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Work in Progress 

In the 1977-78 Annual Report to DOE a preliminary analysis of the 

seasonal hydrography and nutrient chemistry of .Yakutat Bay was given. 

This estuary is a complex multi-silled fjord.of topical interest'because 

' of projected impact due to off-shore oil exploration. The entrance sill 

. . is shallow, and flushing of the outermost basins at:least appears to be 

complete by late spring-early summer. . .In Apri.1 of. this year.we-managed 

to secure one further day of shiptime and the opportunity.was taken to 

: .  complete a detailed hydrographic survey (see attached Cruise Report #273). 

These data have not yet been fully analysed and will. be included .in .a future 

report. 

Three cruises have been made to Boca de Quadra (Fig. 1) inlet; October 

and December 1978 and April 1979. A mass of.environmenta1 baseline data 

has been collected on the hydrography and water circulation and on.the 

nutrient and suspended sediment chemistry. One preliminary report has been 

issued, but much of the data are as yet undigested and will remain so until 

we have year-round coverage.. DOE contract interest .in this fjord is with the 

character and transport of the suspended sediment, complementing similar 

work being done much further north in Resurrection Bay. Some examples of 

. work. currently underway on particulates in Boca de Quadra are given below. 

We have previously published an initial compilation of hydrographic 

water column chemistry for the period 1972-75 for Resurrection Bay (Fig. 2). 

During the current contract period, an.ana1ysi.s of nutrient fluxes across 

the sediment-basin interface and oxygen supply and consumption at depth 

within the basin over the same period has been completed (see extended 

abstract in Section 11). 
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Figure 2. Resurrection Bay. Stations RES 2.5 and RES 4 
are standard stations without and outside the 
single sill. 



Resurrection Bay (Fig. 2) is an example of a single-silled ~laskan 

fjord having sill depth below the zone of minimum annual density variation 

(see Milench and Heggie reprint in.Section 11); i.e., major replacement of 

deep basin waters occurs during the oceanographic summer at the time of 

relaxation of the winter coastal convergence. Figure 3 illustrates the T-S 

.character of the column inside and outside the sill (Stations. 2.5 and 4 

respectively; Figure 2) during September-October: the stippled area shows 

that the inner basin water corresponds to water at sill height outside the 

barrier. The corresponding late winter (April of 1973-1975) patterns are 

shown in Figure 4. At this time of year--i.e., towards the end of the 

period of relative advective isolation--the inner basin waters are well 

stratified. 

:Examination of the seasonal density (salinity) distributions within 

this fjord over a number of years, has shown that.the local rate of change 

below sill depth within the basin may be approximated by two transport terms: 

vertical advection across the sill and vertical turbulent mixing. Thus 

for salt: 

sill - 
I E AS (sill) L A Sz dz = wz (S -S ) - Kz 

At bottom 

@ 

Here S and S are the salinity of the influx 'and efflux waters respec- 
I E 

tively and the other.terms are as conventionally defined. We have further 

determined seasonal values for the vertical eddy coefficient at sill height 

by assuming that, during the winter months, the advective term is negligible. 

For the pertod September-October of 1973, transports through the inner basin 

. . have been estimated using this budget equation to be 2.5-5.0 x lo8 m3d-l; 

8 m3d-1 direct current meter observations over the same period give 4.1 x 10 

4 
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These volumes were sufficient to replace the inner basin over a 35-day period 

2-3 times over. Figure 5 summarizes these data for the period 1973-1975. 

The simplified distribution equation used here would clearly be unac- 

ceptable if our objectives were $0 define precise .transports. There are 

clear indicatTons of some advective inflow and horizontal transport within 

the basin and one of this coming year's objectives would be to analyze in 

detail density data obtained on previous current meter deployments within 

the basin. However, our principal objectives are chemical, not physical, 

and considering the range of errors associated with describing non-conser- 

vative behaviors, simplification of the advection-diffusion equation is not 

considered to be limiting. 

The distribution and behavior of oxygen within the fjord-estuary basin 

is of fundamental importance and is perhaps the easiest to handle of the 

non-conservative parameters. Net 'primary productivity inside and outside 

the sill was estimated to be 285 and 230 gC m-2 respectively in 1974-1975. 

However, the distributions of oxygen at depth were quite different. Inside 

- 1 
the sill, bottom concentrations of around 7 ml R at the time of renewal 

- 1 
were decreased to >1.0 ml R by March-April. In fact, the integrated oxygen 

.content of the basin remained approximately constant over this period and 

a strong gradient, positive away from the sediment, developed and intensified 

over this period. Over the winter period, the oxygen distribution may be 

approximately by: 

sill 
- C A O d Z = -  A0 - (sill) + C + S 
At bottom z . K~ AZ 

where C and S are column consumption.and loss to the sediment terms respec- 



Figure 5. Seasonal variations in transports and volumes displaced during flushing of inner basin. 



-2 -1 
of 37 ml O2 cm yr ;, i.e., a volumetric consumption rate within the basin 

-1 -1 below the sill of around 3.7 ml R . yr . This consumption accounts for 
approximately 30 percent of the maximum primary productivity measured in 

the summer. 

