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ADDENDUM

The discussion in paragraphs l and 2, p. 44 and 2, p. 49 needs clari-
fication. The rates of nitrification reported from changes in NO, + NO,
concentration in situ were calculated using the first order growtg equation,
Ne = Noekt For Nt = 183 ug 171, No = 80 ug 1 -l and t = 0.106 days, the
rate contant (k) is 7.8 day~ 1, These concentrations were determined by
subtracting dilution corrected concentrations from those observed. The
assumption for using that equation is that nitrifying bacteria increase
in proportion to the NO3 + NO2 formed.

The more conventional procedure for determining the first order rate
using NOS + NO7 accumulation is N_ = No(1 =~ e'kt), where N, is the ultlmate
_concentration possible or the maximum NH+ concentration available and N
~the NO3+NO; content at time t. ThlS equatlon assumes that nitrification is
limited (controlled) by the NH4 concentration. For a theoretical maximum

NHP-N concentration, after complete dilution, of 1960 ug 1‘ (Table 6,

19§3+7), and an_observed accumulation of 103 ug 1-1 + N02 “~N
(183 - 80 ug 1 1) over a 0.106 day travel time, K O gZ day™ =1, That is
similar to the rate calculated by Yake (1981) where he expressed No and NE

as effluent concentrations corrected for dilution, i.e., 13 and 1.9 mg 17
respectlvely.

Our principal contention is that the nitrification rate in the Duwamish
‘is more realistically expressed by a zero order reaction. Whether nitri-

fying bacteria are presently limited by NH+ has not been demonstrated,
however,

o
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INTRODUCTION

The Duwamish River estuary is located in King County, Washington and dis-
charges to the salt waters of Elliot Bay and Puget Sound at the City of Seat-
tle. Prior to 1906 the freshwaters of the White, Black and Green Rivers
entered the Duwamish estuary. Diversion of the White River in 1906 and the
Black River in 1916 reduced the size of the Duwamish drainage area by one-
fourth to its present 777 kmz. The Howard Hanson Dam, constructed upstream on
the Green River in 1962 at Eagle Gorge; provides flood control and augments
summer low flow by release of water from the reservoir to maintain a minimum
instream flow of 3.1l m> sec™! (110 cfs) downstream of the City of Tacoma's
municipal diversion. This flow has been dec]ared'inadequate for fish require-
ments by the State Game Department (DOE, 1980) and a minimum fiow of

3

8.49 m sec'1 (300 cfs) has been established by the State Instream Resources

Protection Program (WAC 173-509).

The Green-Duwamish River bésin, as it is sometimes referred to, has an
annual runoff of approximately 117 cm (46 inches). Annual average streamflow
is approximately 45.3 m3 sec'1 (1600 cfs). Seasonal runoff has been character-
jzedsby Richardson et al. (1968) as high winter, moderate spring, and sus-
tained Tow flows during summer months. The upper basin is important as a
municipal water supply for the City of Tacoma while the tidally influenced
lower Duwamish is an important industrial area. It has been estimated that

runs of Duwamish steelhead and salmon are worth more than $10 million annually

(METRO, 1981).



The lower portion of the estuary (below approximately river km 10) has
been dredged to an average depth of 10-15 m and averages 160-230 m in width
(Harper-Owes, 198la). The upper portion of the estuary (km 21-10) has been
characterized as a tidally influenced river that experiences flow reversals
during Tow freéhwater flow and high tides (Fischer, 1968). A saltwater wedge
is present throughout the dredged portion during low tide except during peri-
ods of high river flow. At high tide and during periods of low Eiver flow the
safine wedge reportedly may extend upstream as far as riVer km 16 (Santos and
Stoner, 1972). Tidal range of the Duwamish averages about 3 m at El1liot Bay.

The river km index system used in this study places river km 0 at the
northern tip of the west bank of the West Waterway (Dawson and Tilley, 1972).
Other workers (Bernhardt, 1981; Yake, 1981) have utilized an index that
assumes river km 0 to be located 1.4 km upstream of this point.

The Duwamish estuary reportéd]y is the single most important site of pol-
lution in ﬁuget Sound (Malins, personal communication) with the two most impor-
‘tant pollutants recovered from sediments being arsenic and lead. Histopatho-
logical effects of these and other pollutants on bottom fish in the estuary
have been reported. Pelagic cod and salmon examined from E1liot Bay showed no
such pathology (Ma]ins.gg_gl., 1982). Others have catalogued pollutant loads
to the estuary (Harper-Owes, 1981b) and the source of such pollutants appears
to be chiefly related to industrial activity along the lower estuary.

This study focused on the lower 21 km of the Green-Duwamish River system
and examined the fate and potential effect of ammonia discharged to the
estuary from the Renton Wastewater Treatment Plant (RTP) located at river km

20.5. The plant is a secondary treatment facility utilizing an activated
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sludge process with a design capacity of 94,6 m3 min'l. Waste sludge is

transported to the West Point, Seattle treatment .plant for digestion and
disposal. Dechlorination of discharged effluent is by means of 562 injection.
The ammonium concentration of the effluent characteristically ranges from
10-15 mg N 1'1 and during extremely low river flow periods (approximately

3 sec'l) the effluent may presently comprise one-fourth of the total flow.

6 m

Ammonia has been shown by many authors to be toxic to aquatic life (War-
ren, 1962; Ball, 1967; Emery and Welch, 1969; Thurston and Russo, 1981; and
Buckley, et al., 1979). A criterion of 20 ug 1-1 as unionized ammonia (NH3)
has been established (USEPA, 1976) and includes a teh-fo]d safety factor for
sublethal chronic effects on fish and other 1ife forms. Much higher concentra-
tions are required for short-term lethal effects. The concentration of union-
ized ammonia in solution is a function of the concentration of total ammonium,
pH, temperature and the ionic strength of the solution. Thus, each factor
should be considered when determining the toxicity or potential toxicity of a
given discharge to the receiving stream.

This study was designed to examine nitrification in the estuary and to
evaluate the potential for toxicity of unionized ammonia to migrating and resi-
dent fish. This was initiated‘because of a proposal to double the quantity of
effluent discharged to the estuary by the year 2000 (METRO, 1978). Recently
METRO (Municipality of Metropolitan Seattle) has decided to remove the entire
effluent from the estuary and discharge it to Puget Sound. Nevertheless, a
better understanding of nitrification in the Duwamish and its effect on the
toxicity potential of ammonia as well as oxygen depletion should contribute to
the prediction of such effects in other estuaries and similar filowing water

systems.



- Specifically, the objectives in this study were to: 1) identify zones
and sites of nitrification within the Duwamish River estuary downstream from
the RTP; 2) determine if sediments in the estuary act as a source of ammonium
to overlying waters; 3) determine to what extent, if any, nitrification may be
inhibited by sa]inity; and 4) evaluate the potential toxic effect of unionized

ammonia discharged to the estuary due to expansion of the RTP.



MATERIALS AND METHODS

Nitrifying Bacteria

Viable autotrophic nitrifying organisms of the genus Nitrosomonas and

Nitrobacter were enumerated by the MPN (Most Probable Number) method (Alexan-
der, 1965) using the media described by Matulewich et al. (1975). Water and
sediment samples were collected intermittently during 1980 and 1981 (8/28/80,
7/30/81, and 11/19/81) from six estuary stations located at the following
river kilometers; 5.6, 7.7, 10.0, 13.2, 17.9, and 21.0 (Figure 1). Stations
were selected based on. their equal distribution throughout the estuary, ease
of éccess and on historical usage of the sites in previous studies (Santos and
Stoner, 1972). A

Surface water samples were collected using sterile plastic "whirlpacs”
while a Van Dorn sampler was used for subsurface samplés. Sediment samples
were co]lecfed with ‘an Ekman dredge or piston corer and material from the sedi-
ment-water interface (0 - 1 cm) was placed in sterile "whirlpacs" for later
analysis.. All samples were placed on ice for transport to the laboratory
where they were stored at 4° C for 10-12 hours prior to analysis.

Serial ten-fold dilutions of each innoculum (10 h]) were prepared using
sterile phqsphafe buffer (APHA, 1976). One ml portions of each dilution were
then transferred to three‘replicate tubes of each dilution containing 6 ml of
sterile nitrite or ammonium medium. Tubes were then incubated in the dark at
28 +1° C. The tubes wefe-examihed every 15-20 days for a total duration, in
nearly all cases, of at least 60 days for the presence or absence of viable
nitrifying organisms by utilizing a spot plate and NOZ' test reagent (Strick-

land and Parsons, 1972). A small amount of inoculated medium was placed in a
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spot plate depression and one or two drops of NOZ' test reagent were added.
Depending on the media, the presence or absence of red color is indicative of
nitrifying activity. Nitrite medium showing no color upon the addition of

NOZ' reagent would be considered positive for active Nitrobacter spp. (NOZ' oxi-
dized to N03'), while the presence of a red color in NH4+ medium would indi-

cate active Nitrosomonas spp. (NH4+ oxidized to NOZ'). MPN values were com-

puted according to isolation and enumeration methods of USEPA (1978).

Nitrite and ammonium media had an initial salinity of 6 %/00. 1In order
to test the inhibitory or stimulatory effect of salinity on the organisms
recovered from the estuary the media were modified by increasing the salinity
to 12 °/00 and 19 %/00 with filtered seawater (previously shown to be Tow in
NOZ' at less than 10 ug 1'1). Samples of sediment and water were collected
fran four estuarine stations and were examined using the previously described

MPN methods.

Interstitial Ammonium

Replicate cores (3.5 cm ID) were collected from six estuary stations
intermittenf]y during low flow periods of 1980 - 1981. A piston corer was
utilized on the lower estuary déep water stations (5.6, 7.7, 10.0 km) while
hand-held polycarbonate coring tubes (3.5 cm ID) were used on the shallower
three upriver stations (13.2, 17.9, 21.0 km). Collected samples were returned
 to the laboratory where incremental core sections (0-3, 3-6, 6-9 cm) were
removed from the core tubes. Pore water was squeezed and filtered (0.45 um
membrane filters) from each section under a nitrogen atmosphere at ambient
temperature. The interstitial waters were then analyzed for NH4+-N and

NO,”+NO5™-N.



Analytical

Water column samples were filtered through 0.45 um membrane filters (Mil-
1ipore Corp.) and stored frozen in 60 and 120 m! polyethylene bottles prior to
analysis. Amﬁonium nitrogen (as NH3-N) was analyzed using the colorimetric,
automated phenate procedure (USEPA, 1979) while N02-+N03'-N was determined by
~ the colorimetric, cadmium reduction method (USEPA, 1979). Total Kjeldahl
nitrogen was analyzed by the colorimetric, semi-automated block digester,

AA II method (USEPA, 1979). The nitrogen samples were analyzed using a Techni-
con AA II Auto Analyzer and standard manifolds for nitrate, nitrite, ammonia
and total nitrogen.

In situ measurements of specific conductance, salinity and temperature

were recorded in the water column at one meter intervals using a YSI (Yellow
Springs Instruments) Model 33 S-C-T meter. The pH was measured on samples col-
lected using a portable meter (Extech Model 609). Dissolved oxygen was mea-

sured using the azide modification of the iodometric method (APHA, 1976).

Spatial and Temporal Surveys

In order to examine in situ changes of ammonium over time and travel down

the estuary, diurnal surveys were.conducted during low flow periods of 1981.
The first was a 23-hour time of travel drogue survey conducted on September
2-3, 1981, At high tide (8:23 p.m.) on this date a drogue was placed in the
river approximately 200 meters above the effluent outfall of the Renton sewage
treatment plant. The drogue was started in midstream, but sometimes had to be
returned to midchannel due to eddies and bends in the river that tended to
slow its downstream progress. While following the drogue downstream by boat,

water samples were collected and filtered for chemical analysis every hour
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throughout the 23-hour period. In addition the following parameters were mea-
sured; temperature, pH, salinity, specific conductance, and dissolved oxygen.
The fo1lowing‘chemica1 analyses were performed on the samples collected; total
Kjeldahl nitrogen, NH,"-N, N0, -N, and N0, -N. |

On October 15-16, 1981, a 24-hour survey was conducted in which samples
were collected every hour at an estuary station located 9.6 km downstream of
the Renton Sewage Treatment Plant discharge and 10.4 km above the estuary

mouth. Physical and chemical determinations were similar to those in the Sep-

tember 2-3, 1981 survey.

In Vitro Sediment Experiments

Bottom sediments were collected (25 August 1981) with an Ekman dredge at
midstream at the head of commercial navigation in the estuary (km 10.0).
These surface sediments were combined and homogenized. Three liter glass
beakers were utilized as experimental chambers in which to observe the evolu-
tion/removal of ammonium from sediments to/from overlying waters and for the
effect(s) of salinity on nitrification. Approximately 400 g (dry weight) of
sediment were placed in each of 12 chambers and water from two different estu-
ary sites, i.e. different salinity, was added to replicate chambers. Salinity
of water in one series of six chambers was approximately 4 /00 and in the sec-
ond series about 20 %/0o. Each series of six chambers was then treated accord-
ing to the following: two received addition of N-Serve, (1 mg 1-1, Dow Chemi-
cal) to inhibit nitrification, two received streptomycin (70 mg 1'1) to
inhibit all microbial activity (protein synthesis) and the final two chambers
remained untreated.

