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Mooring 
·m 

STE-l 
STE-1 
STE-l 
STE-l 
STE-1 

STE-2 
STE-2 
STE-2 
STE-2 
STE-2 

STE-3 
STE-3 
STE-3 
STE-3 
STE-3 

·STE-4 
STE-4 
STE-4 
STE-4 
STE-4 

STE-5 
STE-5 
STE-5 
STE-5 
STE-5 
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Meter 
@depth(m) 

1815@27 
2163@57 
2492@107 
2510@167 
2496@206 

3296@12 
1811@42 

·3286@92 
2496@152 
2510@19.6 

2248@20 
1686@51 
1490@101 

_2496@161 
2510@205 

2501@20 
1827@53 
2157@103 
2502@163 
1825@206 

1823@20 
1452@53 
1686@103 
1825@163 
3291@206 
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Table 2.3. Sediment-Trap Experiment December 1980 to December 1981. 

Station Station Location Deployment Record Variance 
depth(m) Lat. Long. dates · length(days) (cm/sec)2 

217 44.70N l22.45W 12/4/80-1/30/81 17 62.8 
II II II II 

II II II II 68 66.0 
II II II II 57 
II II II II 12 

202 44.70N l22.45W 2/5/81-4/16/81 
II II II II 70 52.8 
II II II II 

II II II II 8 93.6 
II II II II 70 71.9 

210 44. 70N l22.46W 4/23/81-7/10/81 
II II II II 78 49.5 
II II II II 78 39.6 
II II II II 42 86.6 . 
II " II II 77 108.7 

210 44.70N 122.45W 7/22/81-9/29/81 
II " II II 21 54.9 
II II II II 69 51.6 
II " II II 69 140.0 
II " " " 69 140.0 

211 44. 70N l22.46W 10/13/81-12/21/81 69 110.7 
" " " " 69 51.2 
" " " " 
" " " " 69 79.9 
" II " II 69 77.6 

L:J :.::_:_] c.::= 

Net Flow 
Speed Dir. 
em/sec or 

4.3 35.0 

5.3 239.2 

5.2 32.7 

10.7 236.6 
7.0 224.4 

3.2 26.8 
2.9 239.7 
8.6 250.4 

u.s 222.7 

3.7 236.6 
4.3 238.8 

12.6 223.4 
12.6 223.0 

9.2 16.2 
3.3 39.1 

4.9 246.7 
6.3 225.5 



Sediment-Trap Experiment, cont. 

Concurrent CTD sections along Puget Sound: 
Cruise dates Start ~oint End ~oint II stations Cruise name 
5-6 Feb. 81 Tacoma Port Townsend 10 LRERP 81-1 
30 Apr. - 1 May 81 Tacoma Port Townsend 11 LRERP 81-2 
16-17 July 81 Tacoma Port Townsend 12 LRERP 81-3 
27 Aug. - 2 Sept. 81 Tacoma Port Townsend 54 LRERP 81-4 
3-5 Nov. 81 Tacoma Port Townsend 10 LRERP 81-5 

lst full-day averages 
--

Mooring ID Meter@de~th(m) Temperature(°C) Salinity(0 /oo) Pressure(db)-for entire record Transmissometer? 

STE-1 1815@27 11.06 29.82 25.14 No 
STE-1 2492@107 9.53 30.61 110.35 No 

"STE-1 2510@167 10.28 30.94 n/a Yes ..,. STE-1 2496@206 9.87 30.60 n/a ··Yes ()) 

STE-2 1811@42 9.26 29.37 44.59 No 
STE-2 2496@152 9.13 30.07 n/a Yes 
STE-2 2510@196 8.99 30.18 n/a Yes 

STE-3 1686@51 9.31 29.37 50.05 No 
STE-3 1490@101 9.07 29.69 102.41 No 
STE-3 2496@161 9.23 29.76 n/a Yes 
STE-3 2510@205 9.22 30.31 n/a Yes 

STE-4 1827@53 11.,06 29.82 61.46 No 
STE-4 215.7@103 10.88 30.04 112.79 No 
STE-4 2502@163 10.78 30.21 n/a Yes 
STE-4 1825@206 10.75 30.16 n/a Yes 

S.TE-5 1823@20 11.90 30.14 22.22 No 
STE-5 1452@53 11.83 30.29 56.64 No 
STE-5 1825@163 11.28 30.79 n/a Yes 
STE-5 3291@206 11.14 30.94 n/a Yes 

r ; r. :___ r r r l r l i l r r 1 ~r · 1 ' r·· -~. l r r r· _-J 
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Table 2.4. Puget Sound 1982 Mooring Summary 

] 
CODES Data condition Processing Notes -- 4 - Excellent 6 - Completed MR - missing records 

[J 3 - Good 5 - R2D2 SR - short record 
2 - Fair 4 - C2C edit NS - no speeds 
l - Poor 3 - CME edit SP - special programming 

J 0 - No date 2 - CMl initial 
l - Translitted 

D MOORING INSTRUMENT DEPTH LOCATION DURATION CONDITION 
NAME METERS START-END 

YEAR DAY DC PR NOTES 

' \] PS820l 108 47° 57 .4N 041.0-118.0 
122° 34.4W 

D 1981 15 041. O-ll8. 0 3 4.8 ~JR. P? 
1978 30 041.0-118.0 3 4.8 

) 2157 50 041. 0-ll8. 0 3 4.6· MR 

] 
1807 75 041. O-ll8. 0 3 4.8 MR, P? 
2496 100 041. O-ll8. 0 2 4.2 Overflows 

PS8202 92 47° 58.2N 041.0-056.8 

] 122° 34.0W 
2501 30 041.0-047.9 2 4.5 many MR 
2500 75 041.0-049.0 2 4.2 many MR 

:J PS8203 110 47° 57 .5N 041.1-048. 7 
122° 35.3W 

] 
3210 28 041.1-048. 7 2 4.8 MR 
2505 73 NO DATA 0 6 failed @ water 

PS8204 132 47° 57.3N 076.8-ll7.9 

[J 122° 30. 7W 
603 17 076.8-117.9 2 4.5 speeds 9 days 

3185 37 076.8-117.9 3 4.0 

u 3442 62 076.8-117.9 3 4.0 MR 
3138 77 NO DATA 0 6 Failed @ water 
3129 127 NO DATA 0 6 " " " 

D PS8205 200 47° 54.0N 040.8-117.9 
122° 28.8W 

) 1452 15 040.8-117.9. l 3.0 MR data 

ij 1490 40 040.8-045.4 3 4.0 SR 

'~ 1686 90 040.8-117.9 1 2.0 SP selector 
1687 125 040.8-117.9 1 4.0 .T,S,P? 

l 
1803 175 040.8-068.2 2 4.0 SR P? 
1825 195. 040.8-117.9 2 4.0 Overflows 

.J 
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Table 2.4, Cont. 

~~ 

PS8212 83 47° 41. 9N 042.7-049.0 
122° 25. ow 

3185 15 042.7-049.0 3 4.8 P? r 

1833 35 042.7-049.0 2 4.8 P? 
3286 60 042.7-049.0 l 4.0 data? 

PS8213 184 47° 29.4N 057.1-119.8 r 

122° 23.8W L 

2477 20 057.1-119.8 4 4.8 
2356 45 057 .l-061.3 l 4.5 SR r 

2492 90 057.1-119.8 4 4.5 
2500 150 057.1-096.6 2 4.0 SR T&S? 
2501 180 057.1-100.5 2 4.3 SR r 

PS8214 175 47° 21.6N 057.0'-119.8 L 

122° 23.0W 
1833 20 057.0-119.8 2 4.0 SP, data? r 

3286 45 057.0-119.8 3 4.5 ' ,_ 
2494 90 057.0-119.8 3 4.0 ( 

2505 150 OS 7. 0-119. 8 4 4.5 r 
3210 170 057.0-074.8 3 4.0 MR S? 

PS8215 194 47° 42.6N 057.7-074.8 
122° 23.2W r 

2501 189 057.7-074.8 3 5.5 L 

2510 191 057.7-074.8 3 5.5 
3291 193 NO DATA 0 6 Leaked ' 

PS8216 198 47° 53.5N 076.9-117.8 
L 

122° 29.0W r 

2158 125 2.0 
TC155 135-180 076.9-117.8 3 3.0 SP L 

PS8217 189 47° 46.9N 077.9-119.7 r 

122° 26.8W L 

3177 83 2.0 
TC149 88-188 3 3.0 SP 

PS8218 -7 48° 46.9N 034.7-133.7 '--

122° 36.3W 
DL322 -7 034.7-133.7 4 5.5 Bush Pt. 

L 

PS8219 -2 47° 39.5N 048.8-127.8 
122° 26.0W 

DL337 -7 048.8-127.8 4 5.5 West Pt. 

PS8220 -2 47° 23.4N 028.8'-127.7 
122° 22.3W 

DL288 -7 -28.8-127.7 4 5.5 Pt. Robinson L 
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:j PS8206 192 47° 59.4N 077.8-117.8 
122° 27. 7W 

1971 17 077.8-117.8 4 4.0 

0 2163 42 077.8-117.8 4 4.0 l1R 
1453 92 077.8-117.8 3 4.2 P? 
1828 127 077.8-117.8 2 2.0 SP 

l 2168 187 077.8-117.8 3 4.2 

PS8207 190 47° 46.9N 041.7-119.7 

[] 
122° 26.5W 

3135 15 041.7-119.7 3 4.5 
2249 35 041. 7-043. 0 3 3.0 SR 

'/ 1813 60 041.7-119.7 4 4.5 

iJ 1815 90 041.7-119.7 4 4.5 
1823 125 041.7-047.9 2 3.0 SR 
598 175 041. 7-045.2 3 4.0 SR 

] PS8208 180 47° 47.1N 041.8-048.9 
:) 122° 24. 7W 

2494 15 041. 8-048.9 4 4.8 

L:l 
3177 40 041.8-048.9 3 4.0 
1828 90 041.8-048.9 3 4.0 P? 
2158 125 041.8-048.9 3 3.8 

!] PS8209 106 47° 46.8N 041.9-048.9 
122° 27.8W 

D 
2163 14 041.9-048.9 2 3.0 l1R 
3128 39 NO DATA 0 6 Failed @ water 
3129 89 NO DATA 0 6 " " " 

] PS8210 203 47° 41.6N 042.9-107.5 
122° 27.4W 

3293 1.5 LOST 0 6 

D 
3446 17 042.9-107.5 3 4.5 
3132 37 042.9-104.4 2 4.0 l1R T&P ? 
1827 61 042.9-049.8 3 4.0 SR 

:J 3133 92 NO DATA 0 6 Capstan 
1988 127 042.9-075.7 1 4.0 NS,SR 
3444 177 LOST 0 6 
3134 197 042.9-106.5 3 4.7 l1R 

0 TG189 202 ----------- 1.0 

043.0-049.0 
:) 

PS8211 172 47° 42.4N 
122° 28.3W 

D 3442 15 043.0-045.6 3 4.8 SR 
2477 40 043.0-049.0 4 4.8 
2356 90 043.0-049.0 1 3.0 data 

J 2492 125 043.0-045.2 3 4.5 SR 

u 
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Figure 2.5. Puget Sound region showing mooring locations. 
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Figure 2.6. Bathmetry of the Admiralty Inlet sill region. 
Inset shows schematic non-tidal circulation 
(adapted from Cannon and Ebbesmeyer, 1978). 
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Figure 2.7. Vertical profiles of tidally averaged velocities during 
periods with ( c ) and without ( 8 ) inflow; profiles of 
velocity differences due to inflow ( 0 ), and 1st eigenvector 
of 35-hour velocity variance ( 0 ). 
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experimental program utilizing unattended current-meter moorings was 
initiated in 1970.by the author to characterize the temporal and spatial 
variability in the circulation and the large-scale dynamics of this 
estuarine system. Subsequently, many c9ntinuous observations in the 
main basin of Puget Sound have exceeded a month in duration, and in one 
case a mooring was maintained for an entire year. A tabulation of known 
current observations through 1980 has been made by Cox et al. (1981). 

A summary of observations of tidally-averaged flow and its variations 
that are important to understanding the overall circulation of Puget 
Sound and the Strait of Juan de Fuca include three main aspects: deep 
water replacement, mean current profiles, and coastal interactions. 

An overall rate of replacement of intermediate and deep water south 
of the Seattle long-term mooring (from a line between Meadow Point and 
Point Monroe) has been approximated using daily-averaged currents assumed 
to be uniform across channel. The average replacement time was less 
than two weeks when new bottom water was entering, and observation of 
water properties along the Sound showed the same transit time. New deep 
water has been observed to enter the Sound at about fortnightly intervals 
usually associated with the largest flood tides through Admiralty Inlet, 
but also associated with the smallest flood tides. Jncoming bottom 
water can transit Admiralty Inlet in one flood cycle and is least mixed 
when the flood-tide range (higher high water minus lower low water) 
exceeds about 3.5 m. Incoming bottom water transits most of Admiralty 
Inlet on the larger flood cycle. Replacement occurs during th~ lowest 
flood tide ranges during the equinoxes in late winter and late' summer. 
However, the subsequent small ebb is almost nonexistent at the~bottom, 
and the following small flood is capable of completing the transit of 
the sill with minimal mixing. At intermediate tide ranges, floods and 
ebbs are more nearly equal causing maximum mixing of water in Admiralty 
Inlet. However, water more dense than is in the bottom of the Sound is 
always available at sill depth in the Strait and.the intrusions do not 
occur every fortnight. The effects of tides and of winds in Admiralty 
Inlet on deep wate• •eplacement are only now receiving attention 
(Mofjeld and Larsen, 1983; Geyer and Cannon, 1982). 

A recent conceptual model of the Sound's circulation implies that 
considerable seaward-flowing surface water is entrained or mixed downward 
and becomes part· of new deep water entering the Sound at the south end 
of the Admiralty Inlet entrance sill (Ebbesmeyer and Barnes, 1980). 
Flux calculations using month-long-average currents midway along Admiralty 
Inlet, which show about half the inward volume transport as observed 
midway along the Main Basin, support this concept. Studies in 1982 were 
designed to .attempt to determine how much "new" water actually enters 
during any given intrusion. 

In addition, the constriction of the Narrows, the landward sill 
zone, appears to upwell deep water from the southern end of the main 
basin (Barnes and Ebbesmeyer, 1978). Thus, a combination of factors 
results in the main basin of the Sound being unusual as it is capable of 
renewing its deeper water at a much more rapid rate than classical 
fjords (Gade and Edwards, 1980). 
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Longer term average current profiles show characteristics of the 
Main Basin somewhat between those of classical fjords and partially 
mixed estuaries. However, significant variations in these profile have 
been observed when averaging over intervals of about a day. The concept 
of a mean current is obviously a function of time. Apparently, there is 
a delicate balance of forces along the basin due to the relatively small 
horizontal gradients. Thus, the wind contribution to the total horizontal 
pressure ·gradient results in major changes in flow throughout the water 
column. 

2. Tides and tidal currents in Puget Sound and the Strait of Juan de 
Fuca-Strait of Georgia System, Mofjeld and Larsen, 1983. 

Tidal mixing and advection are important processes determining the 
circulation in Puget Sound. It is the tidal mixing which maintains the 
density contrast (Ebbesmeyer and Barnes, 1980) across Admiralty Inlet; 
and it is tidal advection which brings new water into Puget-Sound. The 
same processes create the efficient mixing of deep and shallow water at 
the Narrows which drives the circulation in the main basin of Puget 
Sound. The mixing may in turn have a significant effect on the tides 
and tidal currents because these same sill. (also the sill in Haro Strait) 
dissipate tidal energy much more intensely than would occur with simple 
bottom drag. We may speculate therefore that the mixing of waters 
differing in density creates a substantial drag on the tides and tidal 
currents over the sills. 

The relative magnitudes and phases of the diurnal and semidiurnal 
tidal currents may be important in determining when new water enters 
Puget Sound through Admiralty Inlet. The diurnal currents advect water 
with less mixing than the semidiurnal currents because they have longer 
periods. Hence, new water may be advected into Puget Sound when diurnal 
currents are strong while semidiurnal currents are weak. This occurs 
around the equinoxes. According to-Geyer and Cannon (1982) it may be 
that new water enters simply when tidal mixing on the sill is small, 

-- - - - allowing tlre--barodinic-pre-sslire coiftrast: be-t:weeii the Strait: o.f Juan de 
Fuca and the main basin to drive the new water through Admiralty Inlet. 
The minima in diurnal and semidiurnal currents, and hence mixing, coincide 
around the solstices. Since the observations (Cannon, 1983) indicate· 
considerable inflow during the March-April period (around the vernal 
equinox), diurnal advection and the lack of semidiurnal mixing are 
probably important during this period. There are also smaller inflow 
events around the solstices which presumably occur during periods of 
small tidal mixing. 

VIII. Needs for further study 

During FY83 the major analysis effort will be to synthesis the 
results from the 1980-81 year-long observations and the 1982 winter­
spring observations to develop an understanding of the flux of 
particulates in the main basin as indicated in the introduction. 
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2.2.2. Tidal Model 

I. INTRODUCTION 

In estuaries toxic substances are associated with particles which 
are themselves suspended and transported by tidal currents. The objective 
of this work is to p-roduce a numerical model of tidal currents in an 
estuary to ultimately be used in conjunction with models of particulate 
£lux and pollutant equilibria to predict the fate of particulate-borne 
pollutants. Work is behind schedule due, in part, to a three-month 
delay in the receipt of funds. We point out some unique properties of 
~he tides having to do with observed mean currents and the potential 
importance of horizontal eddies in our study area (Puget Sound), and we 
outline efforts to produce a numerical element mesh. 

A. ·General Nature and Scope of Study 

In estuarine waters most toxic substances are associated with 
particles, and the circulation of water plays a major role in determining 
the movement of particulate-borne pollutants. Strong currents suspend 
particles, mean currents transport them bodily, and weak currents allow 
for their deposition. In many semi-enclosed basins connected to the sea 
tidal currents dominate. Apart from their oscillatory components tides 
can set up long-term mean flows which can have associated sediment and 
pollutant patterns. Hence a quantitative measure of the currents is 
essential in order to delineate the pathway and history of particulate 
matter movement from source to ultimate site of deposition. 

B. Specific Objectives 

The specific objective of this one-year program as presented in the 
PMEL FY82 Project Development Plan is to 

c. 

0 develop a computational model of tidal currents in Puget Sound 
and Elliott Bay. 

Relevance to Problems of Marine Pollution 

A number of PMEL projects have focused on Puget Sound as a case 
study of an estuary where pollutants are associated with suspended 
particulate matter. Nearly the entire thrust of this work has been 
observational and process-oriented. What is also needed is a model 
framework within which to interpret and make observations, sharpen our 
understanding and make predictions. The tidal model is a logical first 
step toward modelling the circulation of the region. 

II .. CURRENT STATE OF KNOWLEDGE 

The tides are shallow water waves caused by the mutual attraction 
of the ocean waters with the sun and the moon. In a confined basin such 
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as a bay or estuary the direct attraction is small, and tides there 
co-oscillate with the adjoining ocean, that is, the tides are forced by 
a flux of water through the basin's entrance. Up until the last few 
years tides in confined basins have been modelled by site-specific 
hydraulic models fashioned of plaster and plexiglass and filled with 
water. Such models are now being replaced by computational models which 
offer advantages in speed and flexibility. The models are based on . 
numerical solutions to the shallow water equations. They can be adapted 
to various regions of study as the need arises although model set-up and 
calibration must be performed with each new adaptation. The models can 
be run at various grid resolutions to provide an overall picture of the 
tides or to focus in on a specific area. Numerical tidal modelling is 
still a very fertile area of research on three levels--mathematical, 
numerical and estuarine, and as yet few, if any, standardized, "best" 
techniques have been agreed upon. Much of the work has been done by 
research institutions in northern Europe and is related to North Sea 
tides and storm surge. Unfortunately most of the models are proprietary 
and not available to us. 

A very comprehensive review of tides and tidal currents based on 
field observations in Puget Sound has recently been completed by Mofjeld 
and Larsen (1982). For the purposes of the present study the most 
useful information they provide are their diagrams of lunar semi-diurnal 
(M2 ) and solar diurnal (K 1 ) tidal amplitudes and phases in the region. 

There are two existing tidal models that cover the entire Puget 
Sound basin--the University of Washington Department of Oceanography's 
hydraulic model (Rattray and Lincoln, 1955) and Pease's (1980) empirical 
model. The hydraulic model is a scaled-down plaster model of the estuary 
in which the water level is forced up and down by a plunger to mimic the 
rise and fall of the tides. It is scaled to represent the propagation 
of the tidal wave in the absence of friction. Unfortunately the turbulent 
flow of Puget Sound is not well represented by the laminar flow of the 
model in which molecular friction plays too large a role. Although the 
hydraulic model reproduces well the gross features of Puget Sound tides, 
it is difficult to obtain quantitative results on a fine scale or to 
couple the model results with other models of, say, particulate transport. 

The purpose of the empirical model of Pease (1980) is to approximate 
the tidal current at any site within Puget Sound as a weighted average 
of the reference currents at the three nearest NOS measurement sites. 
The reference currents are synthesized from previously measured currents. 
The weights between reference and predicted currents are assigned 
subjectively. It is restricted to only M2 tidal currents; the important 
K1 and mean residual tidal currents are neglected. The model has several 
shortcomings, not the least of which is the subjective nature of the 
weightings.· It has no dynamical basis, hence mass conservation is most 
likely violated. 

III. STUDY AREA 

Puget Sound has been chosen as the study area. It is a fjord-type 
estuary in which tidal currents are always i~portant and often dominate. 
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Its waters are generally unpolluted although degrading slightly. It 
receives most of its pollutant load from two major urban areas, Seattle 
and Tacoma, via outfalls, runoff and river flow. It is near to PMEL and 
there exists a sizeable, but scant data set of water properties, tidal 
elevations and currents dating back at least 30 years. 

Currents in the region are due in part to internal waves, winds, 
estuarine flow and tides. Currents induced by internal waves are usually 
weak, but can dominate in localized regions due to geographical effects. 
Strong surface currents are asso·ciated with s.trong winds, hence they are 
not always present. They have an unknown cummulative effect on the 
Sound's circulation. The estuarine circulation is driven by freshwater 
runoff into the basin which is b'alanced by a landward-moving, subsurface, 
salt water flow necessary to maintain a steady salinity. Tidal currents 
are responsible for the maximum, instantaneous currents throughout most 
of Puget Sound. It is these maximum currents which can suspend particles, 
carrying them into the water column where they adsorb pollutants as they 
are transported and settle out again at slack water. 

The tidal wave enters the north end of Puget Sound at Admiralty 
Inlet and travels southward reflecting partially at the Narrows and 
partially at the end of the southern basin. One version of the model 
will operate on this scale to mimic the general, overall properties of 
the tides and currents. The main channel between Seattle and Tacoma is 
split by Vashon Island into two channels, East Passage on the east and 
Colvos Passage on the west. It has been observed (Larsen, Shi and 
Dworski, 1977) that a mean net northwards current of approximately 
30 em/sec exists in Colvos Passage which implies a net clockwise mean 
circulation around Vashon Island. This may have important implications 
for the particulate-borne pollutant budget in the region since the two 
major polluters, Seattle and Tacoma, border the north and south ends of 
this loop and an area of suspected net deposition, Poverty Bay, lies 
between them. The tidal model will contain a finer grid submodel to 
study this region in detail. This 30 em/sec mean current is likely a 
net tidal residual flow due to the interaction of the tidal wave with 

·the island; · If' so it'represents.aTarge.res1duarveiocilifexceeded by 
only one other reported value, a 76 em/sec current observed in Minas 
Basin (Tee, 1976) at the head of the Bay of Fundy. Typical tidal 
residuals for the oft-studied North Sea are only a few em/sec. 

IV. METHOD 

The propagation of the tides is represented mathematically by the 
shallow water equations 

1 

au+ u au + au - fv = ah C(u2+v2 )~ 
at ax v ay -g ax - p(H+h) 

1 

av + u av + av ah C(u2+v2 )~ 
v ay + fu = -g-- p(H+h) at ax ay 
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~~ + ~x u(H+h) + ~y v(H+h) = 0 

where p is the fluid density, u(x,y,t) and v(x,y,t) are the vertically­
averaged horizontal velocity components, f is the Coriolis parameter, g 
is the" acceleration of gravity, h(x, y, t) is the water elevation above a 
reference level, H(x,y) is the water depth and C is· the drag coefficient. 
The time is t, and x andy are horizontal Cartesian coordinates. We are 
using the spectral technique of Pearson and Winter (1977) in which the 
time variation of u, v and h is approximated by a few terms of a Fourier 
seFies in time with fundamental frequency w, i.e., u, v and hare 
proportional to e~nw . It makes sense to use this periodic representation 
rather than to timestep the equations of motion since the tides are very 
nearly periodic. It results in a considerable saving in computer time. 
The spatial part of the problem is solved by formulating the differential 
equations in terms of a variational problem and using a finite element 
technique. The nonlinear terms are solved for iteratively. The 
geographical region is subdivided into triangular finite elements, and 
flow velocities and tidal heights are solved for in each small triangle. 

The laying-out of a triangular grid on -an irregular geographic 
region can be time consuming. We are adapting the numerical algorithms 
of Thacker, Gonzalez and Putland (1980) first developed for use in storm 
surge modelling (Thacker, 1979). They produce a triangular mesh which 
fits the shoreline smoothly without great triangle distortion. Depths 
at arbitrary locations are linearly interpolated to each triangle. 