There is one other interesting feature about the oxygen distribution 
. . - 1 

in this fjord. Bottom basin concentrations fall to'% 1l'ml.R by March- 

April as noted. But, thereafter, until the next renewal cycle, contents 

remain at about steady state, or even increase slightly. It appears that 

diffusional transport to the deep basin is more than'able to supply that 

required by the computed consumption; in fact, we estimate &.spring-early 

-2 -1 summer: flux to the bottom of 50-70,ml 0 cm yr . This means that if a 2 

year passed when no late summer-fall replacement of the deep basin water 

occurred (this has never been observed) the bottom waters would not become 

anoxic . 
As noted in the introduction, the thrust of this program is towards 

benthic fluxes and reactions likely to. be impacted by industrial activity 

associated with energy exploitation. In last year's report, we briefly 

discussed the cycling of copper across the benthic boundary and within the 

basin water. (A reprint of this work will be included in a subsequent 

report to DOE.) Over the past years, we have looked at the transport of 

nutrients across the basin sediment interface (Heggie and Burrell, 1979; 

extended abstract in Section 11). This work has indicated an interest- 

ing nitrification reaction in the surface sediments : . . oxidation of ammonia 

to give "excess" nitrate. The latter "excess" is computed at approximately 

-1 10 u mole NO3-N R . The ammonia concentration difference across the 

benthic boundary is in excess of two orders of magnitude (flux computed 

t' -2 -1 
in the order of 17 II mole cm yr ) but the bottom water concentrations 

9 



at no time exceed 1 p mole %-I. Pore water concentrations of nitrate and 

nitrite indicate complete consumption at depths less than.approximately 

6 cm in the ~esurrection Bay sediments. . Thus, assuming that oxygen con- 

centrations at the sediment surface approximate those in the bottom water, 

-2 -1 
we may 'estimate a flux into the sediment of some 0.5 mi 0 cm yr : this 2 

I 1 .  . ' is equivalent to only about 1 percent of the annual net producti~~ty in 

this locality (see previous discussion). 

Due to restraints on ship-time, we were unfortunately unable to con- 

tinue the previous seasonal coverage in this fjord.unti.1 November 1977. 

Since then, we have obtained data on some nine.cruises which .are currently 

being processed. This more recent batch of data includes particulate organic 

carbon profiles which will enable us to refine the preliminary oxygen con- 

sumption model. One interesting feature in this respect is that in the 

interim between the earlier and latest batch of observations there has been 

a significant reduction of anthropogenic carbon (fish processing waste) 

added to the basin. There are early indications of reduced oxygen consump- 

tion through the winter, but detailed consumptions have not yet been made. 

Because of the physical form of fjords in general, and the local shelf 

circulation patterns in particular, the estuarine surface"mixing and chemical 

reaction zone is here directly coupled with a zone of physically confined 

ocean water: i. e. the .simplifying. geometry of an ocean basin directly 

coupled with the chemically reactive estuary. These are ideal conditions 

for studying benthic reactions and transport. There is today a great deal 

of work being done around the world on the flux of chemical species out of 

the sediments. However, experiments of.the type which confine a sample of 

bottom water in free ,exchange with the sediment can only yield information 

t on part of the cycle. The net transport of all species is to the sediment. 



In the case of highly reactive species--such as the heavy metals--which. 

have very short ,residence times, primary arid secondary transport to the 

interface is of equal if not greater importance. Further, we believe that 

our fjord basins are a particularly advantageous erivironment for these 

studies since the system can be approximately simplified to a vertical 

diffusion model at certain times of the year as previously noted. In last 

year's Report, a copper distribution model was described. During the present 

contract period, we have given primary attention to a detailed sediment-water 

'column model of manganese cycling. The initial publication on.this work is 

reproduced'in the accompanying Annual Report so that only brief details are 

included here. 

One general. profile for soluble (basin) manganese from Yakutat Bay was 

shown in the 1977-1978 DOE Annual Report. Figure 6 shows data for both 

particulate (IV) and soluble (11) manganese obtained towards the close of 

the oceanographic.winter in Resurrection Bay (basin isolation period, March 

1979), and. Figure 7 gives the corresponding interstitial water distribu- 

tion of the reduced form of the metal: our model assumes constant diffusion 

coefficients (K and D) to the sediment-water interface, and also steady z 

state conditions so that manganese transported out of the sediment equals 

that oxidized within the basin column and re-sedimented. The basin "soluble" 

equation used is: 

i.e. we incorporate an apparent first order oxidation rate constant (k). The 

particulate distribution is then: 

f ,  This model yielded a k value.in both sediment and water of the order of 
11 
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Figure 6 .  D i s t r i b u t i o n  of manganese a t  RES 2.5 i n    arch (1979) .  



SEDIMENT AND POREWATER CMNI PROFILES 

~igur'e 7. Interstitial water manganese at RES 2.5 in March 



1 x and a mean residence time for Mn(l1) in the column of 8.4 

days. 

We have very recently obtained initial values for'the distribution 

of particulate manganese at the head of Boca de Quadra. ,Figure 8 illustrates 

the ~ n / ~ 1  ratio vertical profile at Station BQ-3. The pattern is clearly 

different to that obtained for Resurrection Bay: detailed analysis will 

have to wait for the hydrography and circulation background. 

In the above model it was assumed that oxidized manganese sorbed'onto 

settling particles. The settling velocity compiled in this case was 1 x 

-1 km sec ; this corresponds to a mean particle size of around 20 um 

diameter and emphasizes the need to know considerably more about the com- 

position, reaction and flux of the particulates in the fjord basin. This 

. topic'was to have been the major objective of this'year's work, but largely 

because of some equipment malfuction and late arrival of other items, only 

a start has been made and we are proposing continued effort during the 

coming year. 