The chambers, with sediment and water added, were allowed to equilibrate

for 24 hours, after which filtered, ammonia-free air was slowly bubbled
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(without disturbing sediments) through the water of the chambers to maintain
aerobic conditions throughout the experiments. Chambers were darkened,
covered with aluminum fdii to limit evaporation and incubated at 22 + 3° C.

At days 1, 3, 6, 9, 15, and 23, 100 ml of water were removed from each cham-
ber, filtered and analyzed for NOZ'-N, N03'-N, and ammonium. Removed water
was replaced with_fi]tered water corresponding to the salinity of waters added
to the tanks on day zero. The concentrations of nitrogen species were plotted
for replicate chambers over the 23-day period and rates of ammonium evolution/

removal and nitrification were éalculated from observed data.



RESULTS AND DISCUSSION

Nitrification

The Process
There are seven generally recognized genera of nitrifying bacteria noted
in Bergey's Manual (Buchanan and Gibbons, 1974). The two most important gen-

era are considered to be Nitrosomonas and Nitrobacter. The oxidation reac-

tions carried out by these organisms are as follows:

. + - +
Nitrosomonas: NH4 + 1-1/202 > NO2 + H20 + 24

Nitrobacter: NO2 + 1/202 > NO3
There are intermediate products produced but reportedly their conversion is
rapid and they do not tend to accumulate under fully aerobic conditions (Alex-

ander, 1965). Direct measurements of 0, utilization by Nitrosomonas and Nitro-

bacter (Wezernak and Gannon, 1967) are shown below and differ only slightly
from the actual stochiometric values:
1.) 3.22 mg 0, mg'1 NH4+-N oxidized to N02'-N
2.) 1.11 mg 0, mg™" N0, -N oxidized to No3™-N
Total 4.33 mg 0, mg™" NH,*-N oxidized to N0y ~-N
Rheinheimer (1974) has noted that the efficiency of these reactions is very

low, e.g. the efficiency of Nitrobacter winogradsky is reportedly about 10-11

percent. The nitrifying bacteria are obligate chemoautotrophs, i.e. they do
not use organic nutrients as energy or carbon sources. Relative to other bac-

teria, growth of these organisms is quite slow. Nitrosomonas europaea has

been shown to have a generation time of seven hours (Alexander, 1965). Lees

(1954) has shown the optimum pH for Nitrobacter to be 7.7 while 0, uptake
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dropped to near zero at a pH of approximately 9.5. For Nitrosomonas, the pH

optimum was 8.6 with the rate of 0, uptake falling to near zero at pH 9.6, It
was also noted that ammonia oxidation proceeded rapidly at pH levels down to
6.5. Srna and Baggaley (1975) reported optimuﬁ pH for nitrification to be
7.45 with a range of 7.0 to 8.2.

Zones and Sites of Nitrification

Autotrophic nitrifying bacteria were isolated from sediments and the
water column in the estuary during 1980 and 1981 in order to identify the
site(s) of nitrifying activity and to determine if nitrifying bacteria may be
inhibited (or enhanced) by salinity. During low freshwater flows and high
tidal conditions the salt-water wedge extends upstream to approximately km 16.
Such an occurrence might be expected to affect nitrifer activity (and, as
noted later, ammonium release from sediments)vif the nitrifiers normally accli-
mated to freshwater, are intolerant to saline conditions. It was noted in
studies conducted in the estuary in 1979 that lower in vitro rates of nitrifi-
cation were obtained for saline estuarine waters than for freshwater (Welch
and Trial, 1979). |

Sediment and overlying water column samples were collected from six
estuary stations on 8/28/80 for enumeration of nitrifying bacteria. Compari-
son of MPN estimates for water and sediment‘nitrifiers at successive sites
between km 21.0 and 5.6 indicated that nitrifiers were anywhere from about one
to five orders of magnitude more abundant in sediments than in the water phase
(Table 1). Sediment nitrifiers generally showed a decrease in numbers as one
moved downstream with water column numbers showing a general decline below km

10.0 (Figure 2).
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Table 1. Abundance of sediment and water column nitrifying bacteria from
samples collected 8/28/80 and reported as MPN ml-1 after 127 days
incubation. Sediments from Stations 13.2, 17.9, and 21.0 were
collected at near-shore sites at low tide while sediments at Sta-
tions 10.0, 7.7, and 5.6 were collected from deep water using a
piston cover. ‘

NITROSOMONAS
Station 5.6 . 7.7 10.0 13.2 17.9 21.0
Surface --- --- 76 46 29 < 4
1m 29 46 -—- - —— ' —-
B+1m 4 < 4 29 -— —_——— ' _——
Sediment 760 - 2,860 28,600 45,700 286,000 198,000
NITROBACTER
Surface -—- - 10 10 10 < 4
1m o 4 4 | - - _—— ——
B+1m < 4 < 4 10 -——- _—— ———
Sediment 4,570 2,860 11,000 28,600 286,000 76,000
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Figure 2. Abundarice of Nitrosomonas and Nitrobacter spp. isolated
from sediments and water column of the Duwamish River
estuary, 28 August 1980.
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The high numbers of sediment nitrifiers found at km 21.0; a station
upstream from the effluent outfall, was surprising since water column ammonium
concentrations were previously shown to be fairly lTow (< 50 ug 1'1) (Welch and
Trial, 1979) as were concentrations of NOZ'-N (< 10 ug 1'1); Upriver N03'-N
concentrations (approximately 400 ug 1'1) may be indicative of upper basin
nitrification and are typical of Puget Sound area freshwater. Groundwater
inputs may also be expected to contribute significantly to N03'-N present.

In this regard Billen (1975) notes that simple counts of nitrifying bac-
teria cannot be used to indicate the activity of the organisms since dormant
bacteria may be present in sediments or water. Simple counts, such as
reported here, can be used to demonstrate the potential for activity and com-
bined with measured rates of nitrification can demonstrate the important sites
of nitrification within the system.

If one accepts the argument of Tuffey, et al. (1974) that nitrification
does not occur in the water phase to any significant degree until numbers of
nitrifiers reach 103 to 104 organisms ml'l then it could be argued that signif-
jcant nitrification does not take place in the water column of the Duwamish
since numbers did not exceed 102 in samples collected during the 8/28/80 sur-
vey. This was a period of 1ow.flow (8.6 m3 sec'l) and relatively moderate
water temperature (17.5° C). However, the occurrence and increase of N02' and
NO3-—N in the river below the effluent outfall indicated that nitrification
was proceeding at what appeared to be a fairly rapid rate. The bulk of ammo-
nium oxidation appears to have taken place at the sediment-water interface in
the estuary as evidenced by the iarge numbers of nitrifiers recovered from

estuarine sediments. This observation appears consistent with that of Curtis
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et al. (1975) who studied nitrifying bacteria in the Trent River Basin,
England and estimated that 80 percent of the NH4+ oxidation occurred in the
river sediments.

The relatively short downstream travel time in the upper estuary (e.g.,
at river discharge of 10 m sec™t and low tide a parcel of water travels from
km 20.9 to 11.1 in six hours) tends to pret]ude the growth of nitrifiers in
the water column because generation times are at least that 1qng. Thus, nitri-
fiers observed in the water column probably originate from populations in sedi-
ment.

The lower estuary has a longer water residence time and may favor water
column nitrifier activity but as discussed later such activity may be affected

by salinity, toxicity and dilutional effects of saline water.

Effects of Salinity

Salinity effect(s) on sediment nitrifer§ was examined by sampling sedi-
ments at various estuary sites which were expected to experience incursions of
the saltwedge during high tides and low freshwater flows. Sediments collected
on 8/1/81 were analyzed for nitrifier abundance. Salinity of the media was
altered by the addition of filtered (0.45 um) saline water that was low in
ammonium (50 ug‘l'l), nitrite and nitrate nitrogen (control tubes showed no ‘
reaction for nitrite). Salinity in normal ammonium and nitrite media was
6 o/oo. Adjusted media (plus saline water) had salinities of 12 o/oo and
19 °/o0.

Results of this enumeration experiment revealed that )ower abundance of
ammonium oxidizers was obtained from the higher saline media and river sedi-

ments above 10.0 km, while for sediment at km 10.0 the higher saline media
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yielded a greater abundance of ammonium oxidizers (Figure 3). Additionally,
nitrite oxidizers were shown to yield lower numbers in the higher salinity
media at all four stations sampled (Figure 4).

If these results, which are based on long-term effects (incubation time
of 30 days), are extrapolated to short-term (i.e., six hours) in situ effects
in the estuary it is probable that nitrificatibn activity in sediments would
decrease during upstream incursion of the salt-wedge. Ri?er flow reversal
caused by high tide coupled with a decrease in nitrifier activity could act to
maintain high river ammonium levels during periods of low river discharge.

Finstein and Bitzky (1972) have observed a series of relationships
between nitrifier activity and marine salts; effects ranged from inhibition at
low salt concentrations as well as in the absence of salts and a gradient of
effects occurred at intermediate concentrations. They also noted that the
environment of origin of the nitrifiers appeared to determine their ability,
or lack of it, to nitrify when subjected to various salt concentrations. The
organisms studied by Finstein and Bitzky were shown to acclimate towards an
increase of salts but not towards a lack of salts.

Longitudinal salinity distribution measured in the Duwamish estuary by
Dawson and Tilley (1972) has indicated the wide range of salinity between
tidal cycles that can occur over sediments during low freshwater discharge
(11.1 m3 sec'l).and high tidal range (4.1 m). For sediment at river km 10.0
the range is approximately 2 %00 to > 25 %700 and for sediment at km 13 the
salinity range is <1 %/00 to 14 %/oo (Figure 5). A

Nitrifying bacteria.isolated from km 10.0 appeared to be halophilic which
is consistent with the fact that saline wedge waters are present in the upper-

most dredged portion of the estuary during low river discharge. It is at this
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point in the estuary that the generally narrow and relatively shallow fresh-
water portion of the river enters the widened, deeper dredged channel of the
10Wer estuary.

A final examination of salinity effects on nitrifiers collected from the
estuary was made on water column sampies collected on 11/19/81 in order to
verify the observations from the 8/28/80 survey in the lower estuary which had
indicated low activity. River flow upstream of the effluent discharge was

1

recorded at 21.5 m3 sec™t on this date (USGS records) while instream

temperature varied from 8.5 to 10.5° C. Surface water samples were collected -
from five estuarine stations. In addition, water at one meter above th;
bottom was collected at two of these stations in the 1ower esfuary.

Again, enumeration methods were the same as previously noted with the
exception that regular media (6 o/oo salinity) and adjusted media (19 o/oo)
were used for testing saline effects on nitrifiers.

Results indicated that low numbers of nitrifying bacteria were present in
the water column at the time of the survey. Nitrite oxidizers wéfe recovered
only in media of 6 /00 salinity and then only at very low abundance at two
surface stations (Table 2). Ammonium oxidizers from surface watefs of the
four uppermost stations were shown to be adversely affected by the}19 °/oo
salinity media (a positive response in one case) while samples 1 m above the
bottom at the lower two stations and in both media showed identical MPNs as
did the surface waters sampled at the lowest estuary station {(km 7.7). Salin-
ity addition did not enhance recovery of the low numbers of water column nitri-

fiers collected from the lower estuary. Low abundance of nitrifiers observed
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} NITROSOMONAS
6 9/00 Salinity

} NITROSOMONAS
19 %/00 Salinity

} NITROBACTER
6 9/00 Salinity

} NITROBACTER
19 9/00 Salinity

Table 2. Abundance of water column nitrifying bacteria from samples col-
lected 11/19/81 and reported as MPN mi-1 after 63 days incuba-
tion. High (19 ©/00) and low (6 ®/00) salinity media utilized
to observe inhibition or enhancement by salinity.

RIVER km _ 7.7 10.0 13.2 17.9 21.0

Surface 29 46 46 46 4

Bottom + 1 m| < 4 4 - —— —

Surface 29 29 76 < 4 < 4

Bottom + 1 m| < 4 4 - _— -

Surface < 4 4 < 4 7 < 4

Bottom + 1 m| < 4 < 4 --- -— -—-

Surface < 4 < 4 < 4 < 4 < 4

Bottom + 1 m| < 4 < 4 J— --- ---
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in November could have been expected as witnessed by the previously low
numbers found in the survey on 8/28/80. The fact that counts were even lower
than in August may have been a result of dilution; 8.61 vs. 21.5 m3 sec'1
river discharge at the time of the 8/28/80 and 11/19/81 surveys, respectively.

Similarly, Somville (1978) attributed a decrease in nitrification rates near

the mouth of the Scheldt estuary to dilution and to an increase in salinity.