v. RESULTS 

Work on the Puget Sound tidal model is behind schedule for two 
reasons: -(1) there was a three-month delay in the receipt of funds, and 
(2) the job has proven more difficult than first thought. Three months 
work has been devoted to the project to date, and three more months work 

~~~~~~~~-wa-l~carry-ove·r-1n:t·o-FY83-. -worltis plannea-for completion in April 1983 
resulting in a total of nine months effort as opposed to the six months 
effort originally proposed. This report will serve as a progress report 
rather than a final report. ·During the past fiscal year work.has focused 
on two areas--reading the relevant literature and producing the triangular 
mesh. 

A search through the scientific literature on tidal modelling has 
revealed two aspects of Puget Sound tides which are unique. The large 
mean residual circulation around Vashon Island has already been mentioned. 
The second aspect relates to the fact that Puget Sound is narrow (2-5 km) 
and deep (100-200 m) by estuarine standards. Much tidal modelling has 
been conducted in the North Sea which is wide (600 km) and shallow 
(50 m). The bottom friction provides the main retarding force; the 
horizontal transfer of momentum via eddies is small in comparison. In 
Puget Sound, however, a scaling analysis due to Robinson (1981) indicates 
that the horizontal momentum transfer may be as or more important than 
bottom friction. ·If true, this means that horizontal eddies might be an 
important component of Puget Sound's circulation. This has a bearing on 
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pollutant fluxes and residence times since such eddies may deflect the 
paths of particulates as they traverse the estuary. A current observed 
at a single site may not be part of a large-scale flow, but may instead 
be part of a local eddy circulation. 

When a numerical tidal model is transferred from one region to 
~nether a new mesh based on the boundary points and depths must be 
generated. We are using an automatic grid-generating routine (Thacker, 
Gonzalez and Putland, 1980) so that the model can be quickly adapted to 
other regions or can be refined on a subset of the overall region. We 
have received a copy of the computer code from the Institute of Ocean 
Sciences, Patricia Bay, British Columbia'· whel!·e some improvement to the 
work of Thacker et al. (1980) was made. We are in the process of 
adapting that code to transfer from a Univac to a CDC computer. It has 
been found recently that the automatic grid generation technique does 
not work as well for the angular shorelines characteristic of the Pacific 

·Northwest as it did for smooth Gulf Coast shorelines. 

Digitized depth data for Puget Sound is available on magnetic tape 
from the National Ocean Survey. A copy has been secured, but it is not 
useful to us since not all of the Sound is covered and that which is 
covered is done so on a very fine scale. We shall obtain depths from 
bathymetric charts in the usual way. 

VI . NEEDS FOR FURTHER STUDY 

Clearly the computational tidal model needs to be completed. This 
will provide a way to compute tidal currents which can be coupled with 
the work of Lavelle and Mofjeld (1982, reported elsewhere in this report) 
in two ways. Their work affects the tidal model in that they show a way 
to calculate the form of the time-dependent bottom drag for oscillatory 
flows. The bottom drag affects the magnitude and phase of the tidal 

crl currents. Conversely, the tidal model will give vertically-averaged 
LJ horizontal velocities needed to drive their bottom boundary layer model 
----------to-prov-ide-est.imates-of-sediment-erosion-and-depos±t±on-.-Tlrese-mo·d~-1----­

predictions need to be compared with field observations of tidal currents 
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and suspended particulate matter fluxes. All of these components are 
being proposed to OMPA by PMEL for a three-year FY83-85 study. 
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2.3. PARTICULATE TRANSPORT 

2.3. 1. PARTICLE FLUX IN THE WATER COLUMN 
1. INTRODUCTION 

A. General Nature and Scope of Study 

·Suspended particulate matter has extensive influence on the 
quality of estuarine waters. This influence arises from the role of 
particles both as transport agent for various natural ·and man-made 
substances and as mobile and ubiquitous sites for a diverse suite of 
physical/chemical/biological reactions which can create, alter, or 
eliminate these substances. The physical processes which control the 
distribution and transport of particles, particularly in semi-enclosed 
embayments where urbanization is concentrated, are important. Po.llutants 
associated with particles undergo various fates after introduction into 
an estuarine system. They may accumulate near the point of introduction 
if they remain insoluble and if dispersal currents are weak or the 
supply rate high. They may be widely dispersed and removed entirely 
from the system if they pass through a soluble phase or if the current 
system is vigorous, or they may be transported to some other part of the 
system by a series of erosion and redeposition cycles. Since the dis­
tribution of particulate pollutants is so sensitive to the transport 
characteristics of a given environment, knowledge of these characteristics 
is critical, enabling subsequent monitoring efforts to be made in the 
right place at the right time for the greatest return on observational 
investment. 

In response to these needs, PMEL is engaged in a long-term study of 
particle transport in Puget Sound, Washington. Seasonal cycles of 
distribution and composition of particle concentrations in the main 
basin of Puget Sound are being determined by periodic occupation of a 
standard ll station grid (Fig. 1.4 ) . Vertical profiles of salinity, 
temperature, and light attenuation (an optical measure of particle mass 
concentration) are collected at each_s_t_a_t_io_n_in_or_der_to_compare-temporal--­
and spatial variations in particle concentrations with those of the 
hydrographic properties. Direct measurements of particle transport are 
being made with long-term (up to a year) deployments of current 
meter/transmissometer instrument packages to continuously record the 
horizontal flux of particles past key sampling locations, and with 
sediment traps to collect samples of the vertical flux of particles at 
these same locations. Integration of these measurements should allow us 
to describe the particle mass loading typical of various regions and 
depth horizons of the Sound, the transport processes which control the 
exchange of particles from one region or depth zone to another, and the 
dependence of the particle distribution and transport on the circulation 
pattern. 

B. Specific objectives 

The principal objectives of this four~year program were presented 
in the PMEL/LRERP FY82 Project Development Plan and are restated here: 
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· l. Quantify the distribution of particles in a fjord estuary 
and relate the distribution to the hydrographic and circulation 
characteristics of the estuary. 

2. Quantify the vertical flux and aggregation characteristics of 
the particulate matter at representative depth horizons and 
locations. 

3. Quantify horizontal transport rates of particles at representative 
depth horizons and locations and. relate the transport variability 
to circulation variability. 

4. 

5. 

Determine the role of resuspension in recycling bottom sediments. 

Estimate particle residence times--the mean length of time for 
a particle to be removed from the water column by flushing to 
the ocean, burial below the level of sediment resuspension, or 
destruction. Residence times may be expected to vary as a 
function of particle type and place of entrance into the 
estuarine system. 

C. Relevance to the Problems of Marine Pollution 

In estuarine waters, most toxic substances are associated with 
particles. Thus decisions regarding the management of toxic substances 
in a particular environment will be successful only to the extent that 
they are based on a sound understanding of the distribution and fate of 
particles.and the effect of these particles and their chemical loading 
on the chemistry and biology of the entire system. 

The research described in this report seeks to develop a predictive 
capability for particle transport in·coastal and estuarine waters. 
Estuaries are oceanographically complex, and the fate of particles 
introduced into them depends to a large extent on when, where, and how 
the introduction occurs. This research is closely aligned with other 
OMPA-sponsored research which is specifically interested in the fate and 
transformation of the toxic substances associated with particles. 

II. CURRENT STATE OF KNOWLEDGE 

Extensive reviews of particles in estuaries and coastal waters have 
been presented by Meade (1972), Drake (1976), and Schubel (in press) 
among others. Concentrations of particles in these environments vary 
over several orders of magnitude. Puget Sound, although it has a 
historical base of almost 50 years for hydrographic properties (Collias, 
1970), has had no organized research into its particle load until very 
recently and is not mentioned in any of these summary articles. Although 
particle concentration levels for many estuaries are available, little 
systematic, long-term ·research has been directed at the processes which 
create these particle distributions. For example, Gibbs (1977) and 
Kirby and Parker (1977) state that the transport of particles in an 
estuary cannot be assumed to simply follow the transport of water; 
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settling, aggregation, resuspension, and other processes which control 
the distribution of particles result in a residual transport quite 
different from that for water. Schubel (in press) concludes in his 
review that high priority estuarine research areas include studies to 
determine the routes and rates of particle transport, studies to 
determine the effectiveness of estuaries in trapping river-borne particle 
discharges, and studies to quantify fluvial discharge of particles into 
estuaries. The present research is addressed to these areas. 

III. STUDY AREA 

The Puget Sound main basin is a tidally dominated fjord-like estuary 
approximately 66 km long and 6 km wide (Fig. 1.4 .). The general area is 
described in the Executive Summary. Thus far studies of particulate 
transport have emphasized Elliott Bay and a station off of West Point 
(PS-7). Measurements of particulate concentrations have been made 
throughout the Sound. 

IV. SOURCES, METHODS, AND RATIONALE OF DATA COLLECTION 

The primary data source for this project is light attenuation data 
from 0.25 m path length transmissometers and sediment traps. Continuous 
profiles of light attenuation are collected along with hydrographic 
information from a transmissometer interfaced to a CTD system. Long-term 
particle flux data are recorded by transmissometers interfaced to Aanderaa 
current meters. Discrete water samples are periodically collected and 
filtered through 0.4 mm membrane filters in order to calibrate the 
transmissometer readings in terms of the mass concentration of particles. 
This procedure and the results have been described by Baker (1982a). 
The correlation coefficient between the two measurements is normally 
"-0.85 with a lea~I-squares regression equation of a = 0.6C + 0!§ where Ci cl = attenuation (m ) and C is the particle concentration in g m . 

LJ Attenuation values are used almost exclusively !~ this report; they are 
----~-----'r,_,o,ug]J._ly_e_qu_a_l_t_o_p_ar_tLcle_concentrations_in_g_m_. ______________ _ 
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Particle size distri~utions are measured for selected ®amples using 
a Coulter Electronics ZBI particle size analyzer and ClOOO 
Channelizer. Particle size distributions are used to identify different 
particle_populations at different locations in the study area. 

The vertical flux of particles in the water column is dominated by 
the large, rare, fast settling particles not easily sampled by water 
bottles or optical devices. These particles constitute an important 
pathway for the transfer of particles from the surface to the deep wate·r 
layers. Their flux and composition is measured on samples collected by 
newly designed Sequentially Sampling Sediment Traps whose development 
was funded by OMPA (Baker, 1982b; Baker and Milburn, in press). Each 
trap collects 10 separate samples per deployment in order to measure 
short time variations important in estuarine environments. Samples in 
Puget Sound have been collected at approximately seven-day intervals. 

65 



In addition to the main basin work, limited investigations have 
also been carried out in two major urbanized embayments. 

All cruises and mooring deployments undertaken to date in this 
project are summarized in Table 2.5. 

V. RESULTS AND DISCUSSION 

1. Particle Distributions 

Four characteristic features of the particle distribution in the 
Puget Sound main basin are always present to a greater or lesser extent: 
l) a thin surface layer of high turbidity, 2) a mid-depth zone of low 
turbidity, 3) a bottom nepheloid layer (BNL) of variable thickness and 
turbidity, and 4) vertical particle fronts at the bordering sills. A 
.representative particle distribution illustrating these features is 
given in Figure 2. 3. l. 

A~£enuation values in the upper 10 m of the main basin are generally 
>0.8 m , reflecting quasi-seasonal particle sources such as freshwater 
runoff and phytoplankton production. Strong river sources such as the 
Skagit, Snohomish, and Stillaguamish entering via Possession Sound 
(approximately the position of station PS8) and the Puyallup in Taco~1 
(PS3) are often responsible for very high attenuation levels (>1.0 m ) 
near their discharge points. This layer can be expected to have high 
temporal variability on both weekly and seasonal time scales. 

The surface layer is reduced or absent in both the landward and 
seaward sill zones. Mixing in the shallow Narrows (PS2) results in an 
almost uniform vertical particle distribution with only a weak surface 
turbidity zone. The situation is the same over the shallowest section 
of Admiralty Inlet where attenuation is normally uniform from top to 
bottom. 

Below about 30 m there. is a ~~ick zone where attenuation_yalues are 
almost invariably less than 0.8 m and often less than 0.6 m . Vertical· 
and horizontal gradients in particle concentrations are low and generally 
uniform. The clearest water is found between 30 and 6Sm, bracketing the 
zone of no-net-motion which separates the seaward flowing surface water 
from the landward fl~wing deep water (Barnes and Ebbesmeyer, 1978; 
Cannon et al., 1979). The southern half of the main basin normally 
contains the best-developed minimum zone. The lateral extent of this 
feature is typically from PS3 to about PS6 or PS7; that is, within the 
East Passage separating Vashon Island from the eastern shore of the main 
basin. (Fig. 1.4 ) . 

The BNL exhibits strong particle gradients both horizontally and 
vertically. Concentra~iori contours below ~150 m are dominantly_~orizontal, 
increasing from ~1.0 m along the 150 m horizon to values >4 m at 

.depths >200m. Near-bottom values vary markedly along the basin floor. 
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Figure 2.3-1. Idealized cross sections of light attenuation, salinity, 
·and circulation in Puget Sound. The dashed bathymetry in 
the bottom box represents Colvos Passage, and the thick solid 
arrows the net circulation northward there. Zone of no-net­
motion shown by slashes. 
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Figure 2.3.2. Time series of attenuation profiles at Station PS7. 
Straight vertical line mar~~ the sampling time and the 
attenuation value of 1.0 m on each profile. The deep 
layer stability (Brunt-Vaisala frequency) maximum generally 
occurs at the top of the BNL. 
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The cell-like circulation described above for the main basin 
(Fig. 2.3.1) creates vertical fronts in cross sections of salinity and 
attenuation, fronts which are noticeably distinct from the very low 
horizontal gradients within the mid-depth zone of main basin itself. 
The. increase in particle concentrations within the Narrows appears to be 
the result of two factors: vertical mixing of the turbid surface plume 
of the Puyallup River, ~nd upwelling of relatively turbid deep water 
from the main basin and waters south of the Narrows. Similarly, the 
particle front at Admiralty· Inlet is at least partly the result of 
downwelling surface water made turbid from the plumes of several rivers 
within Possession Sound. 

Particle distributions in Elliott Bay (Baker, l982a) and Commencement 
Bay (Baker and Walker, in press) follow the three-layer distribution 
described above. Particle concentrations in the surface layer of each 
embayment are dependent on particle transport in the Duwamish and Puyallup 
Rivers and thus show a high degree of correlation with surface salinity. 

2. Influence of Hydrography and Circulation on the Particle Distribution 

The vertical distribution of particles in the main basin is intimately 
related to the vertical stratification of the water column. A time 
series plot of attenuation profiles recorded at station PS7 over 18 
months indicates that the top of the BNL occurs at the depth of the 
maximum stability (Brunt-Vaisala frequency) in the deep water 
(Fig. 2.3.2). This stability maximum is caused by a weak halocline 
resulting from periodic inflows of new marine water over Admiralty Inlet 

.and into the bottom layer of the main basin. The density gradient at 
the halocline creates a zone of minimum turbulence which inhibits diffusion 
of suspended particles upward and out of the BNL. 

The principal source of excess particles in the BNL is resuspension 
from the bottom sediments. Strongly fluctuating tidal currents result 
in rapid and large increases in BNL turbidity. Data collected from a 
current meter/transmissometer 5 m above b~ttom during the STE-3 deployment 
at PS7 (Taele 2.5) suggest that the erosion threshold at that time was 
~30 em sec . Data from_~even accelerating flood tides where the maximum 
speed exceeded 40 em sec were combigld and plotted as mean values of 
attenuation for successive 2.5 em sec speed intervals (Fig. 2.~3). 
Sharp increases in turbidity occurreg

1
between 32.5 and 40 em sec- . The 

attenuation decrease above 40 em sec may be caused by a decrease in 
the erosion rate (perhaps because the most easily ~yodable surface 
"fluff" layer is removed at speeds below 40 em sec ) , and/ or by a 
mixing of the already suspended particles higher in the water column and 
thereby lessening the near-bottom concentration. 

Changes in turbidity caused by local erosion are difficult to 
resolve from those caused by advection using only the single point 
measurements described above. Because of this confoundment more sophis­
ticated measurements, using several near-bottom instruments arrayed 
vertically and horizontally, were carried out in the spring of 1982 and 
·will be repeated during 1983. Preliminary analyses of these data are 
discussed in separate reports to OMPA.· Nevertheless it seems clear 
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Figure 2.3.3. Plot of light attenuation vs. current speed compiled from 
seven tidal cycles. 

70 

,_ 



0 

[] 

0 
J 

0 
n 
0 
J 
0 
0 
0 

from several lines of evidence that ·BNL·turbidity at a particular site 
is predominantly the result of local, or at least nearby, erosion. Most 
basically, fjord-like bas~ns provide little opportunity for advective 
sources of particles to the bottom water. Although salinity cross 
sections clearly_show replenishment of the bottom water by inflows of 
marine water over Admiralty Inlet, this water is always of low turbidity 
relative to the bottom water in the main basin (Fig. 2.3.1). Further­
more, the BNL turbidity at a particular station waxes and wanes in 
proportion to the tidal cycle. Further discussion on resuspension and 
advection in the BNL will be presented in the following sections treat­
ing particle transport. 

The influence of circulation on particle concentrations is summarized 
in Fig. 2.3.4, where the mean particle concentration and mean salinity 
in the surface and deep layers is plotted against station location. 
Concentration and salinity averages are based on all available data 
collected to date and include cruises from throughout the year (e.g;, 
Table 2.5). The salinity plot identifies the important s.ources of fresh 
and salt water and describes their mixing. High salinity water from 
outside the main basin enters over Admiralty Inlet and is rapidly diluted 
before spreading into the deep layer where salinity is very homogeneous. 
Additional mixing with surface water at· the Narrows further dilutes the 
bottom water salinity. Freshwater sources identified here are Puget 
"sound south of the Narrows, the Puyallup River (at PS3), and the rivers 
entering via Saratoga Passage (at PS8). Colvos Passage (station PSI) 
water is a mixture of surface and bottom water derived from the Narrows. 

The particle concentration plot follows a similar pattern although 
many important details differ. Attenuation values in the surface water 
steadily increase from PSS to PSll because of continual addition of 
particles from fluvial and other sources as the surface water flows 
north from the surface divergence between PS6 and PSS. Lowest surface 
values consistently occur in the East Passage area as a result of the 
divergence. Vigorous tidal pumping over Admiralty Inlet causes the 
surface introduced particles to be mixed throughout the water column 
after which a portion is injected into the deep layer along with new 
bottom water. Bottom water on the ·seaward side of Adm!!alty Inlet 
typically has attenuation values on the order of 0.9 m or less and is 
not a significant particle source. 

Concentration values in the deep water are much more regionally 
variable than salinity. The persistent maximums between PSS and PS7 may 
be explained by along-basin differences in tidal currents. Mofjeld and 
Larsen (in press) found that the deep tidal currents computed by harmonic 
analysis of near-surface current observations were higher between stations 
PS6 and PS7 than anywhere else between the sills. The fact that mean 
concentration values continually decrease from PS7 to PS2 makes clear 
that a substantial amount of those particles added to the deep layer by 
resuspension in the central main basin are lost to sedimentation as the 
bottom water flows southward. Finally, the intermediate concentrations 
characteristic of .Colvos Passage emphasize its role as a northward 
conduit of East Passage surface and bottom water partially mixed in the 
Narrows sill zone. 
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3. Vertical Particle Transport 

The particle distribution dynamics described above results in 
distinct particle populations in the surface, mid-depth, and bottom 
layers of the water column, as. shown by the two-dimensional array of 
particle size distributions collected in the main basin during July, 
1981 (Fig. 2.3.5). This distribution, however, does not imply that the 
surface and bottom particle populations are isolated from each other. 
Transfer of particles between these layers occurs by two principal 
methods. As described above,·. tidal pumping over the sill zones results 
in a homogeneous particle mixture--note the vertical uniformity of the 
particle size distributions at PS10 in Fig. 2.3.6. Of greater importance in 
transferring particles from the surface layer to the deep· layer--where 
the probability of permanent retention in the estuary greatly increases--
is the rapid vertical settling of relatively dense particles or 
agglomerates. 

Figure 2.3.6 summarizes a year-long data set measuring the vertical 
flux of particles at five depths at station PS7. Each data point 
represents a week-long average of the flux .. The principal feature is 
the conti~ual increase in flux from surface to bottom, an average 
increase of ~65x for the gross sedimentation rate (GSR) between 50 and 
200 .m. Most qf this increase occurred between the 160- and 200-m 
horizons and represents continued recycling of BNL particles by repeated 
erosion/deposition cycl~2· F!yx at 50 and 100 m (above the_fesuspension 
zone) averaged ~2.4 g m_3 day for the year, or ~1.7 mm yr based on a 
dry density of 2.5 gem and a water content of 80%._1(This rate agrees 
favorably with an observed average E2te ~f -3.1 mm yr in the traEi 
themselves. A mass flux of 2.4 g m day would yi~1d a 3;1 mm yr 
sedimentation rate' if the wet densitb was 0.29 g em .) Measured main 
basin accumulation rates based on 21 Pb profttes in gravity cores from 
depths >160m are on the order of 5-10 mm yr (Schell et al., 1977), 
although this data is uncorrected for bioturbation effects and thus may 
be in error (Turekian et al., 1980). If this imbalance is approximately 
correct, however, it implies that the fine-grained sediments along the 
central axis of the main basin are receiving sediment from sources not 
adequately measured by the sediment traps, such as downslope movement of 
fine-grained sediments along the sides of the main basin. The fact ·that 
fine-grained sediments preferentially accumulate at depths >-160 m 
supports this hypothesis. 

Seasonal trends in the GSR were slight. Surface values were 
generally lowest in summer when river runoff was lowest. The greatest 
seasonal change was seen in the 160-m traps, where average values were 
high in the fall and winter and low in the summer. This trend may 
reflect seasonal changes in the thickness of the BNL; at times when the 
near-bottom halocline is near or below the 160-m level, sedimentation in 
the 160-m trap is reduced because resuspended sediments are largely 
trapped below the halocline. 

Unlike the GSR, the flux of phytoplankton pigments (chlorophyll a 
plus phaeophorbide) showed a strong seasonal signal at all depths -
(Fig. 2.3.7). Maximum flux occurred not during May, the time of historically 
greatest productivity (Ebbesmeyer and Helseth, 1976), but during late 
summer. 
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Figure 2.3.5. Particle size distribution plots illustrating the anomalous 
nature of the mid-depth water in the main basin (PS6 and 8) 
and the well-mixed water over the sill (PSlO). 
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Figure 2.3.6. Sediment trap data from PS7. 
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Figure 2.3.7. Concentration of phytoplankton pigments in the settled particles 
at various depths from the data in Fig. 7. 200-m samples are 
diluted by resuspended sediment. 
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Of particular interest to this study are the depth and temporal 
trends of the ratio of pigment sedimentation rate (PSR) to GSR 
(Fig. 2.3.8) because it can be used as a measure of particle mixing in 
the estuary. Because phytoplankton pigments originate essentially 
exclusively in the surface· waters, the PSR/GSR ratio in rapidly settling 
particles is fixed at the surface and can be used to monitor vertical 
transport rates. During winter,- the PSR/GSR ratio was low and uniform 
at all depths. In early spring the ratio rose sharply and became highly 
variable on a weekly scale. Large peaks were also observable in the 
near-bottom trap, even though the magnitude was reduced because of 
dilution by resuspension of Eslatively pigment-free bottom sediment 
(pigment concentration ~5Xl0 ). Preliminary results from the 1982 
field experiment during which sediment traps were deployed on five 
:moorings from Admiralty Inlet to the south end of East Passage indicate 
"that the PSR/GSR ratio is relatively uniform throughout the main basin 
even though GSR and PSR levels individually vary by as much as two 
orders of magnitude within a few weeks time. Sharp increases in the 
PSR/GSR ratio which marked the onset of the spring bloom (e.g., the 
March data on Fig. 2.3.8) occurred with a maximum offset of about two 
weeks between the northern and southern ends of the main basin. 

The PSR/GSR ratio undergoes marked short-term variability as changes 
in light, nutrient concentration, and tidal mixing induce the growth and 
decline of phytoplankton blooms, and as the supply of non-biogenic 
material is effected by changes in fluvial input, shore erosion, and 
other sediment sources. The pronounced spatial and temporal uniformity 
of this ratio argues for an efficient particle mixing process in the 
main basin which results in vertical uniformity on a time scale of no 
more than a few days and horizontal uniformity on a scale of a week or 
two' Such rapid particle mixing implies that particles introduced into 
one part of the main basin will not long remain isolated from the rest 
of the estuary. 

4. Horizontal Particle Transport 

Periodic inflows of new bottom water over Admiralty Inlet provide 
an important flushing mechanism to the entire Puget Sound system (Barnes 
and Ebbesmeyer, 1978; Cannon, 1975; ~annan and Ebbesmeyer, 1978). The 
effect of these inflows on particle transport in the deep layer, and the 
main basin as a whole, is significant (Figs. 2.3.9 and 2.3.10). Inflow 
events. shown on Figs. 2.3.9 and 2.3.10 can be identified by approximately 
fortnightly increases in the daily peak speed 5 or 45 m above bottom. 
Inflow of new bottom water is believed to be enhanced during neap tides 
when dilution of marine water by mixing with estuarine water over Admiralty 
Inlet is at a minimum (Geyer and Cannon, in press). Inflows are ac­
companied by peaks in the 24-hour-average salinity, representing the 
actual arrival of the newly intruded bottom water. Inflows are also 
characterized by sharp changes in the turbidity of the bottom water. 
Turbidity·changes are recorded both by attenuation (which deteriorates 
after several weeks because of progressive fouling of the transmissometer 
windows by biological growth) and the attenuation variance, which is 
less sensitive to absolute changes in light transmission. Note that 
turbidity changes are clearly observable at the 160-m level during the 
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Figure 2.3.8. Seasonal trend of ratios of pigment sedimentation rate (PSR) to 
gross sedimentation rate (GSR) at three depths. 
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inflow events, although the ·magnitude is much reduced from the 200-m 
level. Peaks in the sedimentation record also correspond in a general 
way to the inflow events. 

The horizontal particle flux can be calculated from 
and current velocity time-series data by vector addition 
variable portions of the flow along two component axes. 

Flux -- 1 2 -- 1 2 ~ = [(uc +- ~ u'c') + (vc +- ~ v'c') ] 
n n 

the attenuation 
of the mean and 
Thtis 

where c, u, and v are the series means of particle concentration and 
velocity, and c', u', and v' are the deviation from the mean in each of 
n records. The direction of the flux relative to the component axes is 
given by 

1 
-1 uc + n ~ u'c' e = tan ( + 1 ~ v'c') 

vc n 

All records were terminated before fouling of the transmissometers was 
significant. 

In order to estimate a landward particle transport in the deep 
layer at PS7, the flux measurements at 160 and 200m were integrated 
over the water column below 50 m according to the following approximation: 
flux between SO and 160 m is uniform and equal to the flux at 160 m, the 
approximate top of the BNL (Fig. 2.3.2); flux increases linearly from 160m 
to 200 m; and flux below 200 m is uniform and equal to the 200 m flux. 
This approximation is based on a typical attenuation profile from station 
PS7 and the observations that flow at 160 m is a reasonably good (although 
conservative) indicator of flow between SO and 160m (Cannon et al., 
1979). The results for moorings STE 2-5 (data recovery was poor during 
STE 1 and at 160m during STE 2), expressed as the mass of material 
transported upestuary (22S-260°T) through a unit cross section 1SO m 
high, are shown in Fig. 2.3.11. Several implications are clear. Seasonal 
variations in the flux within each interval follow the historical summer 
increase in bottom ~~ter Erplacement--total net f!yx d~fing STE 3 and 4 
averaged 13.6 kg em day compared to 7.S kg em day during STE S. 
Although the transport per unit depth interval increases sharply as the 
seafloor is approached, the bulk of the total transport occurs in the 
region.above the BNL. 

Using these numbers to estimate a total landward transport across 
the channel is speculative because at present we have no transport 
measurements away from the channel axis. Large eddies along the sides 
of the channel may significantly reduce the net transport. Our present 
measurements a·re probably representative of at least the middle 2 .S km 
of the main basin where depths exceed 1SO m. Total landwa9d par~fcle 
transport in this zone during the summer is thus -3.4 x 1~ g dar1 ; 
during the winter the tra~~port may decrease to -1.9 x 10 g day for a 
yearly total of -9.S x 10 g. This number is of the same order as thi1 
yearly sediment input from the Duwamish and Puyallup Rivers (-6.S x 10 g) 
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Figure 2.3.11. Horizontal flux estimates for three segments of the deep layer 
during deployments STE 2-5. Data recovery was very limited during 
STE 1 and incomplete during STE 2. 
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and the yjarly mass of particles settling· through the SO-m horizon 
(-6 x 10 g), assuming station PS7 is typical of the entire main basin. 
The ultimate fate of this material must be ascertained in the course of 
making policy decisions about waste disposal resource utilization in 
Puget Sound or other deep estuaries. 

Our studies in Elliott Bay suggest where a portion of this material 
may be deposited (Baker, 1982a; Baker and Cannon, submitted). In the 
bottom water of Elliott Bay light attenuation values are highly correlated 
with salinity but poorly and negatively correlated with current speed. 
Daily averages of salinity and attenuation from near-bottom moored 
instruments followed the fortnightly rise and fall of salinity recorded 
at ·a concurrent mooring near station PS7 in the main basin.· These and 
other data imply that the nepheloid layer in Elliott Bay, unlike the BNL 
in the more energetic main basin, is not locally produced but is 
predominantly maintained by particles advected into the bay from the 
deep water of the main basin. A several-fold drop in mean current speed 
between the main basin and Elliott Bay results in increased particle 
fallout within the nepheloid layer, a high sedimentation rate, and thus 
the embayment functioning as a particle sink. 

VI. CONCLUSIONS 

1. Patterns of particle distribution and concentration in an estuary 
form in response to hydrographic and circulation patterns, although the 
residual circulation of particles is generally different from that of 