Figures 9 and 10 show preliminary values.for the vertical seasonal dis- 

tribution of total particulate load (PL) and particulate organic carbon 

(POC) at Station RES 2.5 (Figure 2). Corresponding particulate aluminum 

(PAL) has also been obtained for this fjord and for Yakutat Bay (see last 

year's report), and one initial objective has been an attempt to derive an 

aluminosilicate-biogenic distribution model for these estuarine basins. 

Six particulate sediment profiles, from Yakutat Bay (Acona cruises 

240 and 246) and from Resurrection Bay (Acona cruises 254, 260 and 262) 

have been run through a reiterative linear bivariate least squares curve 

fitting program which forced the intercept to less than 10% (i.e., the 

approximate precision of the data) of the mean particulate load for each 
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Figu re  9. Seasona l  v e r t i c a l  d i s t r i b u t i o n  of t o t a l  p a r t i c u l a t s  
load  a t  RES 2.5. ., 
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Figurelo. Seasonal vertical distribution of particulate organic 
carbon 'at RES 2.5. 
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profile. The fitted curve was thus of the form: 

PL = A + (B x PAL) + (C x POC) 

and values generated .for the constants A, By and C. are given in Table I. This 

computed fractionation procedure assumes that the percent carbon content of the 

biogenic material and the percent A1 content of. the aluminosilicates remains 

constant with depth: it also assumes that the bulk of the inorganic material 

contains aluminum. Considering the precision and accuracy of the separate 

analyses and the resulting uncertainties caused by forcing the linear fit, 

these assumptions are probably acceptable for an initial model. Given these 

assumptions, the constant A should be zero: in the non-ideal case it represents 

.a summation of the analytical error and violation of the assumptions. 

The constants B and C are reciprocals of .the average fraction of 

aluminum content of the' inorganic and of the fraction of carbon content of 

the biogenic material respectively. All XRD studies of the clay fraction of 

the coastal sediments in the vicinity of Resurrection Bay show a preponder-. 

.ante of chlorite and illite. However, the low range obtained f0r.B (% 5) 

would be consistent with low aluminum minerals. We are'currently carrying 
. .. 

TABLE I 

MODEL COMPUTATION OF PARTICULATE SEDIMENT COMPOSITION 

Cruise Station Constants (see text) 
No. Name . . A B .C R 



ou t  d i r e c t  microscopic examination of t h e  p a r t i c u l a t e  m a t e r i a l  i n  Resur rec t ion  

Bay. Meanwhile i t  seems p o s s i b l e  t h a t  t h e  d i s c r e t e  sampling m i s s e s  a sub- 

s t a n t i a l  f r a c t i o n  of sedimenting material. D i r e c t  sediment t r a p  experiments 

w i l l  h e l p  c l a r i f y  t h i s  problem, b u t  a t  t h e  p re sen t  t ime, sed imenta t ion  r a t e s  

determined via t h e  i n t e r s t i t i a l  s u l f a t e  r educ t ion  method have given va lues  

an  o rde r  of magnitude g r e a t e r  than  could be  supported by t h e  i n d i c a t e d  

p a r t i c u l a t e  f l u x  based on d i s c r e t e  l oad  measurements and assumed mean s i z e .  

The range d e t e d i n e d . f o r  t h e  cons tan t  C f i t s ,  t o  a remarkable degree,  t h e  

va lues  expected f o r  a predominantly diatomaceous bloom. 

There has  been some r e c e n t  c r t t i c i s m  concernfng p o s s i b l e  e r r o r  i n  

determining suspended sediment loads  where sub-samples are drawn from t h e  

sampling b o t t l e  a f t e r  v a r i o u s  unsystematic  de lays .  ' This  problem 
. . 

has  been of concern t o  u s  a l s o .  Where some de lay  is unavoidable t h e  Niskin 

b o t t l e s  a r e  i nve r t ed  s e v e r a l  t imes (without  a g i t a t i o n )  p r i o r  t o  d r a i n i n g  

t h e  sample. w e  a t tempt ,  however, t o  always d r a i n  immediately,  on c o l l e c t i o n .  

R e p l i c a t e  1-liter subsamples have been f i l t e r e d  on s e p a r a t e  c r u i s e s  w i t h  t h e  

. .. 
fo l lowing  r e s u l t s :  

TABLE I1 

SUSPENDED LOAD SAMPLING TESTS 

Cruise  S t a t i o n  Depth Delay Mean Standard 
(m) (min) load d e v i a t i o n  

272 RES 2.5 2 0 - 2 
276 RES 2.5 3 0 - 2 
276 . RES 4 20 -15 



It is clear that where even only a relatively small delay between sampling 

and analysis is allowed significant error results. Various other sampling 

bottles have been considered but it .is intended to continue using Go-Flo 
. . 

Niskin but to use various sizes so that the entire volume. can be filterd. 

As described in last year's proposal, we have constructed two sediment 

traps .of the type designed by PMEL (Lawrence et aZ.. , unpublished data). Two 

separate deployments have been made.in Boc? de Quadra. The first trap was 

set in October (1978) and retrieved in December: at that time it was dis- 

covered that the timing mechanism had flooded and prevented closure. Although 

this voided quantitative data some material was retained for chemical analysis. 