Effects of Temperature

Another factor involved in the lower recovery of nitrifying bacteria for
the 11/19/81 sufvey is believed to be temperature; 17.4 vs. 8.5° C mean
surface temperature for the 8/28/81 and 11/19/81 surveys respectively. Rhein-
heimer (1974) has noted in studies on the Lower Elbe that numbers of nitrify-
ing bacteria were strongly related to water temperature. A significant
increase in numbers occurred only above 10 to 15° C and during summer months
small temperature flucuations (2 - 3° C) were shown to elicit positive and neg-
ative responses in bacterial numbers. Rheinheimer also noted thaf Nitrobacter

is more strongly inhibited by 1light and poisons than is Nitrosomoﬁas. This

may also be important in the Duwamish as noted later in this répoFt.
Temperature has been shown to have a significant effect on nitrifier
activity and thus on rates of nitrification. Srna and Baggaley'(1975) have

reported in situ effects of rapid temperature changes on nitrification rates.

A rise of 4° C resulted in a 50 percent increase in NH4+ oxidation while a

1° C drop caused a 30 percent decrease. For N0,  oxidation, a 4° b tempera-
ture rise caused a 12 percent increase and a 1.5° C drop decreased the rate by
“eight percent. White et al. (1977) have noted that no measurable nitrifica-
tion occurred in a New York stream receiving nitrogenous wastes when the tem-

perature fell below 17° C.
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The relationship between temperature and nitrifier growth rate can be

described by the following equation (Stratton and McCarty, 1967):

_ (T-20)
where: KT = rate at temperature T
K20 = rate at 20° C
8 =1.09 and 1.06 for Nitrosomonas and Nitrobacter,

respectively

A somewhat different temperature effect Has been reported for those sedi-
ment bacteria responsible for converting organfc N to NH4+. Rheinheimer
(1974) has noted that the numbers of putrefying bacteria in water bodies sub-
jected to sewage have often been shown to be greater in winter than in summer.
The large increase in numbers of putrefactivé bacteria during winter months,
which could be due in part to lower death/grazing rates, reportedly helps to
offset the decrease in activity due to temperature and results in winter ammo-
nium production that is comparable to or in some cases higher than that
observed in summer. Rheinheimer (1974) also showed that numbers of nitrifiers
f011owed_a seasonal cycle that was the exact reverse of putrefactive bacteria.

Sediment-water studies discussed Tater have indicated the high degreevto
which ammonification (putrefactive activity) presently exists in sediments col-
lected from a portion of the Duwamish estuary. If numbers of putrefactive bac-
teria were shown to increase with the onset of lower stream temperatures,
although no such studies have been conducted, higher instream NH4+-N concentra-
tions than expected could result due to reduced nitrification at that time.
Fall streamflow in the Duwamish might normally be expected to substantially
dilute the Renton Sewage Treatment Plant effluent and to reduce the effect(s)

of ammonia on fish. However, daily low river flows in October and November
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1981 were 9.34 and 13.6 m3 sec'l, respectively, although mean monthly dis-

3

charges were 22.4 and 22.2 m Secnl, respectively. Thus, it may be that

higher estuarine ammonium concentrations could occur during fall, in some

years, rather than summer low flow periods.

In Vitro Sediment/Water Experiments

Ammonium Release from Sediment

Previous studies in the Duwamish estuary have shown net increases in
water column ammonium as one moves downstream (Welch and Trial, 1979; Bern-
hardt, 1981). It was hypothesized that such an observed increase in waters of
the lower estuary may be due to sediment release of ammonium (Welch and Trial,
1979).

Studies by’Brezonik (1973) have shown sediments from an unpolluted estu-
ary (Waccasassa Estuary, Florida) to remove ammonium from overlying water. He
concluded that non-biological factors such as sorption and diffusion were the
predominant mechanisms responsible. Studies in a eutrophic lake (Bivins Arm,
Florida) have shown the sediments to act at various times, depending on the
overlying water concentration, as a source and as a sink for ammonium
(Brezonik, 1973). In vitro studies by Rowe gglal. (1975) showed sediments

from shallow near-shore ocean waters to evolve large amounts of ammonium

(36 - 1790 ug N m 2 h—l) and the production to be highly temperatﬁre dependent.
Release of nitrogen from coastal benthic sediments has also been observed

by Hartwig (1976) in the LaJolla Bight. Calculations by Rowe et al. (1975)

showed that nutrient regeneration in the New York Bight accounted for more

than 200 percent of the nitrogen required by phytoplankton photosynthesis.

Toetz (1970), in studies of NH4+ adsorption from solution onto clay parti-

cles, found that only when the NH4+—N concentrations were high (1.8 mg 1’1)
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was adsorption detected. He has noted that.in mixtures of ions with differing
valences, preferential adsorbance occurs for those ions with the higher
valence. So, the quantity of any cation adsorbed to clay particles will
depend upen the concentration and valence of that cétion, the number of
counter ions already adsorbed, and the cation exchange capacity of the clay
particles.

For the purposes of this study it was decided to examine sediments of the
lower estuary collected at km 10.0, the head of the dredged channel, because
it is in the lower estuary that ammonium evolution was belijeved to occur. The

sediment-water chamber studies were not an attempt to recreate in situ condi-

tions per se but rather to observe generally the effect(s) of salinity on
nitrification and on possible evolution of ammonium from Duwamish estuary sedi-
ments.

Three liter beakers received estuarine sediment from km 10.0 and river
water collected above the Renton Treatment Plant (salinity <1 °/oo), or water
collected from the lower estuary (salinity 20 o/oo), to yield final chamber
salinities of about 4 °/0o and 20 °/0o. Sediments in each of the 12 chambers
remained undisturbed after the initial addition of water. After two days, sed-
iments exhibited a 1ight colored oxidized surface while underlying sediment
appeared blackened and reduced. Initial NH4+-N concentration in the water col-
umn of the chambers ranged from 830 to 2540 ug 1'1. Ammonium, NOZ', and N03'
nitrogen release/removal were monitored over a period of 23 days.

In untreated control chambers it was observed that more NH4+ was released
from sediments underlying the higher saline water than from sediments under
the less saline water (Figure 6). This may have been due, in part, to the
fact that putrefactive organisms responsible for ammonium release were nor-

mally acclimated to a higher salinity than that present in the lower salinity
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Figure 6. In vitro observations of NH,*-N in water over sediments of
the Duwamish River estuary (km 10.0). Data are from repli-
cate sediment-water chambers (3 %) incubated at 22 + 3° C
with overlying water salinity of 20 and 4 9/oo0.
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chambers. However, when all microbial activity Was inhibited, as shown later,
ammonium release to higher saline waters was increased, thus suggesting a
diffusional response. Nonetheless, at both.salinities NH4+ was generated by
sediments from the lower Duwamish estuary. The general decrease in NH4+
observed after day nine may be accounted for by loss to the atmosphere and/or
by ammonium oxidation as NO, +NO; -N Tevels were shown to increase (Figure 7)
as NH4+—N decreased. Ammonia loss to the atmosphere did not appear to be
appreciable since, as noted later, NH4+ levels continued to increase in the
absence of nitrification.

A nitrification inhibitor, N-Serve, was added at 1 mg 1'1 to the second
set of sediment-water chambers in order to observe conditions when ammonium
was not oxidized. However, based on observed N02-+N03'-N increases and NH4+-N
decreases (Figures 8 and 9), inhibition of nitrification appeared to be unsuc-
cessful. N-Serve apparently was not added in sufficient concentration to
inhibit the nitrifying bacteria. Comparison of N-Serve chambers with
untreated control chambers showed similar changes in N02'+N03'-N with time.

In fact, N02'+N03'-N levels reached higher final water column concentrations
in the N-Serve treated chambers than in controls. |

Streptomycin was added to the third set of chambers for the purpose of
observing sediments and water where all biological activity (protein synthe-
sis) had been inhibited. This treatment appeared to inhibit NH4+ and NO,~

2
oxidation for the first 15 days as shown by a general decrease in N02'+N0 “-N

3
concentrations through that period (Figure 10). Denitrification may have been
taking place in deeper sediments below the oxidized sediment-water interface
during this period and acting, in three of four chambers, to remove nitrate

and nitrite from the water column. However, N02'-N was not shown to accumu-

- late in the water column during the 15 days as might be expected during
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In vitro observations of N0, +NO3™-N in water over sedi-
ments of the Duwamish River estuary (km 10.0). Data are
from replicate sediment-water chambers (3 %) treated with
70 mg &~* streptomycin and incubated at 22 + 3° C with
overlying water salinity of 20 and 4 9/oo0.
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denitrjfication. Ammonium nitrogen concentrations generally increased through
day 23 at both salinity levels with the higher salinity chambers showing a
higher‘meah net flux of NH4+ from sediment (Figure 11). (In half of the
;hambérs anvinitia] drop in water column NH4+ was noted between day one and
three. Such a decrease may be the result of short-term chemical processes,
i.e. sorption; initially predominating over long-term gradual increases from
:bio]ogical decompoéition.)

Release of NH4+ from sediments was extended and apparently‘enhanced in
tﬁe'sfreptomycin-treated'chambers. This observaﬁion was similar to prelimin-
ary sediment-water experiménts conducted during the summer of 1§80 in which
NH4+ release was shown to increase substantially in chambers treated with
streptomycin over that in control chambers (unpublished data).

The flux of ammonium nitrogen was calculated from the change in the water

“column mass of NH4+-N per unit area per time for each replicate chamber at
each treatment (Table 3). The range of flux rates for untreated control cham-
bers, prior to the onset of n{trification, was 3.5 - 31.1 mg m-2 day'l,

(0.13 mg m™2 h']) a range that falls within that observed by Rowe et al.

(1975) for in situ ammonium release from near-shore ocean sediments. These

rates are samewhat lower than those observed in sediments of a eutrophic lake
and highly eutrophic stream by Fillos and Swanson (1975) where release rates

2 hr'l, respectively, were observed. N-Serve- and

of 5 and 15 mg NH," -N m”
streptomycin- freated chambers showed a similar range of ammonium flux. It
should be noted that ammonium nitrogen flux in the control chambers was 2-10
times hiQher in the high (20 °/00) than low (4 °/00) saline water chambers.
The highér flux rate to high salinity ovef]ying water is probably related to

the gréater,ionic gradient enhancing diffusion and possibly to the presence of

adsorbed counter jons in the higher saline sediment.
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In vitro ammonium flux from sediments at km 10.0 to overlying water of

W 00 ~N O O B W D -

O W NN

4 0/00 and 20 O/o0 salinity. Treatments include control, N-Serve
(1 mg 1-1), and Streptomycin (70 mg 1"1). Flux is reported as ug m-2 hr-1
at 22 + 3° C.
Treatment and Salinity Day 3 Day 6 Day 9 Day 15 Day 23
A Control 4 °/o00 457 246 - 308 - 116 -2
B " 4 %00 130 314 160 - 440 - .8
A " 20 %/00 1296 1248 - 532 404 - 802
B " 20 %/00 922 1208 762 - 1166 - 340
A N-Serve 4 °/00 - 278 798 120 - 288 - 150
B n 4 °/oo - 274 830 122 - 174 - 230
A " 20 %/00 - 154 1622 - 312 1100 - 1136
B " - 20 %00 - 322 1534 568 - 58 - 498
A Streptomycin 4 %/oo 184 600 324 496 204
B " 4 %o00 362 370 504 144 308
A u "~ 20 %/00 - 244 1902 442 728 - 506
B u 20 %/00 - 400 2086 584 460 240
Summary of the above rates, mean + 1 SEM. n = 2
Day 3 Day 6 Day 9 Day 15  Day 23
Control 4 %/o0 | 294 + 116 | 230 + 59 | -74 + 165 | -278 + 115 | - 1.2 + 0.6
" 20 %/00 {1109 + 132 | 1228 + 14 | 115 + 457 | -381 + 555 | - 571 + 163
N-Serve 4 ®/o0 [-276 + 1 814 + 11 | 121 + 1 -231 + 40 190 + 28
" 20 %/00 |-238 + 59 | 1578 + 31 | 128 + 311 | 521 + 409 |- 817 + 226
. ‘Streptomycino | :
4 %00 | 273 + 63 | 485 + 81 | 414 + 61 320 + 124 | 256 + 37
" 20 %/00 |-312 + 62 | 1994 + 65 | 513 + 50 | 594 + 95 133 + 264
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The substantial release of ammonium nitrogen in chambers treated with
streptomycin could have been due to the fact that denitrification and
nitrification were simultaneously inhibited. Denitrification in control
chambers may have been acting to obscure observed nitrification énd thus
actual ammonium nitrogen released by sediments because nitrate and nitrite
formed would tend to be reduced by denitrifiers in deeper anoxic sediments.