the water itself. Average particle concentrations in the Puget S~~nd 
main basin surface la~er (0-SO m) steadily increase from -0.7 g m in 
the south to -1.2 g m at the northern end of Admiralty Inlet. Particle 
concentrations in the deep layer (>SO m) are -SO% higher than the surface 
layer in the central main basin where ·vertical mixing is weak and about 

r']. · the same as the surface layer over the sill zones where vertical mixing 
· intensifies. Increased particle concentrations in the deep layer of the 
_________ centra-1-ma-in-bas-in-a-r-i-se-pr-ima-ri-ly-f-rom-loca-l---resuspensi:on-arrd-m:i:x:i:ng·-----

below the deep halocline in contrast to the predominantly external 
'] supply of the bottom water itself. The pattern of low particle 
l__ concentration in both the surface and deep layers of the East Passage 

D 
J 

suggests that this area is a significant depositional site for fine­
grained particles. 

2. The vertical flux of rapidly settling particles is a principal 
method· of transferring material from the surface layer to the deep layer 
and bottom sediments in the main basin. The mass fl~2 of_Taterial at 
the interface between these layers averaged ~2.4 g m day for a year­
long deployment at a central main basin site, a loss rate of ~7% of the 
fine-grained suspended material per day from the surface layer. The 
rapidity of this transfer is illustrated by the fact that large weekly 
changes in the phytoplankton pigment concentration of the surface flux 
were observed in the bottom waters with no more than a few days' lag. 
This active vertical transport refutes .the impression that the surface 
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layer is a seaward-flowing conveyor belt for the removal particles and 
pollutants from the main basin. In addition to the downward mixin-g and 
landward return at the Admiralty Inlet sill zone, particles are rapidly 
and continually remoyid fro~1 the surface layer throughout the main basin 
at a rate of -6 x 10 g yr (assuming PS7 is· representative of the 
main basin away from the sill zones). 

3. Horizontal transport of particles in the deep layer is strongly 
influenced.by fortnightly and seasonal variations in the intensity of 
bottom water replacement. Turbidity levels in the BNL increase _1 exponentially as the current at 5 m above bottom exceeds -30 em sec 
These elevated speeds usually result when the tidal flood current is 
augmented by a density current from a bottom water inflow event. 
Landward transport of particles in the deep layer thus consists of two 
phases: (1) particles derived primarily from resuspension are trapped 
in the BNL and occupy roughly the bottom 50 m of the water column, and 
(2) sediments derived primarily from refluxing of surface water at 
Admiralty Inlet occupy the region between the top of the BNL and the 
depth of no-net-motion (-SO m). Total landward transport estimated from 
data collected at a si~gle c~~tral main basin site (PS7) is conservatively 
estimated at 9.5 x 10 g yr . This material must either be deposited 
in the East Passage area, or refluxed to the surface water by tidal 
pumping at the Narrows. The regional distribution of average particle 
concentration suggests that within-basin deposition is the dominant loss 
term although transport measurements· for the southern main basin do not 
yet exist. 

VII . FUTURE WORK 

Particle flux investigations during the next several years will 
concentrate on expanding transport measurements from the current two­
dimensional studies into three-dimensions, will examine in greater 
detail the aggregation characteristics of the vertical flux, will use 
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balance calculations, and will use the acquired data to generalize on 
the residence times of particles in a deep estuarine environment such as 
Puget Sound. 

Cross-channel variations in the transport are frequently neglected 
in estuarine research in order to make the field program simpler. ·All 
of our particle-flux data to date has been collected along the basin 
axis, for example. However, surveys of both bottom sediment type and 
vertical particle distributions indicate that cross·-channel variations 
in these properties are significant. For instance, eddies created by 
bathymetric irregularities may significantly affect transport away from 
the channel exis. We plan to evaluate the importance of cross-channel 
variations during FY83 by means of two sets of "picketlines" of moorings 
across the Puget Sound main basin. In addition to information on cross­
channel variability, these data will also result in an accurate measurement 
of the suspended material passing into, and out of, an important depositional 
site in the main basin. 
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The magnitude of vertical flux is governed largely· by ·aggregation 
characteristics of the settling particles. We have made some initial 
examinations of the types of particles found in the traps by fractionating 
the settled material into fecal pell~§s, silt and clay (passed through a 
38 ~m mesh), sand (density >1.5 gem and ret~~ned on a 38 ~m mesh), 
and large biogenic detritus (density <1.5 g em and retained on a 38 ~m 
mesh). These studies will be enlarged in the future. 

Increasing detail in our transport measurements should allow us to 
construct a useful particle mass balance for Puget Sound. This balance 
will include losses to the ocean and bottom sediment, input from rivers 
and the ocean, and transport rates between various regions in the main 
basin and surrounding sill zones. Such budgets are critical for managerial 
decisions involving disposal of waste particles in estuarine environments. 

Our ultimate goal is to calculate meaningful residence times for 
particles in estuarine environments. Such residence time calculations 
must take into consideration the episodic nature of particle movement, 
especially as regards erosion/deposition cycles. For example, a particle 
deposited during the winter when transport in the bottom layer is reduced 
may be reintroduced into the system during summer when erosion is at a 
maximum. Clearly, determining the residence times of particles is a 
necessary first step before the residence times of specific pollutants can 
be determined. · 
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2.3.2. Bottom Boundary Layer Transport 

I. INTRODUCTION 

A. General Nature and Scope 

The redistribution of fine, bottom, contaminated particulates in 
estuarine environments depends on a number of factors, the least understood 
of which is the ability of the near-bed currents to suspend or deposit 
particulates. Surprising though it may seem, little progress in a 
quantitative sense has been made on the issue since the landmark laboratory 
work on the erosion/deposition process by Krone (1962) and Parthenaides 
(1965). The work undertaken in the past year has sought to fill the gap 
by creating a theoretical framework for discussion of the erosion/ 
deposition of chronically resuspended particulates and by taking field 
data which would calibrate those theoretical models. The work has 
focused on the bottom boundary layer as it is the region through and in 
which the fluid stresses the bed, generates turbulence, and causes 
erosion. This effort is meant to set the foundation for the longer 
range goal of describing the regional redistribution of contaminated 
particulates in estuaries. 

B. Specific Objectives 

1) 

2) 

3) 

4) 

5) 

6) 

7) 

Develop theoretical models of time-varying bottom boundary 
layer flow and models of time-varying particulate concentration 
levels near the bed encompasing erosion/redeposition. 

Make boundary layer measurements of currents and concentration 
levels under.tidal forcing in the main basin of Puget Sound. 

Analyze that velocity data so that the spatial and temporal 
dependence of eddy viscosity (diffusivity) could be identified. 

Test and/or calibrate the erosion/redeposition theory with the 
particulate measurements from Puget Sound or other estuaries 
where possible. 

Evaluate in-situ erosion rates for fine-sediment and their 
dependence on bottom-stress (settling velocity might be a 
by-product). 

Determine the depth of tidal reworking for Puget Sound main 
basin. 

Examine flume data within the context of the erosion/redeposition 
models. 

Only the last of these has not received the attention which we 
anticipated at the beginning of the year. 
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C. Relevance to Problems of ~Iarine Pollution 

The work undertaken here is ·relevant to two of OMPA's highest 
priority concerns: marine waste disposal and the need to make quantita­
tive statements about assimilative capacity; coastal land use where 
knowledge of long-term particulate transport processes will lead to 
better fate estimates and hence better informed economic and political 
decisions. 

II. CURRENT STATE OF KNOWLEDGE 

The ability to make accurate estimates of short- or long-term 
transport of particulates in estuaries is very limited at present. Many 
of the problems confronting the soothsayers of sediment fate in estuaries 
are discussed in recent summary articles on the sediment transport 
problem (Bowden, 1977; Simpson et al., 1977; Kirby and Parker, 1977; 
Smith, 1977; Taylor and Dyer, 1977; Owen, 1977; Lick, 1982; Schubel, 
1982). The capacity of a system to erode and transport fine sediment 
depends on the boundary layer currents and turbulence levels, on the 
physical and chemical characteristics of the bed material and on the 
biological processing at or below the bed surface. Some of these questions 
are being actively pursued within the HEBBLE program· (McCave et al., 
1978; Hollister et al., 1980). The theoretical work undertaken here is 
on the physical aspects of the resuspensions, and it complements the 
HEBBLE efforts. 

This work differs from previous work on the transport of fine 
particulates in several crucial ways. First, this work i~tegrates the 
boundary layer with what is occurring at the sediment-water interface, 
i.e., erosion and deposition. Earlier work in which boundary layers 
were considered have not explicitly dealt with erosion (Smith, 1977), or 
when erosion was given an explicit role (Ariathurai and Krone, 1976; 
Sheng and Lick, 1979), the boundary layer has not been included. 
Ignoring the special properties of the boundary layer can lead to 
quantitative error in describing erosion and redeposition. 

Secondly, what is now known about erosion and deposition rates for 
fine sediment comes from laboratory measurements (e.g. Parthenaides, 
1965; Sheng and Lick, 1979). Predictions based on that work are uncertain 
because, among other reasons, the analysis of those experiments did not 
consider the vertical profile of turbulence and the fine sediment 
artificially deposited and consolidated before the experiments is unlikely 
to represent the properties of in situ sediments. The ongoing work 
looks at in situ erosion by using near-bottom boundary layer flow. and 
particle observations and theoretical models to make inferences about 
erosion rates. This is an alternate approach to the earlier work which 
avoids the two problems mentioned above. 

III. STUDY AREA 

The theoretical work of the past year is not geographically specific, 
but rather process-oriented. The models can be used to interpret and 
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predict boundary layer flow and particulate resuspensions in tidally 
dominated estuaries in which fine sediment is chronically resuspended. 
This does not mean, however, that model parameters take universal values. 
At each site, bed roughness, the settling velocity distribution of the 
suspended material, and erosion rates will take site specific values. 
One use of the model is to infer these site characteristics from site 
specific data. In a following section, the theory and data from three 
geographically distinct resuspension environments will be compared. In 
the predictive mode, the models can be used to extrapolate the near-bed 
concentration responses to other flow conditions and eventually regional 
movements. A third distinct use of models is to understand the under­
lying competition of processes making up the whole. Results from model 
usage in this manner will also be reported on later. 

Because Puget Sound is our prototype region for development of a 
regional fine sediment transport model of the predictive type, model 
parameters must be fixed by comparing theory and measurement in that 
region. In the past year, boundary layer flow and concentration time 
series have been taken in the main basin of Puget Sound off West Point 
at a site with a depth of 194 m. The area is underlain by fine sediment, 
is swept by diurnal and semi-diurnal tidal currents with combined maximum 
amplitude near 40 cm/s, and where transmissometer records show semi­
diurnal peaks with concentration rising as much as 6-fold over the 
background concentration of approximately 1 mg/1. Flow at the site is 
primarily along the channel axis. 

IV. SOURCES, METHODS, AND RATIONALE OF DATA COLLECTION 
Data on current velocity and water turbidity were taken on a single 

mooring in 194 m of water in the main basin of Pugeb Sound during an 
11-day period in February-March 1982 (47°43'N, 22°26'W). Three Aanderaa 
current meters with Oregon State transmissometers attached (Baker, 1981) 
were located 1, 3, and 5 m above the bottom and sampled at a 2-min 
interval. Upon recovery, it was found that the lowest instrument package 
was shorted by moisture, and consequently no data is available at 1 m. 

Baker and Cannon took similar data at 5 m off the bottom and higher 
in the water column about 1 km south along the channel axis. Those 
instruments were deployed over a 4-month period, sampling at a 15-min. 
interval. Because they were only recently recovered, data are being 
processed and no comparisons with our measurements can yet be made. 
However, we expect the two sets of data at 5 m to be of use in examining 
down-stream correlations, and hence separating advective from erosive 
parts of the concentration signal. 

Water samples, ·transmissometer profiles, and box cores in and 
around the boundary layer site were taken by Baker to complete the set 
of measurements. The water samples were analyzed for particle size 
distribution by Coulter counter. Those measurements are not_ reported on 
here. 
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V. RESULTS 

Over the past year theoretical models of two types have been developed: 

1) boundary-layer flow models (Table 1) which confront the dual 
questions of bed-stress and its accurate estimation (on which 
the rate of particle erosion depends) and the strength and 
shape of the eddy viscosity or diffusivity (by which the 
suspended sediment diffuses upward from a boundary) 

2) boundary layer particulate concentration models (Table 1) 
which depend on erosion and deposition through a boundary 
condition on the mass conservation equation. 

In the first category, currents are driven by harmonic forcing. 
These models include height-variations of vertical viscosity_ which are 
self-consistent with bottom stress. 

_ One model also includes "the time-dependence of the viscosity; 
results from this model form the basis for a research paper entitled 
"The effect of time-varying v:lscosity on oscillatory turbulent channel 
flow" by Lavelle and Mofj eld (1982). This model shows that the bottom 
stress (which causes resuspension of sediment) is not sinusoidal ~n time 
and has a phase-offset relative to the current well above the bottom 
boundary layer. This explains the apparent paradox that observed 
concentration of suspended sediment can decrease even as the current is 
accelerating. 

A second model has been developed to study the effects of the 
earth's rotation on tidal currents in channels. Using a time-independent 
viscosity, the model shows that the bottom stress never goes to zero. 
For conditions typical of Puget Sourid, the minimum current speed is 
.around 10% of the maximum speed; there is little change in the orientation 
of the current ellipses due to the earth's rotation. This model has 
been fit to tidal current observations in Admiralty Inlet with encouraging 

_______ results._____ . ------ --- ------ --------------- --------

A third model uses a second-order turbulent closure scheme to 
compute the viscosity; a comparison has been made with selected results 
of the other models to check important parameters scaling the viscosity. 

In the second category, two models have been developed for suspended 
sediment subject to tidally driven bottom stress and time-independent 
viscosity. The first uses an eddy viscosity approach, with the strength 
and shape of the profile determined self-consistently with the flow. In 
the second, the diffusivity uses a B~singer-Arya (1974) form that is 
self-consistent with the maximum bottom stress. Comparisons "of these 
theori-es with data will be given below. These models are to be generalized 
to include time-dependent diffusivity which is appropriate to Puget 
Sound. 

The boundary layer particulate concentration results are discussed 
first. Light attenuations and current speed time series taken in the 
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main basin of Puget Sound at 5 m .from the bed over two 12-hr periods as 
shown in Fig. 1 (solid lines). The data are representative of measurements 
taken in the benthic boundary layer (BBL) experiments in February-March, 
1982, though these data were actually taken in 1981 a few km south of 
the BBL site by Baker (1982). Maximum currents in this area are typically 
30-40 m/s. Fourier analysis of the BBL records shows the presence of 
many higher harmonics· in both the diurnal and semidiurnal frequencies 
which can account for the unusual shape of the velocity series. 

Attenuation records typically show a very rapid rise from background 
concentration levels to maximum and slower declines thereafter. The 
concentration in these records increases nearly 6 times within a ~-hr 
period. The return to ambient levels within a 5-hr period is the result 
of.the relatively large settling velocity of the resuspended material 
(- .1 cm/s) . 

The theoretical simulation of the same erosion event is given in 
Fig. 2.3.12 (dashed line). The currents were approximated and the bed­
stress and interval mean eddy viscosity (diffusivity) profile was 
calculated using results from the boundary layer flow model to be dis­
cussed later.. The suspended sediment series was then predicted up to 
an overall normalization, the erosion coefficient a (Table 1). 

The simulation of Fig. 2.3.12 is based on a single settling species 
having a velocity of .1 cm/s. A larger settling velocity narrows the 
width of the response peak in the attenuating time series and sharpens 
the contrast between background and maximum attenuation; a smaller 
settling velocity has opposite effects. It is therefore possible to 
improve the correspondence of theory and data by using two settli~ 
species--one to provide background and the other to provide the rapidly 
rising and falling part of the attenuation series. Using Coulter analysis, 
Schubel et al. (1978) also found two components to the resuspended 
materials in Chesapeake Bay. 

Using the coarsest of the components, a comparison of theoretical 
prediction with Schubel's measurements leads to other valuable conclusions. 
Fig. 2.3.13a shows near-bed concentrations and currents measured over 
28 hrs in Chesapeake Bay in 9~ m of water, with concentrations showing 
20-fold increases at maximum currents; simulations based on the measured 
currents are also shown (Fig. 2.3.13b). One notes that the four concen­
tration maxima in the simulation are dissimilar in magnitude while the 
data show more uniform maximum values. The model variations stem from 
the erosion rate dependence on the fourth power of velocity (stress 
squared) and the relative magnitudes of the current maxima: 72, 48, 60, 
75 cm/s. Thus, the erosion rate at 72 cm/s is five times that at 48 cm/s. 

The boundary layer flow theory which had been part of this year's 
work has identified some of the circumstances in which stress is linear 
in the free-stream velocity rather than quadratic, which would make the 
erosion rate differences vary by a factor of 2 rather than 5 as discussed 
above. One such circumstance would be the superposition. of surface 
waves on.tidal currents. These Chesapeake Bay data, therefore, point to 
the need to .consider the full erosional environment (depth of water, 
wind and wave conditions, .etc.) before assigning a bed-stress and free;. 
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·Fig. 2.3.12 Near-bottom current speeds and attenuation records (solid line). taken 
5 m from the bottom·in the main basin of Puget Sound and model simulations 
(dashed lines) of same events. Attenuation values have been converted to 
mass concentratio~ using Elliott Bay Transmissometer calibrations (Baker, 
1981). In the simulation, settling velocity is .1 cm/s and roughness 
length is .05 em. M~ximum eddy diffusivity occurs 2 m from the bed and 
has a value of 75 em /s. · 
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2.3.13 a) Measurements of current speed and suspended sediment 
concentration over a 28-hr period in 9.5 m of water in Chesapeake 
Bay (Schubel et al., 1978). b) Model suspended sediment concentrations 
using measured currents to calculate bed-stress and the eddy 
diffusivity profile and using an erosion rate which is quadratic in 
bed-stress. · 
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stream velocity relationship. A second result of this comparison is 
that two settling species are required to describe the data, as Schubel 
concluded from other evidence. 

A third comparison of model and data has been made in the case of 
silts resuspended by tidal currents in the North Sea (Joseph, 1955). 
Rectilinear tidal currents with maxima of near 60 cm/s result in pro­
nounced variations in particulate concentrations as high as 20 m off the 
bed (Fig. 2.314a). The simulation (Fig. 2.3.14b), which uses a Businger-Arya 
form for the diffusivi~y, well reproduces the data patterns, both in 
time-dependence and magnitude. Note the phase shift of the concentration 
maxima with height, a result of the time required- for diffusion of 
material away from the sea bed. 

Using the vertical profile of suspended sediment from the calibrated 
models, it is possible to calculate the loading in a vertical column at 
each part of the tidal cycle. The difference between high and low 
values is the amount of material which is reworked by the tidal currents 
from the bed. For the Puget Sound data (Fig. 1), this amounts to about 
300 mg/cm2. Using a wet density of 1.2 gm/cm3 for sediment with high 
porosity expected of material at the erosional surface, the depth of 
reworking amounts to 0.25 em. Further refinement of these calculations 
is underway. 

Flume measurements have provided the first indication of erosion 
rate magnitudes and the dependence in bottom stress (Fig. 2.3.15). Laboratory 
experiments by others have been conducted on San Francisco.Bay and Great 
Lakes muds which had been reconsolidated in the flumes. Two features of 
the laboratory data are to be noted. First, there is no apparent 
threshold down to 1 dyne/cm2. Secondly, the relationship of erosion 
rate to bedstress is a power law with a power in the neighborhood of 
two, though Lick (1982) has suggested an exponential rate with the 
exponent depending on the water content of the sediment. The laboratory 
rates in Fig. 2.3.15 differ by approximately 3· orders of magnitude which 
may reflect differences in fresh and salt water sediments, or differences 
in bed preparation prior to the experiments. 

In the previous simulations, the stress dependence of erosion has 
been quadratic based on this laboratory evidence. Having fixed the 
power, the constant a (Table 1) is used to bring the absolute concentra­
tion values for the theoretical results and the data into agreement. 
The constant a is the erosion rate coefficient, and the comparisons of 
theory and data is therefore on inference of an in situ erosion rate. 
Inferred erosion rates are on the order of 1-3 x 10-6 for Puget Sound 
data and 5.8 x 10-6 for the North Sea data in units of (cm/cm2/sec)/ 
(dynes/cm2) 2 . We report no rate values for the Chesapeake Bay data 
until further analyses can be made. Both results reported here should 
also be regarded as tentative until checks on the effects of two species 
settling, roughness, and the possibility of advective sediment transport 
can be made. · 

It has been somewhat of a surprise to find that in situ rates more 
resemble the freshwater than the salt water laboratory rates. Several 
explanations are available, and we have now no preference of one over 
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Figure 2·.3.14 a) Concentration contours taken in a tidally dominated region 
of the North Sea (Joseph, 1955). Bed sediment is composed of 
silt (10-40 ~m). b) Theoretical simulation of suspended 
sediment for time-independent diffusivity and an erosion rate 
proportional to the square of the bottom-stress. Maximum 
stress is 2.6 dynes/cm2 , roughness length .10 em, settling_ 
velocity .2 cm/s; erosion rate coefficient, a, is 5.8 x 10 6 

(g/cm2/s)/(dynes/cm2 ) 2 . Eddy viscosity has a maximum value of 
270 cm2 /s at about 10 m off the bed. 

95 



'<} 

0'> 

r 

10-4 

-~ 

~ 
"' E 

(.) 

" E 
0> -
w 
1-
<! 
0::: 

z 
0 -
(/) 

0 
0::: 
w 

10° 

RATES OF EROSION vs BED STRESS 

- G-( '2. ___.,.. ./' 

~-;: ~'1-\s..- -:6 -c;.... / 

PuG 

.-- ./' r:_ " \0 / '2.·'2.. 

ET SOUN /.,.... '"'" \.'0 ~ 0-1 -c . 
IN SIT D ./' J:::.-y "-'~-' - ___ u ~---- __, __, ~ .. ~.'0 -G ,.z. _.-- -- __....--- .:,z.'" ,o ~ 
------ -- ~ ~ ...- ........... ./' 

- ;::::;..t 

GREAT LAKES 
IN VITRO 

-9-(\9 

~-;:'2.•~ '~-'0 
SAN FRANCISCO BAY 
IN VITRO 

10' 5 

BOTTOM STRESS 

& Parthenaides- Series I 

6 Po rthenaides- Series li 

• Sheng/ Lick- Series I 
o Sheng/ Lick-Series II 

101.0 

(dynes/cm 2 ) 

101.5 

Figure 2.3.15. Rates of erosion of fine-sediment vs. bottom-stress. Great Lakes 
and San Fr_ancisco Bay sediment measurements were made in the laboratory. 
The Puget Sound rates were inferred from time-series of ):lear-bed current 
speed and concentration data (Fig. 2.3:12), and represent in situ rates. 

r r r r r r -1 r 1 r· l f l I l l r ' l 



] 

!] 

~] 
[] 

:) 

D 

D 

rJ· 
L 

[J 

the other. One possibility is that la.rge, laterally inhomogeneous 
roughness elements, which might occur in the natural setting cause more 
erosion than would take place over a smooth laboratory bed. Another has 
to do with the condition of the be~ at the time of erosion. The in situ 
data comes from regions which are resuspended on a semi-diurnal basis, 
and little consolidation or healing of the bed can take place in that 
period. In the laboratory experiments, sediment is dispersed in a flume 
and allowed to settle and consolidate over a period of days to weeks. 
Differences in salt- and freshwater erosion experiments might occur 
because of physico-chemical differences in·the environments which change 
how the fine sediment settles and compacts. One might reasonably expect 
the freshwater sediments to take longer to reach the final settled 
state, and they might therefore behave more like the chronically 
resuspended in situ sediments. 

For slowly settling particles, concentrations change slowly and the 
mass balance is between settling and diffusive fluxes. For turbulence 
created at the seafloor by the flow, one would expect diffusivity to 
rise linearly near the bed, reach a maximum, and decline above toward 
zero (Fig. 2.3.16aa, solid line). In some cases, other turbulence sources 
might lead to other profiles (Fig. 2.3.16a, dashed line). The resulting 
concentration distribution (Fig. 2.3.15b) shows the importance of the eddy 
diffusivity in the vertical distribution of sediment. In the first 
case, particulates have a nearly constant concentration to about 20 m 
and a rapid decline above. This results in a layer similar to the 
nepheloid layer observed in Puget Sound (Baker, 1982) and many other 
places. On the other hand, the concentration will decrease only slowly 
if there is sufficient turbulence to keep material diffusing upward 
(Fig. 2.3.16b, broken line). Concentration profiles are thus very sensi­
tive to the shape and magnitude of the eddy diffusivity profile, while 
velocity profiles are not. 

Adequate boundary layer flow characterization is essential to the 
sediment transport problem because the bottom-stress exerted by the 
fluid on the bottom determines the amount of sediment erosion, and 
because the turbulence generated in the fluid by the seafloor determines 
the magnitude and vertical structure of eddy viscosity (diffusivity). 
An important aspect of this problem is the effects time-dependent 
viscosity have on flow behavior. We have examined how time variable 
viscosity effects the flow profile and have found, among other things, 
that bottom-stress can be enhanced by nearly 60% when variable viscosity 
is included (Fig. 2.3.17). 

Another result of our work on boundary layer flow of practical 
importance is the characterization of bottom friction provided by the 
model. In.Fig. ~.3.18, values of bottom-stress, t , from the full model 
(points) are compared to a bulk representation of ~ottom-stress expressed 
as a power of the free-stream velocity, u0 • The theory suggests the 
circumstances under which one might want to use a linear friction ex­
pression, or when a quadratic expression might be appropriate. Since 
the forms of the friction expression can radically affect residual flow 
calculations in vertically integrated models, the correct dependence of 
t on u0 is important. Note also that the times of zeros of bottom­
s~ress and velocity are phase shifted with respect to each other by the 
amount 8. 
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Figure 2.3.16. Theoretical steady-state profiles of a) diffusivity and b) s.us­
pended sediment concentration for a bottom nepheloid layer. The 
diffusivity (solid line) that becomes small with height produces a 
distinct top to the nepheloid layer while the other.diffusivity 
(dashed line) that does not become small produces a gradual trend 
with height. The settling velocity is 0.005 cm/s. 
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Figure 2. 3. 17. a) Semi -d'iurnal current profiles at various tidal stages 
for an eddy viscosity which is constant (dashed line) and 
variable (solid line) in time. Depth of water is ·20 m. 
b) Time series of the friction velocity, u, and the eddy 
viscosity time modulation function, a, for each of the 
two cases. Since bottom-stress on which erosion depends 
is equal to· u2 , not considering the time· variable nature 
of viscosity will lead to a 60% underestimate of bed­
stress (Lavelle and Mofjeld, 1982). 
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Figure 2.3.19. Comparison of boundary layer current theory with observa-
. tions of M2 and K1 tidal currents at ~lESA 10 (Admiralty 

Inlet). Water depth is 108m, roughness length -.05 em. 
Maximum bed-stress and e"ddy viscosity are estimated to be 
4.7 dynes/cm2 and 370 cm2 /s (11.6 m from the bottom) 
respecti,ely. 
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An-application of one of the_theoretical flow models has been made 
to tidal currents observed in Puget Sound's Admiralty Inlet (Fig. 2.3.19). 
The model requires only the strength of the free-stream flow and the bed 
roughness as given conditions, yet for the dominant M2 tidal current 
constituent shows excellent agreement in both amplitude and phase. For 
the smaller K1 constituent there is some discrepancy between the observed 
and theoretical profiles. This discrepancy may be due to non-linear 
interactions between the constituents that are not part of the current 
model. Such interactions have been observed in numerical experiments 
(P. Crean of Environment Canada, private communication) when strong 
tidal currents flow in channels that are rapidly changing in cross 
sections. This is the case for the channel near this station; it is 
probably less of a problem in the main basin of Puget Sound where. its 
currents are much weaker than in Admiralty Inlet. 

Similar analysis can be done in the vicinity of the BBL site after 
initial processing of the long-term mooring records. Analysis of the 
BBL data has shown that during the 11-day experiment both particulate 
and fluid transport were to the north, in contradiction to what is 
usually observed for currents near the site. Many higher harmonics of 
the fundamental tidal frequencies occur, indicating the time variability 
of the turbulence levels over the flow cycle. Records show little dif­
ference in concentration signals between the 3 and 5 m levels, both showing 
rapid semi-diurnal increases as in Fig. 2.3.12. Further analysis of the 
BBL data await processing of records taken down channel from which spatial 
features of the time series might be interpreted. 

VI. CONCLUSIONS 

Computationally efficient theoretical models of time-varying bottom 
boundary layer flow and models of time-varying concentration levels 
which are coupled to the flow through the erosion function have been 
constructed, as evidenced by the results given here. These models have 
been compareci to flow profiJ.e~ t!lk<>n in Puget Sound, and to concentration 
data taken in Puget Sound and other estuaries. From the exploration of 
the model and its application to the data, we find: 

1) Consideration of the time-dependence of viscosity is important 
in determining bottom stress, which in turn influences the 
amount of erosion. 

2) Accelerations and time-dependent viscosity add extra terms to 
the conventional log(z) profile near the bottom. Boundary 
layer measurements taken in unsteady boundary layers and 
analyzed without the more complete theory developed in_ our 
work are likely to lead to erroneous bottom and roughness 
length estimates. 

3) When eddy-viscosity is time-independent, bottom stress is 
linear in the overlying velocity for oscillatory flow. When 
eddy-viscosity is time-independent, bottom stress is more 
nearly quadratic. We have found a· new, generalized form of 
·the bottom-stress dependence which incorporates these two 
limits, and the phase difference between bottom stress and the 
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4) 

5) 

6) 

7) 

8) 

overlying flow. This discovery should lead to more accurate 
numerical calculations of flow in a wide variety of situations. 

Given bottom stress and eddy diffusivity from the flow models, 
the data allow inferences of erosion rates to be made. These 
are in situ rate estimates; in situ erosion rates for fine 
sediment have neven been previously reported. 

Chronically resuspended materials are unlikely to have erosion 
threshold velocities. 

The depth of reworking at the BBL site in Puget Sound is about 
.25 em/tidal cycle. The mean settling velocity of the 
resuspended material is about .1 cm/s. The resuspension 