This same trap was redeployed with a new timer untt in December for retrieval 

in April (1979) but the entire unit was 1ost.because of severe corrosion of 

the attachment bolts. A second unit was set in Resurrection Bay on a current 

meter mooring in March of this year. When this instrument was recovered in 

May it was found that the trap had prematurely closed. It appears that 

similiar problems have been encountered by PMEL in Alaskan waters: a success 

rate of 15 out of 22 deployed. 'Because fhis project does not have the 

resources for more than a few instruments, and in view of the long time 

intervals involved before problems are discovered, it appears that a simpler 

design is required as discussed in the work proposed for 1979-80. 

In the course of the last year.a laser particle counting instrument 
. . .  

manufactured by Spectrex Corporation has beerevaluated for sizing marine 

suspensions. This potentially elegant technique has been unsatisfactory 

for the following reasons: 

i. Inability to calibrate with external standards. 

Standard solutions in optical quality quartz bottles are provided for 

calibration of the particle counter. Three of these standard solutions 

2 0 



(0, 205, 635 particles/counts per ml) are used progressively to set the 

threshold settings on the particle counter; however, for the two separate 

high count bottles, agreement between the stated figure (637, 635) and the 

instrument has never been achieved (the manufacturers admit-their inability 

to do the same). 

The manufacturers further imply that the original counting of- the standard 

solutions was simply performed on a similar instrument;'i.e., there is no inde- 

pendent external check on the counting accuracy. This process of "internal". ' 

calibration becomes more doubtful when one calibrates the particle sizing 

attachment, a multichannel analyzer with digital display and paper printout. 

Standard settings (threshold, gain) are adjusted until the particle 

count readings on both instruments agree to within 5% for particles greater 

than 3 p. The standard settings, however, have originally been determined 

to provide size intervals of 5 p in 16 different channels so that any change 

in the gain setting alters this size interval. The manufacturer cannot pro- 

vide information as to size intervals obtained for different settings of the 

gain knob thus introducing considerable uncertainty into the size distribution 

data (e.g., is the interval.4 v or 6 p or 7 p). 

ii. No significant difference detected between different seawater samples, 
apparentiy primarily due to lack of sensitivity and high count rates. 

Although the lack of "absolute" calibration was suspected initially, 

it was hoped that relative size distributions could be used to distinguish 

different particle populations in different seawater samples. Analysis 

of the size distribution data has shown that the variation between samples 

is similar to the variation between duplicates; this is true for samples 

collected in two different localities over three'seasons. Furthermore, 

when seawater samples were "spikedtt.with concentrations of standard size 

2 1 



microspheres greatly in excess of expected natural populations, there was 

little or no difference in the resulting profiles and plots. It would 

thus appear that this light scattering' technique is not sensitive enough 

to detect the differences expected in. seawater particulate populations. 

For the particle counter the manufacturer recommends.that should counts 

exceed the display (999) the sample should be diluted in order to avoid 

multiple counting of.the same particle. The average seawater sample usually 

exceeds the display 3 or 4 times, introducing another counting error. 

Masking of particles by those closest to the laser source, while a 

problem in low density problem becomes a major constraint in normal seawater 

samples. 

The above factors combined with the improbability of there being a 

representative particle population in the beam for the 20 seconds of the 
. . . . . .  

count renders the counting procedure somewhat doubtful. Dilution of the 

sample is not desirable since it drastically alters the particle..populations 

(not a linear response), voids the obvious benefits of unmanipulated samples 

and dramatically increases the amount of time spent counting.the samples. 

iii. Inordinate processing time to obtain usable data. 

To obtain usable data (even if of doubtful quality) an inordinately 

large amount of time is consumed in the initial counting, filtering of 

samples and counting of the filtrate to determine background, subtraction 

of both profiles, computer manipulation to plot different frequency curves 

and the final interpretation. 

The'data obtained, assuming validity, is not readily comparable to 

that of other researchers all of whom use Coulter Counter techniques which 

measure volume (independent. of shape) rather-than area (dependent on shape) 

measure by the Spectrex machine. 



iv. Delicacy of the instrument for use at sea. 

The instrument has proved to be delicate for shipboard use, malfunc- 

tion 3 out of 5 times. 

The Spectrex laser particle counter is, therefore, unsuitable for our 

purpose and its use will be discontinued in the future. 

The DOE sponsored work performed by the Principal Investigator 

in Taiwan for a short period in 1977 on a designated U.S.-R.O.C. Cooperative 

Pollution Program. For various reasons most of this work was concerned with 

heavy metal pollution in river water rather than the oceans. It was determined 

that urban-industrial run-off resulted in very high down-stream soluble content 

-of'Fe, Mn. and Zn'which indirect evidence suggested was present as organic 

complexes. In our report we have also given preliminary evidence for removal 

of these metals to the sediment in.the estuarine zone. (See separate report 

and abstract in this Report.) 

