +0.355 86 28 51 21 3.9

5 9 6.7 +0.425 74 34 33 33 7.2

2 5 6.1 +0.280 66 77 14 9 8.7

3 14 6.5 +0.205 86 48 30 22 12.1

aExpressed on oven-dried (105°C) weight.



Table 5. Carbon, nitrogen, phosphorus, and iron contents of Findley Lake surface (10 cm deep)
sediments (Bauer 1971, Horton 1972)a.

Station
Depth
(m)

Total C

(%)b

Exchangeable
NH4-N -

(ug/g)

Total N
(X)

Total P

(X)

C:N
ratio

N:P

ratio

C:P
ratio

Fe

W
Fe:P

ratio

1 25 11.5 72 0.72 0.14 16.0 5.1 82 2.7 19.3

4 7 7.0 11 0.56 ' 0.08 12.5 '7.0 88 1.6 20.0

5 9 3.5 4 0.26 0.12 13.5 2.2 29 4.4 36.7

2 5 11.5 10 0.61 0.08 18.9 7.6 144 2.0 25.0

3 14 9.0 54 0.64 0.10 14.1 6.4 90 1.6 16.0

aExpressed on oven-dried (105°C) weight.

binorganic C was less than 0.1X.



Figure 1 Replicate for sediment phosporus release and
associated iron and oxygen data for Lake
Sammamish sediments in May and June, 1973.
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Figure 2. Replicate for sediment phosphorus release and
associated iron and oxygen data for Lake
Sammamish sediments from October 1972 to May
1973.
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