occurs against a background of much more slowly settling 
particles. 

Concentration profiles and time series are sensitive to settling 
velocity, so boundary layer time series data should be able to 
resolve not only erosion rate, but provide some quantitative 
characterizations of the settling velocity operation. 

Concentration profiles are sensitive to the strength and shape 
of the eddy diffusivity profile, though flow profiles are less 
so. 

VII. NEEDS FOR FURTHER STUDY 

Further development of the models discussed above need to take 
place along several lines. Models should be extended to include the 
mixed type (semi-diurnal plus diurnal) of tidal currents. Calculations 
should be made with a near current superimposed and with the eddy 

J viscosity varying in time. Earth rotational effects on the currents 
. should also be added. That would allow bette_r_es_tima_tes_o£_bo.ttom-------
~-------~s>Frr.e~s~s~a>.nvd diffusivity during periods of low current speed. These 

0·,·, generalized model(s) wou1d provide a more realistic description of 
near-bottom flow and turbulent processes over a wide range of real 
estuaries. 
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Time-dependent diffusivity should be incorporated into the sediment 
resuspension model. The models should be expanded to include settling 
velo.city spectra, and should be used to examine the power dependence of 
erosion on bottom stress. The resuspension models should be tested on 
the widest variety of available data, including that taken in areas of 
fine sand. 

Sediment models which incorporate erosion/deposition and horizontal 
transport/diffusion as functions of bottom type and currents_measured 
above the bottom boundary layer need to be created. This can be done 
using models of the bottom boundary layer to obtain bottom stress, the 
suspended load of sediment, and the tidal Reynolds transport as functions 
of the currents above the bottom boundary layer. These models could 
lead to accumulation zone identifications and accumulation rate estimates, 
given source volumes. 
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Finally, two-species (contaminated and uncontaminated) sediment 
models need to be constructed and the consequences explored. These 
would address the questions of contaminated sediment dilution and burial. 
Sub-models which incorporate the chemical reactivity/description process 
should be considered a necessary element of this effort. 
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BASIC EQUATIONS 

FLUID SUSPENDED SEDIMENT 

a~ .. .. a a~ 
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2.4. TRANSPORT AND TRANSFORMATION OF TRACE METALS 

1. INTRODUCTION 

A. General nature and scope of the study 

The next decade will see increased pressure on the quality of our 
nation's estuarine and coastal marine environments due to their use as 
dumping grounds for highly toxic municipal and industrial waste materials. 
Natural or anthropogenic particles introduced into the marine environment 
can have a controlling or moderating influence on·the fates of these 
toxic substances and, most importantly, the extent to which they impact 
our valuable living resources. In particular, many trace elements which 
are known to be toxic to marine organisms have an affinity for particulate 
materials (cf., Fowler, 1982) and, in most cases, their bioavailability 
to marine organisms is directly affected by interactions and associations 
with them (Luoma and Jenne, 1977; Luoma and Bryan, 1978; 1982). 
Understanding the complex interactions between trace elements and 
particles in the water column and at the seawater-sediment interface is 
fundamental to rational management of waste-water disposal in coastal 
marine waters. 

A major fraction of trace elements in waste-water effluents reacts 
with estuarine particulate matter. Upon entering the estuary, the 
particulate matter undergoes a number of physico-chemical interactions, 
resulting in remobilization of some associated trace elements and 
flocculation of others (Rohatgi and Chen, 1975; Sholkovitz, 1978; Feely 
et al., in press). Further remobilization of trace elements can occur 
when the particles reach the seafloor and become part of the sediment 
column (Elderfield and Hepworth, 1975). In coastal environments where 
circulation is restricted by· topography and/or incomplete flushing, 
these processes can have a significant effect on the distributions of 
trace elements. 

Krauskopf (1956) conducted an experimental evaluation of several 
processes controlling the concentrations of a number of trace elements 
in seawater and concluded that hydrous manganese and ferric oxides, 
organic detritus and certain clay minerals are all effective in removing 
metals from seawater. Using estuarine mixing simulation experiments, 
Sholkovitz (1978) observed the flocculation of several trace elements 
when filtered river water and seawater were mixed. However, laboratory 
investigations by other researchers have indicated that suspended solids, 
which are typical of riverine materials, release trace elements after 
exposure to seawater (Kharkar, et al., 1968; Murray and Murray, 1973). 
Similar results for trace elements associated with particles from 
wastewater effluents were demonstrated by the laboratory studies of 
Rohatgi and Chen (1975). Evans and Cutshall (1973) also observed that 
the radioactive isotopes 54Mn and 65 Zn, associated with suspended solids 
from the Columbia River, were released at the freshwater-seawater 
interface. Fukai et al. (1975) similarly reported that Zn was desorbed 
from particles discharging into the Var River estuary. However, Grieve 
and Fletcher (1977) observed that Zn was both desorbed and adsorbed in 
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different regions of the Fraser River estuary. These results indicate 
that several competing reactions occur simultaneously which affect trace 
element concentrations in estuarine and coastal waters. 

Recent studies by several investigators have indicated that sinking 
biogenic particles, including 'fecal pellets and fecal aggregates, are an 
important means of stripping trace elements from surface seawater and 
transporting them to deeper depths or to the seawater-sediment interface 
(Krishnaswami et··al., 19-76; Boyle et al., 1977; Bishop et al., 1977; 
Spencer et al., 1978; Bruland, 1980; Feely et al., 1982). Investigations 
of trace element distributions in the open ocean by Boyle et al. (1977) 
and Bruland (1980) have indicated that the vertical distributions of Cd, 
Ni, Zn, and Cu are strongly correlated with nutrient profiles, suggesting 
that the distributions of these metals are primarily controlled by 
biogeochemical processes involving biogenic matter. Using sediment 
traps deployed in the deep waters of the Sargasso Sea, Spencer et al. 
(1978) determined that a major fraction of the flux of organic C and Cu 
was delivered by green fecal pellets consisting of fresh biogenic matter. 
Similarly, Feely et al. (1982) observed a strong covariance between the 
flux of organically bound Cu and Mn in settling particulate matter and 
the flux of fecal pellets in Cook Inlet, a large subarctic estuary in 
south central Alaska. In both cases biogenic matter appeared to be the 
major carrier of the trace elements involved. 

In coastal- regions trace elements can also be removed from solution 
by interactions with hydrous Mn and Fe oxide coatings on suspended and 
resuspended particles. For example, Cossa and Poulet (1978) found 
enrichments of total particulate Zn, Pb and Cd in the deep waters of 
Saqueney Fjord which were correlated with an increase in total particulate 
Mn. In the suspended matter from Norton Sound, Feely et al. (1981) 
found enrichments of weak-acid-soluble Zn associated with weak-acid­
soluble Mn. The major source of the Mn was found to be the underlying 
sediments which released Mn into the overlying water column and th~ Mn 
rapidly precipitated onto suspended material forming a fresh surface 
coating suitable f21oadsorption of Zn. Similarly, Carpenter et al. 
(1981) found that Pb in the sediments of the Washington continental 
shelf and slope was primarily associated with hydrous Mn oxides. 
Presumably, the adsorbed-trace metals remain associated with the hydrous 
Mn phase until they are ingested and assimilated by marine organisms or 
buried and regenerated as the hydrous Mn oxides redissolves in anoxic 
marine sediments. 

The above brief discussion illustrates some of the complexity 
involving reactions of trace elements with particulate materials in 
coastal waters. Since the bioavailability of a particular trace metal 
to a marine organism is directly dependent upon the form of the metal in 
association with a given particle type (Luoma and Jenne, 1977), then an 
understanding of the mechanisms and rates of trace element removal by 
specific particle .phases is a necessary requirement for predicting the 
fates of these toxic substances in coastal waters. 

The purpose of the present study is to describe the major removal 
mechanisms for trace elements in estuarine and coastal waters. We have 
chosen the Duwamish River-Elliott Bay region as the setting for our 
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estuarine studies because it represents a well~stratified two-layer 
estuary with a large pollution source in the freshwater endmember. The 
main basin of Puget Sound was chosen as the setting for our coastal 
studies because it receives pollution inputs from a variety of specific 
and non-specific sources and because it is apparently a major sink for 
sediments and associated contaminants. 

B. Specific-objectives and relevance 

The principal focus of the L-RERP Trace Element Program during 
fiscal years 1980 through 1982 has been the determination of the concen­
trations, sources and .fates of dissolved and particulate trace elements 
in tne Duwamish River-Elliott Bay region, and the distributions, vertical 
fluxes and particle associations of trace elements in the main basin of 
Puget Sound. Specific objectives of this program include: 1) the 
determination of the concentrations and principal sources of trace' 
elements in the Duwamish River; 2) the determinatio~ of the nature and 
extent of trace element flocculation in the estuarine zone of the Duwamish 
River; 3) the determinants of the transport and sedimentation of temporal 
variability of dissolved trace elements in the central basin of Puget 
Sound; and 4) the determination of the mechanisms controlling vertical 
fluxes of particulate trace elements at station PS7 in the central 
basin. 

These objectives have been designed to identify the major mechanisms 
by which trace elements are scavenged by particulate phases in the water 
column, particularly associations with phases formed in-situ (i.e., 
biogenic material and hydrous Mn and Fe oxides). Of particular importance 
are the fundamental relationships between the physical, biological and 
geochemical processes occurring in the water column and at the sediment­
seawater interface and the resulting removal rates for trace elements in 
specific particle phases. As these relationships are established the 
information may be applied to other coastal regimes where similar removal 
processes are occurring. This information can then be used to provide 
specific recommendations as to how municipal and industrial waste 
materials can be discharged in coastal environments with the least 
amount of impact of the ecology of the indigenous biota. 

II. CURRENT STATE OF KNOWLEDGE 

Historical data on trace elements in Puget Sound is limited to a 
few analyses of water samples in the region of the West Point outfall 
and near Admiralty Inlet (Schell and Nevissi, 1977), some analyses of 

.metals in surficial sediments of the central basin of Puget Sound and 
seve'ral of its embayments (Crecelius et al., 1975; Schell et al., 1977; 
Malins et al., 1980; Riley et al., 1980), and a few analyses of suspended 
material .from selected Puget Sound embayments (Riley et al., 1980). The 
concentrations of total dissolved Ni, Cu, Zn, Pb and Co are several 
times higher (range: 5-lOOx) in Puget Sound waters than in open-ocean 
waters (Schell and Nevissi, 1977; Feely and Curl, 1979). Similarly, 
trace element concentrations in the underlying sediments were also 
significantly elevated. Schell et al. (1977) computed the ratio of 
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average concentrations of metals in sediments deposited between 1955 and 
1975 with sediments deposited between 1900 and 1920 and found enrichments 
ranging from 1.0-3.6 in the main basin of Puget Sound. Malins et al. 
(1980) found enrichment factors ranging from 1-12 for the same elements 
in the smaller embayments, particularly Elliott and Commencement Bays. 

A comparison of data on analyses for Cu, Zn, Pb, and Ni in the 
Duwamish River, Elliott Bay, and Puget Sound, from a variety of sources 
(Feely et al., unpublished; Ril'<!Y et al., 1980; Schell and Nevissi, 
1977; Stukas and Wong, i981), shows a significant gradient in dissolved 
metals proceeding from river to sound, a significant increase in trace 
metals in the suspended particulate phase in Elliott Bay and the highest 
concentrations in the sediments of the Duwamish River. 

Tissue samples of edible forms of bottom-dwelling fishes, crabs, 
shrimps and clams were found to have trace metal concentrations which 
were correlated with several indices of population (Malins et al., 
1980). 

IV. SOURCES, METHODS AND RATIONALE OF DATA COLLECTION 

In order to obtain information about the trace element removal 
mechanisms in the Duwamish River-Elliott Bay region, we have conducted 
three cruises to the area (11 August, 1979, 19-20 February 1980, and 12 
September 1980) to provide data for low and high runoff periods. In 
addition, samples from August 1979 sampling period were used for dissolved 
and particulate samples were also collected on a quarterly basis from 
the other major rivers discharging into Puget Sound to provide additional 
information on trace metal inputs. Table 1.1 lists the locations and 
times for each of the river sampling expeditions. 

The sediment program consisted of a series of gravity and box cores 
collected at stations along the axis of the main 216in and in Elliott 
Bay (Fig. 2.4.1). The cores were used to obtain Pb data for the purpose 
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the history of metal pollution, and porewater trace elements and nutrients 
to obtain information on trace element recycling processes. In addition, 
in cooperation with Dr. James W. Murray of the University of Washington, 
a Lander was deployed at 200m depth near Shilshole Bay (Fig. 2.4.2). The 
Lander was employed to determine fluxes of nutrients and trace elements 
from the sediments. A complete description of the methods employed for 
these studies is given below. 

A. Sampling Methods 

1. Particulate matter 

Water samples were collec@ed from preselected depths in General 
Oceanics 10-L PVC GoFlo Niskin bottles. Nominally these depths included: 
0-2 m, 10 m, 20 m, 50 m, 100 m, 150 m, 175 m and 5 meters above the 
bottom. Aliquots were drawn within 10-15 minutes after collection from 
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Table 1.1. Dates and locations of sampling expeditions for rivers discharging into Puget Sound. 

SAHPLING EXPEDITION INCLUSIVE DATES 

Duwamish River Estuary Cruises 

DEC-I 
DEC-2 
DEC-3 
DEC-4 

11 Aug - 12 Aug 1979 
19 Feb - 20 Feb 1980 
11 Sept - 12 Sept 1980 

1 Har - 2 Har 1982 

SAHPLING REGION (River) 

Duwamish, Elliott Bay 
Duwamish 
Duwamish 
Duwamish 

Trace Hetal Inventories - Rivers Discharging into Puget Sound 

TIPS-I 23 June 1980 

TIPS-2 23 Sept and 2 Oct 1980 

TIPS-3 2 Jan and 7 Jan 1981 

TIPS-4a 25 Har 1981 

TIPS-4 28 Hay and 3 June 1981 

TIPS-5 7 Oct - 9 Oct and 13 Oct 1981 

TIPS-6 26 Jan 1982 

Skagit, Stillaguamish, Snohomish, Duwamish, 
Puyallup, Nisqually 

Skagit, Stillaguamish, Snohomish, Duwamish, 
Puyallup, Nisqually, Lake Washington Ship 
Canal 

Skagit, Stillaguamish, Snohomish, Puyallup, 
Nisqually, Lake Washington Ship Canal, 
Skokomish 

Puyallup 

Skagit, Stillaguamish, Snohomish, Duwamish, . 
Puyallup, Nisqually, Lake Washington Ship Canal, 
Skokomish 

Skagit, Stillaguamish, Snohomish, Duwamis·h, 
Puyallup, Nisqually, Lake Washington Ship 
Canal 

Dlll<amish 
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Table 1. 2. Da·tes and locations of Puget Sound cruises and sediment trap deployments and recoveries. 

SAMPLING EXPEDITION INCLUSIVE DATES 

L-RERP 80 
L-RERP 81-1 
L-RERP 81-2 
L-RERP 81-3 
L-RERP 81-4 
L-RERP 81-5 
L-RERP 82-1 

STE-1 
STE-2 
STE-3 
STE-4. 
STE-5 

r 

Long-Range Effects Cruises 

19 May - 3 June 1980 
5 Feb - 6 Feb 1981 

30 Apr - 1 May 1981 
16 Jul -17 July 1981 
25 Aug - 2 Sept 1981 

3 Nov - 4 Nov 1981 
22 Feb - 24 Feb 1982 

Sediment Trap Deployments and Recoveries 

5 Dec 1980 - 3 Feb 

1 

8 Feb -15 Apr 
26 Apr - 5 July 
24 July-29 Sept 
15 Oct - 19 Dec 

I 

1981 
1981 
1981 
1981 
1981 

1 ~~ I 

SAHPLING REGION 

Main Basin of Puget Sound 
Main Basin of Puget Sound 
Main Basin of Puget Sound 
Main Basin of Puget Sound 
Ma~n Basin G>f Puget Sound 
Main Basin of Puget Sound 
~lain Basin of Puget Sound 

47°41. 9' 
47°41. 9' 
47°41.5' 
47°4!.7' 
47°41.7' 

122°27.2' 
122°27.2' 
122°27.5' 
122°27.2' 
122°27.3' 

1 1 
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each sample and vacuum filtered through preweighed 0.4 ~m pore diameter 
Nuclepore polycarbonate filters. 47 mm filters were used for total 
suspended matter concentration determinations, and 25 mm and 37 mm 
filters for multielement particulate composition analyse@· Samples were 
also filtered through 25 mm, 0.45 ~m pore diameter Selas silver filters 
for particulate C and N analyses. All samples were rinsed with three 10 
mL aliquots of pH adjusted deionized and membrane-filtered water, placed 
in individual petri dishes with lids slightly ajar and dessicated over 
NaOH for 24 hours. 

2. Conductivity (salinity), temperature, and depth 

Standard hydrographic data were acquired with a-Plessy®Model 9040®. 
Environmental Profiling System (CTD probe) and a Model 8400 digital 
data logger using 7-track, 200 B.P.I. magnetic tape. Temperature and 
salinity calibration data were provided by ship personnel from discrete 
water samples utilizing reversing thermometers and a bench salinometer, 
respectively. 

3. Interestitial porewater and Lander studies 

Four types of samples were collected; inte2stitial water from 
in-situ sampler, interstitial water from 600 em box c~res, water samples 
from flux chambers, and interstitial water from 400 em Lander box 
cores. A summary of the dates and samples is listed below. 

7 May 1982. 1) Two Lander cores 
2) Three subcores from one box core 
3) One in situ profile 

9 June 1982 1) Two Lander cores 
2) One Lander chamber 

The bottom Lander operates as follows: it iz lowered by polypropylene 
line to the seafloor, and upon contact, two 20 em box cores are inserted 
into the sediments. The lid containing a timer, stirrer and sample 
loops then slides into place and seals the top of the box cores. The 
first sample is not collected until after one hour to allow any disturbed 
sediments to settle out. Samples are then collected every three hours 
until a total of eight samples have been collected from each chamber. 
When a sample is collected, ambient bottom water is allowed to replace 
the sample volume. The Lander samples are collected in polypropylene 

. syringes whose existing dead volume is filled with distilled-deionized 
water before deployment. 

Interstitial water was collected in situ using the gas tight sampler 
described in Murray and Grundmanis (1980)~he sampler is fitted with a 
large diameter wooden wheel or "frisbee" to support the sampler at the 
sediment-water interface. Box cores were subcored with 2" and 4" liners 
immediately following retrieval, kept upright, and stored less than 6 
hours before processing. In the laboratory, under a nitrogen atmosphere, 
the subcores were sectioned into ~' 1, and 2 em intervals, loaded into 
50 ml polystyrene centrifuge tubes and capped. Interstitial water was 

114 

,-

;_ 

r 

L 

L 

L 



0 

n 
__) 

[) 

] 

0 
l 
u 

ll 
'" . I 
Lt 

) 

!l 
LJ 

',--1 

> 
D 

Fig. 2.4.2 The Lander used to measure the flux of solutes 
between the sediments and the overlying water. 
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separated by centrifugation at 13,000 RPM for 15 minutes. Aqueous 
samples were drawn into polypropylene syringes and expressed through 
0.45 ~m Millipore filters into polystyrene test tubes. Unfiltered 
samples were collected for total C02 (IC02), CH4, and stable C isotopes 
(613C). 

Samples for dissolved gases were obtained from all in-situ and flux 
chamber aqueous samples and stored in nylon tubing sample loops. 02 + Ar, 
N2 and CH4 were separated on a molecular sieve SA column (100-200 mesh, 

1/4" x 6') at 60°C with a helium carrier flow of 100 cc/min. The 
thermistor detector was operated at 25°C±0.1° for maximum sensitivity. 

Samples for ICO were drawn into 3 ml polypropylene syringes, 
capped, and stored at 4°C for up to 12 hours before analysis. A l mL 
calibrated nylon loop was used to inject the sample into the stripping 
system. The sample was acidified with H2so4 and C0

2
( ) stripped with a 

helium flow of 75 cc/min. The C02 was separated fromgthe other gases on 
a Porapak Q column (100-120 mesh, 1/4"x4') at 40°C. The precision was 
±1% on duplicate samples. 

Aliquots were drawn from all aqueous samples (interstitial waters 
and flux chambers) for pH, alkalinity, nutrients, so4, Ca, Mg, Fe, Mn 

and frequently for dissolved organic C (DOC) and o13c. Alkalinity and 
pH were analyzed immediately. The pH was determined at 25°C using a 
Corning combination electrode and an Orion digital pH meter. The 
electrode had been soaked in sea water prior to use. Standard N.B.S. 
buffers were used to calibrate the pH measurements. Alkalinity was 
determined on a 1,000 ml sample using a microtitration with 0.0100 ml 
sample using a microtitration with 0.0100 N HCl to 0.53 N NaCl. A Gran 
plot (Bradshaw et al., 1981) was used to determine the endpoint with an 
average precision of ±0.5%. 

B. Analytical methods 

1. Gravimetry 

Total suspended matter concentrations were determined gravimetrically. 
Volumetric total suspended matter samples were collected on 47 mm, 0.4 

~m pore diameter Nuclepore® filters which were weighed on a Cahn Model 

4700® Electrobalance before and after filtration. The suspended matter 
loadings were then determined by difference. The weighing precision (2 
a = ± .011 mg) and volume reading error (± 10 mL) yield a combined 
coefficient of variation in suspended matter concentration (mg/1) of 
approximately 1% at mean sample loading and volume (2.057 mg and 2 L, 
respectively). However, preliminary investigations of sampling precision 
(coef. of var.: 25%) suggest that the actual variability in the 
particulate matter concentrations of these waters is much greater than 
the analytical precision mentioned above. 
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2 210Pb . . . act1v1ty 

The 210Pb activities of the sediment samples were determined ~sing 
a modification of the procedure described by Gaggler et al. (1976). 
Dried and homogenized sediment samples of about 100 g were placed into 
plastic petridishes and counted with an anticoincidence-shielded Ge(Li) 
gamma-ray spectrometer. The counting efficiency for the 46.5 Kev gamma 
ray was found to be 2.0%. 

3. Gas chromatography 

Analysis of total particulate C ·and N ~n suspended matter was 
performed with a Hewlett Packard Model 185B C-H~N analyzer. In this 
procedure, particulate C and N compounds are combusted to C0

2 
and N

2 (micro Pregl-Dumas method), chromatographed on silica gel, and detected 
sequentially with a thermal conductivity detector. NBS acetanilide is 
used for standardization. Analyses of replicate surface samples yield 
coefficients of variation ranging from 1% to 4% for C and 2% to 6% for 
N. 

4. X-ray secondary emission spectrometry 

The chemistry of both major elements (Mg, Al, Si, K, Ca, Ti, and 
Fe) and trace elements (Cr, Mn, Ni, Cu, Zn, and Pb) of the suspended 
particulate matter and sediment trap samples were determined by x-ray 
secondary-emission (fluorescence) spectrometry utilizing a Kevex x-ray 
energy spectrome.ter and the thin-film technique (Feely et al., 1981). 

A Kevex Model 7077-0700 x-ray energy spectrometer with a rhodium 
x-ray tube was used in the direct and secondary-emission (Ge and Zr 
targets) modes to obtain maximum efficiency for excitation of individual 
elements in the sample. Standards were prepared from suspensions of 
finely ground, U.S.G.S. standard rocks (W-1, AGV-1, GSP-1; 90 percent by 
volume less than 15 !Jm in diameter) collected on_Nudep_or_e_filters ______ _ 
identical_zo those used for sample acquisition. At a filter loading of 
290 ~g em the determination limits (three times the minimum detection 
limits) were less than 0.02% and 10 ppm for the major and trace elements, 
respectively. Total dissolved Mn and Fe in the pore fluids was determined 
by x-ray secondary-emission spectrometry using a Cu secondary target and 
a 3-mL aliquot of the sample contained in a spectra cup. Determination 
limits of 12 ~M and 13.6 ~M Fe were obtained with this procedure. 

5. Atomic absorption spectrophotometry 

The sediment trap and sediment samples from station PS7 were 
analyzed for Fe, Mn, Cr, Cu, Ni, Zn, Cd and Pb by means of several 
extraction procedures. The first extraction procedure involves the use 
of hydrogen peroxide (H

2
o

2
) to release organically bound trace metals. 

The second treatment utlhze·s hydroxylamine hydrochloride in 25% acetic 
acid to dissolve amorphous Mn and Fe oxides. The details of these 
procedures are outlined below. 
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a. H2o2 treatment 

Crecelius et al. (1974) have demonstrated that 30% H2o2 efficiently 
oxidizes particulate organic matter and thus removes certain trace 
metals from sediments. Landing and Feely (1981) had shown that the 
modification of this procedure efficiently removes organic C and N from 
suspended matter. The release of trace metals from suspended matter 
during this procedure is attributed to the dissolution of organically 
bound trace metals. 

Separate 100 mg aliquots of sediment trap material were heated in 
10% Ultrex H2o2 at 65°C for 18 hrs and then sonicated with continued 
heating for another 24 hrs. The samples were decanted and filtered 
through an acid-cleaned 0.2~m Nuclepore filter. The samples were rinsed 
with two portions of quartz-distilled water, acidified with 0.5 mL 
Ultrex HCl and transferred to acid-cleaned CPE bottles and diluted with 
quartz distilled water to 20 g. The trace elements in these solutions 
were analyzed by flameless atomic absorption methods described elsewhere 
(Feely et al., 1981). 

b. Hydroxylamine hydrochloride in 25% acetic acid 

The trace elements associated with the poorly structured hydrous 
oxide phases of the sediment trap samples were determined by the method 
of Chester and Hughes (1967) with slight modifications. Desiccated 
samples were leached with 5 mL of a mixed reagent containing 0.04 N 
hydroxylamine hydrochloride in 25% Ultrex acetic acid at room temperature 
for 2 hrs. The resulting supernate was filtered through an acid-cleaned 
polypropylene-glass apparatus containing a 0.2-~m Nuclepore filter. The 
residue was rinsed with quartz-distilled water, then filtered; the 
supernate was then combined with the original supernate, acidified with 
0.5 mL of concentrated Ultrex HCl diluted to 20 g total weight, and 
stored in an acid-cleaned polyethylene bottle. The trace metals in this· 
solution were analyzed by flameless atomic absorption procedures. The 
remaining solid suspended matter was dissolved in an Ultrex HC1-HN03-HF 
matrix according to Eggiman and Betzer (1976) and analyzed for trace 
elements in a similar manner. 

c. Dissolved Trace Metals 

~-

' 

L 

The determination of Fe, Mn and Zn in river water samples was L 

conducted by direct injection methods whereas Cu, Cd, Ni and Pb analyses 
were performed by preconcentrating 200 ml samples onto 3.5 g of 
Chelex-100 ion exchange resin following the procedures outlined in Curl 
et al. (1981). Extraction efficiencies of 95% ±4%, 89% ±15% and 1027o±11% 
were obtained for Cu, Cd, Pb and Ni respectively, using standard addition 
methods. For the dissolved trace elements in Puget Sound and Strait of 
Juan de Fuca, 400 ml samples were preconcentrated onto 5 g of Chelex-100. L 

The columns were rinsed with 1 N NH4Ac to remove excess salts and eluted 
with 2 N HN03 . The extraction efficiencies for the marine samples were 
106%±7%, 97%±9%, 977o±6% and 1017o±4% for Mn, Cu, Cd and Ni, respectively. 

L 
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6. Nutrients and major elements 

NH4 , N0
3

, N02 , P04 , and silica were analyzed by standard autoanalyzer 
techniques. so4 samples were acidified and stored at room temperature 
prior to 1000-fold dilution with distilled, deionized water and analysis 
by ion chromatography. Precision of replicate analyses is better than 
6%. 

Ca and Mg were analyzed by flame atomic absorption spectrophotometry. 
The Fe and Mn samples were acidified and stored for later anaiysis by 
x-ray fluorescence. Dissolved organic C (DOC) was determined by a 
UV-persulfate oxidation method using a Dohrmann Model DC-80 analyzer. 
Precision of replicate samples is better than 3% arid the detection limit 
is 0.1 mg/L. 

V. RESULTS AND INTERPRETATIONS 

A. Riverine inputs 

Previous reports on trace metals in Puget Sound have shown that 
rivers are major contributors of metals to the Sound; however, these 
models have large uncertainties because the data are scarce (Schell et 
al., 1977; Dexter et al., 1981). This program attempted to evaluate the 
river contribution in a systematic manner. Major rivers were seasonally 
sampled for both dissolved and particulate trace metals during 1980 and 
1981. The preliminary results of this investigation are listed in Table 5.1. 
In conjunction with flow and suspended matter discharge data from other 
sources, these results were used to calculate the trace metal flux of 
each river (Table 5.2). With the knowledge that the RSTP significantly 
affected the trace metal burden of the Duwamish (Paulson et al., in 
preparation), we extended the study of the Duwamish into 1982 in an 
effort to separately account for the river and RSTP flux. In general 
the mass flux of trace metals to the Puget Sound is primarily a function 
of annual water discharge with the Skagit River being the largest 
contributor and the Lake Washington Ship Canal being the smallest. 
However, there are several striking features concerning the partitioning 
of metals between dissolved and particulate phases. 

In the rivers, less than 3% of the Fe and Pb are in the dissolved 
form while up to 17%, 18% and 22% of the Cu, Ni and Zn, respectively, 
are in this form. In contrast to the rivers, a much larger fraction of 
the flux of the Lake Washington Ship Canal and the RSTP is in the 
dissolved form. Although the RSTP annual contribution is only 6%, 8%, 
10% and 21% of the Pb, Zn, Cu and Ni combined flux, respectively, the 
predominance of the dissolved form could result in a two-·fold increase 
in the amount of dissolved trace metal delivered to the estuary. 
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Table 5.1. Preliminary results on the dissolved and particulate trace metal 
concentrations in freshwater sources entering the main and Whidbey 
Basins of Puget Sound. 

Source 

Skagit R. 

Stillaquamish R. 

Snohomish R. 

Lake Washington 
Ship Canal 

a) Average dissolved metal concentration in ~g/La 

Fe 

36 
± 9 (8) 

Mn 

3.0 (8) 
±1.5 

Cu Ni 

0.58 (8) 0.78 (3) 
±0.06 ±0.30 

76 (5) 11 (5) 0. 72 (4) 1.5 (3) 
±25 ± 4 ±0 .18 1.1 

84 11 
±24 (5 ) ± 3 (5) 0.69 (4) 1.0 (3) 

±0.10 ±1.0 

27 
±17 (4) 3.7 (4) 1.48 (4) 1.1 (2) 

±2.8 ±0.62 ±0.1 

Pb 

0.07 

0.07 

0.10 

0.27 

Zn Cd 

1.3 0.03 

1.0 0.04 

1.3 0.02 

3.3 0.03 

Duwamish R. 75 33 
±43 (6) ±18 (6) 

0.66 (5) 0.5 (5) 0.04(2) 1.1(3) 0.05(3) 
±0.29 ±0.4 ±0.04 ±0.7 ±0.04 

66 22 
±27 (5) ±11 (5) 

Puyallup R. 0.68 (3) 0.3 (3) 
±0.21 ±0.2 

0.04 

b) 
b Average Particulate Concentration in ~g/g 

Source 

Skagit 

Fe 

48,200 
± 6,700 

Stillaquamish R. 62,000 
± 1,000 

Snohomish R. 48,100 
± 3,500 

Lake Washington 14,700 
Ship Canal ± 3,800 

Duwamish R. 

Puyallup R. 

33,800 

29,000 
± 1,800 

Mn 

873 

1150 
±12 

1014 
±105 

1089 
±304 

1071 

488 
±12 

Cu 

54 
± 2 

70 
± 4 

62 
± 4 

79 
±15 

32 

51 
± 1 

Ni 

88 
±14 

200 
±18 

83 
±13 

52 
±19 

32 

27 
± 3 

Pb 

48 
± 9 

91 
±25 

92 
±11 

230 
±80 

75 

20 
± 7 

2.8 

Zn 

158 
±ll 

231 
±42 

140 
±25 

635 
±483 

169 

65 
± 3 

0.02 

Cd 

r 

r 

l. 

a) Average of all samples which were greater than twice the blank during five · 
seasonal field trips. The Skagit was sampled at the North and/or South Forks. 
The number in parentheses is the number of samples meeting the quality 
control criteria. L 

b) Average of duplicate analyses of samples collected during spring. 
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Table 5.2. Annual discharge of water, sediment and trace metals from freshwater sources entering the tla:in 
and Whidbey basins of Puget Sound. 

Source 

Skagit River 

Stillaqusmish 
River 

Snohomish River 

Lake Washington 
Ship Canal 

Duwamish River 
RK 21.0 
Renton STP 

Combined 

Puyallup River 

TOTAL 

Water 
Discharge 
(x109m3 ) 

15 .1a 

5.2a 

8.4a 

1.2b 

1.42a 
0.06c 

1.48 

30.0a 

34.4 

Total Sediment 
Discharge 

(x1012g9 

1.1d 

0.40d 

0.46d 

0.002e 

0.17d 
0.0005c 

0.17 

0.46d 

2.59 

a) USGS (1981) 
b) Schell et al. (1977) 
c) monthly reports (METRO) 

Fe 
(xl0 9g) 

54C1%lf 

25(1%) 

23(3%) 

0.6(52%) 

5.9(1%) 
0.02(38%) 

5. 9(1%) 

13.3(1%) 

122 

Mn 
(xl06 g) 

Cu 
(x106 g) 

Ni 
(x10 6 g) 

Pb 
.(x1 06 g) 

1005(5%)£ 68(13%)f 109(11%)£ 55(2%)£ 

517(11%) 32(12%) 

558(16%) 34(17%) 

7(66%) 

228(20%) 
4(63%) 

232(21%). 

290(23%) 

2609 

2(90%) 

6.1(107,) 
0.8(90%)g 

6.9(21%) 

25(18%) 

168 

88(9%) 

46(18%) 

1(92%) 

6. 2 (127,) 
1.7(88%)g 

7.9(28%) 

13(7%) 

265 

Dexter et al. (1981) 

37 (1%) 

43(2%) 

2(74%) 

13.3(1%) 
0.8(47%)g 

14.1(3%) 

9{2%) 

160 

Zn 
(xl06 g) 

193(10%/ 

98(5%) 

73 ( 13%) 

5(76%) 

30(5%) 
2.5(86%)g 

33(9%) 

38(22%) 

440 

d) 
e) 
f) 

Fl01v x 2.1 mg/L total suspended matter 
Pecent dissolved in parentheses 

g) monthly reports (METRO) augmented with our 
below their detection limit. 

data in cases ~<here the effluent values 1•ere 
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B. Estuarine interactions 

1. Flocculation processes in the Duwamish River estuary 

The· flocculation studies were conducted with samples collected from 
the Duwamish River Estuary (Fig. 3.1). This estuary was chosen because: 
(1) it has a well-defined and extensively studied salt wedge; (2) it is 
reasonably accessible; and (3) the discharge from the RSTP makes up a 