The analytical techniques used in the above work were insufficiently 

sensitive to detect the presence of minor organo-metallic complexation in the 

marine environment. None would be expected'however; even where, as in this 

case, the freshwater influx was highly contaminated. 'On the other hand, 

concentrations of suitable organic ligands may be high enough in (coastal) 

marine sediment interstitial water to allow this, and thus it is hoped to 

pursue this topic in the coming years as noted in the Proposal: data on the 

speciations of heavy metals in pore waters will help assess the role of 

the estuarine sediments as a source or sink (or both) for these minor 

constituents. Sediment cores have been collected, sectioned and squeezed 

from two stations in Resurrection Bay, one in Boca de Quadra and five in 

the vicinity of Dutch Harbor. These samples thus represent three natural 

environments: respectively, glacial run-off with low organic content and 

2 3 



restricted planktonic activity; a "low latitude" non-glacial fjord; a shallow 

lagoonal basin subject to organic loading both from natural processes and 

industrial (fish waste) dumping:. As noted elsewhere, the relatively low 

organic loading (and high near-bottom oxidation) produces an environment 
. . .  

where the redox horizon is below about 5 cm and no .free sulfide occurs in 

the interstitial water. 1nterstitial.nutrient concentrations at the head 

of ~ o c a  de Quadri inlet indicates that denitrification has depleted nitrate 

below about 2 cm (nitrate and nitrite maxima,of 7.4 and 1.0 pg at respectively 

occurs within the top 2 .cm segment). The water column.within Dutch Harbor 

appears to naturally go anoxic in late summer-fall and the sediment redox 

boundary is always close to the interface. 
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Sub-arctic fjords are very favorable environments for studying estuarine 

transport and reaction of various chemicals, and particularly the heavy 

metals: Influx of fresh water and particulates and biological activity, 

is strongly seasonal; massive inorganic sediment (primarily fine-grained 

priiiry alumino-silicates) inputpredominating over part of the year. Man- 

produced contamination is presently negligible but is likely to increase 

substantially in the near future because of energy development. Most 

importantly, because of.both the physical form of the fjords-and the local 

shelf circulation patterns, the surface mixing and chemical reaction zone 

is directly coupled with a zone of physically confined marine water: the 

simplifying geometry of an ocean basin in direct contact with an estuary. 

These are ideal conditions for looking at transport to, from and within the 

sediments, and at benthic chemical reactions. 



Fig. 1. Density time series 
at a Gulf of Alaska 
shelf station off 
Resurrection Bay. 

Fig. 2. Seasonal replacement of 
basin waters within various 
Alaskan fjords . 

TIME OF BOTTOM WATER GEk€?. ln~ 

Gulf circulation in the winter causes. intense downwelling along the 

Alaskan coast; relaxation of this system promotes upwelling in the summer 

(Royer, 1975). Waters of systematically varying densities are thus available 

at the heads of the coastal fjords through the year (Fig. 1). Periods of 



f l u s h i n g  of t h e  f j o r d  b a s i n s  a r e  r e l a t e d  t o  t h e  depth  of t h e  c o n t a i n i n g  

s i l l  and t h e  zone of  minimum d e n s i t y  change (Fig. 2; ~ u e n c h  and Heggie, 

1978).  Because of  t h i s ,  no Alaskan f j o r d  s t u d i e d  t o  d a t e  has  been observed 
, . 

t o  go anoxic.  Moreover, l a r g e l y  because of low o r g a n i c  i n p u t  (and h i g h  s e a s o n a l  

s ed imen ta t ion  r a t e s )  t h e  sediment redox boundary is a t y p i c a l l )  depressed:  

5-10 c m  i n  t h e  e s t u a r i e s  s t u d i e s  t o  da t e .  What l i t t l e  ev idence  is p r e s e n t l y  

a v a i l a b l e  a l s o  sugges t s  f a r '  l e s s  s u r f a c e  b i o t u r b a t i o n  than  i n  more tempera ture  

l o c a l i t i e s .  

RES 2/5 

Fig.  3 .  V e r t i c a l  p r o f i l e s  
of  s o l u b l e  copper 
( a s t e r i s k s :  t o t a l s )  
a t  same s t a t i o n  
w i t h i n  b a s i n  of 
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Fig. 4. Composite interstitial water 
profile of copper at same 

.-I-- 

station as Fig.. 3. (Heggie 
and Burrell, 1979). I 

The mobilization and flux of copper at this sediment surface has been 

described (Heggie.and Burrell, 1979). Positive gradients in the column to 

the interface develop during the oceanographic winter period (Fig. 3). . .  . 

This is the time when the basin is largely advectively isolated and, as a 

simplification, subject to vertical diffusive transport only. For computed 

2 
eddy mixing.coefficients in .the range 3-5 cm /sec at sill height, copper 

appears to be mobilized at a net mean rate of around 0.5 pg.Cu/R/yr from 

a surface sediniemt reservoir constantly replenished by sedimentary partic- 

.. ulate copper. .Approximately 20% of the copper removed from the basin in 

this fashion is thus recycled in solution. A much' smaller fraction diffuses 

from the surface sediment down to a reaction and removal zone beneath the 

redox discontinuity (Fig. 4). 



Fig. Distribution of salinity 
within Yakutat Bay in July 
(1977). Stations YAK-7 and 
9 and localities of the pro- 
files of Figs. 6 and 7; 

Yakutat Bay is a multi-basin fjord with a shallow entrance sill (and 

the projected site for major oil production staging and transfers). Replace- 

ment of water within the two outermost basins appears to be complete by late 

spring: Figure 5 illustrates the July salinity distribution. A substantial 

flux of soluble manganese across the benthic boundary (Fig. 6) maintains 

pronounced gradients within these basins to sill height through the "advectively 

stagnant" summer period (Fig. 7). 