In situ ammonium evolution to overlying waters from sediments of the

Duwamish is pfobab1y due largely to diffusion through a concentration gradient
enhanced by salinity. The activity of benthic macro- and meiofauna in sedi-
ments (biqturbation) and freshwater and tidal currents are also no doubt impor-
tant. In the case of benthic bioturbation, it was observed in control cham-
bers that biological disturbances did, in fact, occur. In the case of tides
and currents it can be observed that tidal currents in the estuary are driven
by two high'and two low tides diurnally. In addition, turbulent mixing pro-
éésses have‘been identified in the estuary that include an internal hydraulic
jump (Partch and Smith, 1978). Finally, as data later presented herein will

show, strong diffusional gradients exist between sediments and overlying water

in the lower estuary.

In Vitro Nitrification Rates

Nitrification rates for sediment-water chambers were calculated uging a
simple zero-order reaction rate based on the surface area of sediments exposed
to overlying waters. This rate equation was also used to calculate in situ
nitrification as noted and preéented later. After the initial lag period (six
days), rates of nitrification were calculated for replicate sediment-water
chambers and are presented in Table 4. Rates were also calculated based on

the surface area of sediments exposed to overlying waters (Table 4). These
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Table 4. 1In vitro rates of nitrification calculated from NO
¢d from river km 10.0,

over sediments collect

trols, N-Serve 1 mg 1

Treatment
Control
Control
Confrol
Control
N-Serve
N-Serve
N-Serve
N-Serve
Streptomycin
Streptomycin
Streptomycin

Streptomycin

4
4
20
20
4
4

20
20

20
20

Trea

, and Streptomycin 70 mg 1~

Salinity

% /00
o/oo
0/00
9/00
o/oo
o/oo
%/00
o/oo

o/oo

°/oo,

o/oo

0/oo

2019
1995
4938
4668
2106
3213
5782
7323
278
1

4205 .

225

i

mg m'2 dax'1

“+NO, -N in water

ment

include con-
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rates were variable depending dn experimental conditions. The initial lag per-
iod prior to the onset 6f nitrification was believed to be a function of homo-
genizing the sediments prior to incubation. A sufficient nitrifier population
was apparently re-established and began to nitrify after about six days.

In untreated control chambers the mean nitrification rate was shown to be
higher at 20 o/oo salinity than at 4 o/oo. This was also observed in N-Serve
treated chambers where inhibition of nitrification was unsuccessful. Strepto-
mycin appeared to effectively curtail bacterial activity and appreciable, sus-
tained nitrification could only be shown to occur, if at all, after day 15 in
chambers with 20 °/0o0 salinity.

The high surface/volume ratio of sediment and chamber walls/water that
existed in the experimental chambers does not allow direct extrapolation of

these results to in situ estuarine conditions. Additionally, denitrification

reactions in sediments may have acted to obscure nitrification rates obtained.
That higher rates of nitrification were obtained in chambers with higher salin-
ity indicates that the activity of sediment nitrifiers collected from the estu-
ary at km 10.0 is decreased by freshwater. Comparison of mean rates obtained
from two replicates, each of high and low saline water, revealed that the rate
of nitrification decreqsed by apbroximate]y one-half when the salinity of the

overlying water was decreased from 20 /oo to 4 %/00.

Sediment Ammonium Content

Interstitial waters from six estuary stations were examined for NH4+-N
and N02_+N03'-N during low river discharge periods of 1980 and 1981, The

results of those analyses indicated that ammonium in surficial sediments
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(0-3 am) of the lower estuary (km 10.0 and below) was present in concentra-
tions from 3 to 73 times higher than that of overlying waters (Table 5). Such
a gradient implies that diffusion of ammonium should be from sediments to
water in this portidn of the estuary. Core data from 1980 indicates that at
river stations located above km 10.0 the reverse gradient exists, i.e., water’
column ammonium concentratioﬁs were shown to be from 1.2 to 8.7 times that of
interstitial‘éediment (Table 5). Thus, in the upstream portions of the estu-
ary (above about km 10.0) to below the effluent outfall (kﬁ 20.5) the net move-
ment of ammonium would appear to be from the water to sediment. Above the out-
fall the gradient again reverses because water column NH4+-N has been shown to
be generally at or below detection limits during Tow flow (Welch and Trial,

1979), while sediments sthed higher interstitial ammonium concentrations
(61 - 450 g ]'1 for sediments collected in 1980 and 1981).

Interstitial concentrations of NH4+-N for the three core strata (0-3,
3-6, 6-9 cm) from 1980 and 1981 are presented in Figures 12 and 13 respec-
tively. Samples collected during 1980 showed pronounced differences in indi-
vidual core concentration gradients of NH4+-N while cores examined in 1981 all
showed an increase in mean interstitial NH4+-N with depth.

The high ammonium concentrations observed in sediment pore waters of the
lower estuary are thought to be a result of ammonification taking place in
organic-rich sediments. In this regard, a sediment organic carbon content of
up to 7.6 percent (mean value) has reportedly been measured in the lower estu-
ary (Harper-Owes, 1981b). It appears that, as a result of sedimentation in

the lower estuary, organic matter settles out, is buried, and subsequently
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Table 5. Comparison of pore water ammonium from surficial sediments
(0 - 3 cm) to overlying water column ammonium forvar1ous dates
and locations on the Duwamish estuary.

Overlying Water

Sed1ment NH4 -N Column NHA -N
Date River km (ug 1-1) (ug 1-1)
8/28/80 5.6 890 290
" 5.6 1,370 290
10/1/81 5.6 820 24
" 5.6 680 24
" 7.7 1,760 24
" | 7.7 820 24
" 10.0 12,600 580
" 10.0 2,400 580
8/28/80 13.2 1,000 ' 2,100
" 13.2 1,750 2,100
! 17.9 240 2,100
" 17.9 1,200 2,100
" 21.0 240 ---
" 21;0 450 | --=
11/2/81 21.0 61 < 5
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Interstitial NH4+-N observed at various depths in Duwamish
River estuary sediments from four stations (km 5.6, 7.7,

10.0, §nd 21.0) during low fiow (1 October 1981) + 1 SEM
(n = 2).
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decomposed by putrefactive microorganisms thus producing high concentrations

of interstitial ammonium,

In Situ Spatial and'Temporal Observations
Drogue Survey and In Situ Rates of Nitrification

In situ rates of nitrification in the estuary were calculated based on

the observed increase in oxidation products of ammonium (NOZ- and NO3'-N) in a
single parcel of water as it moved downstream of the treatment plant outfall
on September 2-3, 1981, Freshwater flow on these dates were 10.3 and
9.8 m3 sec'l, respectively. This survey was similar to drogue surveys con-
ducted on the estuary by other workers in 1979 (Bernhardt, 1981; Yake, 1981).

Specific conductance was utilized as a conservative tracer for determina-
tion of the fraction of effluent in a single parcel of water as it moved down
the estuary. Such a tracer allows one to calculate the expected amount of
nitrate and nitrite nitrogen at a given point in the river if the conductivity
of the effluent and upstream river are known. By subtracting the expected
from the actual concentration of NOZ' and N03', the amount of NH4+ oxidized at
time t can be estimated.

Initial rates of nitrification were calculated over hours two through
five of the float survey. Beyond this time and point in the estuary (km 13.3)
salinity effects obscured specific conductance readings and made accurate cal-
culation of the effluent fraction impractical. A short distance downstream of
Athis point, as shown by previous observations herein, estuary sediments are
capable of releasing ammonium into the water column. This factor would fur-
ther obscure rate ca]cuiations since moré available substrate, especially at

the site of activity (sediment-water interface), might be expected to result

in more oxidation products.
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The rate of substrate (ammonium) utilization, kn’ was caliculated indepen-

dently of bacterial numbers and generation times by plotting the rate of pro-

1 day'1 between hours two and five. The

slope of a plot of n NO3' and NOZ--N vs. time yielded rates of 7.8 day'1 for

duction of oxidized nitrogen in mg 1

ammonium oxidation and 6.1 day-1 for nitrite -N oxidation at 19° C.

Some of the higher literature values reported for kn are those noted by

1

0'Connor and DiToro (1970) for the Flint River, Michigan (2.5 day = at 28° C

3 sec'l) and by Wezernak and Gannon (1968) for the
1

at a river flow of 5.8 m
Clinton River, Michigan (0.258 hr ~ at 24° C and river flow of 2.8 e sec'l).
Thus, the value of the first order rate constant kn reported herein is abnorm-
ally high for describing nitrification in terms of nitrifier bacterial kinet-
jcs in a given volume. It does, in terms of a first-order reaction, describe
the observed substrate utilization taking place in the Duwamish. The unusu-
ally high rate per volume results because the active nitrifiers are in the
sediment and not a unit volume of river water. Activity by the sediment nitri-
fiers artificially inflates the rate calculation per volume.

According to Tuffey et al. (1974) such a reaction might be better
described in terms of a zero-order rate. This is because large numbers of
nitrifiers present és surface growth on sediments react with the substrate
present (NH4+) at a rate that is relatively independent of the substrate con-
centration, i.e., the substrate concentration downstream of the outfall
remains relatively high and does not appear to limit nitrifier growth. (Ammo-
nium nitrogen measured in.thé water column during the drogue survey of 9/2/82
did not drop below 1.5 mg 1-1 between km 20.5 and 9.7.) Moreover, the first
order rate per volume depends on Togistic growth of populations in that volume.

~ Stratton and McCarty (1969) have noted that even though nitrification is

commonly described using first-order kinetics it may be a less than desirable
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tool for predictive purposes. They described a zero-order rate equation of
the form dy/dt = b that takes the integrated form of the equation for a
straight line (y = bt - c). A linear plot of substrate utilization, y, vs.
time, t, for the float survey conducted herein yielded a slope, b, of

0.040 mg 171 el or 0.96 mg 171 day-l.

The rate of substrate utilization was also calculated based on surface
area of the river sediments to account for populations in sediment. An esti-
mate of stream bottom surface area was made using mean sea level (MSL) stream
cross-sectional measurements made by Fischer (1968) (Figure 14). Mean depth

for these calculations was assumed to be 1 m. A rate of ammonium substrate

oxidized was then calculated using the following expressidn:

_1aN
r=sidt
where: s = surface area, m2
N = mass of product produced, mg
t = time, days

During the float survey of 9/2/82 a rate of ammonium oxidation of
970 mg m™2 day'v1 was calculated for hours two through five (km 19.2 - 13,3).
This rate includes water column nitrification which, based on the low numbers
of nitrifiers observed previously in these waters, appears to account for only
a small fraction of the ammonium oxidized. Assuming a mean depth of 1 m, sedi-
ment nitrifiers in this river section outnumber overlying water column nitrifi-

ers by as much as ten to one.
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Figure 14. Mean sea level (MSL) measurements of distance across
streambed channel of the Duwamish River estuary made by
Fischer, 1968. These data were used to estimate the stream
bottom surface area available for nitrification over a dis-
tance of 5.9 km (km 19.2 - 13.3) in the estuary.
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Based on a river to effluent diluted concentration of ammonium
(1960 mg m'3) on this day and expected decreases in instream ammonium due to
nitrification and saline dilution, fhe predicted fraction of NH4+-N removed
over an 11 km reach (km 20.5 - 9.5) was shown to be 13 percent (Table 6). The
observed fraction of NH4+-N removed over the same reach was 19 percent.

From the bacteriological data presented earlier, and from the time of
travel drogue study discussed later, it can be shown that appreciab]e nitrifi-
cation in the Duwamish may be considered to occur only where large surface
active populations of nitrifiers exist and where dilutional and salfnity
effects do not overshadow or inhibit nitrification. Such a condition appears
to exist in the Dqumish only above about km 10.0. Below this point the mean
residence time for'é parcel of water at low freshwater flow is on the order of
-eight dayé (Harper-Owes, 1981a) and although nitrifiers are present in Duwam-
ish estuary sediments below km 10.0 the large volume of mostly salf%e water
(2 x 107 m3 ét MLLW) tends to dilute out and/or inhibit'dbservable NH4+ oxida-
tion. Also, the small number of nitrifiers present in the water co]umn in
this fegion precludes significant nitrification there. |

Since nitrification in the Duwamish is most closely associated_with sedi-
ments rather fhan the water column, an'increése in the 1nstreamichéentration
of ammonium may not necessarily result in a further depletion of diSso1ved oxy-
gen. In this regard, an incompletely realized potential for nitrification has
been noted by Cirello et al. (1979) in the Passaic River, New Jersey. In
their study, an increase in the concentration of ihstream ammonium glicited nd
further increase in the concentration of nitrate. This observation was report-
edly re]ated»fo a decrease in water column nitrifying bactéria ddé to their
settling out. However, previous studies on the Passaic (Matulewichwand Fin-

stein, 1978) have shown éediment:nitrifying’bactera to far outnumber those in



48

c-U b .