significant amount· on the ·total river discharge (up to 25%). Freshwater 
samples were collected on August 11, 1979 from 4 stations in the Duwamish 
River above the salt wedge. Stations 1 and 2 were located above METRO's 
RSTP (Station 3) and stations 4 and 5 were located in the river 
immediately below t.he sewage treatment· facility. Stations 6 through 12 
were located in the estuary and station 13 was located in Elliott Bay. 
The results of the product mode experiments are graphically represented 
in Figures 2.4.3 and 2.4.4. Figure 2.4.3 shows the results for total 
flocculated material and major elements. The concentrations have been 
corrected for the zero salinity in the amount of flocculated material 
per liter of river water. The data for total flocculated material 
indicate a general increase in concentration with increasing salinity. 
At the highest salinities, samples from stations 1 and 2 produced 2-3 mg 
of newly flocculated material per liter of riverwater, whereas the 
samples from stations 4 and 5 produced 2-3 times more flocculated material. 
These data suggest that the effluent from the RSTP significantly increases 
the total amount of flocculated material that is produced in the 
experiments. Similarly, the data for P, K, and Ca show 2- to 4-fold 
enrichments in the downstream samples relative to the upstream samples. 
In contrast, Al and Ti do not show a consistent pattern of enrichment. 
Figure 2.4.3 shows the data for the trace elements. 2- to 5-fold enrich­
ments in the downstream samples were found for Cr, Fe, Ni, Cu, and Zn, 
whereas Mn showed no significant enrichment in the downstream samples 
relative to the upstream samples. In fact, the data for Mn were 
anomalous in that no flocculation was observed below a salinity of 
17.5°/00 • This effect may be due to the relatively slow kinetics of Mn 
precipitation. 

To verify these results, a product mode experiment was conducted 
using the effluents from the sewage treatment plant in place of the 
riverwater end-member. The results of these studies are shown in Figure 
5.3. The data indicate that for most of the elements in the effluent, 
flocculation occurs over the entire range of salinities, with individual 
elemental concentrations generally increasing with increasing salinity. 
P shows the greatest amount of flocculation. This element is followed 
by Ca and Fe. These elements are primary constituents of organic 
materials and, therefore, a flocculation mechanism involving organic 
materials from sewage effluent may be indicated. 

In order to evaluate this possibility we computed the concentrations 
of the elements in the newly flocculated material from stations 2 and 5 
for three salinities: 2.5, 12.5 and 22.5 °/ 00 • The data, which are 

·presented in Table 5.3 are representative of what was found for all the 
experiments. The results indicate that organic material is probably the 
major particulate phase in the flocculated matter. C, N, P and Ca, 
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DUWAMISH RIVER PRODUCT MODE STUDY 

(AUGUST 1979) 

I 0 Total Flocculated Matter 500 Phosphorus 

8 
o Station I 

_ A Station 2 
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'i7Station 5 
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400 
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::1. 200 
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100 

80 

Aluminum 5.0 Titanium 

__J 60 
' 0> 

::1. 40 

20 

5.0 

Fiq. 2.4.3 

0 

10.0 15.0 20.0 25.0 
SALINITY (g/kg) 

__J 

' 0> 

4.0 

3.0 

:::1.. 2.0 
0 

5.0 10.0 15.0 20.0 25.0 
SALINITY (g/kg) 

Results of mixing riverwater from the Duwamish River with 
seawater from Elliott Bay. Concentrations are given in mg 
or j.Jg per liter of river~ater mixed. Stations 1 and 2 were 
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which are the major elemental constituents of organic matter, are also 
the most abundant elements in the flocculated matter. Si, Al, and Ti, 
which are usually associated with inorganic materials, comprise only 
about 5-15% of the flocculated material. 

With respect to the major elements one other trend is worth noting. 
With increasing ·salinity, P concentrations increase while the concentra­
tions of Al and Ti decrease. Moreover, this trend is more dramatic for 
station 5 than for station 2. These data suggest that as salinity 
increases flocculation of organic materials predominates over flocculation 
of inorganic materials, especially when sewage materials are present. 
These trends are consistent with Sholkovitz's (1976) general conclusion 
that, in the case of the Scottish estuaries he studied, flocculation 
processes are dominated by interactions involving organic matter. 

The trace metals also show a general increase in concentration with 
increasing salinity and, again, the station 5 values are greater than 
the values from station 2. These data are interpreted as evidence for 
concentration of the trace metals in the flocculated material with 
increasing salinity, with the concentration effect being enhanced by the 
sewage effluents. 

The flocculation of trace metals in the Duwamish River estuary is a 
major factor affecting the geochemistry and, very probably, the ecology 
of the surrounding local marine environment. As stated earlier, the 
product-mode experiments indicate that from 18% to 62% of the dissolved 
trace-metal burden of the Duwamish River is transformed from a dissolved 
state to an organic-rich flocculant during estuarine mixing. For some 
elements (i.e., Fe and Mn) this estimate may indeed be minimum since the 
catalytic effect of the riverine particulate matter is removed in the 
laboratory experiments. For example, the Fe data of Murray and Gill 
(1978) indicate up to 90% removal by flocculation in the Duwamish River. 
A large fraction of the flocculated material settles to the seafloor.of 
the lower estuary and Elliott Bay and significantly increases the trace­
metal burden of these sediments as indicated by the enrichments of the 
concentrations of Fe, Zn, and Pb in the weak-acid solubl~ phases of the 
sediments (Fig. 5.4a). Malins et al. (1980) and Riley et al. (1980) 
reported enrichments of trace metals in the sediments from the Duwamish 
River and Elliott Bay ranging from about 100 to 900 percent compared 
with previously reported concentrations of near-shore sediments from 
Puget Sound and other coastal areas. These enrichments were significantly 
higher than corresponding enrichments for the central basin of Puget 
Sound (Schell et al., 1977), indicating rapid removal of the flocculated 
material by sedimentaion processes. Thus, the net effect of the floccula­
tion reactions is to decrease the concentrations of the dissolved trace 
metals in the estuary and to concentrate the metals in the suspended 
matter and ultimately in the local estuarine and near-shore sediments. 

2. Trace element scavenging. in Elliott Bay 

In February, 1980, we conducted a survey of the trace element 
composition of suspended materials in Elliott Bay in order to determine 
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Table 5.3. Chemical composition of flocculated material from stations 2 and 5 at salinity ranges of 2.5-10.0°/oo 
0 0 12.5-20.0 /oo and 22.5-27.5 /oo. 

2.5-10.0°/oo 

ELEMENT Sta. 2 Sta. 5 

Nt (Wt. %) 8.8 ±2.0 8.9 ±4.l 

ct (Wt. %) ND ND 
p (Wt. %) 1. 77 ±0. 70 2.85 ±1.50 

Al (Wt. %) 1.19 ±1.02 2.25 ±0.57 

Si (Wt. %) 6.66'±6.28 7.47 ±4.53 

K (Wt. %) 0.23 ±0.27 0.39 ±0.24 

Ca (Wt. %) 2.45 ±0.96 2.11 ±0.58 

Ti (Wt. %) 0.15 ± 0.10 0.11 ±0.05 

Cr (ppm) 104 ± 74 332 ± 61 

Mn (ppm) ND ND 

Fe (Wt. %) 2.08 ±1.23 2.80 ±0.93 

Ni (ppm) ND 57 ± 25 

Cu (ppm) ND 38 ± 30 

Zn (ppm) 136 ±128 179 ±127 

ND =Not detected above blank values. 

0 12.5-20.0 /oo 

Sta. 2 Sta. 5 

8.8 ±1.5 3.4 ±0.8 

62.0 77.0 

3.90 ±0.27 3.47 ±0.27 

1.42 ±0.25 2.09 ±0.45 

7.98 ±7.09 9 .so ±1. 49 

0.08 ±0.03 0.33 ±0.11 

1.41 ±0.17 1.25 ±0.20 

0.13 ±0.16 0.13 ±0.03 

152 ± 82 439 ±562 

507 ±595 ND 

1.35 ±0 .11 2.56 ±0.37 

ND 60 ± 50 

25 ± 9 91 ±118 

195 .± 62 182 ± 47 

0 22.5-27.5 /oo 

Sta. 2 Sta. 5 

7.7 ±0.4 7.2 ±1.2 

67.0 ±15.9 74.5 ±21.1 

4.78 ±0.07 6.18 ±1. 76 

0.64 ±0.33 0.49 ±0.17 

2.64 ±1.54 3.15 ±3.19 

0.11 ±0.07 0. 26 ±0 .14 

0.93 ±0.16 0.88 ±0.10 

0.04 ±0.02 0.03 ±0.01 

80 ± 5 244 ±199 

987 ±197 538 ±109 

1.06 ±0.29 2.13 ±1.67 

13 ± 4 15 ± 6 

31 ± 12 53 ± 16 

162 ± 38 278 ±234 

t =Weight percentages of Nand C were determined using samples collected with Nuclepore filters. The uncer­
tainty of the blanks in the filters were ±2.8 ~g Nand ±100 ~g C. 
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their sources and transport pathways. Our objective was to establish 
the pathways for transport of particulate trace elements from the 
Duwamish River to the main basin of Puget Sound. We also wanted to 
identify specific scavenging processes as the particles were transported 
through the Bay. The results of the chemical analyses of major and 
trace elements in the suspended matter from Elliott Bay are summarized 
in Table 5.2 and the data are also graphically presented in Figs. 5.5 
through 5.11. The near-surface data clearly illustrate that the Duwamish 
River is the major source of particulate trace elements in the surface 
waters of Elliott Bay. Near the mouth of the Duwamish River particulat-e 
trace element concentrations were about the same (e.g. , Cr, N·i, Cu and 
Zn) or slightly higher (for Mn and Pb) than near-surface particulate 
matter of the Duwamish River Estuary. Also, the surface distributions 
of particulate Cr, Fe, Ni, Cu, Zn and Pb show concentration gradients 
that decreased by as much as a factor of five away from the mouth of the 
river. The trace-element-enriched particulate matter formed a plume 
that flowed north across the Bay and to the northwest towards West Point 
where it dispersed into the central basin. These data are generally 
consistent with the corresponding suspended matter distributions 
reported by Baker (1982). However, the concentration gradients of the 
particulate trace elements decreased more rapidly than the gradient of 
total suspended matter. This observation suggests that the near-surface 
particulate matter is diluted, to some extent, by trace-element deficient 
particulate matter from another source. Only particulate Mn data show 
increasing concentration in offshore waters. This appears to be the 
result of further scavenging of dissolved Mn by the suspended matter as 
indicated by the maxima in particulate Mn at 20 m at stations EB 4 and 
EB 11 (Fig. 5.6). This interesting result implies that dissolved Mn 
continues to be scavenged by suspended matter in the subsurface (>15 m) 
waters of Elliott Bay. Indeed, Mn concentrations in some samples exceed 
10,000 ppm by weight in the particulate matter whi-ch is more than a 
factor of ten higher than Mn concentrations in suspended matter from the 
Duwamish River (Table 5.4). Along with the enrichment of Mn in the 
subsurface particulate matter are corresponding enrichments of particulate 

~J Cr, Cu, Ni, and Pb (Table 5.4). For example, the highest concentrations 
of Cr, Cu, Ni, Zn and Pb in subsurface particulate matter_a_r~_in_s_amples. ___ _ 

---------~where Mn concentrations approach or exceed 10,000 ppm. Plots of the 
•

1

.] relationships between total particulate trace elements and total 
~ particulate Mn in the subsurface suspended matter are presented in Fig. 

5.12. The correlation coefficients for Cr, Ni, Cu, and Zn vs. Mn are 
,~J- all significant at the p < 0.01 level and the correlation coefficient 

for Pb vs. Mn is significant at the P. < .05 level. These results suggest 
that in the subsurface waters of the Bay the trace element samples were 
collected along with sediment trap, sediment, and pore water concentration 

I_J increases in the suspended matter are primarily controlled by scavenging 
_ processes involving hydrous Mn oxide coatings. 

u 
] 

In order to further illustrate the nature of the relationships 
between the trace elements and hydrous Mn oxides in the suspended matter, 
selected samples were treated with 25 percent (v/v) acetic acid to 
separate those.metals associated with amorphous acid-soluble metal 
ox~des (Bolger et al., 1978). The results of these experiments are 
given in Table 5.5. The data show higher amounts of weak-acid-soluble 
Ni, Cu, Zn, and Pb as well as Mn in the Elliott Bay samples relative to 
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Table 5.4. Comparison of the mean elemental composition of near-surface (<2m) ~nd subsurface (>15m) suspended matt< 
from Elliott Bay with the elemental compositon of the underlying sediments and suspended matter and 
sediments from the Duwamish River. Elliott Bay suspended matter collected February 20, 1980. Standard 
deviations are given at the 1a level. 

Sample No. of c A1 Ti Cr Mn Fe Ni Cu Zn Pb 
Description Samples (Wt. %) (Wt.%) (Wt.%) (ppm) (ppm) (Wt. 7.) (ppm) (ppm) (ppm) (ppm) 

Elliott Bal surface susEended matter 

(<2 m) 18 13.6 --- 0.38 190 4094 6.91 83 127 301 370 
±3.9 ±0.04 ±50 ±1675 ±2.00 ±16 ±24 ±85 ±182 

Elliott Bay subsurface suspended matter 

Manganese Maximum: 5 12.5 --- 0.42 242 9451 6.05 105 136 292 246 
(15-40 m) ±4.9 --- ±0.05 ±49 ±2937 ±0.96 ±19 ±30 ±73 ±18 

Near-bottom: 24 8.6 --- 0.38 148 5012 5.29 67 96 197 151 
(>40 m) ±3.2 ±0.01 ±40 ±2006 ±1.09 ±14 ±79 ±81 ±54 

Elliott Bay sediments1< 5 --- --- 0.11 53 405, 3.20 52 83 llO 82 
±0.01 ±1 ±71 ±0.22 ±5 ±31 ±17 ±16 

Duwamish River susEended matter 

(<1 m) 21 8.4 9.85 0.42 109 1175 7.28 69 55 213 86 
±2.0 ±1.28 ±0.03 ±26 ±164 ±1.38 ±17 ±19 ±63 ±29 

Duwamish River estuary susEended matter 
0-10°/ 00 ) 10 8.28 --- 0.44 154 1087 9.88 84 91 298 211 

±2.45 --- ±0.02 ±17 ±195 ±0.44 ±16 ±13 ±30 ±61 

Duwamish River sediments•"'' 8.01 0.50 94 590 5.30 31 124 227 316 

Average shale1'*'~ 0.05 8.00 0.50 100 500 4.70 95 54 80 20 

1< Data from Mal ins et al. (1980). 
,,_., Sample collected from West Waterway (after Riley et al., 1980). 

1«'-'' After Krauskopf (1967). 
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Fig. 2.4.14 Scatter diagrams of the relationships between Cr, Ni, Cu, 
Zn and Pb with Mn (a-e) in subsurface particulate matter 
from Elliott Bay. 
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Table 5.5. Concentrations of weak-acid-soluble (WAS) Mn, Fe, Ni, Cu, Zn, and Pb in suspended matter from the 
Duwamish River and Elliott Bay, Washington. Number of samples are given in parenthesis. 

-~-

Region WAS Mn WAS Fe WAS Ni WAS Cu WAS Zn WAS Pb 
(ppm±1a) (Wt%±1a) (ppm±1a) (ppm±1a) (ppm±la) (ppm±1a) 

Duwamish River 510±59(4) 1.59±0.51(4) 8.1±8(4) 7.4±4(4) 83±48(3) 70±29(4) 

Elliott Bay 3480±3114 (10) 1.61±0.82(10) 26. 5±24 (10) 27 .2±14(10) 211±133(10) 453±375 (10 l 

Probability that means >95% <SO% >90% >99% >90% >95% 
are significantly 
different 



the Duwamish River samples, with the enrichments being significant at 
the p < 0.10 level or better for the trace elements. ForNi and Cu, an 
average of approximately 37 and 24 percent of the total metal content, 
respectively, exists in the weak-acid-soluble fraction, whereas more 
than 80 percent of the Zn and 90 percent of the Pb are associated with 
this phase in the Elliott Bay samples. These results indicate that in 
the suspended matter from Elliott Bay these trace elements are being 
concentrated in a weak-acid-soluble phase which appears to be primarily 
composed of newly formed, poorly structured hydrous Mn oxides. 

5.3 Main basin of Puget Sound 

5.3.1. Trace Metal Distributions 

Vertical distributions of the concentrations of dissolved and 
particulate trace elements have been determined for the main axis of the 
main basin of Puget Sound and in Elliott and Commencement Bays (Cruise 
1-RERP 80; May 1980). In addition time series studies were conducted at 
stations PS7 in the central basin (Cruises L-RERP 81-1 through L-RERP 
81-5). Water column samples to provide data necessary for the determi­
nation of vertical fluxes of trace elements in the water column and 
across the sediment-seawater interface. 

The distributions of dissolved Mn, Cu, Ni and Cd along the axis of 
the main basin of Puget Sound are shown in Fig. 5.13. High concentra­
tions of. these trace metals are found in the surface waters near 
Commencement Bay, Elliott Bay and Possession Sound where exchange of 
low-salinity, metal-enriched embayment water with high-salinity, 
metal-poor main basin water elevates the metal concentrations in the 
surface waters of the main basin relative to middepth waters of the 
Strait of Juan de Fuca.(Table 5.6). For example, the data in Table 5.6 
indicate that the central basin surface waters are elevated in Mn, Cu 
and Ni by factors of 24, 4 and 2, respectively, over the inflowing water 

r 

L 

from the Strait. Plots of the concentrations of Mn and Cu versus L 

--------~s_alinity_are_roughly-linear-(-li'f-g-.~-.-lq-for-s~ations-located-in-the-----­
region around Elliott Bay and PSB-16 which suggests that mixing is a 
major factor influencing dissolved trace metal distributions in the 
surface waters of the main basin. Apparently, the combined input of 
trace elements from natural and anthropogenic sources to the embayment 
is sufficiently high to influence trace metal concentrations in the main 
basin as well. Below the surface, the dissolved trace metal concentra-
tions decrease to a minimum at 100 m. These waters are more saline and 
relatively depleted in trace metals such that the concentration decreases 
are due, in part, to an admixture of the outflowing surface water with 
the inflowing deep water from the Strait (Cannon and Ebbesmeyer, 1978). 
However, some of the trace metal depletions are also due to scavenging 
reactions involving the particulate matter in the water column (see 
below). 
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Table 5.6. Concentrations of trace elements in selected regions r 

of Puget Sound and the Strait of Juan de Fuca 

Region and No. of Mn Cu Ni Cd r 

Depth Samples (j.!g/L) (j.!g/L) (j.!g/L) (j.!g/L) 

Inner Commmencement Bay r 

surface 1 5.4 0.68 0.57 0.08 

Elliott Bay r 

surface 3 3.8±0.8 0. 76±0.14 0.48±0.02 0.08±0.01 

Possession Sound 
surface 1 4.5 0.48 0.51 0.08 

r 

Central Puget Sound 
surface 2 2.4±1. 7 0.36±0.14 0.43±0.08 0.10±0.04 ,-

mid-depth 2 0.27±0.02 0.28±0.02 0.30±0.06 0.08±0.01 
'-

Strait of Juan de Fuca r 

mid-depth 2 0.10±0.01 0.09±0.04 0.24* 0.09±0.01 
L 

;'( 

Number of samples = 1. ,-

L 

L 
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Fig. 2.4.16 Scatter diagrams of total dissolved Mn(a) and Cu(b) 
versus salinity in Elliott Bay and the central basin of 
Puget Sound. 
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In near-bottom waters, the concentrations of the dissolved trace 
metals vary with time. For example, the time-series studies at station 
PS7 (Fig. 5.15) indicate significant enrichments of Mn, Cd, and Cu in 
the near-bottom waters relative to midwater concentrations in July 
(i.e., 7.5, 2.8 and 1.4 times midwater values, respectively). Similar 
enrichments of these elements were observed in August and November of 
the same year. In February of the following year near-bottom Mn and Cd 
concentrations were only slightly enriched and Cu concentrations 
remained constant throughout the bottom 100 m. These differences in the 
relative enrichments may be due to a variable rate of release of trace 
elements in the water column or at the sediment-seawater interface, a 
variable rate of flushing of bottom waters in the Sound, or some 
combination of both processes. For example, the highest concentrations 
of Mn in the bottom waters occurred in August during a period of relative 
quiescence in circulation (Fig. 5.15). Apparently, there was sufficient 
time between flushing events for the Mn, Cd and Cu concentrations to 
build up on the near-bottom waters. These data clearly indicate that 
sufficiently large amounts of trace elements are being remobilized into 
the bottom waters of the main basin. This is particularly important for 
Puget Sound because bottom waters are being returned to the surface in 
the vicinity of the Narrows (Barnes and Ebbesmeyer, 1978). This means 
that some trace elements may be recycled through the euphotic zone 
several times before they are ultimately buried within the sediments or 
dispersed into the Strait of Juan de Fuca. 

3. Sediment Trap Studies 

The results of the trace element analyses of the sediment trap and 
sediment samples from station PS7 are summarized in Figs. 5.16· through 
5.19 and Table 5.7. 

The sediment traps were deployed for roughly 10 week intervals from 
5 December 1980 through 19 December 1981. Composite samples from eac~ 
trap were filtered. onto preweighed 142 mm 0.4 ~m pore-sized .Nuclepore 
filters in a vertical laminar flow hood. The samples were dried and 
weighed, ground in a boron carbide motor and transfered to acid-cleaned 
polyethylene bottles for storage. To·tal metal concentrations were 
determined by the x-ray fluorescence and total dissolution procedures 
described in section 4.2 of this report. Metals associated with hydrous 
oxide phases and organic phases were determined using the selective 
dissolution procedures described i~2s~Itions 4.~25~1 and 4.2.5.4. The 
data are presented as fluxes (mg m d or ~g m d ) associated with 
hydrous Mn and Fe oxides (OX), organic (ORG), and residual (RES) lattice 
phases so that the modes of transport of the metals associated with 
specific particle phases can be compared. 

Figures and 5.16 and 5.17 show that for Fe, Mn, Co, Zn and Pb 
residual (presumed to be primarily lattice) and oxide phases controlled 
the vertical flux; whereas residual and organic phases controlled the 
flux of Cu and Cr. The Cd flux was predominantly controlled by oxide 
and organic phases. For several trace metals, notably Mn, Co, Cr, Ni 
and Zn, the flux in the organic phase was higher in summer than in 
winter. The elemental flux data for winter show a slight decrease from 
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Table 5.7. Elemental composition of suspended matter in sediment traps from STE-1 and STE-4. 

ppm % ppm ppm -ppm ppm ppm ppm 
Mn Fe Cu Cr Cd Pb Ni Zn 

----

STE-1 -50 Ill X 2500 4.5 50 169 1.2 88 54 160 
1•S.D. ±58 ±0.6 ±2 ±5 ±.3 ±4 ±6 ±-'-0 

100 m X 2600 4.2 71 181 1.08 80 46 150 
S.D. ±58 ±.1 ±3 ±8 ±.3 ±13 ±5 ±6 

-160 Ill X 1900 4.3 53 184 1.45 45 48 90 
S.D. ±58 ±.2 ±2 ±1 ±.3 ±2 ±21 ±3 

-205 m X 1700 3.8 51 189 .85 33 69 130 
S.D. ±58 ±.2 ±2 ±8 ±.3 ±2 ±7 ±40 ,_. 

01 
0 Sediment 1100 4.0 48 167 .96 34 38 96 X 

S.D. ±120 ±.1 ±11 ±8 ±.3 ±2 ±4 ±16 

STE-4 -20 m X 2900 3.9 78 193 4.1 73 63 245 
S.D. ±170 ±.2 ±5 ±14 ±1 ±.8 ±4 ±10 

100 m X 3400 3.8 64 143 1.6 52 42 156 
S.D. ±200 ±.1 ±2 ±6 ±.5 ±3 ±2 ±6 

-160 m X 1200 4.2 56 155 .77 42 47 I 17 
S.D. ±20 ±.OS ±1 ±11 ±.2 ±2 ±4 ±2 

200 m X 1300 4.1 55 150 .42 34 47 113 
S.D. ±100 ±.2 ±3 ±5 ±. 1 ±1 ±5 ±8 

Sediment X 1800 5.0 73 167 1.2 52 61 143 
S.D. ±100 ±.1 ±4 ±8 ±.3 ±2 ±5 ±5 

-----------·-. -----·-··------------ --------· 

1•Standard deviation '·is at the la level. 
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the 50 m to the 100 m sediment trap followed by a striking increase in 
the near-bottom sediment traps located at 16"0 m and'205 m. For example, 
Fe, Mn, Cu, Co, Pb, Ni and Zn in winter show increases in flux ranging 
from 3500 to 8100% between the 100 m and 205 m traps. These increases 
are due to resuspension and advection of bottom sediments (see chapter 
by Baker). The elemental concentration data give some indication of the 
most probable sources of these materials (Table 5.7). The sediment trap 
samples at 50 m and 100 m are elevated in Mn, Cu, Pb and Zn, indicating 
a surface injection from the more polluted waters of Elliott Bay (Figs. 
5.18 and 5.19). In contrast, the near-bottom samples have elemental 
concentrations which are significantly lower than corresponding samples 
from SO m and 100 m. Furthermore, these samples are compositionally the 
same as the underlying sediments with respect to trace elements. 
Therefore, it is probable that the·near-bottom suspended matter is 
diluted with materials that are relatively depleted in trace metals, 
such as suspended material from the Puyallup River. 

Another interesting feature of the trace metal flux data is that 
the percentage of the total flux of trace metals associated with the 
oxide phases generally decrease with depth. For example, Mn in the 
oxide phase decreases from 81% of the total flux at SO m to 24% of the 
total flux at 20S m in the winter data. Similar decreases are also 
observed for most of the other trace metals in the oxide phase. Since 
the percentage of Mn and other trace metals in the oxide phase of the 
sediments are relatively lower than corresponding values for the upper 
sediment trap samples, the net effect of resuspension and advection of 
bottom sediments appears to be dilution of the sediment trap material 
with particles containing metals predominantly in the residual phases. 
These data suggest that much of the oxide phases that control the Mn 
flux in the upper sediment traps originates in the water column rather 
than the sediments. Indeed, the particulate Mn cross section (Fig. S.20) 
shows a concentration maximum between 20 and 12S m, supporting this 
interpretation of the data. Apparently, the Mn and Fe that are reduced 
to dissolved forms in the sediments and consequently released back into 
the overlying water rapidly precipitate onto suspended matter. According 
to Yeats et al. (1979) Mn precipitating in the water column will tend to 
be preferentially enriched in small-sized resuspended particles and, 
hence, will form particulate Mn maximum immediately above a bottom 
nepheloid layer where the grain size distribution of the particle 
population is at a minimum. In Puget Sound the grain size minimum in 
the particle population occurs at about SO m (see chapter by Baker). 
Thus, it appears that hydrous Mn and Fe oxides are forming in the water 
column primarily in the region between 20 m and 12S m depth and the new 
oxides phases that are formed appear to be the major phase contributing 
to the Mn flux in the near surface sediment traps. Similarly, several 
other trace metals including Fe, Zn, Co, Cd and Pb are enriched in the 
oxide phases of the near-surface sediment traps. These data may be 
interpreted as indicating evidence for scavenging of these trace elements 
by the newly formed oxide phases. Table S.8 shows an interelement 
correlation coefficient matrix for the hydroxylamine hydrochloride-acetic 
acid soluble phases of the sediment trap samples. Significant correlations 
exist for Co and Ni with Fe (p < 0 .. 07) and for Cd, Cr, Zn, and Pb with 
Mn (p < 0.10) these results indicate that in the subsurface waters of 
Puget Sound several trace metals are being scavenged by hydrous Mn and 
Fe oxide coat1ngs on the surface of particles in the water column. 
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The one element that does not appear to be highly correlated with 
either Mn or Fe in the oxide phases of the sediment trap samples is Cu 
(Figs. 5.18 and 5.19). In fact, Cu appears to be more enriched in the 
organic phases of the summer and winter trap samples. Enrichments of Cu 
in the organic phase are highest in the near-surface traps (i.e., up to 
11% of the total). In the near-bottom sediment trap at 205m, organically 
bound Cu is about the same as in the underlying sediments (e.g, 2.6% of 
the total). 

4. Sediments 

a. Solid phase chemistry 

Several investigators have combined 210Pb geochronological studies 
with the distributions of heavy metals in sediment cores to show the 
recent history of metal pollution in a number of estuarine and coastal 
environments (Bruland et al., 1974; Goldberg et al., 1977; 1978; Presley 
et al., 1980). These studies have demonstrated that anthropogenic metal 
inputs are often recorded as metal enrichments in sediment profiles 
which can be traced to specific changes in human activities. Presley et 
al. (1980) further demonstrated that the extent of metal enrichment in 
cores is dependent not only upon the magnitude of the individual metal 
inputs, but also on the dilution effect of the sediment load from the 
local r~y0rs. With these concepts in mind, we have been determining 
excess Pb and metal concentrations in box and gravity cores collected 
along the axis of the main basin of Puget Sound and in Elliott and 
Commencement Bays. This work is an ongoing part of our research project 
and, therefore, only preliminary results and interpretations are given below. 

Fig. 5.21 gives vertical profiles of Mn, Cu, Zn, Ag, Cd and Pb in 
sediments cores collected from Elliott Bay (core EB-5) and the main 
basin of Puget Sound (cores BX-7; BX-4 and BX-2; see Fig. 4.1 for the 
sample locations). These profiles are representative of what was found 
in other cores we have studied and preliminary sedime!ltation ~ates have 

been assigned to the cores based on the 210Pb data. These sedimentation 
rates are still provisional because they have not been corrected for the 
effects of bioturbation (Benninger et al., 1979; Turekian et al., 1982) 
and because there exists a possibility that some of the core tops could 
have been lost due to "bow-wave effect" of the gravity coring device 
(Baxter et al., 1981). We are presently studying the relative importance 

. 210 239-240 of these two effects by mak~ng measurements of Pb, Pu, and Th 
isotopes in box cores and Kasten cores collected from the same locations 
as the gravity cores. 

The preliminary sediment data exhibit significant concentration 
variations with depth for several trace metals. The cores collected in 
this study provide a record back to about the middle of the last century. 
Since the metal concentrations at depth in the cores are about the same 
as metal concentrations found in soils from the Puget Sound region 
(Table 5.9), the increases of Cu, Zn, Ag, Cd and Pb towards the sediment 
surface are attributed to recent anthropogenic inputs. For Ag and Pb, 
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Table 5.8. Interelement correlation coefficient matrix for the hydroxylamine hydrochloride-acetic acid 

soluble phase of suspended matter from the sediment traps collected at PS7. 

Mn Fe Cd Ph Cu Cr Co Ni Zn 

Mn -0.336 0. 779"~• 0.652* 0.019 0.642'~ -0.263 0.206 0.584 

Fe -0.036 -0.05 7 -0.299 -o. 100 0. 783"1• 0. 636>~ 0.096 

Cd 0.711* 0.250 0.912* -0.080 0.413 0. 872>~' 

Ph 0.367 0.731"~• 0.043 0.503 0.697"~• 

Cu 0.321 -0.107 -0.166 0.473 

Cr -0.064 0.486 0.907"~• 

Co 0.572 0.148 

Ni 0.545 

Zn 

1Ten samples were used in this analysis .. At the 95 percent confidence level a correlation coefficient of 
0.602 or higher is significant. 

*Significant at the 95 percent confidence level. 
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Table 5.9. Comparison of the elemental composition of Puget Sound 
regional soils with Puget Sound "background" sediments. 1 

Element 

Al 

Fe 

Mn 

Cr 

Ni 

Cu 

Zn 

Co 

Pb 

Cd 

Ag 

Hg 

Puget Sound 
Regional Soils2 

7% 

3% 

700 ppm 

80 ppm 

80 ppm 

20 ppm 

80 ppm 

10 ppm 

15 ppm 

<7 ppm 

<0.7 ppm 

1 Data compiled by Dexter et al. (1980). 

Puget Sound 
"Background" Sediments 

6.4%3 

3.6%3 

4 496 ppm 

101 ppm 4 

42 ppm5 •6 

35 ppm5 •6 

87 ppm5•6 

6 12 ppm 

21 ppm5 •6 

3 ppm6,7 

1. 9 ppm 6 

0.06 ppm3•6 

2 Pevear, D., Geology Department, Western Washington University, 
(unpublished data). 

3 Crecelius et al. (1975). 
4 Riley et al. (1980). 
5 Schell et al. (1977). 
6 Malins et al. (1980). 
7 Cummins et al. (1976). 
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Vertical profiles of Mn, Cu, Zn, Ag, Cd and Pb in selected 
cores from Elliott Bay and main basin of Puget Sound. Note 
that the 210Pb dates are provisional (see text). 

156 

r 

r 

r 

L 

L 

r 

L 

L 



J 
0 
J 
0 
' J 
ll 
5 

0 
J 
0 
J 
0 

D 
) 

0 

0 
J 

the increases are as high as 2800% and 1000% respectively in the Elliott 
Bay core and· 1000% and 700%, respectively, in the main basin cores. Cu 
and Zn show increases in the range between 75% and 200%. Cd shows very 
little increase in the main basin cores but there is a significant 
increase of about 150% in the core from Elliott Bay. 

The highest metal increases are observed in the cores collected 
from Elliott Bay and in the southern part of the main basin of Puget 
Sound (core BX-2). The metal increases in the sediments from Elliott 
Bay appear to be the result of local wastewater inputs from the Duwamish 
River and stormwater discharges along the Seattle waterfront; whereas, 
the metal increases.in the sediments of the southern main basin appear 
to result from inputs from a variety of sources including wastewater 
discharges into Elliott Bay, Commencement Bay, Sinclair Inlet and_direct 
wastewater discharges into the main basin, such as the West Point outfall. 
These data support our belief that the sediments of Elliott Bay and the 
southern main basin are major sinks for anthropogenic trace metals in 
Puget Sound. 

Figure 5.21 also shows the 210Pb dates for various depth horizons 
within the cores at EB-5 and BX-7. The 210Pb dates from these regions 
have been verified by studies carried out by other investigators (Schell 
et al., 1976, Barrick, 1982) which lead us to make a preliminary 
interpretation that in these cases the sedimentation rates are probably 
good to within a factor of about 2 or 3 or better. (The results should 
be considered to be provisional until we have completed the other isotope 
studies). The data show that the major increase of Cu, Zn, Ag, Cd and 
Pb in Elliott Bay and Puget Sound sediments have occurred since about 
1910, a period of increased industrial activity and increased usage of 
gasoline containing tetraethylene lead. At BX-7 the maximum trace metal 
concentrations were found in sediments deposited in 1960-1970. This is 
the period when Seattle's METRO West Point wastewater treatment plant 
began operations. Prior to this time, most of Seattle's wastewater and 
sludge materials were discharged untreated into Puget Sound. The small 
decrease in metal concentrations near the surface might be interpreted 
as indicating that METRO's wastewater treatment procedures have been 
somewhat effective in reducing metal inputs to the sediments. However, 
we believe the data are still too sketchy at this point to make any 
definitive statements about this. In FY83, we will be making detailed 
studies of metal concentrations and radioisotopes in several 2 m and 3 m 
Kasten cores collected along the main axis of the main basin of Puget 
Sound. 

b. Porewater and Lander studies 

1) Porewater concentrations 

The in situ sampler was used in order to obtain a set of representa­
tive data free of temperature and pressure artifacts which can result 
fo' cored samples. The sampler also provides a way to collect gas 
samples to complement the analyses for nutrients and metals. The results 
are given in Table 5.10. Samples are collected from 1 em to 53 em 
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Table 5.10. Nutrient, pH, alkalinity, DOC, 02, N2 , CH4, :LC02, and elemental concentrations in an in-situ sampler 
at the Lander station in the.main basin of Puget Sound. Samples were collected May 6-7, 1982. 