INTERSTITIAL HATER MANGANESE 
YAKUTAT BAY 

JULY 1977 STATION 7<SCUARESJ 
JULY 1977 STATION 9CTRIANGLES) 

-20 

Fig. 6. Interstitial water 
D -40 manganese at Stations E o 
P YAK-7 and 9 (mglkg). T 
H a 
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This behavior of manganese has been studied in more detail at the 

0 

' 0  

Fig. 7. Soluble (<0.4 pm) manganese 
profiles within outermost - -  
Yakutat Bay basins in July; 
1977 (~g/kg) ? 10 
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copper project cited above. Figure 8 illustrates the late oceanographic 
\ 

..m,. : l . , l " l : I C : l ,  ..... 1 

winter bottom water soluble gradient: although the redox discontinuity is 

here at approximately 8 cm, there is an impressive flux of reduced manganese 

out of the sediments. Figure 9, although a coarsely spaced profile, indi- 

cates the distribution of this metal in the -surface sediments at this time 

of year. It is also interesting to note that a significant fraction of 

the solid phase manganese in this oxic zone is apparently associated with 

biogenic sediment whereas iron, for example, is not. 
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Fig. 8. Soluble manganese in 
~esbrrection Bay near 
end of oceanographic 
winter period (April 
1978; ug/kg ~ 0 . 4  um). 
Same locality as Figs 
3 and 4. 
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At this season (as with summer Yakatat Bay conditions) the distribution 

of soluble manganese within the basin may be closely modeled using vertical 

turbulent diffusion and oxidation removal terms. only. Following oxidation 

within the water column, solid phase manganese is resedimented. Figures 10 

and 11 again illustrate late winter conditions: the organic particulate 

fraction in the basin is small at this time. This benthic closed system 

cycling of the manganese is best observed in the absence of significant 

advective flows (Fig. 12). 

SUSPENDED PARTICULATE HANGANESE 
RESURRECTIOII BAY 

Fig. 10. Particulate manganese 
(mg Mn/g > 0.4 um) at 

. . Station RES 2.5. Hor- 
izontal line marks sill 
height. 
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A p i l  1978 
RES 2.5 

'Fig. 11. Particulate Mn/AL rates 
(x lo2,; VIAL x lo4) with- 
in water column at RES 2.5, 
same profile as Fig. 10. 
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Fig. 12. Seasonal particulate man- 
ganese profiles at RES 2.5 
(vg/R) 



Work on a mass balance model is in progress. Current research is 

emphasizing the seasonal distribution, flux, aid character of the partic- 

ulates and their role in transporting heavy metals in ,these estuaries. 
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Oceanographic cond i t i ons  i n  deep waters  o f  s i x  d i f f e r e n t  sub- 
a r c t i c  Alaskan f jo rds .  a r e  discussed and r e l a t e d  t o  c i r c u l a ' t  i on  and 
m ix ing  pr'ocesses. The f j o r d s  a re  d i v i d e d  upon the  bas is  o f  en t rance 
s i l l  depth i n t o  shallow, intermediate,  and deep -s i l l ed  f j o r d s  depend- 
i n g  upon whether , the  s i l l  depth i s  l e s s  than, equal to,  o r - g r e a t e r  
than a l e v e l  where there  i s  minimum annual densi,ty v a r i a t i o n  i n  
source waters from the Gu l f  o f  Alaska. Deep water  renewal i n  sha l -  
I c y - s i l l e d  f j o r d s  occurs p r i n c i p a l l y  du r i ng  w in te r ,  w h i l e  t h a t  i n  
deep-si l l e d  f j o rds  occurs dur ing  l a t e  summer; i n  in termediare-s i  1 l- 
ed f j o r d s  i t  occurs on a year-round bas is .  Renewal o f  deep 
waters i s  dependent upon bo th  the annual v a r i a t i o n  o f  d e n s i t y  i n  t h e  
source waters and upon v e r t i c a l  m ix ing  decreasing the  d e n s i t y  o f  t h e  
deep water between renewal per iods;  I n f l ow  o f  source water a t  s i l l  
depth may be due i n  p a r t  t o  l o c a l  winds and t i d a l  cu r ren ts  and occurs 
desp i te  r e s t r i c t e d  s i l  l ed  f j o r d  entrances.  I n  deep -s i l l ed  f j o r d s ,  
i n f l o w  appears t o  be s t r o n g l y  i n f l uenced  by longshore winds i n  the  
Gu l f  o f  Alaska as these r a i s e  o r  lower isopycnal  surfaces.  The f r e -  
quencies o f  renewal a re  adequate t o  prevent the  anox ic  cond i t i ons  
observed f a r t h e r  south f rom o c c u r r i n g  i n  these systems. Est imated 
values f o r  oxygen u t i l i z a t i o n  i n  t he  deep waters and f o r  v e r t i c a l  
eddy mix ing  c o e f f i c i e n t s  agree w i t h  p r e v i o u s l y  determined values,  
suppor t ing  the hypothesis f o r  p e r i o d i c  deep water renewals between 
which d i s t r i b u t i o n s  a re  c o n t r o l l e d  p r i m a r i l y  by v e r t i c a l  mix ing.  