* (6961 ,__mxpp_xv MO4 30B44NS 404 PIIOBUU0]

quasuad g1 = 6L 491 = panowsu z-+¢:z JUSN[ 143 JO UOLIORUS POAUDS]Q

t9¢
judddad €1 = mwmw 00T = WY 6°0T 4DA0 pP3IAOWIU Z|+¢Iz JuaN| 443 4O uOLIDRAS PIIOLPAU(
96T 9891 62 ve 68" 56
9651 374! --- vE 68" 86
GGST €841 --- ve 68" 0°11
6752 181 - | ve 68" bet
960€ 1581 --- bE 68" GGl
00.¢€ 6881 : --- e 68" 1T
9012 6161 - be 68" 2°61
9861 €661 - L [T 02
L U0LIBAJUIdU0) UOL}RJJUIIUO) JUBN| 4313 uoLiniLqg auLes UOLIRILILUILYN (Say) 1eAea] wy I9ALY
pPaAUsqQ N-, VHN * paINn(La N-,PHN * 03 ang ss07 * 03 ang ss07 v 40 auw]

N-, 7HN N-, VHN

_ : _ E - "1-Aep ;_w bu 0/6
40 pazipLxo z-+¢:z 40 9}BJ U3P40-049Z © butwnsse pue ¢_w buw (96T 4O UOLIRUFUBIUOD JuU3N|4Hd

SNd USALJL PIIN[LP [@LFLUL ©7.D9S ¢l OT 4O MO[4 JBALU “7-44 U €77 JO 3w} [9ARJ] ® YILM Ysiuemng .

Jaddn 3y} Jo yoesad wy 0TI © 48A0 WnLuouwe wesajsui ut sbueyd pajoLpaad pue (28/2/6) PaAU8sqo ayl °g ajqe]



49
the water column. Therefore, it appears that in the Duwamish River as in the
Passaic, an increase in ammonium may not cause an expected increased oxygen
demand even if the numbers of sediment nitrifiers are high.

According to Alexander (1965) the autotrophic nitbifying bacteria are
markedly sensitive to toxic compounds. Thus, another factor that may act to
reduce observable ammonium oxidation in the estuary be]ow‘km 10.0 is the inhi-
bition of nitrifying bacteria by high concentrations of heavy metals and other
toxicants in sediments and the water column. Recent studies by Malins et al.
(1982) have shown mean sediment concentrations of lead and arsenic to be
330,000 and 130,000 ng g'l, respectiVely, and aromatic hydrocarbon concentra-
tions to be 14,000 ng g~ .

Instream nitrification rates calculated on a volume basis by Yake (1981)
for the Duwamish River were relatively low compared to those of 6.1 and

! gt s ¢

7.8 day'1 repérted here. He calculated rates of 0.42 and 0.30 day
and 15.4° C respectively, for two different surveys conducted in the summer
and fall of 1979. Rates were calculated using a first-order rate reaction
based on nitrogenous oxygen demand (NOD), which was in turn calculated from
observations of NOZ' and N03' nitrogen at time t, and'uti1izing the effluent
concentration of ammonium-nitrogen as an ultimate river NOD. Use of the full
effluent NH4+ concentration may present an unrealistic picture of the actual
oxidation rate(s) since the nitrifiers in sediments downstream of the dis-
charge would never be in contact with such a high COncentration. Max imum
ammonium concentrétions observed in the river were usually not more than
one-third the effluent concentration. An exception to this occurs during
river flow reversal but, except for those periods, dilution of the effluent
with river water quickly reduces the initial ammonium concentration available

to the downstream sediment nitrifiers. By utilizing a lower ultimate NOD the
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resulting substrate utilization curve exhibits a greater slope and thus higher
rate of nitrification based on the observed increases of nitrite and nitfate.

Flow reversal at the RTP effluent outfall 1asts'for only a few hours
.(prbbably no more than three) and the cell division rate of nitrifying bac-
teria is normally rather slow (2-3 times per day). For these reasons the estab-
1ished populations of nitrifiers in the Duwamish sediments downstream of the
outfall would not be able to respond quickly enough to the higher instream
ammonium concentration observed at flow reversal to warrant using that concen-
tration to calculate a first-order reaction rate for nitrification. A more
reasonable approach would be to utilize a diluted effluent concentration of
ammonium based on river flow and effluent discharge. (A diffuser at the out-
fall is designed to effect mixing of effluent with river water). An even bet-
ter approach might be to use an ammonium concentration measured at a point
downstream of the outfall that assures a more reasonable mixed concentration
of ammonium that is most repreéentative of that available to the sediment
nitrifying bacteria and, as noted previously, a zero-order reaction rate
expressed on an areal basis;

In vitro rates of nitrification were previously calculated for waters col-
lected from several sites in the Duwamish estuary and incubated in Erlenmeyer
flasks at 20° C (Welch and Trial, 1979). Those rates varied from 0.28 to
0.45 day'1 but now appear to only have accounted for nitrification observable
in the water column (and probably some growth on bottle surfaces as well) and

did not take into account the large numbers of sediment nitrifiers present.

Nitrification and Tidal Dynamics: Float Survey
The float survey of the Duwamish was also used to record Kjeldahl-N

NH4+—N, N02'+N03'-N, over the 23-hour time of travel (Figures 15-17).
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Observed concentrations of NO, +NO3"-N and NH4+-N were plotted against the
expected concentrations assuming only saline dilution (Figures 17-19). After
salinity increased above one part per thousand (hour eight) surface concentra-
tions of N02'+N03'-N fluctuated considerably above and below the expected con-
centrations (Figure 17).

This may have been due in part to compiex mixing and entrainment of
saline wedge waters with surface waters as the parcel of water moved.down-
stream. The concentration of N02'+N03'—N at 2 m showed a somewhat more stable
behavior probably a result of more complete mixing at that depth. It was then
obsérved that for a three-hour period (hours 8 - 11) N02_+N03'-N concentra-
tions appeared to remain below the expected diluted concentration. During
this period the downstream movement of the drogue slowed and stopped due to
‘the effect of high tide (Figure 20). Béginning at hour 11 the drogue, still
under the influence of high tide, began to move upstream until about hour 13
when low tide turned flow back downstream. Thus, during the period of time
“that the drogue velocity was slowed and stopped (between km 9.5 and 9.9)
N02'+N03'-N in the water parcel at 2 m was decreasing possibly due to denitri-
‘fication occurring in sediments or.possibly due to dilution with saline waters
Tow in NO, +NO;™-N. o

As the block of water began to move again, this time in an upstream direc-
tion due to the influence of high tide, it was observed that the concentration
of N02_+N03'-N began to increase. From hour 11 through.hour,14 the concentra-
tion of these combined species increased above expected concentrations. Such
an increase indicates active nitrification. However, a corresponding decrease
in ammonium was not observed and, in fact, between hours 11 and 14 an increase

in NH4+-N above the expected level took place at 2 m. Otherwise, NH4+-N gener-

ally remained below expected levels at surface and 2 m. The observed increase
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between.hours 11 and 14 was believed to have been a result of ammonium release
from sediments rather than a simple mixing of low ammonium salt water with
high ammonium freshwater because salinity ranged from about 21-25 o/oo salin-
ity in these samples. Also, dufing this period, the drogue moved between
river km 10.9 and 9.5, an area where sediments were previously shown in this
study to release ammonium to overlying waters. Additionally, turbulent mixing
processess in the Duwamish estuary have been shown to be related to critical
flow occurring during ebb tide (Partch and Smith, 1978). The effect(s) of
these and other mixing processes are also believed to have influenced the
observed data although to what extent is not known.

The above observations point to the complex interactions of nitrogen cycl-
ing in the estuary. While nitrification is taking place as witnessed by an
increase in N02'+N03'-N, ammonification in the sediments may also be acting to
increase the concentration of substrate (NH4+). Denitrification may also be
occurring in‘the organic-rich anoxic sediments and reducing the concentration
of N02'+N03'-N that might otherwise be observed. Finally, algal and bacterial
assimilation are reducing both ammonium and nitrate-nitrite levels in the

water column, although this is genera]ly assumed to be small cdhpared to the

ammonium oxidized.

Stationary Survey

A 24-hour stationary survey was designed to observe changes in river ammo-
nium concentrations at a fixed river station. The site chosen for observa-
tions was located at river km 10.4, a distance of 10.1 km downstream of the
effluent outfall and a short distance (0.4 km) upstream of the dredged, wid-

ened channel of the lower estuary.
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As noted previously, river flow reversal occurs in the Duwamish during

3 sec'l) (Bernhardt, 1981).

high tide (> 3.1 m) and Tow river flow (< 8.5 m
Such a condition can result in a "triple dose" of effluent being discharged to
a block or plug of river water in the Qicinity of the Renton Treatment Plant
outfall, i.e., a plug of water receives effluent on the way downstream, on the
way back upstream after flow reversal occurs and agaih on the way back down-
stream. Even if flow reversal does not occur directly at the outfall, river
flow is often slowed and stopped at and below this point depending on tide
height and river flow.

Seasonal periods of low flow (< 8.5 m3

sec-l) and thus triple dosing
events had passed by the time this survey was conducted. However, the data
obtained were nevertheless useful for predicting river concentrations under
various tidalfand river flow conditions. The survey was conducted during the
period 11:30 ?M 15 October to 11:30 AM 16 October 1981. River discharge was
22.1 and 20,3 m3 sec'l on the respective dates. Tidal héights are presented
in Figure 21. Ammonfﬁm concentrations measured at surface and 2 m increased
every 12 hours coinciding with low tide (Figures 22 and 23). The increase in
N02'+N03'—N towards the end of high tide (hours six through seven) probably
was caused by in situ nitrification (Figure 22). Water that had passed and in
which nitrification had taken place was now being transported back upstream.
Water with lowered NH4+ and raised N03' levels was then sampled during the
tide reversal period. The NH4+-N drop and N02'+N03'-N rise continued for two
to three hours until midway between high high (HH) and high low (HL) tide at
hour ten. (Instream temperature during this period averaged 11.9° and 12.6° C
at surface and two meters, respectively.) This same occurrence did not, how-
ever, take place at the end of the next high tide. For a period of 3.5 hours

past the second high tide, NH4+-N and N02-+N03'-N fluctuated in a manner
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consistent with dj]utional effects and gave no clear indication of nitrifica-
tion activity (Figure 22). A difference in the two high tides was noted; the
first was preceeded by a low low (LL) tide of 0.43 m., Thus, the smaller tidal
exchange (2.38 m) resulted in nitrification while the higher tidal exchange
(4.02 m) did not.

The explanation of both observations can be related to the resident excur-
sion time of effluent in the river. In the case of nitrification, river flow
reversal prolongs the contact time of effluent ammonium with sediments and, as
previously shown, surficial sediment is the major site of nitrification in the
estuary. Thus, the decrease in ammonium concentration{and increase in o*ida-
tion products (NOZ', N03') would be greatest in the wateé residing longest
over any portion of sediment. The same argument could be made for water col-
umn nitrification, but laboratory experimenfs described earlier have shown
nitrifier numbers in the water.column to be low. |

Based on river énd effluent mean discharge on the day of the survey, a
dilution factor of 12.5:1 existed which, assuming complete mixing;.would
result in a rifer ammonium concentration of about 1 mg 1'1, a level approached
during .both 1ow’tide.observations, Thus, the dilutional effect of saline
water appeared'tO'beilarge1y responsible for the lower NH4f-N concentration
observed duriné the second high tide period especié]]y for samples collected

at 2 m (Figure 24).

Ammonia Toxicity

Factors Affecting Toxicity
The toxicity of aqueous ammonia,so]utions'to aquatic life has been docu-
mented in various reviews (Tsai, 1975; USEPA 1973, 1976). Unionized ammonia,

generally represented as NH, is known to be the toxic fraction and its
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concentration in solution is most notably a function of pH and the concentra- -
tion of ammonium (Trussel, 1972). This is a result of the equilibrium reac-
tion of NH3 gas in water:

[NH, " I[OH™]

K= —m

3]

The higher the pH the greater the percentage of unionized ammonia present in
solution, e.g., at 20° C and a pH of 8.0 the percent unionized ammonia in aque-
ous solution is three while at pH 9.0 the percent NH,4 is 28. Lowering the tem-
perature from 20f to 10° C at pH 8.0 reduces the percent NH3 from three to

two. Trussel (1972) has developed a table from which one may ascertain the
percentage of unionized ammonia in aqueous (freshwater) ammonia solutions at
differing pH and temperature. As Trussel (1972) further notes, ammonia toxic-
ity is also to a lesser degree a function of temperature, dissb1ved.oxygeh,
bicarbonate alkalinity, and the free C02 concentration of the water.

The unionized ammonia molecule by virtue of its lack of charge is able to
penetrate bio]ogica] cell membranes quite easily. Ammonia in water reportedly
kills fish by preventing the normal excretion of ammonia through the gill sur-
face while sublethal levels are reported to cause hyperplasia of gill tissue,
02 blood level reduction, increased blood pressure, increase in lactate and
increased occurrence of acidosis (Tsai, 1975). Herbert and Shurben (1965), 1in
studies with salmonids, showed resistance to lethal concentrations of ammonium
that increased with salinity up to 10.2 0/oo but decreased when salinity was
increased above this level. One hundred percent seawater in all cases pro-
vided greater protection than freshwater. These studies were conducted at pH
7.45. One might surmise that the resistance effects noted were due to changes
in the activity of the ammonium as a result of a "salting-out" effect of ions

present in seawater. Or, if the ambient ammonium competes with sodium ions
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for inward transport at the cellular level then higher saline waters may sim-
ply provide more sodium ions to outcompete ammonium. Whitfield (1974) has
presented information with which to calculate unionized ammonia concentrétions
in seawater at a given pH and ammonium concentration.