In-situ sampler 6-7 May 1982 
Depth P04 Si N03 N02 NH4 pH Alk Ca Mg so4 DOC 02 N2 CH4 :LC02 

(em) (!JM) (meq/L) (mM) (mg/L) (mM) 

Bottom 
Water 1.43 37.73 18.37 0.33 10.45 7.88 2.104 0.53 0 24.2 4.45 0.272 1.621 

1 99.36 646.24 1.44 0.64 106.56 7.21 3.316 9.19 47.3 25.3 5.95 0.029 0.622 -- 4.127 
4 18.88 573.44 5.76. 0.80 129.12 7.01 3.329 8.67 44.9 14.2 10.55 0.052 0.877 -- 4.618 
7 127.52 645.76 2.56 1.28 197.92 7.11 4.649 9.07 45.5 25.0 

10 151.68 687.36 2.88 1.28 290.72 7.10 5.157 9.01 45.3 23.8 7.63 0.028 0. 731 -- 5.377 
13 130.08 753.92 1. 76 1.44 355.04 7.07 5.673 9.24 47.8 24.4 9.38 0.029 0. 731 -- 6.670 
16 185.76 777.12 1.44 0.64 380.96 7.26 6.209 9.15 47.6 24.2 10.24 0.034 0.691 -- 7.324 
19 264.64 904.80 1. 76 0.48 500.64 7.23 7.126 9.22 47.8 23.3 10.18 0.033 0.665 -- 7.702 
22 244. 32 8 77 . 28 1.44 0.48 447.52 7.23 5.952 9.31 47.6 23.4 
25 166.40 810.24 1.92 0.64 447.52 7.23 5.952 9.38 47.6 24.0 -- 0.044 o. 710 -- 6.657 
28 103.52 672.80 4.96 0.80 379.68 7.24 4.832 9.38 47.3 24.2 20.62 0.055 0. 764 -- 5.828 
33 117.44 782. 72 2.56 0.48 -436.80 7.24 5.276 9.07 47.8 23.8 11.81 0.045 0.691 0.004 5.736 
38 142.08 799.52 3.20 0.64 450.72 7.27 5.247 9.07 47.3 21.8 11.32 0.031 0.650 0.004 5.915 
43 112. 16 801.60 4.80 0.64 475.84 7.22 5.287 9.31 47.1 21.6 -- 0.040 0. 718 -- 5.673 
48 137.44 831.36 1.28 0.48 501.60 7.29 6.137 9.27 47.8 21.6 12.95 0.032 0.594 0.012 6.477 
53 132.64 823.36 1.92 0.48 501. 76 7.32 6.114 0.15 47.8 21.6 12.50 0.045 0.673 0.006 6.400 
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Table 5.11. Nutrient, pH, alkalinity, IC02 and elemental concentrations 

Lander 

Depth P04 Si 

Core A 
0-0.5 5.88 472.5 

0. 5-l. 0 8.64 478.2 
1.0-1.5 7.36 519.0 
1.5-2.0 16.5 603.0 
2.0-3.0 25.8 696.2 
3.0-4.0 35.7 751.0 
4.0-5.0 27.7 769.1 
6.0-7.0 117.9 841.4 
7.0-8.0 126.2 841.3 
8.0-9.0 147.5 853.8 
9.5-10.5 178.4 866.4 

12.0-13.0 158.2 919.7 
14.5-15.5 206.7 933.4 

Core B 
0-0.5 5.44 441.1 

0.5-1.0 4.64 542.9 
1. 0-1.5 7.68 588.8 
1.5-2.0 9.12 607.8 
2.0-3.0 15.2 639.2 
3.0-4.0 33.4 699.2 
4.0-5.0 45.3 743.1 
6.0-7.0 92.6 733.9 
7.0-8.0 117.3 765.6 
8.0-9.0 124.5 815.7 
9.5-10.5 137.1 879.0 

12.0-13.0 148.0 900.3 

in the Lander box cores at the Lander Station in the main basin 
of Puget Sound. Samples were collected May 6-7, 1982. 

N03 N02 NH4 Alk Ca Mg Fe Mn I C02 
(!JM) (meq/L) (!JM) (mM) 

0.84 0.21 43.7 2.616 -- -- 9 141 2. 77 
0.64 0.16 49.0 2.792 8. 74 47.0 10 183 
0.32 0.16 61.8 2.889 8.67 44.7 11 209 
0.96 0.32 73.4 2.927 8.48 44.3 52 168 
0.96 0.48 97.9 3.163 8.67 44.7 82 152 3.41 
2.56 0.48 127.5 3.544 8.61 45.0 95 160 
1. 76 0.48 156.0 3.958 8. 74 45.2 55 171 
0.64 0.48 195.0 4.518 8.61 45.7 124 137 
0.80 0.48 216.0 4.705 8.80 45.7 119 144 
0.80 0.32 236.3 4.971 8.86 46.1 70 120 
0.48 0.32 271.0 5.188 -- -- 116 106 4,95 
0.48 0.48 319.0 5.842 8.93 47.2 20 118 
1.12 1.44 350.1 6.020 -- -- 51 114 5.91 

0.00 0.32 31.2 2.523 8.67 47.7 6 97 
1.12 0.32 45.8 2.567 8.80 46.6 24 122 
1.44 0.32 53.3 2.692 8.80 46.8 54 113 
1.12 0.48 71.8 2.946 8.61 45.9 77 147 
2.56 0.64 116.2 3.426 8.67 45.7 113 216 
2.56 0.64 161.8 4.104 8.80 45.7 118 282 
1.12 0.64 181.8 4.192 8.67 45.9 99 263 
0.96 0.64 205.9 4. 720 8~80 45.9 139 284 
1.12 0.64 217.6 4.834 8.93 46.3 137 248 
0.80 0.64 219.2 4.878 8.80 45.9 125 229 
0.96 0.48 251.0 4.973 8.74 45.7 81 195 
0.~6 0.64 276.6 4.823 8. 74 44.7 99 159 
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Depth P04 

LA-1 1.56 
LA-2 2.07 
LA-3 2.24 
LA-4 2. 75 
LA-5 3.32 
LA-6 3.72 
LA-8 3.83 

LB-1 1.50 
LB-2 1.84 
LB-3 1.73 
LB-4 1.84 
LB-5 2.86 
LB-6 2.47 
LB-8 1.61 

Bottom water 
1. 78 

Table 5.12. Nutrient,! pH, alkalinity, 02, N2, CH4, IC02 and elemental concentrations in 
Lander box cores at the Lander Station in main basin Puget Sound. Samples 
were collbcted June 8-9, 1982. 

Si NH4 pH Alk Ca Mg so4 Fe Mn 02 Nt CH4 I C02 
(!JM) (meq/L) (!JM) !JM) (mH) 

29.0 4.80 7.62 1. 781 7.50 37.8 21.4 -- . 76 187 506 -- l. 757 
46.5 6.95 7.60 1.815 7.56 40.6 -- -- 2.75 200 551 -- l. 746 
58.0 6.76 7.59 1. 743 7.09 35.8 20.6 -- 4.13 211 583 -- 1.697 
71.7 7.54 7.51 1.832 7.37 37.1 -- -- 6.93 172 . 641 -- 1.817 
92.0 12.42 7.47 1.970 7.78 39.1 22.4 -- 10.08 176 708 -- 1.896 

102.7 10.08 7.41 2.013 7.83 39.3 -- -- 12.60 146 683 -- l. 706 
128.7 10.86 7.39 1.958 7.49 38.2 21.5 -- 15.78 129 811 -- 1.925 

29.3 5.29 7.65 -- -- -- -- -- -- 198 518 -- 1.755 
42.8 5.29 7.64 -- -- -- -- -- -- 242 645 -- l. 767 
34.3 5.09 7.63 -- -- -- -- -- -- 184 428 -- 2.002 
33.7 5.29 7.64 -- -- -- -- -- -- 228 534 -- 1.990 
77.3 7.15 7.70 -- -- -- -- -- -- 272 990 -- 1.839 
74.0 6.07 7.62 -- -- -- -- -- -- 271 895 -- 1.040 
36.0 5.29 -- -- -- -- -- -- -- 230 533 -- 2.021 

34.6 4.02 --I -- 9.16 45.7 -- -- -- 240 530 -- 2.050 
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Table 5.12 cont. 

c:__; [--] 

Depth P04 Si NH4 
(!JM) 

Core A 
0-0.5 14.82 653 65.5 

0.5-1.0 28.12 771 86.1 
1. 0-1.5 37.10 821 84.1 
1.5-2.0 57.10 868 125.2 

2-3 293.6 879 133.0 
3~4 100.4 899 209.3 
6-7 152.5 904 206.3 
9-10 98.5 892 146.8 

Core B 
0-0.5 12.32 620 50.9 

0.5-1.0 25.73 725 75.3 
1.0-1.5 40.05 792 82.6 
1.5-2.0 92.54 888 111.5 

2-3 81.97 854 144.8 
3-4 70.03 876 114.8 
6-7 86.04 931 138.9 
9-10 127.5 937 266.1 

Core A, Overlying water 
353 

Core B, Overlying water 
220 -- --

[_J c--1 

~H · Alk 

I 
(meq/L) 

I 

71.27 2.950 
1l.o6 2.946 
61.92 3.140 
1l.oo 3.325 
61.90 4.013 
6l88 4.562 
6l93 5.953 
7loo 5.794 

I 

7 27 2.664 
7 15 2.764 
7 06 2.816 
7 03 3.366 
7 02 --
7 08 3.579 
6 93 3.917 
7 12 4.546 

~2.44 

~2.27 

LJ , ... ] '-".c=:::J .----------_J ,-----....._____, 
L___j L-...._j c_j c:::::::J c___:] [=:J \ __ :_J 

Ca Mg 804 Fe Mn 02 Nt CH4 l:C02 
(!JM) !JM) (mM) 

8.98 46.7 26.8 -- 224 -- -- -- 2.862 
9.07 45.8 26.8 21.3 239 -- -- -- 3.141 
9.21 45.1 27.5 40.3 205 -- -- -- 3.241 
9.03 -- 25.8 49.7 213 -- -- -- 3.453 
9.05 45.8 21.9 56.7 253 -- -- -- 4.157 
9.05 45.3 26.2 54.1 296 -- -- -- 4.969 
8.93 44.2 23.9 63.4 336 -- -- -- 6.351 
9.05 56.0 25.5 42.2 328 -- -- -- 6.123 

9.10 48.7 -- 0.3 153 -- -- -- 2.830 
9.12 46.0 -- 56.2 203 -- -- -- 2.958 
8.93 46.2 -- 68.5 206 -- -- -- 2.980 
9.07 44.7 -- 119 200 . -- -- -- 3.313 
9.15 46.4 -- 112 233 -- -- -- 3.562 
9.15 45.8 -- 46.3 187 
9.18 46.0 -- 46.8 220 -- -- -- 4.076 
9.17 45.8 -- D.L. 154 -- -- -- 5.074 

9.22 46.4 

9.00 46.4 



within the sediments as well as a bottom water sample. Silica, P04, 
NH4, ~C02 and alkalinity increase with depth to a maximum at about 20 
em. Below 30 em the concentrations tend to remain constant. o2 decreases to almost detection limit at 1 em; however, there is measurable 
02 throughout the prfile. Low levels of CH4 (<20 ~M) appear below 30 
em. 

Evidence for irrigation can be seen in these data although it is 
much less obvious than in some of our earlier results at this same site. 
Note that when silica is high at 20 em, P04, NH4, ~co2 , and alkalinity 
are also high. 02 , N03 , N02 , and so4 show a corresponding minimum. 
Silica decreases to a minimum at 28 em, suggesting irrigation of the 
sediments by low silica bottom water. P04, NH4, ~co2 , and alkalinity 
are also a minimum there while 02 , N03 and N02 show a small maximum. 

The Lander was deployed twice and on both occasions two box cores 
were collected and subsampled for interstitial water. These cores are 
spaced about 100 em apart on the Lander frame so these results give us 
an opportunity to examine variability in the sediments over that scale. 
The results from May are given in Table 5.11 so that they can be compared 
with the harpoon which was collected on the same date. The results from 
June are shown in Table 5.12. The chamber over core A appeared to give 
reliable fluxes. 

The Lander core results in May tend to agree well with the in situ 
sampler results. Silica is higher in the cores but this is probably due 
to the temperature effect. But the P04, NH4, Ca, Mg and ~co2 results 
agree almost perfectly. There is slightly more N03 and N02 1n the in 
situ samples than in the cored samples. 

The horizontal variation between the two cores in May is slight. A 
small difference in P04, Fe and Mn can be seen, especially below 5 em. 

The analyses from the June samples show much larger variations 
(Table 5.12). The two cores tend to agree down to about 5 em and then 
diverge markedly at greater depths. Core A has higher values of Po4, 
NH4, alkalinity, ~CO?, Fe and Mn below 4 em. Ca, Mg and pH are linear 
for core A. Interestingly, silica shows little variation between the 
two cores. 

2) Three Dimensional Box Core Study 

The interstitial water from three sub-cores from a single box core 
was analyzed in May. The results are given in Table 5.13. The sub-cores 
were taken in a triangular arrangement with the center-to-center separa­
tion about 10 em. Striking horizontal gradients were observed for many 
of the constituents. 

Sil!£a increases from bottom water (38 ~mole kg-1) to about 500 
~mole kg by 10 em. Except for silica minima the silica concentrations 
are relatively constant below 10 em. One example of silica minimum can 

r 

L 

L 

be seen in core B aro~d 1Qyl5 em. The horizontal gradients for silica L 

can reach 10 ~mole kg em . 
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Table 5.13. Nutrient, pH, alkalinity, L:C02 and elemental concentrations in three subcores from a box core 
at the Lander Station in the main basin of Puget Sound. Samples were collected May 6-7, 1982. 

Depth P04 Si N03 NQ2 NH4 Alk Ca Mg so4 Fe Mn L:C02 
(iJM) (meq/L) (mM) (iJM) (mM) 

Core A 
0-2 4.32 604.8 1.12 0.48 49.6 2.709 8.74 46.1 25.8 7 194 2.73 
2-4 21.9 756.2 2.88 0.32 72.8 2.895 8.61 45.2 -- 95 138 2.96 
4-6 14.1 804.0 2.08 0.32 118.7 3.780 9.12 48.2 26.6 85 275 3.99 
6-8 27.8 791.8 1.44 0.32 171.8 4.671 8.86 46.3 25.3 65 363 
8-10 120.0 941.0 0.32 0.48 213.3 4.985 -- -- -- 1137? 364 

10-12 195.5 938.2 0.64 0.32 272.2 5.080 8.80 47.0 24.9 169 169 
12-14 153.2 990.2 0.32 0.32 328.0 5.373 8.67 45.2 24.2 14 144 
14-16 162.6 1011.4 1.12 0.32 361.3 5.786 8.74 46.8 -- 34 153 5.58 
16-18 159.8 1058.1 0.48 0.48 361.3 5.617 8.74 46.3 24.5 30 150 
19-21 118.1 1023.5 0.16 1.92 344.5 5.168 8.99 47.9 -- 27 104 5.03 
24-26 104.8 938.2 0.48 0.48 306.2 4.789 8.86 46.6 24.8 36 57 
29-31 64.8 907.7 2.24 0.64 293.4 4. 759 9.38 49.8 -- 15 42 4.54 
32-34 105.6 941.0 1.28 0.64 293.4 4. 718 8.86 46.3 25.3 17 42 

Core B 
0-2 8.32 537.1 0.32 1.12 42.9 2.978 8.80 45.7 5 208 
2-4 15.0 645.8 0.16 0.96 42.6 2.764 -- -- 25 151 
4-6 17.0 844.2 0.48 0.64 74.9 2.969 8.61 45.9 51 139 
6-8 30.1 888.6 0.32 0.96 86.7 3.026 8.67 45.2 125 147 
8-10 28.6 875.4 0.80 0.96 104.8 3.091 8.86 47.3 113 148 

10-12 39 0 7 844.2 0.32 0.96 126.9 3.477 8.93 46.1 90 119 
12-14 20.5 986.8 0.00 0.96 161.0 3.653 8.67 45 0 7 62 133 
16-18 97.8 966.7 0.00 0.80 287.0 3.528 9.32 48.4 53 98 
18-20 53.1 981.4 0.00 0.80 299.4 4.623 8.54 45.9 26 95 
24-26 61.1 949.6 0.00 0.80 344.0 4.833 8.48 45.7 9 52 
29-31 15.0 794.2 0.00 0.80 335.4 4.394 9.54 50.7 10 33 
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Table 5.13., continued 

Depth P04 Si NO a N02 Nll4 Alk Ca Mg so4 Fe Mn :LC02 
(!JM) (meq/1) (mM) (!JM) (mM) 

Core C 
0-1 3.52 434.4 0.96 0.[6 16.0 2.447 8.70 45.6 27.0 8 76 
1-2 3.52 606.6 0.96 0.16 21.0 2.508 8.61 46.8 -- 18 110 
2-3 2.08 712.3 1.12 0.[6 40.6 2.738 8.61 45.4 25.6 72 147 
3-4 4.80 757.9 1.92 0.16 78.4 3.309 8.74 46.3 -- 59 210 
4-5 17.3 788.8 1.12 0.16 104.3 3.726 8. 74 46.6 23.9 95 193 
5-6 28.3 779.0 1.12 0.[6 134.9 4.189 8.67 45.7 -- 83 212 
6-7 44.5 813.0 1.44 0. [6 143.0 4.235 8.80 45.2 25.1 122 216 ..... 7-8 53.1 856.0 1.60 0.16 162.1 4.322 8.93 46.3 -- 119 190 "' ""' 8-9 2.99 898.2 1.28 0.16 169.9 4.168 8.80 45.9 23.9 199 171 
9-10 65.4 964.4 1.28 0.16 194.1 3.990 8.87 45.7 -- 138 158 

12-13 35.5 1009.9 1.12 0.80 235.5 3.801 9.15 46.6 25.5 341 157 
14.5-15.3 17.9 936.6 0.48 2.24 196.6 2.435 8.99 45.9 -- 507 129 

17-18 42.1 905.9 0.96 0.64 202.2 3.238 8.67 45.4 -- 213 101 
19.5-20.5 38.7 950.6 1.44 0.[6 253.6 3.499 8.67 45.9 -- 106 87 
24.5-25.5 69.4 991.2 1.92 0.[6 307.4 4.138 8.61 45.9 25.1 59 65 
27-28 149 1009.3 1.60 0.32 330.8 4.415 8.61 45.0 24.9 111 67 

29.5-30.5 117.3 993.9 2.56 0.32 324.5 4.514 8.87 47.3 -- 30 66 
32-33 116.2 1009.0 0.32 0.16 333.9 4.554 8.87 47.3 25.5 29 60 

34.5-35.5 139.4 1055.5 2.08 0. [6 33-8.9 4.667 9.12 49.1 -- 48 50 
37-38 95.8 1008.6 0.32 0.16 330.9 4.799 8. 74 46.1 24.2 9 44 

39.5-40.5 101.0 1023.8 0.48 0.16 353.1 4.816 8. 74 46.3 -- 16 40 
42-43 124.3 1039.4 0.48 0.16 356.8 4.809 8.57 44.5 25.0 18 38 
43-44 101.1 1011.4 0.48 0.16 364.6 4.869 8.93 46.6 -- 26 38 
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PO~, NH4 and alkalinity also tend to increase with depth. In these 
cores tlie horizontal variability is much more dramatic. Core A tends to" 
have the highest values indicating more extensive diagenesis or less 
irrigation. Core A has especially high values of phosphate centered 
around lQyl5 ~T· For more P04 and NH4 the horizontal gradients approach 
15 ~M kg em . 

Mn and Fe show maxima, especially well' developed in core C for Mn 
and core A for Fe. The Mn maxima tend to be shallower than the Fe 
maxima. 

N01 and N02 tend to be low and variable. 
low that it is JUStifiable to question whether 
reliable. 

3) Lander results 

The absorbances are so 
the data are even 

In the May deployment neither chamber showed consistent results. 
The results for chambers A and B from the June deployment are given in 
Table 5.12. Only chamber A appeared to give consistent results. 
Silica, P04 and NH4 increase systematically with time and extrapolate to 
bottom water values while N2 increases and o2 decreases with time. 
Alkalinity and total co2 increase with time after a slight decrease 
during the first 7 hours. The gradients shown in Fig. 5.22 translate 
into the fluxes shown in Table 5.14. 

We define the effects of biological activity in two ways. 
Bioturbation is the movement of sedimentary particles caused by 
biological activity. Irrigation is the result of the movement of the 
water through burrows, tubes and other biological structures. The 
interstitial water results presented here primarily reflect the results 
of irrigation. The effects of bioturbation can best be studied using 

short-lived isotopes attached to particle~ (e.g., 234Th, 210Pb, 230Th). 
These analyses are in progress and the results will be presented later. 
Qualitatively the effects of irrigation can be seen in the large degree 
of small-scale variability in the detailed structure of the individual 
pore water profiles and in the relationship between the diffusive fluxes 
calculated from Fick's law and the Lander chamber fluxes (to be 
discussed below). 

Small-scale variability is extremely pronounced over all scales. 
The two Lander cores are centered about one meter apart and the June 
data show LC02 , Fe and Mn. Core A systematically appears to be more 
reducing or less influenced by irrigation than core B. Interestingly, 
the May Lander core data do not show such variability, but this is more 
the exception than the rule. Even over the scale of a 20 em by 30 em 
box core the variability can be pronounced. As a general rule it appears 
that PO , Fe and Mn are the elements most likely to show pronounced 
variabitity. This probably reflects the sensitivity of Fe and Mn oxides 
to the redox environment. 

The structure of the various profiles and correlations among the 
various elements also demonstrates the effects of irrigation. The data 
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from the in situ sampler is useful in this regard because it includes 
0 . In this data set there is a silica minimum at 4 and 28 em. PO and 
~4 also show a minimum at these depths, while N0

3 
and N

2 
show ~malt but 

significant maxima. All. of these correlations are consistent with 
. dilution or exchange of bottom water with pore water. 

4) Fluxes 

The diagenesis of organic debris in the sediments of Puget Sound 
results in vertical gradients within the pore water of the sediments. 
Due to the effects of irrigation and possibly also non-homogeneous 
lateral deposition of organic debris there are horizontal gradients 
within the sedimentary pore waters. In Puget Sound the horizontal 
gradients are significant and the resulting horizontal fluxes are of the 
same magnitude as the vertical fluxes out of the sediments. 

The vertical gradients were calculated between bottom water and the 
first pore water value. The gradient was calculated by dividing the 

Table 5.14. Flux of N2 , NH
4

, P04 , Si and Mn into and 02 
chamber A, collected on 8-9 June 1982. Fluxes are given 

out of Lander 
-2 -1 in JJ em d . 

Compound Lander 
Flux 

1.43 
-0.54 

0.028 
0.014 
0.47 
0.070 
2.00 
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Lander Flux 
Diffusive Flux 

2.9 
2.5 

16.2 
4.7 
1.2 

J 
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Fig. 2.4.24 Temporal variations of 02, N2 , NH4 , P04 , silica and Mn in 
Lander chamber A. 
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~\ 
difference in composition by the depth interval. We are thus assuming J 
that the gradients are linear. In reality the gradients are not always 
linear and our gradients thus probably represent minimum values. In n 
most cases we sampled the core tops in 0.5 em intervals in order to ' 1 

approximate the natural gradients as closely as possible. The mean ~ 
vertical gradients for silica, NH4 , P04 and Mn from the four sets of 
samples are summarized in Table 5. 15. The fluxes are calculated from '1, 
these gradients using Fick's First Law (see Berner, 1980, p. 38). 

where J s 

$ 
D s 

= 

= 
= 

J = -$ D ~c 
S S uX 

(l) 

diffusion flux in the sediments in terms of mass per area of 
total sediment per unit time; 
porosity of sediments; 
whole sediment diffusion coefficient in terms of area of 
sediment per unit time. 

In these calculations we assume an average porosity of 80%. We use 
diffusion coefficients for 5°C taken from Krom and Berner (1980) and 
Elderfield et al. (1981). These are "in sediment" diffusion coefficients 
that include the effects of porosity, tortuosity and adsorption. The 
values used by us are given in Table 5.16. The calculated diffusive 
fluxes for the appropriate gradients are also shown in Table 5.15. The 
vertical gradients and fluxes calculated for the four data sets agree 
with each other reasonably well. The value given for the 3-D box core 
is the average for the three sub-cores. The values given for,the Lander 
represent the average of the two Lander cores. The grand average vertical 

diffusive flux is_~OS_~ole cm-2 d-l for silica, 4~2 ~~le cm-2 d-l for 
NH4, 5.4 nmole em d for Po4, and 12.7 nmole em d for Mn. 

The horizontal gradients and fluxes were calculated by dividing the 
concentration difference at a given depth by the distance (10 em) between 
the centers of the cores. For the 3-D box cores the values in Table 
5.14 represent the average of three calculations. For the pairs of 
Lander cores only one calculation is involved. The horizontal gradients 
and fluxes for silica are only about 1 to 2% of the vertical gradients 
across the sediment-water interface. For NH4 , P04 and Mn the horizontal 
fluxes are a significant fraction of the vertical fluxes. The average 

maximum horizontal fluxes are ! 27 ~ole cm-2 d-l for silica, ! 26 ~ole 
~~2 d-1 for NH4 ' 2.0 nmole em d for P04 and 2.4 nmole em d for 

The vertical and horizontal sedimentary diffusive fluxes can be 
compared with the Lander chamber fluxes meas~red in chamber A in June 
1982. The chamber covered an area of 400 em and was occupied by a 
volume of 1.6 liters. Seven samples were collected with time over a 24-
hour period. NHu, P04 , silica, Mn and N2 increased linearily with time. 
o

2 
decreased with time after the third sample. The fluxes were calculated 

from the linear gradients after correcting for the dilution that occurs 
because bottom water replaces the samples as they are drawn. The fluxes 
are summarized in Table 5.14. 

In the last column of Table 5.14 the ratio of the Lander chamber 
flux to calculated pore water diffusive flux is given. The pore water 
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Table ?.15. 

Silica 
3-D Box Core 
Lander Cores (May) 
Lander Cores (June) 
Harpoon 

...... NH4 0) 

<0 3-D Box Core 
Lander Cores (May) 
Lander Cores (June) 
Harpoon 

P04 3-D Box Core 
Lander Cores (May) 
Lander Cores (June) 
Harpoon 

Mn 
3-D Box Core 
Lander Cores (May) 
Lander Cores (June) 

L-::J l __ j ,-----·- 'l 
'----' 

\_'-- -~ , __ _ :--] 'l___j 
; __ II..) ,-:- "' c___] '' 

L.J [_3 

Gradients 
NH4, Po4 , 

(JJmole 
and Mn 

-1 -1 -2 -1 1 em ) and fluxes (nmole em d ) of silica, 
in the sediments of Puget Sound. 

mea1;1 mean mean mean maximum maximum 
vertical vertical horizontal horizontal horizontal horizontal 
gradient flux gradient flux gradient flux 

488 102 6.5 1.4 9.7 2.0 
495 103 10.8 2.2 10.8 2.2 
424 88 4.5 0.9 4.5 0.9 
608 126 

14 2.4 9.7 1.6 14.5 2.4 
31 5.2 2.0 0.3 2.0 0.3 
57 9.6 11.9 2.0 11.9 2.0 
96 16.1 

2.0 0.3 10.4 1.6 15.6 2.4 
5.7 0.9 4.1 0.6 4.1 0.6 

37 5.6 20.2 3.1 20.2 3.1 
98 

85 12.2 14.4 2.1 21.6 3.1 
78 11.2 10.7 1.5 10.7 1.5 

103 14.8 17.4 2.5 17.4 2.5 

L.J c~_j 



Table 5.16. Whole sediment diffusion coefficients at 5°C applied to 
Puget Sound data. These values include the effects of 
adsorption, porosity, and tortuosity. 

Compound 

NH4 2.4 X 10 -6 2.1 X 10 -1 

P04 
2.2 X 10-6 1.9 X 10-1 

Si 3.0 X 10-6 2.6 X 10-1 

Mn 2.1 X 10-6 1.8 X 10-1 
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data used in this case were the data obtained for the June core which 
underlay the chamber. For this June deployment the Lander chamber flux 
was greater than the diffusive flux by a factor of 2.9 for NH4 , 2.5 for 
PO~, 16.12 for silica and 4.7 for Mn. This comparison shows the net 

_effect of biological activity on the flux across the sediment-seawater 
interface. 

Since the near-bottom enrichments of trace elements in the main 
basin of Puget Sound indicated that reactions near the sediment-seawater 
interface are important, we initiated studies of trace metal distributions 
in interstitial pore fluids of sediments taken from station PS7. Box 
cores were collected and the pore waters extracted by centrifugation. 
Table 5.17 shows a representative sample of trace metal concentrations 
in a typical box core. The data show significant enrichments of Mn in 
the top few centimeters of the sediments at PS7 relative to the overlying 
water. Mn concentrations were observed ranging from 36 to 290 ~M which 
is approximately 200-800 times the dissolved Mn concentrations in the 
overlying water. Thus, a Mn flux across the sediment-seawater interface 
could be expected to support the enrichments of Mn in the bottom waters 
of Puget Sound. Fluxes of Mn and other trace elements from coastal and 
open-ocean sediments have been observed elsewhere (Elderfield and Hepworth, 
1975; Bender and Klinkhammer, 1978; Elderfield et al., 1981) and the 
fluxes appear to be related to the reducing potential of the sediments. 
In Puget Sound the sediments are reducing (Grundmanis and Murray, 1978) 
and significant Mn excesses occur as a result of the reduction of Mn 
oxide phases in the sediments (Sundby et al., 1981). While the Mn data 
are too variable to go through a rigorous analytical model to determine 
diffusive fluxes from the sediments, we can apply a simple Fickian 
diffusion model to estimate the time scales for maintaining the excess 
Mn concentration in the water column. If we assume a uniformly mixed 
bottom layer approximately 20 m thick with an average concentration of 
Mn of 0.9 ~M (Fig. 5.15), then by applying equation (1) to th~2P§1 data 
the flux of Mn to the bottom water is about 0.025 ~mole Mn em d based 
on an average pore water concentration of 160 ~moles of Mn in the top 
centimeter of the sediments. This estimate of the flux agrees within a 

-2 -1 factor of three of the measured flux of 0.07 ~mole Mn em d obtained 

in the Lander experiment. Using a flux of 0.07 ~mole Mn cm-2 d-1 , the 
Mn content of the bottom waters can be doubled in approximately 25 days 
which is close to the time interval (about 2-3 weeks) between flushing 
events in the Sound (Cannon and Ebbesmeyer, 1978). 

When the same analysis is applied to the data for Cd and Cu, doubl­
ing times of 2226 and 2968 days, respectively, are obtained (Table 
5.18). Since these estimates for doubling times are many times greater 
than the time interval for bottom flushing in the Sound, the interstitial 
pore waters cannot be a major source for the enriched concentrations of 
these trace metals to the bottom waters of the sound. Another possible 
explanation for the enriched trace metals is that the metals are recycled 
from decaying suspended matter in the water column or at the seawater­
sediment interface. These results are supported by the recent studies 
of Elderfield et al. (1981) in which they found that in the reducing 
sediments of Narragansett Bay Mn was significantly enriched in the pore 
waters while Cu and Cd were depleted. This was found to be due to 
formation of insoluble sulfides. 

171 



Table 5.17; Concentrations of several trace elements in pore waters 
collected with a box core at station PS7. 

Depth Mn Fe Cu Cd 
(em) (iJM) (iJM) (iJM) (iJM) 

0-2 295 22.9 0.013 <0.0038 

2-4 112 <13.4 0.015 <0.0036 

4-6 65 <13.4 0.009 <0.0036 

6-8 65 <13.4 0.009 <0.0036 

Table 5.18. Benthic fluxes and doubling times for trace metals in 
Puget Sound. 

Trace 

Metal 

Mn 

Fe 

Cu 

Cd 

Benthic Flux 
-2 -1 (j.Jmole em d ) 

0.078 

0.018 

2.2 X 10-6 

8.0 X 10-7 
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Doubling Time in Bottom 

. 20 m (days) 

25 

>2963 

>2226 
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VI. DISCUSSION tum CONCLUSIONS 

A. Duwamish River and Elliott Bay 

The distributions of particulate trace elements in Elliott Bay 
delineate the sources and mode of transport of anthropogenic contaminants. 
Trace elements which are discharged from the Renton Sewage Treatment 
Plant and other smaller discharges along the river are rapidly flocculated 
in the Duwamish River, significantly enriching the trace element burden 
of suspended matter in the Bay. This material traverses the Bay and is 
advected to the north and west along the northern coast. Some of the 
material settles to the bottom of the Bay and the remainder disperses 
into the main basin. The evidence for significant enrichments of 
particulate metals in the subsurface waters of Elliott Bay strongly 
indicates the scavenging reactions involving hydrous Mn oxides occur in 
the Bay. This result is highly significant because we have found that 
several trace elements are scavenged by newly formed Mn oxides in large 
estuaries as well as small ones (Feely et al., 1981; Massoth et al., 
1982). Thus, the formation of hydrous Mn oxides on the particulate 
matter in Elliott Bay is providing a mechanism for trace-element removal 
within the Bay. 

From an ecological point of view these results are important because 
trace elements associated with Mn oxides are not readily assimilated by 
particle-feeding organisms. For example, Luoma and Jenne (1977) conducted 
laboratory experiments with the detritus-feeding clam, Macoma balthica, 
to show that metals bound to detrital organic matter were more easily 
assimilated by the clams than metals bound to Mn and Fe oxides. Similarly, 
Luoma and Bryan (1978) found that the amount of Pb in the bivalve 
Scarbicalaria plana inversely varied with the amount of Fe in the underly­
ing sediments of several European estuaries, indicating that sediment-bound 
Pb is not readily available to benthic organisms when the Pb is bound to 
Fe oxides. ·These findings provide a foundation for evaluating the 
ecological significance of the trace element scavenging processes that 
occur in the Duwamish River-Elliott Bay region which can reduce the 
potential for bioaccumulation of trace elements in the indigenous marine 
organisms. Since trace elements bound to Mn oxides appear to be less 
available to organisms than trace elements bound to organic materials 
(e.g., organic flocculants), it seems prudent to identify those regions 
where formation of organic flocculants and Mn oxides are maximized with 
the intent to provide possibly useful recommendations about where waste­
water dischargers, particularly those containing elevated concentrations 
of trace elements, ought to be located. For example, our data indicate 
that organic flocculants are formed in the low-salinity regions of the 
Duwamish River estuary and that a portion of the flocculants settle out 
in the estuary and in nearshore regions of Elliott Bay. Although the 
formation of organic flocculants reduces the potential toxicity of trace 
elements to free-swimming organisms, they apparently increase the potential 
for bioaccumulation of trace elements to suspension- and detritus-feeding 
benthic organisms. In contrast, in the deeper waters of Elliott Bay the 
scavenging of trace elements by Mn-Fe oxides and the subsequent sedimenta­
tion of this material may reduce the potential for bioaccumulation of 
trace elements in both free-swimming and detritus-feeding organisms. 
Thus, in light of this simple analysis, locating waste-water dischargers 

173 



may be more advantageous in areas where Mn-Fe oxides are forming in 
water column than in regions where organic flocculants are forming, 
as the Duwamish River estuary·. 

B. Main basin of Puget Sound 

1. Trace metal removal processes 

the 
such 

The distributions of dissolved and particulate trace elements in 
Puget Sound delineate the sources and mode of transport of trace metals. 
A significant fraction of metals released into surface waters from 
rivers and outfalls discharging into the major embayments are transported 
to the main basin in the outflowing brackish water, significantly enrich­
ing the trace metal burden of surface waters relative to intermediate 
waters. The evidence for significant enrichments of particulate trace 
metals in the hydrous oxide phases of the sediment trap material collected 
at intermediate depths strongly indicates that scavenging reactions 
involving hydrous Mn and Fe oxides occur in the Sound. This result is 
highly significant because we have found that several trace metals are 
scavenged by newly-formed Mn oxides in Elliott Bay. Thus, the formation 
of hydrous Mn and Fe oxides on the particulate matter in the main basin 
is providing an important mechanism for trace element removal in Puget 
Sound. The fact that both Mn and Fe are rapidly remobilized in the 
underlying sediments suggests that the process is cyclic, with the 
hydrous oxides being major agents for trace metal transport to the 
sediments. The metal enrichments observed in the underlying sediments 
may be due, in part, to the efficiency of this mechanism for stripping 
trace metals from the water column. 

The evidence that Cd and Cu are not appreciably enriched in the 
porewaters of the underlying sediments suggests that when the hydrous 
oxide phases are redissolved under the reducing conditions present 
within the sediments these metals are quickly precipitated as in soluble 
sulfides (Elderfield et al., 1981). Thus, the reducing sediments in 
Puget Sound appear to be major one-way sinks for certain trace metals. 
Since several other trace metals (i.e., Pb, Zn, Ag, etc.) form insoluble 
sulfides in the presence of reduced sulfur species, the reducing sediments 
may rep,esent one-way sinks for these metals as well. 

From an ecological point of view these results are important because 
they suggest that in areas of high sedimentation and low resuspension 
activity certain potentially toxic trace metals will ·be rapidly scavenged 
from solution and buried within the sediments with little opportunity 
for remobilization. If metals bound to insoluble sulfides are in a form 
that is essentially unavailable to organisms, then the potential for 
serious contamination of bottom-feeding organisms may be reduced. It 
should be pointed out, however, that this simple analysis does not take 
into account the possible solubilization of metals through irrigation 
processes. These processes can be important in well-oxygenated 
environments such as Puget Sound. We believe a combination of porewater 
and Lander studies is the best method for investigating these important 
processes in coastal environments. 
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2. Preliminary budget for Pb in the main basin of Puget Sound 

In order to assess the relative importance of the various sources 
and sinks for trace metals in Puget Sound, we have initiated the 
development of budgets for each of the metals. This work is still in 
its preliminary stages as some· of the source and sink terms have not 
been fully evaluated. However, we believe an example is useful to show 
the progress we have made and also to illustrate the needs for future 
research. We have chosen Pb for our example because the Pb data are 
more complete and reliable than data for other metals. The inputs to 
the budget include river discharge, shoreline erosion, oceanic input, 
atmospheric deposition, municipal and industrial waste-water discharges, 
and stormwater runoff. Major exports include sedimentation and sill 
transport. 

The riverine input is based on the water and sediment discharge 
data summarized in Dexter et al. (1981) and our data for Pb concentra­
tions in the dissolved and particulate fractions of the local rivers 
(Tables 5.2 and 5.3). Because of our clean procedures the Pb 
concentration in the rivers have been revised downward when compared 
with previous reports (i.e., Dexter et al., 1981). Similarly our 
estimates of the oceanic inputs have also been revised downward in light 
of the new data of Stukas and Wong (1981) for dissolved Pb in the Strait 
of Juan de Fuca (~0.02 ~g Pb/L) and our own data for particulate Pb in 
the Strait (~0.05 ~g Pb/L). Shoreline erosion is taken from the data of 
Dexter et al. (1981). Atmospheric deposition is based on the work of 
Hardy and Crecelius (1981), assuming an average concentration of Pb in 
atmospheric dust of 5000 ppm. Anthropogenic inputs were obtained from a 
combination of METRO's West Point sewage effluent Pb concentrations and 
waste-water discharge data. Contributions from other municipalities 
were calculated on the basis of their volume discharge, assuming their 
Pb concentrations were similar to the West Point sewage effluent. 
Industrial inputs were based on data provided by the Washington State 
Department of Ecology. At present, we nave no data on stormwater 
runoff, although we feel the inputs are relatively low. 

The export of Pb across Admiralty Inlet is not well known. We 14 
hayj attempted to estimate it by assuming a w~5er exchange of 5.0 x 10 L 
yr and a mean Pb concentration of 0.12 x 10 g Pb/L, the average Pb 
concentration in the surface waters of Puget Sound. At present, we have 
no data for Pb exchange across the Narrows. Sedimentation of Pb in the 
main bas~n2has been estimated by assuming a .sedimentation area of 
2.6 x 10 m· (after Barrick, 1982), an average Pb concentration in the 
suE2ac~ 1 sediments of 38 ppm, and an average sedimentation rate of 1.0 g 