Introduction 

(a )  Background 
. .  Fjords are estuarine systems having steep sides, relatively ' 

great bottom depths and, frequently, access to marine source waters 
limited by an entrance sill (Pritchard, 1967). By definition they 
are  areas where terrestrial runoff and marine source waters mix. 

t 
The:! ?re generally, but not' necessarily, stratified in salinity, 
hence also in density. Maximum vertical stratification occurs dur- 
ing periods when the freshwater influx is high, as during spring 

"NW a t  NOAA. ERc.  PnEL. Seattle, Vashingcon 98105. 



snow m e l t  o r  f a l l  r a i n y  seasons. Minimum s t r a t i f i c a t i o n  occurs dur-  
i ng  per iods  o f  minimal freshwater i n p u t ,  e s p e c i a l l y  i n  midwin ter  ' 

when low a i r  temperatures prec lude m e l t i n g  and most p r e c i p i t a t i o n  
occurs as snow.' I n  some cases, cessa t i on  o f  f reshwater  i npu t  
coupled w i t h  s t rong,  sur face c o o l i n g  may lead t o  thermohal ine convec- 
t i o n  and subsequent v e r t i c a l  homogeneity i n  t he  water  column. 

Dynamical ly,  f j o r d s  can be cha rac te r i zed  as having an e n t r a i n -  
ment-dr iven e s t u a r i n e  f l o w  con f i ned  t o  a  su r face  l a y e r  which i s  
shal low r e l a t i v e  t o '  t h e  bas i n  depth. Observat ional  and t h e o r e t i c a l  
t reatments addressing t h i s  have been prov ided by M c A l i s t e r  e t  aZ. 
(1959), Hansen and Ra t t ray  (1966)., R a t t r a y  (1967) and Win ter  (1973) 
Th is  entra inment  f l o w  i s  d r i v e n  by t h e  pressure g rad ien t  consequent 
t o  f reshwater  i npu t  a t  the  head o f  t he  bas in ,  a'nd t h e r e f o r e  i s .  a  
g r a v i t a t i o n a l  convect ive  mode o f  c i r c u l a t i o n .  . I n  the  presence o f  
sur face winds b lowing down- o r  u p - i n l e t ,  augmentation o r  a t tenua-  . 
t i o n  o f  t h e  seaward sur face f low may occur ,  which i n  extreme cases 
leads t o  f l ow  reve rsa l .  Volume c o n t i n u i t y  d i c t a t e s  t h a t  t he  sub- 
sur face f l o w  a d j u s t  acco rd ing l y ,  and winds c o n t r a r y  t o  a  seaward 
sur face f l ow  may lead t o  subsurface f low r e v e r s a l s  ( ~ i c k a r d  and 
Rodgers, 1959; Winter ,  1973). 

~ r e s h w a t e r  i npu t  i n t o  f j o r d s ,  respons ib le  f o r  the  near -sur face 
entra inment  f low,  v a r i e s  cons ide rab l y  bo th  w i t h  season and geo- 
g raph ica l  l o c a t i o n .  L i t t l e  q u a n t i t a t i v e  i n f o r m a t i o n  i s  a v a i l a b l e  
concerning' freshwater i n p u t  i n t o  sou thcen t ra l  Alaskan f j o r d s  
f i g .  1 Stream gauging has been in.frequent;  one o f  t h e  few ava i  1. 

I ab le  records was presented f o r  severa l  streams e n t e r i n g  P o r t  Valdez 
(Carlson e t  aZ., 1969). Th i s  record shows a  unimodal annual r u n o f f  
d i s t r i b u t i o n  w i t h  a  peak due t o  e a r l y  spring-summer snow m e l t i n g .  
Some unpubl ished USGS data a r e  a l s o  a v a i l a b l e  f o r  t h e  r i v e r  which 
en ters  t h e  head o f  Resur rec t ion  Bay: These show a  unimodal p a t t e r n  
b u t  t he  r u n o f f  peak i s  delayed u n . t i l  August-September. A  second 

. . 
r uno f f  peak due t o  autumn p r e c i p i t a t i o n  has been observed f a r t h e r  
south i n  southeast Alaskan f j o r d s , .  b u t  i s  n o t  p resent  i n  south- 
c e n t r a l  Alaska where most autumn p r e c i p i t a t i o n  occurs as snow and 
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~ i g u r e  1 .  Geographical locat ions o f  the Alaskan fjords discussed in 
this paper. shcwing location of the time series oceanographic sta- 
tion in the Gulf o f  Alaska (GAK). 



i s  t he re fo re  s tb red  u n t i  1' t he  f o l  low ing spr ing .  The s to rage  o f  
p r e c i p i t a t i o n  as g l a c i e r  i c e  and i n  snowf ie lds  i s  an u n c e r t a i n  fac-  
t o r .  Budget s tud ies  of these fea tu res  have been inadequate t o  

. quan t i f y  such parameters as the  t i m i n g  and r a t e  o f  re lease  o f  me1 t- 
water (w. D. Har r ison,  U n i v e r s i t y  o f '  Alaska, personal communication). 

The southcent ra l  Alaskan c l i m a t e  i s  severe. F jo rds  the re  a r e  
a f fec ted  by mesoscale weather d is turbances d u r i n g  the  w i n t e r  center -  
ed over  the Gu l f  o f  Alaska and due t o  i n t e n s i f i c a t i o n  o f  the  Aleu-  
t i a n  atmospheric low. They a r e  a l s o  sub jec t  t o  k a t a b a t i c  dra inage 
winds when co ld ,  dense a i r  masses f rom the c o n t i n e n t a l  i n t e r i o r  
d r a i n  seaward through t h e  topograph ica l  depressions occupied by the  

: f jo rds .  A t  such t imes, a i r  temperatures can drop we1 1 below -20°C 
and wind speeds may exceed 42 m s'l (personal obse rva t i on ) .  Re- 
g iona l  c l i m a t e  c o n d i t i o n s  have been summarized by Searby (1969). 