A water quality criterion of 20 ug 17! has been established as unionized
ammonia (16 ug 1'1 as unionized ammonia nitrogen, NH3-N) for the protection of
freshwater aquatic 1ife (USEPA, 1976).

The toxicity of ammonia to aquatic life in the Duwamish estuary can be
said to be a function of pH, temperature, ammonium loading, and saline dilu-
tion. The latter three are primarily a function of freshwater river flow, RTP
effluent concentration and discharge, and tidal effects. The major factor
affecting ammonia toxicity in the estuary, elevated pH, appears to be a func-
tion of algal bloom activity which is in turn a function of various physical

and chemical factors.

Algal Blooms and Elevated pH: Earlier Observations

During the mid and late 1960s gnd early 1970s summer algal blooms on the
Tower Duwamish estuary (km 7.7) resu]ted in surface pH values that approached
9.0 (Figure 25). The cause of these late-summer blooms was thought to be due
to low river flow and minimum tidal conditions resulting in a stable watér col-
umn allowing maximum 1ight availability; a condition considered necessary to

produce such a large biomass of phytoplankton (70 ug 1'1

chl a) in a normally
turbid, rapidly flushed system (Welch, 1969; Welch et al., 1972). Since about
1976, however, the incidence of algal blooms in the lower estuary has markedly
declined. This decline is noticeably coincident with the diversion of a sew-
age lagoon effluent from the upper river, which may have provided "seed" that

contributed to the suctess of earlier blooms (Harper and Owes, 1981a).
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Nonetheless, the potential for future blooms and coincident high pH conditions
probably should not be disregarded. This is especially true because dominant
algae in the blooms of 1965-66 were plankton diatoms (Welch, 1969) and diatoms
are usually not abundant in sewage lagoons (Palmer, 1977). Metro water qual-
ity data collected from an automated monitor located at km 7.7 has indicated
nine algal blooms occurring between 1970 and 1977 (based on 0, saturation) dur-
ing which maximum pH ranged from 8.25 to 9.2 with freshwater river flow rang-

3 1

sec™! to 18.4 m3 sec”! (James Buckley, written communication).

ing from 9.91 m

For a worst case scenario, mean ammonium concentration of surface waters
(nine low tide observations) from km 5.6 to 16.2 during the summer of 1979
were used to predict the unionized ammonia content of those wateré given an
increased pH as a result of algal blooms (Welch and Trial, 1979). If a b]bom
had occurred raising the pH to 8.5, unionized ammonia could have approached
the acute lethal limit for several fish species of approximately 0.4 mg 1'1
(USEPA, 1973) and at pH 9.0 the concentration would have approached 0.5 mg 171
thus exceeding the lethal limit.

In reality, unionized ammonia content did not approach the 20 ug 171 Epa
criterion during the 1979 study, even though NH4+-N concentrations reached
2200 ug 1'1, because pH did not exceed 7.2. Based oh the concentrations of
ammonium observed during the 23-hour float survey and the 24-hour étationary
survey conducted in this study, unionized ammonia did not exceed the criterion
of 20 nug 1_1. However, studies by Bernhardt (1981) have shown the criteria to
have been exceeded above km 15 and km 19 to the RTP outfall during time of
travel studies conducted in September and October of 1979, respectively.

Harper-Owes (1982) have recently estimated a frequency of occurrence of

surface water unionized ammonia for two Duwamish sites based on METRO monitor
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data, annual average river and 1980 RTP discharge, and "triple-dosing" effects
of river flow reversal. For the months of August and September concentrations
of 42 ug 1'1 and 56 ug 1’1 unionized ammonia at km 13 and km 8, respectively,

could be expected to occur £ 5 percent of the time.

Toxicity Predictions

A worst case scenario for the Duwamish River estuary should include a con-
sideration of: 1) the exposure period for migrating adult salmon; 2) the
effect of nitrification/sediment ammonium release; 3) projected increases in
RTP discharge; and 4) the potential for phytoplankton blooms and resulting
high pH. | |

Adult chinook salmon move through the estuary during the late summer, low
flow period when toxic levels of unionized ammonia are most apt to occur.
Although little is known specifica]]y-about their movements, for this analysis
they would be assumed to move through the “critical area" (km 6 - 12) over a
period of a few hours. Phytoplankton blooms have persisted in the critical
area for a period of one to two weeks, moving upstream on flood tide and down
on ebb, with the highest plankton concentration and pH occurring between km 7
- 10 at low tide (Welch, 1969). Migrating salmon may actually avoid such con-
ditions, but lacking specific knowledge no aQoidance is assumed. Because high
pH is driven by photosynthesis, the maximum is reached during the day and the
minimum during predawn hours. During the 1966 bloom pH remained between 8.3
and 9.0 for nearly 12 hours in the day, dropping to 7.6 by early morning (Fig-
ure 25). Thus, if avoidance occurs, and assuming only a few hours is neces-
sary to traverse the critical area, fish moving at night would probably avoid

toxic conditions. On the other hand, resident fish and salmon that may hold
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for a day or more in the critical area would be trapped-as pH rose in excess
of a full unit during midday.
Nitrification has been shown to occur primarily in the surficial sedi-
ments and the rate per unit area of substrate would probably not increase as

ammonium concentration increased. The in situ rate of 970 mg m day'1 at

19° C determined to exist now in the reach from about km 10 to 20 (actually
calculated for km 13.3 to 19.2) may therefore be expected to represent the max-
imum loss of ammonium for further increases in RTP discharge. With continued
exposure in a given volume, bacterial growth would normally be expected to
increase at some rate until the substrate is consumed. But because sediment
bacterial (nitrifier) populations are exposed to a given volume of water con-
taining substrate for only a brief time, the amount of substrate removed is
expected to remain a function of contact time. The sediment bacterial popula-
tion then is probably space and/or diffusion limited rather than substrate
limited.

Sediment release of ammonium is considered insignificant in the upper
river part of the estuary between about km 10 and 20 because the concentration
in the water is greater than that in sediment interstitial water. Thus, water
column ammonium should decreasevin this region due to nitrification and dilu-
tion.

Estimates of maximum NH4+-N content occurring in the critical area (km 6
- 12) under increasing waste discharge scenarios were made based on the maxi-
mum concentration observed there in 1979 -- 2,2 mg 171, Effluent flow at that
time was about 1.6 m sec”! and at a low river flow of 6.3 m> sec™! comprised
20 percent of the river or a 4:1 dilution ratio (four parts river, one part
effluent). That concentration would increase by a factor of 1.7 if effluent

flow is doubled by the year 2000 and by 2.5 if ultimate plant capacity is
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1 as an effluent NH +-N

attained. These factors were estimated using 15 mg 1~ 4

content and 0.04 mg 1’1 as a background river value in order to calculate
mixed river-effluent concentrations. In doing so, the fractional decrease in
river ammonium concentration resu]tihg in the critical area value of 2.2 mg
1'1 in 1979 due to sea water dilution and nitrification would be assumed to
persist with high waste input. This assumption is inconsistent with the
previous rationale regarding constant quantity removal by nitrification, but
the procedure was used for convenience and ih lieu of actual experimental
observations demonstrating a constant rate per unit area accross a substrate
concentration gradient.

Figure 26 shows WOfst case scenarios for phytoplankfon bloom conditions
in 1966 and i975, during which maximum pH was 9 and 8.2 - 8.5, respectively.
Durihg 1966 the’pH ranged between 9.0.and 8.3»for roughly half of the 24-hour
ﬁeriod. The occurrence of a bloom is clearly the most_important element deter-
mining toxicity now or under higher 1oadiﬁg. A]théugh‘blooms have not occur-
red in the past five or six years, failure to be certain of the cause for that
decline necessitates anticipating their return for a wdrst case scenario. An
intense plankton bloom with a doub1ing of eff]uentxinputkwould clearly result
in lethal conditions especially for'holding and resident fish in the critical
area and possibly'even for thoée taking gevera1 hours to traverse the area dur-
ing the midday period if they lacked an avoidance t;ndency. While there could
theoreti;ally‘be some sublethal damage result without a bloom, the period of
exposure for either holding fish or fraversing fish is considered too short
fof the 0.016 ‘mg 171 chronic Timit to be a pertinenf‘criter{On in this situa-
tion.

Although the 1981 observations represent only one 24-hour stationary

survey at km 10.4, instream concentrations of unionized ammonia were predicted
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Projected low flow unionized ammonia concentrations at

20° C that could occur in the Duwamish River estuary and
nominally exist from km 6 - 12 during phytoplankton blooms
(which have persisted from one to two weeks with pH reach-
ing a maximum of 9.0 in 1966 and 8.2 - 8.5 in 1975).
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from that data set for various river discharges, temperatures, and pH levels
(Table 7) to compare with 1979 results. From these calculations it can be
seen thgt pH is by far the most critical parameter governing the concentration

of unionized ammonia present. If the data from this survey are applied to Tow

3

river discharge (6.3 m sec'l) and one assumes a corresponding increase in the

concentration of ammonium then, at 20° C and above, the instream unionized
ammonia concentration wouid exceed the criterion of 16 ug 1'1 NH3-N to protect
against a chronic effect. That projected Tow-flow NH4+-N concentration

(2420 ug 1'1) is slightly greater than the maximum observed in 1979 and used
in Figure 26. At thé same low flow and assuming the effluent discharge is

35

increased to 6.3 m> sec”! (RTP maximum design capacity) and temperature and pH

remain as observed in the 1981 survey, the mean 24-hour concentration of union-
‘ized ammonia nitrogen at km 10.4 would be 30 ug 1'1 (Table 7). (Correction

for salinity was not made for these calculations since mean surface salinity
during the survey was 1.3 0/oo.) Extrapolations to higher pH give values of

unionized ammonia similar to those based on the 1979 data.
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Table 7. Preqfcted_unionjzed ammonia nitrogen (NH3-N) concentration given
various river d1scharge, pH, temperature, and RTP effluent dis-
charge and based on instream measurements at km 10.0 on 10/15-16/81.

River NHg*-N Percent- Conc. of
Flow Instream Instream Instream age of NH3-N
m° sec- 1g 1-1 pH Temp. °C NH2 Present ug 1~
21.2(1) 720'2) 7.203) 11(2 .38 3
(1] " 1] 15 .48 3
] " n 20 '71 5
i 1} i 25 .99 7
" " 8.0 11 2.12 15
" " " 15 2.65 19
" " " 20 3.83 28
" " " 25 5.20 37
" " 8.5 11 6.40 46
" " " 15 7.98 57
" " " 20 11.18 80
" " " 25 14.90 107
" " 9.0 11 17.78 128
" " " 15 21.42 154
" " " 20 28.47 205
" " " 25 35.76 257
6.3 2,420(°) 7.203) 11 .38 9
" " " 15 .48 12
" " " 20 .71 17
" " " 25 .99 24
" " 8.0 11 2.12 51
" " " 15 2.65 64
" g " 20 3.83 93
" " " 25 5.20 126
" " 8.5 11 6.40 155
" " " 15 7.98 193
" " " 20 11.18 271
" " " 25 14.90 - 361
" " 9.0 11 17.78 431
n " " 15 21.42 519
" " g 20 28.47 690
" " " 25 35.76 866
1.2 2,670%2% 7.2 11 .34 9
6.3 8,970 " " .34 : 30
(1) Initial instream mean flow (4) Based on Trussel (1972)
(10/15-16/81) (5) Concentration if river flow reduced
(2) Mean 24-hour surface value to 6.3 m3 sec-1
(3) Median 24-hour surface value (6) Concentration if effluent flow

increased to 6.3 m~3 sec-l



SUMMARY AND CONCLUSIONS

The purpose of this research was to determine the rate and location of
the nitrification process in the Duwamish River estuary and the degree to
which that process contributes to a decrease in ammonium discharged from the
Renton Treatment Plant and thereby reduces the potential for ammonia toxicity
to migrating salmonids. The prinicpal findings were as follows:

1.) Nitrifying bacteria were primarily associated with‘sediments rather

than the oveflying water, Nitrifigr MPNs in sediment from river

km 21.0-13.2 were higher than levels invsamples from the overlying

water column by from one to two orders of magnitude. From nitrifier

MPN levels and time of travel estimates, significant nitrification
- iﬁ the Duwamish abparent]y occurs only between km 20.5 and about km

10.0. 7 | ‘

2.) The nitrifiﬁation’rate between 19.2 and 13.3 km was best represented

| .byAa zero order, sedimént based procéss and was thus expressed on an

akea] basis. The rate was deterﬁined from changes in surface
N02'+N03f-N content over this reach ét 19; C and expressed pér unit
vof sediment‘sufface as 970 mg m'2 day'l.‘ Projecting that rate over
the reach from km 2ﬁ.5 to 9.5 indicates fhat 13 percent of the ndn-
dilution decrease in ammonium concentration cbu]d be accounted for
by nitrification while a decrease of 19 percent was observed.
Because nitrification in the Duwamish is‘best described using a zero
order rate and is primarily associated with the sediment an inérease
in ammonium concentration would not be expected to increase the
nitrogenous oxygen demand in the upper estuary. Nitrification, and

thereby oxygen removal, depends upon the contact of ammonium and



3.)