em yr (data from E. Crecelius). Of these three parameters, the 
average sedimentation rate is the least well known and errors as high as 
±100% or more are not impossible. We have also included the average 
annual flux of Pb based upon the 50 m and 100 m sediment traps at PS7 
for comparison, although the data have not been used to compute total 
exports. 
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Table 6.1. Preliminary Pb budget for the main basin of Puget Sound. 

Source 

Riverine1 

Dissolved1 

Particulate.! 

Bedload2 

HJPORT 

Transport (mt/yr) 

2.3 

154 

9 

Total riverine .165.2 

Stormwater runoff 

Shoreline erosion2 

Oceanic input3 

Atmospheric deposition4 

Municipal and industrial wastes5 

Sinks 
Admiralty Inlet 

Narrows 

Sedimentation 

EXPORT 

? 

30 

24 

25 

33 

GRAND TOTAL 283.3 

60 

? 
"'-• 

Sediment 6 91. 2 

J 
·-' 

J 
J 

J 
~j 

~-

] 

J 

.~~~--7~------------------~--~~----------------Sediment traps ( 49) 

GRAND TOTAL 151.2 

1 Water and sediment discharge from Dexter et al. (1981); trace metal 
data from Table 5.2. 

2 Data from Dexter et al. (1981). 

3 Water input from Dexter et al. (1981); trace metal data from Stukas 
and Wong (1981), and Feely and Massoth, unpublished data. 

4 Data from Hardy and Crecelius (1981). 

5 Data from METRO and Washington State Department of Ecology. 

6 Assumes a mean sedimentation area of 2.6 X 108m2 (Barrick, 1982) and 
-2 -1 a mean sedimentation rate of 1.0 g em yr 

7 Assumes the annual mean vertical flux through the 50m and lOOm hori­
zons at station PS7 is representative of the main basin of Puget 
Sound. 
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The results. of the computation reveal a number of interesting 
observations. First, the total amount of Pb (in units of metric tons 
per year) that is transported into Puget Sound greatly exceeds the 
amount that can be accounted for by advective transport through 
Admiralty Inlet and by sedimentation in the main basin. Assuming our 
estimates are correct, only about 53% of the Pb input can be accounted 
for by these two major sinks for Pb. One possible explanation for this 
discrepancy is that much of Pb is deposited in the sediments of Whidbey 
Basin. Since two of the major rivers discharging into the region, the 
Skagit and Snohomish Rivers, discharge directly into Whidbey Basin, this 
explanation does not seem unreasonable. Furthermore, .some of the Skagit 
River discharge is transported directly into the eastern Strait of Juan 
de Fuca through Deception Pass. At this point we have no estimate of 
the amount of Pb that is exported out of region through the Pass, 
although it could be significant. If we assume that all of the Pb from 
Skagit and Snohomish Rivers is not transported into the main basin, then 
the Pb sinks in the main basin exceed the sources by about 29% (151.2 
vs. 117.1 mt/yr). These results seem to suggest that some component of 
the Pb from Skagit and Snohomish Rivers enters the main basin. However, 
considering the uncertainties of the calculations we cannot be certain 
of this conclusion at the present time. 

Another obs·ervation that can be made about the Pb budget is that 
since the advent of clean procedures for the determination of trace 
metals in the Puget Sound region, the fluxes of Pb associated with 
natural inputs have been revised downward; whereas, the anthropogenic 
inputs have increased. The net effect is that the anthropogenic inputs 
comprise a larger fraction (>20%) of the total Pb input into the main 
basin. This fraction could be higher if most of the sediments from the 
Skagit and Snohomish Rivers are indeed deposited in Whidbey Basin. This 
result may explain, in part, why the· near-surface sediments of the main 
basin are significantly enriched in Pb relative to older sediments; the 
anthropogenic input of Pb has undoubtedly increased with time over the 
past century. 

The vertical transport of Pb based on the sediment trap data is 
about 54% of the total Pb that is buried within the sediments of the 
main basin. This difference might be indicating that there are regional 
variations of particulate Pb of fluxes within the Sound or it might be 
due to the fact that deep water advection of particulate material plays 
an important role in the Pb budget. The sediment trap data were 
averaged from the 50 m and 100m sediment traps at PS7 and, .consequently, 
advection and eventual sedimentation of particulate material containing 
Pb along the bottom would not be included in the calculation. Since the 
Pb concentrations in the underlying sediments are about a factor 2.0 
lower than the sediment trap material, an additional source for the 
sedimentary Pb seems likely. More information on regional variations of 
Pb fluxes in sediment traps and Pb accumulations in sediments is needed 
before a completely definitive comparison of this kind can be made. 
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VII. NEEDS FOR FUTURE STUDIES 

The trace element studies to date provide new insight into the 
mechanisms of transport and deposition of toxic trace metals in Puget 
Sound." However, the data are sparse and a number of important 
assumptions need to be verified. From a budgetary point of view the 
data2~8 sedimentation processes are inadequate from several standpoints. 
The Pb sedimentation rates need to be corrected for the effects of 
bioturbation. Some of the gravity core data need to be verified with 
box core data. At present, there is very little information on the 
variability of cross-channel sedimentation processes. Also, almost 
nothing is known about sedimentation processes in Whidbey Basin. 

With regard to the other components of the metals budget, more 
information is required on stormwater runoff, hydraulic transport across 
the sills, and regional variability of metal fluxes in suspended material. 

Lastly, more work is needed on irrigation processes and the metal 
distributions in the interstitial porewaters. We need to understand 
more about the relationships between biological and diagenetic processes 
in the sediments and metal fluxes across the sediment-seawater interface. 
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2. 5. TRANSPORT AND TRANSFORl'lATION OF POLYCYCLIC AROHATICS 

I. INTRODUCTION 

A. General Nature and Scope of Study 

The purpose of this study is to quantitatively assess the or1g1n, 
transport and ultimate fate of organic pollutants introduced into an ur­
banized estuary. The classes of pollutant compounds common to estuaries 
include polycyclic aromatic hydrocarbons (PAH) (3 ring and larger), 
polychlorinated biphenyls (PCB), and chlorinated pesticides. These 
compounds are introduced into the marine environment from both point and 
diffuse sources, and ultimately are incorporated into sediments and 
tissues of marine organisms. Because many of these compounds or their 
oxidation products are mutagenic and/or carcinogenic, serious alterations 
to the health and structure of marine biological communities can occur 
(Coombs, et al., 1976; Harvey, 1982). 

Our principal focus in the current research effort is on processes 
that lead to the accumulation of polycyclic aromatic hydrocarbons in 
marine sediments or in the food of marine organisms. Most of the 
compounds are lipid soluble and are commonly associated with organic-rich 
particles. Thus, urbanized estuaries with fin~-grained sedimentary 
basins will tend to accumulate these compounds. Puget Sound is a fjord­
like estuary with these characteristics and represents an ideal system 
in which to study the transport and fate of particulate pollutants. 

B. Objectives 

The major objectives addressed by this program are (PDP, 1982): 

• Identify and quantify the major sources of toxic organic compounds 
to the waters of Puget Sound. 

• Identify and quantify the significant transport processes leading 
to deposition or removal of these compounds from the system. 

• Evaluate the physical/chemical sorption properties of suspended 
matter and its capacity to retain toxic organics. 

• Provide estimates of the residence times of organic pollutants in 
the water and sediment reservoirs given time varying input rates. 

The foregoing ·objectives address the transport and fate of a wide 
variety of toxic organic compounds. Currently we are studying the 
sources and transports of polycyclic aromatic hydrocarbons (PAH) in 
Puget Sound because of their toxicity, ubiquitousness, and chemical 
stability in the marine environment. Our intent is to expand our 
capabilities into the chlorinated organics (e.g. pesticides, PCB) in the 
near future as personnel and financial resources are made available. 
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Our program is ongoing and cooperative with current research 
activities in Puget Sound. The observational program is cognizant of 
and interfaced with other organic geochemical research programs in Puget ~ 
Sound funded by OMPA, EPA, and METRO. 

Our research started in the Duwamish River, a small river discharging 
into Elliott Bay. It was chosen for study because of its observational 
tractability. Almost all industrialization is limited to the tidally­
dominated lower reaches, although a source of organic pollutants is 
located at Renton, Washington, in the form of a secondary wastewater 
discharge. This study was designed to seasonally characterize the 
particulate organic constituents along the river as well as the 
composition and quantity of organic constituents introduced by METRO at 
Renton, WA. From this investigation, the transports of both natural and 
anthropogenically-introduced organics were obtained. 

During the past two years, emphasis was placed on specific transport 
processes in the main basin. The goal is to perform an inventory and 
transport budget of selected organic constituents in the main basin and 
balanc·e this against known inputs. From a knowledge of input and removal 
rates, residence times and transformation rates can be estimated. These 
critical environmental parameters are required if meaningful impact 
scenarios are to be constructed. · 

C. Relevance to Marine Pollution 

The goal of most environmental assessment programs is to identify 
impending environmental deterioration before it becomes a social or 
political issue. The casual or deliberate use of marine waters for the 
disposal of toxic wastes creates the potential for harm. Thus, the 
consequences of pollutant discharge must be examined in terms of sources, 
kinds of materials, input rates, redistribution of toxic components by 
physical transport, depositional processes, and chemical and biochemical 
transformations. As the contaminant levels increase in a given system, 
its ability to accomodate increased chemical stress becomes a function 
of these internal chemical, biological and physical transport processes. 

The polycyclic aromatic hydrocarbons (PAH) are known to adversely 
affect the marine biological community. By analogy with other biological 
systems that have been studied, these compounds may be mutagenic and 
carcinogenic to economically important marine species or to their food 
supply (Harvey, 1982). PAH are pervasive in our environment and arise 
from a multiplicity of sources. Because these compounds are likely to 
increase significantly in the marine environment as the population 
increases, there is a need to understand their origin, modes of transport, 
chemical and biochemical degradation rates, and their net accumulation 
rate in the marine environment. Without these dynamic considerations, 
input rates of toxic materials cannot be related to environmental 
accumulation rates or to the deterioration of marine biological 
communities. 
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II. CURRENT STATE OF KNOWLEDGE 

Innumerable organic compounds are introduced daily into the 
atmosphere and natural waters from a myriad of natural and anthropogenic 
sources. Of these, only a few compound classes are considered 
environmentally significant, and as such, may cause significant harm to 
living organisms. Among the compound classes receiving the most attention 
currently are the polycyclic aromatic hydrocarbons (PAH). 

The PAH are constituents of crude oil and refined products (Clark 
and Brown, 1977), and also are produced through the combustion of fossil 
fuels in automobiles, power plants, and by natural fires (Blumer and 
Youngblood, 1975; Baum, 1978; Hites et al., 1980). The most labile 
components are the two and three ring arenes, which are photochemically 
reactive (Baum, 1978) and biochemically metabolized (Halins et al., 
1979; Sims and Grover, 1974; Varanasi and Malins, 1977). However, the 
3-, 4-, and 5-ring arenes are more stable and tend to persist in soil 
and marine sediments (Giger and Blumer, 1974; Blumer and Youngblood, 
1975; Hites, et al., 1980). In remote areas, the principal mode of 
transport of PAH appears to be airborne particulates (Baum, 1978; Hites 
et al., 1980; Gschwend and Hites, 1981), but in highly urbanized areas 
PAH are also introduced in surface runoff and wastewater discharge (Lake 
et al., 1979; Hites et al., 1980; Barrick, 1982). 

The multi-ring aromatics (3-ring and greater) are less soluble than 
the 1-, and 2-ring aromatics, and tend to be associated with lipid-rich 
organics (Baum, 1978). For example, the solubility of naphthalene in· 
seawater is approximately"20mg/L, whereas phenanthrene and fluoranthene 
are 0.6 mg/L and 0.1 mg/L respectively (Neff, 1979). In general, the 
greater the number of rings, the lower the solubility. 

During the past ten years, organic geochemical studies in Puget 
Sound have concentra.ted primarily on the abundance of aliphatic 
hydrocarbons in marine organisms and bottom sediments. The early work 
on the distributions of petroleum hydrocarbons can be found in the 
reports by Clark and his co-workers (Clark et al, 1973; Clark and Finley, 
1973; Clark and Finley, 1974; Clark et al., 1975). This work emphasized 
th~ distributions of aliphatic hydrocarbons with little or no quantitative 
assessment of the aromatic fraction. 

In recent years, however, Puget Sound MESA has completed extensive 
baseline studies on the distributions of organic compounds, including 
PAH in sediments (Malins et al., 1980; Riley et al., 1980). The dominant 
multi-ring aromatic compounds found in surficial marine sediments and in 
suspended matter were phenanthrene, fluoranthene, pyrene, perylene, 
benz(b)fluoranthene, and benz(k)fluoranthene. The highest concentrations 
were observed in Elliott Bay and Commencement Bay, ports for the cities 
of Seattle and Tacoma. In Elliott Bay, for example, concentrations of 
phenanthrene, anthracene, fluoranthene, pyrene, benz(a)anthracene, 
chrysene, benzofluoranthenes, benzo(e)pyrene, and benzo(a)pyrene ranged 
from 2-11 ~g/g in the most contaminated sediments to a low of 3-20 ng/g 
in coarser grained sediments. Similar results were obtained in 
Commencement Bay (Malins, et al., 1980). Concentrations of the same 
compounds in fish livers were generally below the threshold level of 
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50-100 ng/g of dry weight tissue, however, some benthic feeding 
organisms did show enrichments in body tissues. Clams taken from the 
Duwamish Waterway showed elevated concentration of fluoranthene, (1.3 
ppm), pyrene (1.0 ppm), benz(a)anthracene (1.0 ppm) and chrysene (0.6 
ppm) (Malins et al., 1980). In more pristine areas such as Port Madison 
and Case Inlet, the levels of PAH were generally in the range 10-60 ng/g 
of dry weight tissue or a factor of 20-60 less. These compounds are 
oxidized by organisms at varying rates, hence the concentration levels 
in liver and tissue represent a balance between intake and metabolism. 

Much of the work to date has emphasized distributions, with little 
emphasis on transport mechanisms and processes. However, a detailed 
study of the vertical flux of PAH compounds was conducted in Dabob Bay, 
an embayment of Hood Canal by Prahl and Carpenter (1979) . They 
observed that the PAH composition of the sediment trap material was the 
same as the composition of the receiving sediments. Examination of the 
sediment trap material revealed the source to be zooplankton fecal 
material. Apparently, the arenes are adsorbed to particles that are 
ingested by zooplankton and subsequently removed from the water column 
via fecal pellet transport. 

In a study of the hydrocarbon composition of combined 
sewer/stormwater runoff effluent from METRO (Seattle), Barrick (1982) 
estimated sources of PAH as well as their per capita input rates. Based 
on his analysis, arenes of 3 or more rings are mostly derived from storm 
water runoff. The total contribution of 3- to 7-ring aromatics from the 
METRO Westpoint facility (primary treatment) was estimated to 1MT/yr. 
The 4- to 7-ring compounds are accumulating in the bottom sediments of 
the main basin of Puget Sound. 

Other indicators of anthropogenic input include the unresolved 
complex mixture (UCM) and the sum of the aliphatic hydrocarbons (LALK). 
Both complex mixtures are elevated in Puget Sound sediments near urban 
centers and show a chronology indicative of population growth during the 
past 60 years (Barrick et al., 1980). 

III. STUDY AREA 

The study area encompasses the Green Duwamish River and the main 
basin of Puget Sound as described in the Executive Summary. 

IV. METHODS 

A. Field sampling 

Sediment traps were deployed at four depths (20 m, 50 m, 160 m, and 
200m) at Station PS7. Every 10 weeks the traps were recovered, the 
contents removed, and the traps redeployed, providing a continuous particle 
flux record from December 1980 through December 1981. 
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The sediment traps were sequential sampling, which allowed material 
to be collected over weekly intervals (Baker and Milburn, 1983). The 
particles are concentrated at the bottom by a steep walled funnel which 
leads to one of 10 separate sampling tubes containing sodium azide to 
reduce microbial degradation. A self-contained sampling mechanism 
rotates a new tube into position under the funnel at preset intervals 
(seven days during this experiment). Upon retrieval the samples were 
split volumetrically for various analyses. The material from the ten 
tubes was combined to obtain sufficient suspended matter for hydrocarbon 
analyses. The surface sediment was collected with a box core with 
deeper samples being recovered with a gravity core. 

River stations were occupied for 18 to 30 hours during which water 
was retrieved midchannel with a well-head pump and directed into a 
high-speed continuous-flow centrifuge operating at 21,000 gravitational 
units. The flow rate was regulated to 0.51/min. Centrifuge efficiency, 
based on 0.4 ~m Nuclepore filtration, averaged 80% at Station 3 (Bates 
et al., 1983). Wastewater composites were obtained concurrently and 
filtered through glass fiber filters. Bottom sediments were retrieved 
with a VanVeen grab sampler. 

B. Laboratory analyses 

Samples were Soxhlet extracted for 48 hours in methanol/methylene 
chloride mixture. Approximately 97% of the extractable hydrocarbon were 
recovered in this period. Samples were washed with distilled water to 
remove the methanol and eluted through a clean-up silica gel column. 
Aliphatic and aromatic hydrocarbons were separated on a second silica 
gel column with petroleum ether/methylene chloride mixtures. The 
aromatic fraction was subsequently passed through a Sephadex column to 
remove methyl esters of fatty acids. 

Microgravimetry, gas chromatography and GS-MS were performed to 
determine fraction and component concentrations. Samples were analyzed 
on Hewlett Packard model 5730A. or 5880 gas chromatographs equipped with 
FID detectors and programmed from 70°C and 270°C at 4°/min. Compound 
separations and quantitations were accomplished with an SP-2100 glass 
capillary or an OV-1 fused silica column for the aliphatics and an SE-54 
fused silica column for the aromatics. The latter column was used in a 
Hewlett Packard 5993 GC-MS for analyzing the more complicated fractions. 
The analytical precision of this method expressed as the percent standard 
deviation of the mean was 10%. 

The total carbon and nitrogen contents of the sediments were 
determined by the micro-Dumas combustion procedure (Sharp, 1974), using 
a Hewlett-Packard C-H-N analyzer. 
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V. RESULTS AND DISCUSSION 

A. Duwamish River Studies 

The hydrocarbon composition of suspended matter and bottom sediments 
in the Green-Duwamish River indicated five distinguishable sources: 
planktonic and algal production, plant wax contribution, highway run-off, 
sewage effluent and erosion of river bed sediments. 

Aquatic production was evident in the predominance of pentadecane, 
and heptadecane common to plankton (Wakeham, 1976) and several 
heptadecenes found in plankton and algae (Philp et al., 1977) .. 
Concentrations of these compounds decreased dramatically in the winter, 
verifying that the source was planktonic. 

Table 1 summarizes the hydrocarbon compositional parameters and 
concentrations of the riverine suspended matter. The carbon preference 
index is a weighted ratio of. odd-to even-carbon n-alkanes (Clark and 
Finley, 1974). For hydrocarbons c21 through c~2 , this index is a 
relative indicator of plant wax sources. Values between 4 and 10 suggest 
vascular land plant production of alkanes (Clark and Blumer, 1967). 
This index was highest at the upper stations reflecting the forested 
source region. The ratio decreased down river corresponding to a smaller 
contribution from terrestrial plants. 

The influence of runoff is reflected by changes in the carbon 
preference index for the low molecular weight hydrocarbon fraction, c13 through c20 . This index drops between Stations 1 and 2 reflecting the 
increase Ln concentrations of c14 and c16 relative to the algal and 
planktonic compounds, c1s and c17 . Surface and bridge runoff are 
indicated by high concentration of the lower molecular weight 
hydrocarbons and reflect index values of unity (Clark and Brown, 1977). 
The changes between Stations 1 and 2 are likely due to diffuse injections 
of surface runoff containing fossil fuel hydrocarbon. Increases in 
concentrations of combustion polycyclic aromatic hydrocarbons derived 
from fossil fue~ sources also verify runoff contamination. A visual 
survey of the Green River located 49 pipes between 2 stations, 29 of 
which transport highway runoff. 

The effect of sewage effluent is evident in most parameters, 
especially in the concentration of total saturates. Concentrations in 
the effluent are an order of magnitude greater than river values at 
station 3, 0.5 km downstream of the outfall. Concentrations at this 
station are greater than those reported for surface sediment in the Gulf 
of Mexico (Gearing et al., 1976), Narragansett Bay (Wade and Quinn, 
1979), and Puget Sound (Barrick et al, 1980). The relative magnitude of 
the unresolved complex mixture also has been used to approximate 
anthropogenic contributions to hydrocarbon assemblages (Farrington and 
Quinn, 1973). This indicator shows variations similar to those in the 
total saturates profile in the river. 

Bottom sediments at Stations 2 and 3 revealed a sedimentary source 
of hydrocarbons with terpenoids as major components. Diterpenoids are 
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Table 2.5.1. Concentrations and compositional parameters of hydrocarbons associated with 
suspended solids recovered from the Green-Duwamish River and Renton METRO 
sewage effluent. 

Total 
Saturates UCM 

(j.lg/g) (j.lg/ g) CPI14_20 CPI20_32 Pr/C 1 7 pr/Phy 

October 1978 
Station 1 100 52 11 7.5 0.04 2.2 
Station 2 300 120 2.6 8.0 0.17 2.9 
Effluent 8,700 3,500 2.3 1.1 0.42 1.3 

Station 3 2,000 600 3.1 2.6 0.28 1.5 
..... 
co 
r·.:. 

December 1978 
Station 1 630 240 2.5 14 0.50 1.1 
Station 2 410 120 1.6 10 0.60 1.5 
Effluent 12,000 4,100 1.1 1.6 1.5 1.2 

Station 3 740 3;200 1.0 5.0 0.68 1.8 

October 1980 
Station 1 280 70 25 8.5 0.03 2.7 
Station 2 480 200 10 6.1 0.06 2.3 
Effluent 18,000 9,500 4.6 1.3 0.31 0.9 

Station 3 4,200 2,900 8.0 1.5 0.19 1.1 
Station 4 2,100 1,100 3.4 2.1 0.40 1.7 
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common isoprenoids in fossils and tree resins (Streibl and Herout, 
1969). The Green-Duwamish River diterpenoids were present in total 
concentrations of 4.2 ug/g at Station 2 and 0.4 ng/g at Statton 3. 
These hydrocarbons were detected in suspended-matter extracts only in 
February 1981, a period of high discharge. Terpenoids are present in 
coals (Streibl and Herout, 1969) and fossil resins (Grantham and Douglas, 
1980). A possible but untested source of terpenoids in the coarse Green 
River sediments is coal fragments. The river drainage basin contains 
several coal outcrops from the Hammer Bluff formation (upper Miocene) 
and Puget Group (upper Eocene), both of which were mined intermittantly 
for 100 years (Mullineaux, 1970). The mobilization of these compounds 
during periods of high runoff illustrates the importance of river 
discharge and particle size in the transport of organics down river. 
Consequently, the random measurement of suspended matter is not 
necessarily an accurate estimate of hydrocarbons reaching coastal waters 
via rivers. 

The concentrations of quantifiable PAH in the suspended matter of 
the Duwamish River is shown in Table 2. These measurements were made in 
October 1980 and reflect low flow conditions. At Station l above Auburn, 
the dominant PAH were retene and perylene, all others were less than 
70 ng/g dry weight. The influence of stormwater runoff is seen at 
Station 2 where the concentrations of the combustion PAH have increased 
by a factor of two or more. Presumably the source is numerous small 
pipes draining the local roads between Station l and 2. Concentrations 
of combusion PAH asociated with suspended matter are much higher in the 
METRO effluent than at Station 2. Enrichment factors run from 1.9 for 
benz(e)pyrene to more than 21 for benz(a)anthracene. The concentrations 
of the 3-ring aromatics in the effluent are similar to those measured in 
the METRO Westpoint discharge (Barrick, 1982). As expected the naturally 
occurring PAH, retene and perylene, are low in the effluent, indicating 
they do not principally arise from petroleum or combustion products. 
The Green River contribution of combustion PAH used in subsequent budget 
calculations is based on measurements at Station 2. 

Transport of suspended hydrocarbons was assessed quantitatively 
from a knowledge of hydrocarbon concentrations, the magnitude of the 
suspended load, and river discharge (Fig. 2). Imbalances between 
stations were examined for sources and sinks. Because major point 
sources of sediment and hydrocarbons between Stations 1 and 2 are 
unknown, transports at these two stations can be directly compared. The 
heavier hydrocarbons c21 through c12 exhibited conservative behavior; 
increases in suspended load and water discharge merely diluted the 
heavier hydrocarbons. The increase in the even-carbon low molecular 
weight hydrocarbons however, indicated a source of these compounds in 
the upper river. The transport of seven combustion PAH in suspended 
sediment also showed an increase in the upper river. Such a source, 
contributing both PAH and low molecular weight aliphatics would be 
highway runoff. Hydrocarbon transports at Stations 3 and 4 were also 
compared, and found to be in near agreement, indicating the dominance of 
a dilution effect. 
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Table 2.5.2. Concentrations of PAH associated with suspended 
matter in the Green River. Measurements were made 
in October 1980. The combustion PAH (Prahl, 1982) 
are indicated by an asterisk(*). 

Location Sta 1 Sta 2 Metro 

ng/g (dry weight) 

phenanthene 110 160 730 
anthracene 23 13 260 
fluor an thene;, 67 160 660 
pyrene;, 53 170 680 
retene 160 330 
benz (a)anthracene'~ 14 21 440 
chrysene;, 49 130 330 
benzofluoranthenes* 7l 150 420 
benz(e)pyrene* 40 93 180 
benz(a)pyrene'~ 26 35 180 
pery1ene 160 450 60 
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Figure 2.5.2. Transports of aliphatic and aromatic hydrocarbons at Stations 2, 3 and METRO in the 
lower Green River (see Fig.l for station locations). Calculations were based on 
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Between Stations 2 and 3, quantitative hydrocarbon data are 
available for one source, the sewage discharge at Renton. The 
hydrocarbon transport measured at Station 3 should equal the sum of the 
transports at station 2 and the outfall, assuming there were no 
intermediate sauces or sinks. However, transports at Station 3 are only 
17% to 59% of the sum of the transports at Station 2 and the outfall 
(Fig. 2). When then-alkane data were divided into heavy and light 
fractions (Fig. 3), a greater loss of the heavy n-alkanes c21 to c32 (50-90%) than the lighter alkanes C13 to c20 (10-60%).iS eVLOent. 

The inequality in the mass balance may be due to one or more 
processes. Wastewater is transported 0.5 km to the river before being 
injected through the diffuser. Station 3 is an additional 0.5 km 
downstream from the diffuser. Assuming a mean river velocity of 10cm/s 
(conservative), the transport time to Station 3 is about 1.5 hrs. 
Significant biological modification within such a short time is highly 
improbable. The unresolved complex mixture (UCM), which has been shown 
to be quite refractory (Barrick, 1982), is also partially removed from 
the suspended load (Table 1). 

Because the river was narrow at the point of sampling (about 15 m 
wide), there exists the possibility that horizontal suspended matter 
gradients were present. However, nutrient and suspended matter samples 
at three points across the river showed that the midpoint was a good 
average of the endpoints. It is apparent that the sampling protocol was 
representative. 

The heavy hydrocarbon deficit between Stations 2 and 3 might have 
been due to an over-estimate of hydrocarbon concentration in the effluent 
because these samples were obtained by glass fiber filtration. 
Concentration of the n-alkanes in a filter sample of METRO effluent were 
found to be 1.4 times greater than the concentration in a centrifuge 
sample of the same effluent (Bates et al., 1983; in press). The transport 
·deficits remain significant despite a correction for this bias. 

The disparity is probably due to a flocculation and subsequent 
sedimentation of organic matter as the effluent mixes with the river 
water. Concurrent work at PMEL on trace metal removal in this section 
of the river also supports this contention (Curl et al., 1981). We 
would expect the less soluble, heavy hydrocarbons would be adsorbed to 
the particulate phase more readily from the volatile compounds accounting 
for greater deficits of the former (Neff, 1979). 

Bottom sediments were sampled as well as suspended matter in October 
1980. The highest concentrations of the UCM and total saturates were 
associated with the suspended matter at Station 3, while values at 
Station 4 were a factor of two lower. In contrast, bottom sediments at 
Station 4 exhibited concentrations in excess of those measured in bottom 
sediments at Station 3. This comparison, in conjunction with the budget 
deficit at Station 3, implies that suspended hydrocarbons injected by 
the outfall flocculate and settle to the sediment-water interface where 
they are transported as bedload during periods of high runoff. 
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Figure 2 .. 5.3. Transports of n-alkanes in the lower Green River at Stations 2, 3, and the METRO 
discharge. Calculations are based on the suspended solid concentrations and stream 
flow at the time of measurements. 



The lower Duwamish river is a salt-wedge estuary (Tilley and Dawson, 
1971). Material transported downriver in the bedload encounters the 
salt-wedg~, where additional flocculation may occur. This region of the 
river exhibits relatively high sedimentation rates because of the water 
depth, small hydraulic head, and the counter flow of seawater along the 
bottom. All these factors combine to promote the flocculation and 
settling of particulate matter with its adsorbed organics and trace 
metals in the lower estuary. 

The importance of the lower estuary as a collection basin for 
particulate-borne PAH is revealed in Table 3. Here we show a comparison 
of the concentrations of combusion PAH in the Duwamish River and Elliott 
Bay. The concentrations of PAH in the bottom sediments of the West 
Waterway (column 3) are l5x the level measured downstream of METRO and a 
factor of 7x the levels measured along the central axis of Elliott Bay. 
The suspended PAH were measured in the West Waterway and appear only 
slightly elevated above our measurements at Station 3. The agreement 
may be fortuitous because of sampling times and procedures. Our sample 
was taken in October 1980 with a high-speed centrifuge and represents a 
24-hr composite. The sample taken by Riley and co-workers (1980) was 
taken in 2m of water in July 4-7, 1979 with a large-volume-filtration 
apparatus fitted with glass fiber filters. The suspended matter 
concentration was 4.3 mg/L indicating a large riverine contribution of 
suspended particulates, but a salinity of 28 °/oo suggested significant 
dilution of the river component had occurred. 

Nevertheless, the data clearly indicate that PAH are being enriched 
in the fine-grained sediments of the lower estuary. The sources of the 
PAH are not unequivocal, however. The report by Harper-Owes and Herrera 
Environmental (1981) indicate that 90% of the combined sewer overflow 
(CSO) is injected in the lower 5 km of the river (First South Bridge to 
the entrance), but that 90% of the fluvial deposition occurs between the 
First South Bridge and the terminus of the dredged channel (about 8.4 
km). The concentration of combustion PAH at the First Avenue Street 
Bridge (River Km 5) was about 700 ppb(w) (Station 10019; Malins et al., 
1981), or approximately equal to the 900 ppb(w) measured by us at 
Station 3 (Table 3). This comparison would argue that the enriched . 
levels of PAH found in the lower river are not derived from the fluvial 
input unless selective flocculation and enrichment have occurred within 
the salt wedge portion of the estuary. This, of course, is a possibility. 

Another useful observation was the relative contributions of CSO 
and PAH in the East Waterway. The report by Harper-Owes and Herrara 
Environmental (1981) indicates that between the years 1974 and 1977, the 
mean CSO discharge to the East Waterway was 3.5 x the discharge in the 
West Waterway, yet the concentration of combustion PAH in the East 
Waterway sediments was 3700 ppb(w), compared to the concentration in the 
West Waterway of 24,500 ppb(w), or a factor of 6 higher (Malins, et al., 
1980) (Table 3 reflects an average between Station 10039 and 10038 in 
the East and West Waterways; Malins et al., 1980). A grain size analysis 
of the sediments from the two locations shows the East Waterway to have 
the highest mud ratio (W.W. ~ = 7.1; E.W. ~ = 8.5), although the organic 