4.)
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oxygen in the overlying water with organisms in the surficial sedi-

ments and not on the ammonium content of the water and nitrifier

. growth therein.

Ammonium content in the surficial layer (0-3 cm) of sediments cores
was from 3 to 73 times greater than the overlying water in the lower
estuary (km 10.0, 7.7, and 5.6). The sediment water gradient was
reversed in the upper estuary (km 13.2 to 17.9) where ammonium
content in the water was 1.2 to 8.7 times greater than that in the
surficial sediment pore water. Therefore, release of ammonium from
sediments to overlying water would be expected only in the lower
estuary. Sediments collected from km 10.0 released emmonium to over-
lying water in vitro at a rate of 3.5 to 31.1 mg m~2 day, prior to
the onset of nitrification. |

Nitrification rates in vitro decreased when sediments collected from
the lower estuary (km 10.0) were exposed to oVer]ying weter Tow in
salinity (4 °/00) compared to wéter high in salinity (20 %/o0).

This observation agreed with results of culture experiments in which
nitrifying bacteria isolated from sedjments upsiream from km 10.0
were inhibited (lower MPN) by high salinity'media while growth of
those isolated from sediment at km 10.0, a normally high saline
area, was enhanced by high salinity media. Nitrifier populations
obviously adapt, within limits, to the salinity ranges encountered
in the estuary. Nevertheless, the extreme range in salinity encoun-
tered in the lower estuary, together with the intermitteht contact
of high ammonium water in the surface, low salinity layer with sedi-
ments, no doubt greatly minimize nitrification and thus ammonium

removal from the water column in the lower estuary.
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5.) A threat of ammonia toxicity was not present at ammonium concentra-
tions and pH levels observed during this study. However, with
increased effluent discharge approaching the RTP ultimate capacity

of 6.3 m3 sec'l, and even with the expected discharge by 2000
3

sec'l)

(3.1 m » a definite threat will exist, but only if phytoplank-

ton bloom activity results in pH levels approaching 8.5. In fact,
the toxicity threat is so dependent on the phytoplankton caused pH
rise that a bloom raising pH to 8.5 at the current effluent dis-

3 sec'l) rate would result in Tow row, unionized ammo-

charge (1.6 m
nia-N concentrations of near 300 ug 1'1 in the critical reach (km 6
to 12) during some fraction of the day. This approaches the 96-hour
LC50 for salmonids. The 2.8-hour L050 (560 ug 1-1) would be reached
in a bloom such as occurred in 1966 wheh pH rose to 9.0. However, a
pH averaging about 8.2 would have existed for about onethird of the
diurnal cycle during that bloom, thus resulting in only marginally
lethal conditions for migrating fish. Doubling the discharge by the
year 2000 together with a bloom raising the pH to 8.5 would defin-
itely produce lethal conditions for short-term exposure (hours) in

the 6 - 12 km reach. Extrapolating from existing ammonium concentra

tions in the critical reach and effluent increases also assumes pro-
portional increases in ammonium loss through nitrification (now 13
percent) which probably would not occur because the rate is not con-
sidered ammonium concentration dependent but is limited by sediment
surface contact. Therefore, this scenario probably underestimates

toxicity at higher effluent discharges.



REFERENCES

Alexander, M. 1965. Nitrification, pp. 307 - 343, In: W.V. Bartholomew and
F.E. Clark (ed.), Soil nitrogen. American Society for Agronomy, Inc.,
Madison, WI.

APHA. 1976, Standard Methods for the Examination of Water and Wastewater,
14th Ed., American Public Health Association, 1193 pp.

Ball, I.R. 1967. The relative susceptibilities of some speties of freshwater
fish to poisons. I. Ammonia. Water Research 1, pp. 765-775.

Bernhardt, J.C. 1981, Part I. Effects of Renton Wastewater Treatment Plant
eff]uent on water quality of the lower Green/Duwamish River. In: The
Impact of Renton Wastewater Treatment Plant on Water Quality of the Lower
Green/Duwamish River. Washington State Department of Ecology, Olympia,
WA. Report No. 81-2. -

Billen, G. 1975. Nitrification in the Scheldt Estuary (Be]gium‘and the
Netherlands). Estuarine and Coast. Mar. Sci. 3:79-89.

Brezdnik, P.L. 1973. Nitrogen Sources and Cycling in Natural Waters. U.S.
Environmental Protection Agency. EPA 660/3-73-002. 167 pp.

Buchanan, R.E. and N.E. Gibbons. 1974. Bergey's Manual of Determinative
Bacteriology (8th Ed.). Williams -and Wilkins Co., Baltimore, MD, 1268 pp.

Buck]éy, J.A., C.M, Whitmore, and B.D. Liming. 1979, Effects of prolonged
exposure to ammonia on the blood and liver glycogen of Coho salmon
(Oncorhynchus kisutch). Comp. Biochem. Physiol. 63C:297-303.

Cirello, J., R.A. Rapaport, P.F.Strom, V.A. Matulewich, M.L. Morris, S. Goetz,
and M.S. Finstein. 1979. The question of nitrification in the Passaic
River, New Jersey: Analysis of historical data and experimental investi-
gation. Water Res. 13:525-537,

_ |

Curtis, E.J.C., K. Durrant, and M.M.I. Harman. 1975. Nitrificatﬂon'in rivers

in the Trent basin. Water Res. 9:255-268.

Dawson, W.A. and L.J. Tilley. 1972. Measurement of salt-wedge excursion
distance in the Duwamish River estuary, Seattle, WA, by means of the
dissolved oxygen gradient. U.S. Geological Survey Water Supply Paper
1873-D. 27 pp.

DOE. 1980, Green-Duwamish River Basin instream resources protection program;
including proposed administration rules and supplementa] environmental
impact statement, WWIRPP Series No. 4, State of wash1ngton, Department of
Ecology, Olympia, WA.



79

Emery, R.M. and E.B. Welch. 1969. The Toxicity of Alkaline Solutions of

Ammonia to Juvenile Bluegill Sunfish (Lepomis macrochirus Raf.). Tennes-
see Valley Authority, Chattanooga, TN.” 28 pp.

Fillos, J. and W.R. Swanson. 1975. The Release Rate of Nutrients from River
and Lake Sediments. Jour. Water Poll. Control Fed., 47(5):1032-1042.

Finstein, M.S. and M.R. Bitzky. 1972, Relationships of autotrophic ammonium-
oxidizing bacteria to marine salts. Water Res. 6:31-40,

Fischer, H.B. 1968. Methods for predicting dispersion coefficients in natu-
ral streams with application to lower reaches of the Green and Duwamish
Rivers, Washington. U.S. Geological Survey Prof. Paper 582A. 27 pp.

Harper-Owes. 1981(a). Duwamish Waterway navigation improvement study:
Analysis of impacts on water quality and salt-wedge characteristics.
Harper-Owes, Seattle, WA, 80 pp.

Harper-Owes. 1981(b). Duwamish Estuary study task II draft report: Pollu-

tant loads to the Duwamish Estuary, 1970-1980. Harper-Owes, Seattle, WA.
42 pp.

Harper-Owes. 1982. Duwamish Estuary study task III draft report: Existing
impacts to beneficial uses in the Duwamish Estuary. Harper-Owes,
Seattle, WA. 41 pp.

Hartwig, E.0. 1976. The impact of nitrogen and phosphorus release from a
siliceous sediment on the overlying water. In: M. Wiley, ed., Estuarine
Processes, Vol. 1 , Acad. Press.

Herbert, D.W.M. and D.S. Shurben. 1965. The susceptibility of salmonid fish

to poisons under estuarine conditions. II. Ammonium chloride. Int.
Jour. Air Wat. Pollut. 9:89-91.

Kittrell, F.W. 1969. A Practical Guide to Water Quality Studies of Streams.
U.S. Dept. Interior, Federal Water Pol. Control Admin. CWR-5, 135 pp.

Lees, H. 1954, The biochemistry of the nitrifying bacteria, pp. 84-98, In:
Autotrophic Micro-organisms. Cambridge University Press.

Malins, D.C., B.B. McCain, D.W. Brown, M.S. Myers, A.K. Sparks, H.0. Hodgins,
and S-L. Chan. 1982. Chemical contaminants and pathological conditions
in fish and invertebrates from Puget Sound. Federation Proceedings. Vol.
41, March 1982.

Matulewich, V.A., P.F. Strom, and M.S. Finstein. 1975. Length of incubation

for enumerating nitrifying bacteria present in various environments.
Appl. Microbiol. 29:265-268.

Matulewich, V.A. and M.S. Finstein. 1978. Djstribution of autotrophic nitri-

fying bacteria in a polluted river (the Passaic). Appl. Envir. Micro-
biol. 35(1):67-71.



80

METRO. 1981, Clear Water Watch. Municipality of Metropolitan Seattle, WA.
May 1981, 4 pp.

0'Connor, D.J. and D.M. Ditoro. 1970. Photbsynthesis and oxygen balance in
streams. J. San. Engr. Div., Proc. Am. Soc. Civ. Engrs. 96:547-571,

Palmer, C.M. 1977. Algae and Water Pollution. An illustrated manual on the
identification, significance, and control of algae in water supplies and

in polluted water., U.S. Environmental Protection Agency. EPA-600/9-77-
036. 123 pp.

Partch, E.N. and J.D. Smith. 1977, Time dependent mixing in a salt wedge
estuary. Estuarine and Coast. Mar. Sci. 6:3-19,

Rheinheimer, G. 1974, Aquatic Microbiology. John Wiley and Sons, New York,
NY. 184 pp. .

Richardson, D., J.W. Bingham, and R.J. Madison. 1968. Water resources of
King County, Wasington. U.S. Geological Survey Water-Supply Paper 1852,
74 pp.

Rowe, G.T., C.H. Clifford, K.L. Smith, Jr., and P.L. Hamilton. 1975. Benthic

nutrient regeneration and its coupling to primary productivity in coastal
waters. Nature 255:215-217.

Santos, J.F. and J.D. Stoner. 1972. Physical, chemical and biological
aspects of the Duwamish River estuary, King County, WA. U.S. Geological
Survey Water Supply Paper 1873-C. 74 pp.

Srnd, R.F. and A. Baggaley. 1975. Kinetic response of perturbed marine
nitrification systems. Jour. Water Poll. Contr. Fed. 47(3):472-485,

Stratton, F.E. and P.L. McCarty. 1967. Prediction of nitrification effects
: on the dissolved oxygen balance of streams. Env. Sci. Technol. 1:405-410.

Stratton, F.E. and P.L. McCarty. 1969. Discussion on evaluation of n1tr1f1-
cation in streams. J. San. Eng. Div., Proc. Am. Soc. Civ. Engrs.
95:952-955.

Strickland, J.D.H. and T.R., Parsons. 1972. A practical handbook of seawater
analysis. Fish. Res. Bd. Canada, 310 pp. :

Thurston, R.V. and R.C. Russo. 1981, Ammonia toxicity to fishes. Effect of

pH on the toxicity of the unionized ammonia species. Amer. Chem. Soc.
15(7):837-840. :

Toetz, D.W. 1970. Experiments on the adsorption of ammonium iohs by clay
particles in natural waters. Water Resour. Res. 6:979-980.

Trussel, R.P. 1972. The percent unionized ammonia in aqueous ammonia solu-

tions at different pH levels and temperature. Jour. Fish. Res. Bd. Can.
29:1505-1507.



81

Tsai, C. 1975. Ammonia, pp. 63 - 104. In, Effects of Sewage Treatment Plant
' Effluents on Fish: A Review of Literature. Chesapeake Research Consor-

tium, Inc., Publ. No. 36, Center for Environmental and Estuarine Studies,
University of Maryland, 229 pp.

Tuffey, T.J., J.F. Hunter, and V.A. Matulewich. 1974, Zones of nitrifica-
tion. Water Resources Bull. 10:555-564.

USEPA. 1973. Water Quality Criteria 1972. U.S. Environmental Protection
Agency, EPA-R3-79-033. 594 pp.

USEPA. 1976. Quality Criteria for Water. U.S. Environmental Protection
Agency, Washington, D.C. 256 pp.

USEPA. 1978. Microbiological Methods for Monitoring the Environment: Water
and Wastes. U.S. Environmental Protection Agency, EPA-600/8-78-017.
338 pp.

USEPA. 1979. Methods for Chemical Analysis of Water and Wastes. U.S. Envi-
ronmental Protection Agency, EPA-600/4-79-020,

Warren, K.S. 1962. Ammonia toxicity and pH. Nature, 195:47-49,

Welch, E.B. 1969. Factors initiating phytoplankton blooms and resulting
effects on dissolved oxygen in Duwamish River estuary, Seattle, WA. U.S..
Geological Survey Water Supply Paper 1873-A.

Welch, E.B., R.M. Emery, R.I. Matsuda, and W.A. Dawson. 1972. The relation
of periphytic and planktonic algal growth in an estuary to hydrographic
factors. Limnol. and Oceanogr. 17:731-737.

Welch, E.B. and W.T. Trial. 1979. Ammonia Toxicity Affected by pH and Nitri-
fication in the Duwamish River Estuary. Report to Brown and Caldwell
Engineers, Seattle, WA. 39 pp. :

White, J.P., D.P. Schwert, J.P. Ondrako, and L.L. Morgan. 1977. Factors
affecting nitrification in situ in a heated stream. Appl. Env. Micro-

" Whitfield, M. 1974. The hydrolysis of ammonium ions in seawater. A theoreti-
cal study. J. Mar. Biol. Ass. U.K. 54:565-580.

Wezernak, C.T. and J.J. Gannon. 1967. Oxygen-nitrogen relationships in
autotrophic nitrification. Appl. Microbiol. 15(5):1211-1215.

Wezernak, C.T. and J.J. Gannon. 1968. Evaluation of nitrification in
streams. J. San. Eng. Div., Proc. Am. Soc. Civ. Engrs. 94:883-895.



82

Yake, W. 1981. Part II. The impact of effluent from the Renton Wastewater
Treatment Plant on the dissolved oxygen regimen of the lower Green/Duwam-
ish River. In: The Impact of Renton Wastewater Treatment Plant on Water
Quality of the Lower Green/Duwamish River. Washington State Department

of Ecology, Olympia, WA. Report No. 81-2.



83

L99 1517 0zz‘l — ——— L*sl 005 ‘8¢ r4 ¥l
082°1 966 osLl _ 1°9 —— 8°8! oc_“o_ * $ang 14
69 Ly oL8 -— o 8°gl 00L‘9E F4 €1
0zi‘y 90Y 008°1 ¥°9 -—— 6Ll 0s6°‘9 * 3dng 1]
8Ly 9y voL === -—-- 6°vl 00s‘ve 4 z
0oLt ey 056°1 v°9 ———- rAFA ) 0l10‘t *4dng 2
LIg 1174 918 -— ——- 1°91 0065 ‘2¢ B/ 1
0szlL ocy 0L0°2 Z°9 -——— 8°9l 059°‘< * $dng 1
86€ 08z 010°‘1 — ———— 8'91 006 ‘2 A ot
) A o8s ovz‘z S°9 06°9 sl 0sz‘t *34ng ot
Lz9 -—- 09z°1 - oL*9 (A 00812 z 6
0zg‘tL —— 060°2 9'9 gL 6oLy 0L0‘1 * 3Jng 6
€66 99¢ 0061 ——- €9°9 8Ll 006 ‘01 rA g
009°1 08¢ .o0sg‘z 9°9 08°9 08l <86 ®jang 8
09s°‘lL 894 068°1 -— 6L*9 L8l 968 z L
009°1 0ss (1,4 A4 9°9 GL*9 G*Ll BLL *34ng L
ove‘lL ¥SL - - sl°L G Ll ¥y z 9
096°1 1241 00£°Z 1L 6L"9 gLl Ly ° jang 9
06¥°‘Z 806 065 ‘S 1°L 6L*9 £°gl z82 z 1
0s6°2 ost 095 ‘¢ 'L 6L*9 £°8l Log *jang S
098°‘€ gly 050°‘¢ 9°L 0L*9 L8l 82¢ z v
001 ‘¢ gLy 086°‘€ Lot 6L*9 L8l 62% ® 44ng ¥
00€ ‘Y 8Z¢ or1‘9 6°L 6L"9 z°6l1 9ve z €
ooL‘s oLE o¥6°s 1°8 oL*9 2°61 9 *34ng Y
09Z°‘c vLL 006°€ L*8 08°9 £°8l 62¢ z rA
o1’z 0LE ooL’s €°8 - £°8i zig *3d4ng z
091°s 862 (1} J $'8 cc’9 i°61 Lig z 1
066°% 98¢ 0909 , 1°8 €9 1°6l L¥E ‘34ng 1
0zz‘z zzs osy’s —— 05°9 ¢°8l L9g *4dng oL’
1z 174 8Lt €6 sv'L ¢°8l L6} * jang 0

LR (.7 BTy = ON+ ON 4_ ¥ B N-14epiusly q ama.o.oﬂmGav.%ﬁoomwtmostécou.afs_t%o§o:
1- + - - -

*AJUN4S3 JOA|Y UYS|WRMNg By U0 (g6l ‘¢-Z Joqueides JO AGAUNS |9ARJL 4O OW|] |RUIN|(Q JO} POPUOdSY SJejeuwrdeq |@OIWSYH pue {eo|sAyd

V XiON3ddY



84

101
090°t
Ly
€66
L
oLl
L
[\l Ad!
Ly
0501
e
vLL
L
8¢6
8zl
290
g6l

—_—0a

(

i-

¥6m N xz

66C
€Zs
89¢
8¢s
vel
1174
e
086
08¢
431
86¢
LLs
68¢
oLE
267
0ss
08¢

a Bri) N-ON+CON

(
l

(
l

(3o) *dwey J .Gz 4e sdueionpUO) *dS (W)

8LE - ——— 0°sl 000°v? (0°L) 1 +8 €2
051l —-— ———— 8°¢2 00L vl l €2
991 - ——— oLl 00E‘Yy  (0°L) L+ 8 72
L€6 - -— 6°¢e 001 “t1 l 44
ozZv - - Lt 00Z‘vy  (0°L) L +8 1T
0gilL —_— ——— FAR 74 008zl 1 1z
¥ov e - 0°8l ooL‘sy (1°9) L +8 o0
0Ll — —— Lz 009°61 1 0z
yov —— —— 0°Ll 00c‘vy  (9°6) | + 8 6l
0s0°1 -—- -—=- 0%z 00Z°L1 | 6l
102 6°9 -—— 8° Ll 00s‘sy  (0°9) L +8 8l
0oL -—- -—— 0°€Z 009°Zt | 81
6Ll €L —— 6° 0z 00‘ly (0°9) L +8 Ll
8iL — — 6'gz 00L‘0Z t L
yov L*9 ——— 1z o0s‘oF (0°6) 1 +8 9l
4 B} — - 9°Z¢ 001 Lt l 9l
{14 -— -—— 1°91 00S‘be  (S°9) L + 8 gl
0z0‘l — ---= v°8l 00Z°‘0z ! 1!
¥ 6™ N-tyepiyely ( ¥ Bup *0'a  Hd Y4deg JnoH



85

8LL 9y - oLzt £°6 AN 8°01 B - *44ng 1

(117 ovs oL -—- 0z°L 1°z1 069°6 r4 ol
ILg ave - L06 8°8 0z°L FAR A 090°9 * jang ol
9¢¢ :114 ‘ 65€ —— cc'L 19} 0096 (O°%) L +8 6
696 1117 e -— oc°L vzl 00Z°01 z 6
zzs 8ZL 69 0°6 (1A 0zl 080°9 * jang 6
8cl 9l oLs - oL L°gl 0o0‘ovr (0°v) L +8 8
12 1] Lz o114 -— ov'L 8°Zl 008°¢Z T 8
09 0gs 286 6°8 KL sl ogz’s ®jing 8
8ci (14 1112 _ - ov°L 9°¢l coc‘or  (0°6) 1 +8 L
ZIg 141 08¢ -— ts°L rAL 9! 009°s¢ Zz L
80L (117 og1’l L%6 ov'L 6°11 08v‘z ° 44ng L
74 L68°‘Y 80¢ -— og'L 9°¢1 009‘6s (1°S) L +8 9
659 1344 9IL . - os*L 0°¢l 00z°'8z Z 9
YL 6¥¥ 0L0°‘l 6°8 og°L 81l 08l‘z ® jdng 9
182 zze S99 - ogtL 0°¢ct 0068  (s°P) L +8 ¢
689 6Z¢ 000°1L — og'L 0°zt 00L°12 4 G
\ZL 144 0g0‘t v°'6 gL rARY c¢8 * jng S
oL 9y 18L — 06°9 0°tl 002‘g1t z 17
689 69Y 010°1 - L6 0g°L sl vis ®3dng v
199 olg‘l L16 - 1152 6*0l 0S¥ 4 €
Zis zsg 26 8°6 vt €l 6.2 *4dng <
sL 65 ¥ 000°t —— 60°L 1°ot 6Le z 2z
00L (12 L6 8%6 01t rAd] 174 *4ans z
sLL 65Y L<6 ——- 0i°L 0°01 0s2 z !
oL -1 T e 9°6 vi'L ool 052 *jung l
- 6L6 €0g 091°1 —— 166°9 1001 €88 - .z 0
vi6 6Ly (\TE A 16 -60°L z°0l ze8 *jang 0
(36 (¥BH - e (¥ bW wd (06) souul 9 oGz 42 (W) Anoy
z.+v:z z--noz+-~oz N-1uepiefy *0°a . *dwe) eouejonpuog *ds  uideg

*AdRNyS] JOALY
ySjwemng oy4 Uo ‘186l “‘9I-Gt Jeqo4d0 jO AeAdng |euRJn|Q AJRUO| JR}S JOj POpPJODeY SJejeueuey jed|Wey) pue 1e2isAud

8 XION3ddY



86

9¢g 1149 9%y -— oc'L vyl 00c‘68 (S°9) | + 8 vz
L8y 1474 oLL -— TANA TANA 08l‘s 4 vz
L€8 110 oyL‘L. 2°6 Gl°L 0°zt 09L'Y *4ang vz
olg A% 682 —— gg L vl 009‘6s  (9°€) | +8 €2
929 (32 oty -— cz'L Lzl 000°02 z €z
69L 0ls 96 8°8 sz°L 8°11l 0L8°¢ *3dng €2
802 e oy — ov°L Lot 00L‘es  (0°®) | + 8 zz
rAYA 6vv 0Z0°‘1 — 0g°L 0°¢l ooL‘zz z 44
08¢ 96¢ 001’1 6°8 6Z°L 0°zl 096 ‘v ®3dng 2z
174 g 65€ — sveL- 9°¢i: 00E‘Or (£°¥) 1 +8 12
866 9ch €19 -— cz'L 1°<t 006°62 4 1z
8L 111 060°1 1°6 0z°L 9°11 o8L‘S *44ng 1z
6vl 8l¢ 1114 — ov°L FAR 2 000°¢s  (Z°W) L + 4 0z
092 65€ vZg — ovL 0°¢i 005 ‘1€ 2z 0z
659 A1 0sZ°l z°6 oc'L 61l 0062 *44ns 0z
vil 862 171 — or°L vl o0g‘le (8°) L +8 6l
589 1117 vig —— 6L €°cl 009°v2 4 61
€18 744 o1zl 8°8 (AN} €1l 061°2 * $4ng 6l
169 :11 686 — 66°9 FAFA| 0898 F4 8l
8LL 08y 00Z°1 - gL FAN Y 06¢ ‘1 *3dng 8l
--- g6v ovi‘l --= €0°L € 008°z Z Ll
1471 00S 091°tL £%6 rictL 6°01 1191 ®dng Ll
169 €05 00i ‘1 —— L0°L s*ol 168 z 9l
169 90g oLt L6 Lot v°0l 10t *4dng 91
689 1111 001 ‘1 9°6 e <0l 18,4 *jang <l
1172 006 001°1L $'6 Gl°L veot i8¢ *'4dng vl
886 669 ost’l 9°6 L c*ol 09¢ ® jang <l
098 LSS 00§l -— vZ°L 5°01L 144 b4 4l
906 1174 08¢ ‘1 L*6 1 TANE c*ol 005" ® j4ng zl
(174 €9y 06Z°1\ —-— £2°L 8°01 688 4 1!
(.3 6™ (.7 61 (.3 6 ATuumca Hd (95) soyurl 9 6z 4@ (w) 4noH
’ z-unoz+-~oz N-1uepjely ‘o0°a *dwey eduejonpuoy *dg  uideg

N-_ BN
+



87
APPENDIX C
NO, +NO, -N Occurring in Sediment Pore Waters of the

2 Duwamish River Estuary, 1 October 1981.

Samp]e Station (river km) Sediment Depth (cm) ﬂ92-+N03'-N (ug 2-1)

5.6 | 0-3 678
5.6 0-3 291
5.6 3-6 592
5.6 3-6 1131
5.6 6 -9 406
5.6 6 -9 527
7.7 0 -3 183
7.7 0-3 162
7.7 | 3-6 114
7.7 3-6 162
7.7 , 6 -9 183
7.7 6 -9 291
10.0 0 -3 75
10.0 0-3 398
10.0 3-6 75
10.0 3-6 162
10.0 6 -9 75
10.0 6 -9 291
21.0 0-3 140
21.0 3-6 291

21.0 6 -9 260