carbon contents are about the same (1.8%). 
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Table 2.5.3. A comparison of the concentrations of combusion PAH at three 
locations along the Duwamish River and Elliott Bay. 

Compound 

Fluoranthene 
Pyrene 
Benz(a)anthracene 
Chrysene 
Benzofluoranthenes 
Benz(e)pyrene 
Benz(a)pyrene 

Totals 

210 
270 
130 
140 
140 
92 
66 

908 

Harbor Is 2 

360 
580 

70 
120 

<10 

>1130 

Harbor Is 3 

2700 
2200 
1900 
1700 
4900 
1100 
1000 

15,500 

Elliott Bay4 

390 
480 
220 
200 
420 
190 
130 

2,030 

------------------------------------------------------------------------~-

ll Suspended matter collected at Station 3, October 1980 (PMEL). 

~/ Suspended matter collected in West Waterway, July 4-7, 1979. (Riley 
et al., 1980). 

':!.I 

Bottom sediments from Stations 10031 and 10038, West Waterway (Malins 
et al., 1980). 

Bottom sediments from Stations 10038 and 10039, Elliott Bay (Malins et 
al:, 1980). 
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These observations ~;ould suggest that the CSO's are not a major 
source of PAH on an annual basis or that flocculation and enrichment is 
a more important process in the West Waterway. That the West Waterway 
is dredged and provides a'major conduit for seawater in the estuary also 
may be a contributing factor. 

Depending on river discharge and tidal amplitude, the toe of the 
salt wedge (S = 25°/ 00 ) is found between 6-10 Km (Stoner et al., 1975; 
Fischer, 1975), whereas the highest concentrations of combustion PAH 
were observed near river Km 1 (we assume the sample was representitive). 
The depth of water was 15-20 m (Malins et al., 1980). 

The layer of no net estuarine flow in Elliott Bay is 40-70 m 
(Silcox et al., 1981), although this layer shoals near the Duwamish 
River. This region also shows a suspended particulate minimum, 
suggesting insufficient turbulence to keep particles suspended (Baker, 
1982). Extrapolation of.suspended matter concentration isopleth (Fig. 
5; Baker, 1982) suggests that a region of minimum turbulence occurs at 
water depths of about 15-25 m in summer, which is coincident with the 
sampling depth by Malins and co-workers ( 1980). 

The deposition of combustion PAH in a minimum turbulence zone 
implies that the associated particles are of low density and/or small 
size and tend to accumulate with fine-grained sediments. Gschwend and 
Hites (1981) state that the combustion PAH are primarily associated with 
soot, which is material of small particle size and low density. The 
soot particles may arise from surface runoff or atmospheric deposition. 
If the previous observations are correct, then we would rexpect to find 
PAH enrichments in areas of low sedimentation. PAH would not necessarily 
correlate with organic carbon, but would be found in association with 
fine-grained particles of low density. 

At present, the sources of PAH in the lower Duwamish cannot be 
uniquely defined, although all the heretofore mentioned sources are 
undoubtedly important. The concentration of PAH in bottom sediments . 
near and in the Duwamish River appears to be a function of the sources, 
flocculation characteristics of the salt wedge, and the near field 
depositional environment. The accumulation of PAH in the West Waterway 
and north of Harbor Island is an artifact at low sedimentation rates and 
the proximity of nearby sources. 

B. Vertical flux of hydrocarbons at Station PS7 

In this section we describe the seasonal flux of PAH and other 
hydrocarbons at Station PS7 located near Seattle (Fig. 1). Sequential 
sampling sediment traps were placed at 20, SO, 100, 160 and 200 m; each 
tube collected material for approximately one week. Measurements 
extended from December 1980 to December 1981. Because a small amount of 
material was collected each week in the upper traps, a ten week composite 
was analyzed for aliphatic and aromatic hydrocarbons. 

Aliphatic and aromatic hydrocarbon fractions of the various sediment 
trap samples from PS7 were compositionally similar to each other and to 
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Figure 2.5.4. Chromatograms of hydrocarbons associated with suspended 
matter taken from 160m at Station PS7. Polycyclic aromatic 
hydrocarbons are shown in the upper panel (a), while aliphatics 
are shown in the lower panel (b). The unresolved complex 
mixture (UCM) is represented by the difference between the 
baseline (dashed line) and the baseline of the chromatogram. 
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the surficial bottom sediments (Fig. 4). Hydrocarbon assemblages were 
typical of those found in other urban sedimentary environments (Barrick 
et_al., 1980, Gschwend and Hites, 1981, and references therein). 

The aliphatic hydrocarbon fraction is dominated by pristane (PRIS), 
then-alkanes (summed C12-C35), and an unresolved complex mixture (UCM). 
Pristane is produced by marine zooplankton (Blumer et al., 1963). The 
low-molecular-weight, c14-c20 n-alkanes, with a carbon preference index 
(CPI) of 1.59 ± 20% (one standard deviation expressed as a percentage of 
the mean), result from a mixed contribution of marine plankton, 
terrestrial plants, and petroleum. The higher molecular weight c21 -c

35 n-alkanes (CPI = 2.20 ± 18%) are indicative of terrestrial plant waxes 
and petroleum (Clark and Blumer, 1967). The UCM (computed after Barrick 
et al., 1980) is indicative of an anthropogenic petroleum input 
(Farrington and Quinn, 1973). 

The PAH fraction (Fig. 4a) contains compounds from both natural 
(retene (RET) and perylene (PERY)) and anthropogenic sources. The sum 
of nine PAH (fluoranthene (FLUO), pyrene (PYR), benz(a)anthracene 
(B-ANTH), chrysene (CHRY), benzofluoranthenes (B-FLUO), benzo(e)- and 
benzo(a)pyrene (B-PRY), indeno(cd) pyrene (I-PYR), and benzoperylene 
(B-PERY)) and is referred to as total combustion PAH (Prahl, 1982). 

Particulate hydrocarbon and total carbon concentrations decrease 
with depth in the water column. The concentrations given in Table 4 are 
averages of the 5- to 10~week deployments. The stated errors represent 
one standard deviation expressed as a percentage of the mean. The large 
deviations in carbon, the n-alkanes and pristane reflect the seasonal 
variability of biological production. The individual carbon concentra­
tions for each sediment trap sample are shown in Fig. 5. The percent 
·carbon in the near surface suspended matter samples was highest during 
the April-June deployment, whereas the samples from 200 m and the 
surface bottom sediments showed·little seasonal. variability. This 
observation is due to the effects of resuspension in the bottom boundary 
layer (see Baker, this report), which remobilizes carbon deficient 
sediments and carbon utilization in the water column. The linear 
correlations of the various hydrocarbon fractions (table 5) indicate a 
similar seasonal trend for pristane and the c14_20 n-alkanes. The PAH 
concentrations showed no significant seasonal var1ability. 

The vertical distribution of PAR, UCM, and n-alkane concentrations 
in the underlying sediments at PS7 show distinctly different profiles 
(Fig. 6). Provisional dates have been assigned from the Pb-210 data 
(.75 cm/yr) of Barrick (1982) and E. Crecelius (personal communication). 
PAH concentrations increase above background around 1900 and reach a 
maximum at about 1950. Similar PAH.profiles were observed in Dabob Bay 
(Prahl and Carpenter, 1979), Lake Constance (Grimmer, et al., 1977), and 
in both remote and urban sites in the northeastern United States 
(Gschwend and Hites, 1982). UCM and n-alkane concentrations increase 
above background around 1900 and peak about 1965. Organic carbon in 
this core decreased from 2% in the surface sediments to 1.6% at depth. 
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Table 2.5.4. Hydrocarbon (~g/g) and total carbon (mg/g) concentrations for 
sediment trap suspended matter and bottom sediments (0-2 em). 
Concentrations are averages of five deployments ± one standard 
deviation expressed as a percentage of the mean. 

Depth PAH ALK 14-20 ALK 21-35 Pristane UCM Carbon 

(m) (~g/ g) (mg/g) 

50 3 .1±5% 8.6±45% 16±24% 15±100% 690±13% 49±44% 

100 2.4±23% 4.3±37% 12±21% 6.0±90% 500±27% 34±25% 

160 1.5±9% 1. 4±25% 6.0±35% 1.5±60% 240±19% 29±6% 

200 1. 2±21% .92±41% 4.7±14% .60±50% 190±25% 26±3% 

o-2cm 1.0±24%--- ~45±16%--- 3.7±2%----- ~20±30%- 140±10%- 20±5% 

Table 2.5.5. 

Carbon 

ALK 14-20 

ALK 21-35 

Pristane 

UCM 

Linear correlations of total carbon and hydrocarbon concentra­
tions in sediment trap suspended matter (n=22). 

ALK 14-20 ALK 21-35 Pristane UCM PAH 

.85 .61 .81 .56 .35 

.79 .75 .71 .35 

.66 .70 .44 

.64 .29 

.30 
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Hydrocarbon and total carbon fluxes are the product of the concentra­
tion and the sedimentation rate in each trap. Flux measurements in the 
lower traps (160 and 200 m) are largely influenced by bottom resuspension 
(E. Baker, this report). The fluxes for sediment trap suspended matter 
shown in Table 6 are averages of the 50 and 100 meter traps averaged 
over the 5 deployments. As mentioned above, the surface sediment flux 
was calculated from the Pb-210 sedimentation rate (.75 cm/yr) and the 
surface sediment hydrocarbon concentration. The individual PAH fluxes 
to the surface sediments are equivalent to those given by Gschwend and 
Hites (1982) for their average urban-environment. 

The sedimentary hydrocarbon record at PS7 (Fig. 6) shows increased 
concentrations paralleling the urbanization of the Seattle area. The 
maximum PAH concentrations were found in sediments deposited in 1940-1950. 
Gschwend and Hites (1982) have suggested this maxima corresponds to the 
transition from home heating using coal to that using oil and gas. The 
dwelling units using coal or wood in the Seattle area decreased from 
35,856 in 1950 to 14,453 in 1956 (Seattle Times Consumer analysis, 1950 
and 1956), which supports this hypothesis. The ubiquity of this PAH 
maximum in sediment cores from Europe and both anoxic and oxic environment 
in the U.S. has lead Gschwend and Hites (1981) to suggest that this 
profile may serve as a sedimentary time marker. The PAH concentrations 
in the sediments deposited during the last 15 years· are consistently 10 
times that of background. 

The sedimentary history of UCM and .n-alkane concentrations show a 
similar increase with increased industrialization of the Seattle area. 
The maximum concentrations are found at ~1965. This is when Seattle's 
waste treatment plant came on line (METRO-Westpoint). Prior to this 
time, much of Seattle's waste sewage was dumped untreated into Puget 
Sound. The proximity of the Westpoint discharge to station PS7 lends 
support to this conclusion. It should be noted, however, that the 
maximum in UCM and n-alkanes is subtle and rests upon two or three data 
points. Similar profiles of particulate trace metals were made· at PS7 
and only arsenic, silver, and lead show discernable decreases with depth 
(Feely, this report). With the possible exception of Pb, none show a 
maximum in concentration at about 10cm or 1965. This would imply that 
the sources of some trace metals are different than organics or that 
their imput rates have not varied significantly during the past 200 
years. This of course does not seem to be the case for the afore­
mentioned metals. Given the lack of corroboration by the trace metal 
data, our explanation for the maximum in UCM and n-alkanes remains 
provisional. 

The UCM, composed of branched and cyclic alkanes, and the straight 
chain aliphatics are rather uniform over the last 8 years (Fig. 6). 
Because the n-alkanes and the UCM are biodegradable, at least over the 
long term, the uniform distributions suggest a balance between input and 
degradation, possibly modulated by bioturbation. The other factor is 
the source strength. Whereas improvements have been made in the quality 
of waste discharge to the Puget Sound basin, it is also true that the 
discharge volume has increased. Apparently we are at a juncture in 
which current input levels are approximately balanced by natural removal 
processes. 
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Figure 2.5.5. Seasonal variability of total particulate carbon (mostly 
TOC) at Station PS7 (see Fig. 1). Analysis was made on 
material collected in sediment traps. from the nominal depths 
of 20, 50, 100, 160, and 200m (see Baker, this report). 
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Figure 2.5.6. The vertical distributions of PAH (~g/g), UCM (~g/g), and 
n-alkanes (~g/g) in the underlying sediments at Station PS7. 
Both box and gravity cores were used to obtain the profile. 
Provisional dates were assigned from a mean sedimentation 
rate of 0.75 cm/yr based on uncorrected Pb-210 profiles. 
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Table 2.5.6. Seasonally averaged fluxes of hydrocarbons (~g/m2/d), total 
carbon (mg/m2/d), and total particulate matter (g/m2/d) through 
the 50-100 m horizon. Accumulation rates in surface sediments 
(0-2 em) are based on Pb-210 rates of 0.75 em/yr. The combustion 
PAH are indicated by an.asterisk (*). 

Suspended matter Surface sediment 

Combusion PAH 6.7 8.5 

PHEN 0.80 1.0 

ANTH 0.20 0.22 

c1-PHEN 0.89 1.3 

FLUO"' 1.2 1.5 

PYR"' 1.3 1.6 

RET .70 0.75 

B(a)ANTH"' 0.45 0.55 

CHRY* 0.65 0.80 

B-FLUQ>\- 1.2 1.5 

B(e)PYR* 0.55 0.65 

B(a)PYR>\- 0.50 .60 

PERY .so . 75 

I-PYR'" 0.45 0.60 

B-PERY>\- 0.53 0.70 

ALK 14-20 13 3.4 

ALK 21-35 32 28 

Pristane 23 1.5 

UCM 1500 1000 

Carbon 72 150 

Particulate Matter 2.5 7.5 
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The vertical flux of combustion PAH at PS7 are comparable to measured 
sedimentation fluxes (Table 6). This was not true for the LMW a-alkanes, 
in which the vertical flux through SO m was several times larger than 
the sedimentary accumulation rate. Microbial degradation of the alkanes, 
particularly the LMW compounds, is presumably responsible for their low 
relative abundance in sediments. The similarity of the PAH fluxes 
suggests that these compounds are more refractory and may remain 
compositionally unaltered for very long periods of time. As noted by 
Gschwend and Hites (1981), the combustion PAH serve as a useful time 
marker in both lacustrine and marine sediments. 

The atmospheric flux of total combustion PAH in the Seattle area is 
about 1 ~g/m2 -day (Prahl, 198l). This is only 15% of the observed PAH 
flux at PS7, the remainder is presumably derived from wastewater 
discharge, stormwater runoff and riverine inputs. Seasonal variations 
in the flux of PAH at PS7 show an apparent maximum in winter and a 
minimum in summer (Table 7). Because rainfall· is higher in winter, the 
increased flux may be due to soil erosion (riverine transport), storm 
sewer runoff, and increased consumption of fuel oil. 

Table 2.5.7. Seasonal variations in the mean flux of PAH through the 
100m horizon at station PS7. 

Time 

Months 

Dec.-Jan. 

Feb. -Apr. 

Apr.-July 

July-Sept. 

Oct. -Dec. 

6.5 

7.3 

4.4 
7. 1 

8.2 
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The mean annual flow of the other rivers is about 20X the stream 
flow of the Duwamish River (Dexter et al., 1981). If the rivers have 
similar relationships between suspended matter and PAH, then the total 
riverine transport is 280 kg/yr (20X14kg/yr). Implicit in this 
calculation are the assumptions that the PAH are only associated with 
the fine-grained particulates (e.g., silt-clay size range) and that the 
final residence of these particles is the main basin of Puget Sound. 
Two of the major rivers discharging into the region are the Skagit and 
Snohomish Rivers. How much of their annual suspended load is r-etained 
in Whidbey Basin and what portion actually finds its way into the main 
basin is conjective at this point. The situation for the Skagit is even 
more obscure because some of the Skagit discharge exits directly through 
Deception Pass into the eastern Strait of Juan de Fuca. 

Contributions of PAH from the municipal discharges are based on our 
measurements in the Duwamish River (METRO, Renton) and those made by 
Barrick (1982) in the Westpoint discharge. Whereas ~lliTRO Westpoint 
discharges about 60% of the total to the main basin (Barrick, 1982), 
contributions from other municipalities were calculated on the basis of 
their volume discharge. 

AtmospheE~c-1eposition was computed from a mean PAH depositional8 2 flux of 1~g m d (Prahl, 1982) and a total surface area of 7.2 x 10m 
(McLellan, 1954). This flux is quite similar to other urban areas 
(Gwchwend and Hites, 1981). 

Contributions from stormwater runoff are believed to be large 
(Neff, 1979; Barrick, 1982), but are not quantifiable at this time. 
That part of stormwater runoff that is processed through primary or 
secondary treatment is pooled with other sewage and industrial sources, 
but contributions from separate stormwater discharges, either directly 
or indirectly (e.g. Lake Washington Ship Canal) into the main basin are 
not known at this time. 

The transport of PAH across Admiralty Inlet is potentially large, 
but is also unknown. Two sets of measurements have been taken, but the 
samples have not been fully analyzed. The first observations were made 
over a 48-hr period near Admiralty Head in about 30 m of water. The 
mean difference in PAH concentration between ebb and flood was only 0.04 
~g/g suspended matter (dry weight). The mean PAH concentration was 0.45 
~g/g. Suspended loads on ebb and flood (averaged) were 3.8 mg/L and 4.8 
mg/L respectively. The high concentrations of suspended matter suggest 
that resuspension was an important factor and these concentrations may 
not be representative of concentrations at midchannel. The second set 
of measurements were synoptic and should provide a better estimate of 
the transports through Admiralty Inlet. · 

The accumulation rate of PAH in the main basin sediments is based 
on our measurements at PS7. The measured sedimentation rate at PS7 was 
0.75 cm/yr (210Pb), however for the purpose of the calculation, a lower 
mean rate of 0.54 cm/yr was used (Dexter et al., 1981). Assuming that 
PS7 is representative, we compute a sediment accumulation rate of 610 
kg/yr. Because not all the sediments are fine-grained, a depositional 
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Table 9. An estimate of the combustion PAH budget for the main basin, 
Puget Sound. 

Source 

Duwamish River (above METRO) 
Other Rivers (est)l 

IHPORT 

Total Riverine Input 

METRO. (Renton) 2 

METRO (Westpoint)3 
Other tlunicipal Discharges (est) 4 

Total Sewage Discharge 

Atmospheric Deposition (est) 5 

Storm Sewer Runoff 

Sinks 
Admiralty Inlet 
Narrows (Tacoma) 
Sedimentation 

Sediment Trapss 
Bottom Sediment7 

Biodegradation 

EXPORT 

Transport (kg/yr) 

14 
280 

294 

1 
100 
85 

186 

300 
? 

Transport (kg/yr) 
? 
? 

1760 
610 

? 

1) The combined mean annual flows of the Skagit, Stillaguamish, Snohomish, 
and· Puyallup Rivers is 20 times the mean annual flow of the Duwamish 
(Dexter et al., 1981). 

2) Hamilton et al., 1982 (submitted). 
3) Barrick, 1982. 
4) METRO Westpoint contributes about 60% of the total combined wastewater 

and storm sewer runoff to the main basin (Barrick, 1982). 
5) Assumes LPAH flux of 1~g/m2/d (Prahl, 1982). · 
6Y Assumes the annual mean vertical flux through the 50 m horizon at 

station PS7 is representative of the main basin. Area of the Hain 
Basin below the 50 m depth is 4.5xl08m2 (HcLellan, 1954). 

7) Assumes a mean sedimentation rate of 0.54 cm/yr (Dexter et al., 1981) 
and a sedimentation area of 2.6X10 8m2 (Barrick, 1982). 
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area of 2.6X108m2 was used (Barrick, 1982). However, if the PAH flux 
through 50 m is used and again assuming that PS7 is representative, we 
calculate a vertical transport (basin average) of 1760 kg/yr, a valu8 2 three times the sedimentation rate. Here, we used an area of 4.5X10 m , 
or the area of the main basin below 50 m (McLellan, 1954). 

The disparity between the vertical flux and the sediment accumulation 
rate is due to several problems. First, the sedimentation area used by 
Barrick (19.82) may be too small, although the error could not be a 
factor of 3. Secondly, PS7 may not represent the depositional environment 
for the main basin, namely the accumulation rate of PAH is higher in the 
southern main basin. And lastly, we do not know the net transports 
across the embracing sills at Admiralty Inlet and the Narrows. It would 
appear that PS7 is not a typical depositional environment given the low 
accumulation rate relative to the vertical flux rate. If the vertical 
flux measurements at PS7 are typical, then PAH are preferentially 
deposited elsewhere, biodegraded, or lost from the system by sill 
transport. 

The major sink for these PAH appear to be the fine-grained sediments 
prevalent along the axis of the main basin. Municipal discharge appears 
to contribute no more than 24% of the total, assuming all other discharges 
are similar to METRO Westpoint. Contributions from rivers, sewage 
discharge, and atmospheric deposition are all about equal in magnitude. 

VI. CONCLUSIONS 

A. Duwamish-Green River Transport Studies 

The sources of hydrocarbons in the Green-Duwamish River are aquatic 
production·, plant waxes, surface runoff, and secondary sewage effluent. 

The plant waxes dominate the hydrocarbon in the upper river, but 
diminish in relative abundance downstream. Dilution by relict sediments 
from shore erosion in the lower river and biodegradation are presumable 
the principal causes. 

Low molecular weight alkanes (even carbon number) increase in con­
centration downstream reflecting increases in surface runoff. This is 
confirmed by a systematic increase in the.combustion PAH, which are 
known to be elevated in highway runoff. 

A hydrocarbon budget constructed for the lower Green River in the 
vicinity of the METRO outfall did not balance. It appears that the 
wastewater discharge enhanced flocculation of the heavier hydrocarbons, 
selectively removing them from true suspension. Only about 40.% of the 
total particulate hydrocarbons in the river at the discharge site were 
found 0.5 km downstream. Apparently, flocculation and precipitation 
occurred as the wastewater mixed with the river water and the particulates 
were transported along the bottom during periods of high runoff. The 
receiving area for these hydrocarbon-enriched particles would be the 
tidal portion of the estuary, which is routinely dredged for navigational 

213 



purposes. A comparison of the concentrations of PAH above the 
navigational channel with similar measurements made in the lower river 
(near Harbor Island) show that considerable enrichment has occurred. 
The high concentrations of PAH (and trace metals) in the lower 1-2 km of 
the river are due to a low sedimentation rate and sources in the 
industrialized lower river. 

The METRO wastewater discharge, located on the Green River, is 
characterized by high concentrations of PAH relative to the river. On 
the average, the concentration levels in the effluent are about a factor 
of 4 above the river values near the METRO discharge. However, because 
the mean discharge of the METRO outfall is only 4% of the mean riverine 
discharge (5.0Xl0 1 ~L/S + 1.3Xl0 12L/S), the normal river transport of PAH 
are more significant. Our calculations show that METRO at Renton 
contributes no more than 6% of the particulate PAH found in the 
Duwamish-Green River. These transports are calculated for the river 
near the discharge site at·Renton, and do not include the combined sewer 
overflows along the lower river. 

B. Vertical Fluxes at Station PS7 

The short-term PAH flux at station PS7 near Seattle are typical of 
other urban environments with maximums during the winter ~2n~ys. The 
flux of PAH_~hE~ugh the 50 m horizon ranged from 4.4 ~g m d in Spring 
to 8.2 ~g m d in winter. Based on the sedimentation r~~e-1s determined 
by 210Pb, the accumulation rate of PAH wa~2a~~ut 8.5 ~g m d as compared 
to a seasonally adjusted flux of 6.7 ~g m d Thus it appears that a 
near balance is achieved at PS7 between the vertical flux and sediment 
accumulation rate. That the accumulation rate is about 27% larger than 
the measured flux, could be explained by an excessive sedimentation rate 
of 0.75 em/yr. 

Concentrations of PAH in surface waters are greater than con­
centrations in the underlying bottom sediments. Selective transport 
and dilution, are probable causes for the deficit. If the PAH are 
associated with fine-grained organic-rich particles, they may be 
winnowed to more quiescent sedimentary regimes (e.g. East Passage). 
They may also be diluted by clean sediments being transported in the 
bottom boundary layer. 

Whereas the concentrations of combustion PAH are little degraded in 
the water column, this is not true for the aliphatic hydrocarbons .. By 
normalizing to the more refractory PAH, only 4% of the pristane, 16% of 
the Cl4-20 alkanes, 64% of the UCM and 71% of the C21-35 alkanes present 
in surface waters are being deposited in the sediments. 

The distribution of PAH, UCM, and n-alkanes in bottom sediments 
shows a concentration increase paralleling the industrialization of 
Seattle. PAH concentrations were a maximum in the 1940-1950's, 
corresponding to maximum usage of coal for home heating. Compounds that 
comprise the UCM and n-alkanes concentrations were at a maximum in the 
middle 1960's, reflecting the change from raw sewage discharge to primary 
treatment. 
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· A preliminary budget of PAH has been constructed for the main basin 
using the extant data. Although a number of assumptions were made, it 
appears that riverine input and municipal discharges are about equal at 
200 kg/yr. Atmospheric deposition is estimated to be 300 kg/yr and 
storms ewer runoff is unknown, but probably l·arge. If our estimates are 
correct, municipal discharges account for ~ess than 24% of the PAH 
burden in the main basin, assuming no contribution from storm sewer 
runoff. 

The seaso~2l!¥ adjusted vertical flux of combustion PAH ftt PS7 is 
about 6.7 ~g m d . If this flux is typical for the main basin, then 
we would calculate a vertical transport of 1800 kg/yr through the SO m 
horizo§. 2 The area of the main basin below the SO m isobath is about 
4.SX10 m . Assuming that the accumulation rate at PS7 is typical for 
the main basin, we estimate the current sediment accumulation rage

2
to be 

about 600 kg/yr for the basin. The depositional area was 2.6X10 m ; the 
mean sedimentation rate adopted was O.S4 em/yr. It is not possible to 
further refine the budget until more data are available on storm sewer 
discharge, sill transports, and vertical fluxes in the southern reaches 
of the main basin. 

VII. Needs for Future Studies 

The quantitation of the transport and fate of PAH in an urbanized 
estuary centers on mass balance closure. The research to date reveals 
several important data gaps, among them are seasonal flux measurements 
on a regional basis, sediment accumulation rates, hydraulic transport 
across the sills, and sourc.e strengths within the basin. Source 
strengths that need to be quantified are stormwater runoff, rivers, and 
wet and dry atmospheric deposition. Some measurements do exist, but the 
data base is inadequate. 

Sedimentary processes also are in need of shar~er definition. 
Specifically sedimentation rates as determined by 2 0Pb must be corrected 
for bioturbation in order that the recent accumulation history may be 
elucidated. Biodegradation is also an important factor that controls 
the persistence of these compounds and must be quantified. 

Lastly, more work needs to be done on the primary sources of PAH to 
the marine environment, not only the transport mechanisms. The sources 
are thought to be combus):ion, but what combustion processe·s? .Compositional 
parameters and isotopic characterization may be useful in documenting 
the sources of these compounds found in air and waters. 
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3.2. STATUS OF ACCOMPLISHMENT OF OBJECTIVES 

The objectives, formal hypotheses and information products 
formulated in 1979 for this Project are shown in Table 3.1. A symbol 
under the status column shows our progress in the accomplishment of the 
objectives as of October 1982 (A = accomplished, U = underway and 
NS =not yet started). 

A review of the entire set of objectives and proposed products is 
currently underway and a milestone chart will be established for the 
next three years. 
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Table 3.1. Summary of objectives, hypotheses, information products and status. 

A= Accomplished, U =Underway, NS =Not yet started 

Objective 

l. Quantify horizontal transport 
rates for water and particles 
in appropriate subregions of 
the estuary. 

2. 

3. 

Quantify the vertical flux 
and aggregation character­
istics of particulate matter 
at key depths and locations 
in Puget_Sound. 

Examine the relationship be­
tween fluid circulation and 
SPM concentrations in the 
main basin and in Elliott 
Bay. 

TRANSPORT 

Hypothesis 

1. The flux of water through the 
Puget Sound main basin is a 
quasi-continuous process oc­
curing at variable rates with 
a seasonal signature reflected 
in a correlated change in con­
centration and flux of SPM and 
removal of pollutants from the 
main basin. 

Products 

lA. Seasonally averaged suspended 
matter distributions. 

lB. Mean trajectories and trans­
ports of water and particles 
within the surface layer, sub­
surface layer and BNL. 

lC. Correlation o.f temporal and 
spatial particulate matter 
variability with hydrographic 
variability. 

lD. Seasonally averaged residence 
times for water and particles. 

2. Loss of particulate matter from 2A. 
the upper water mixed layer is 

Calculation of biweekly sedimen­
tation rates at mooring sites. 
Comparison of aggregate and 
non-aggregate vertical flux. 
Temporal variability of aggre­
gate flux. 

3. 

accelerated by incorporation 2B. 
into fecal pellets and other 
large aggregates and subse- 2C. 
quent removal via sinking. 

2D. 

Tidally-forced convection at 3A. 
the sills is a principal agent 
for the vertical transport of 
fine-grained SPM between the 
surface and deep circulation 3B. 
layers in Puget Sound. 

3C. 

Resuspension parameters and 
vertical settling rates for 
sediment on transport models. 

Quantification of the dependence 
of sediment resuspension on 
current velocity at specific 
mooring sites. 
Quantification of vertical ex­
change of particulate matter 
by tidal-forced convection. 
Identification of sediment and 
pollutant sink areas. 

(' -·1 
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Status 
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Table 3.1 Continued. 

Objective 

4. Determine the role of resuspen- 4. 
sian in recycling bottom sedi­
ments. 

r r r . ' - ' r 1 

TRANSPORT 

Hypothesis 

In the deeper waters of the 
estuary, tidal currents are 
the principal factor contri­
buting to the bottom nephel­
oid layer. 

r r l 

4A. 

4B. 

Products 

Temporal variability 
volume (i.e., mass) 
Correlations between 

of sediment 
in the BNL. 
current 

velocities and resuspended 
sediment volumes in the BNL. 

4C. Textural and compositional para­
meters of the BNL and their com­
parison to bottom sediments and 
vertically settling material. 

Status 

NS 

NS 

NA 

4D. Recent sedimentation rates at U 
selected core locations by 
lead-210 dating. 
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Table 3.1 Continued. 

TRANSFORMATIONS AND FATE 

Objective Hypothesis 
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e__j 

Products 

r::=:::J L__] L__] \ _ _j 

Status 

1. Identify and quantify, from all 
available data, the major 
sources of trace metals and 
organic compounds to Puget 
Sound. 

lA. The major sources of most lA. Determine seasonal particulate P 
.trace metals and organics to 
the estuary is surface runoff 
and wastewater discharge and to 

transport of organics and trace 
metals in the Duwamish, Puyallup 
and Skagit Rivers. 

a lesser extent atmospheric lB. Determine seasonal average trace A 
metal and organic compositions deposition. 

lB. Trace metals and lipid soluble 
PAH's, and chlorinated organics 
undergo accelerated floccula-

for Renton Secondary Treatment 
Plant and West Point Outfall 
(primary). 

tion in the presence of waste- lC. 
water discharge, 

Compute atmospheric input rates ll 
from literature data and/or work 
currently underway in Puget Sound. 
Estimate from the literature and U 
measurements, contributions of 

2. Identify and quantify the major 2. 
sink terms for particulate or­
ganics and trace metals. 

Increasing the rate of input 
of organics and trace metals 
into Puget Sound will be fol­
lowed by an increasing burden 
of these compounds in both 
particulate matter and bottom 
sediments. 

lD. 

trace metals and organics from 
storm sewer runoff into Elliott 
Bay. 

2A. Seasonally averaged vertical U 
fluxes of organics and trace 
metals to the sediments of 
Elliott Bay and the main basin. 

2B. Residence and biological expo- NS 
sure times for trace metals and 
organics in the near surface 
layer of the sediments. 

2C. Seasonally averaged net trans- U 
port rates of particulate trace 
metals and organics across the 
sill at Admiralty Inlet. 

2D. Description of the temporal varia- U 
tions of particulate trace metals 
and organics as related to changes 
in the geochemical and hydrographic 
regimes in Puget Sound. 
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TRANSPORT AND TRANSFORHATION HODELING 

Objective 

1. Develop a computation model 
of tidal currents in Puget 
Sound and Elliott Bay. 

2. Develop a 2-D, tidally driven 
model of sediment-borne/pol­
lutant transport in Elliott 
Bay. 

3. Develop a model of the erosion 
and deposition of cohesive 
sediments to use in pollutant 
transport prediction. 

Hypothesis 

1. Horizontal variations in tidal lA. 
currents determine the sites of 
contaminated-sediment deposition 

2. 

in Elliott Bay and the main lB. 
basin of Puget Sound. 

Horizontal variations in tidal 2A. 
currents determine the sites of 
contaminated-sediment distribu- 2B. 
tion in Elliott Bay and the main 
basin of Puget Sound. 

2C. 

3. The vertical flux of sediment 3A. 
to and from the seabed can be 
described as an advection-dif- 3B. 
fusion process with a local 
erosion/deposition source func­
tion. 

Products 

A numerical model of horizontal 
tidal currents in Puget Sound 
and Elliott Bay. 
Periods and duration of maximum 
and minimum tidal flushing. 

Status 

u 

\J 

Suspended particle transport in !J 
the BNL and residence times. 
Test of the model (distribution NS 
and transport) using the published 
PCB distribution observed in 
Elliott Bay. 
Test the model using other PAR, NS 
chlorinated organics and trace 
metals derived from the Duwamish 
River. (§2.4). 

An algorithm of the erosion func- NS 
tion's dependence on velocity. 
Erosion/depositional parameters U 
to be used in the 2-D tidal model. 