P i cka rd  (1967) has summarized the  phys i ca l  oceanographicaspects 
o f  some major southeastern Alaskan f j o r d s .  Fa r the r  no r th ,  however, 
the r e l a t i v e  importance o f  d r i v i n g  fo rces  f o r  the  c i r c u l a t i o n  var -  
i es  as f reshwater  i n p u t  p a t t e r n s  change and t h e ' c l i m a t e  becomes'more 
severe. Dur ing the  w i n t e r ,  w i t h  cessat ion  o f  f reshwater  i npu t ,  
these s u b a r c t i c  f j o r d s  would be expected t o  behave 1 i k e  embayments 
r a t h e r  than as e s t u a r i n e  systems, and the  dynamics would dev ia te  
accord ing ly .  Rather than a  convect ive  c i r c u l a t i o n  mode d r i v e n  .by 
f reshwater  i npu t ,  we might  expect t o  f i n d  apprec iab le  c i r c u l a t i o n  
d r i v e n  by winds, thermohal ine convect ion ,  d i f f e r e n t i a l  d i f f u s i o n  o r  
combinat ions o f  these. Dens i t y  d  i f f.erences between mar ine source 
water  and water i n s i d e  the  f j o r d  would be c r i t i c a l  i n  t he  absence 
o f  a  s t rong  f reshwater-  induced seaward pressure g r a d i e n t  . 

Despi te t h e  common presence o f  ext remely shal low s i l l s  coupled , 

w i t h  g rea t  bas in  depths, no s u b a r c t i c  Alaskan f j o r d  has been found 
t o  c o n t a i n  anoxic  waters ( t a b l e  1) .  The- i n t r i g u i n g  problem, immedi- 
a t e l y  ra i sed ,  i s  how deep water exchange i n  these systems can be 
so e f f e c t i v e  d e s p i t e  t h e  shal low s i l l s ,  where we d e f i n e  deep water  
f o r  ou r  purposes as water  w i t h i n  the  f j o r d  below s i l l .  depth. Appar- 
e n t l y ,  an e f f e c t i v e  water  renewal mechanism i s  present  here  which 
i s  n o t  n e c e s s a r i l y  o p e r a t i v e  i n  more temperate regions where such 
s i l l e d  systems may become anox ic .  Whi le  t h e  data f o r  many o f  these 
f j o r d s  a r e  seasonal ly  incomplete, d i s s o l v e d  oxygen data a r e  s u f f i -  
c i e n t  t o  i n d i c a t e  t h a t  none o f  t he  systems i n v e s t i g a t e d  have 
approached anoxic  c o n d i t i o n s  except f o r  Resur rec t ion  Bay, and t h i s  
o n l y  near the  sediment-water i n te r face .  I t  i s  o f  i n t e r e s t ,  then, 
t o  i n v e s t i g a t e  p o s s i b l e  mechanisms f o r  t h i s  deep-water renewal. 

Table I .  S i l l  and basin depths for  selected Alaskan subarc t ic  f j o r d s .  
ind ica t ing  minimum observed near-bottom dissolved oxygen concentra- 
t ions .  Locations OF these systems a r e  shown on f i g .  1 

S i l l  Basin 
Name o f  depth depth 02 min 0bs.depth ObS. . 
Fjord (m) (m) (m) ( m l l l )  mnth -vear  - 
Unakwik I n l e t  4 270 5.89 245 7-66 
A i a l i k  I n l e t  10 ZOO 4.74 184 9-73 
Russell F jo rd  30 290 6 .05  283 4- 73 
Port ' laldez 125 230 5.64 228 8-71 
Prince Ui  1 l  iam Sound 180 750 4.71 732 5-73 
Resurrection Bay 185 290 < I  .OO 280 ' 3-76 



W i t h i n  the  contex t  o f  deep-water c i r c u l a t i o n ,  f j o r d s  may be 
conceptua l ly  viewed as f a l l i n g  upon a  spectrum. A t  one end o f  t h i s  
spectrum a r e  those f j o r d s  i n  which deep-water renewal occurs con- 
t i n u a l l y  throughout t h e  year .  A t  t he  o t h e r  end l i e  those systems . 

i n  wh i ch  deep water i s  renewed on1 y  once every severa l  years, pos- 
s i b l y  leadi'ng t o  anoxic  cond i t i ons .  The renewals a r e  d r i v e n  by 
processes which i nc lude  g r a v i t a t i o n a l  convect ion ,  su r face  winds, 
subsurface water  d e n s i t y  d i f f e r e n c e s  and combinat ions o f  thesz. 
Other mechanisms, such- as v e r t i c a l  thermohal ine convect ion,  may play 
a  s i g n i f i c a n t  r o l e  i n  i s o l a t e d  cases. Southcent ra l  Alaskan f j o r d s  
appear t o  undergo deep-wster renewal a t  l e a s t  annua l l y  and, i n  some - ' 

cases, c o n t i n u a l l y .  They, span a  r e l a t i v e l y  broad p o r t i o n  o f  t he  
spectrum o f  f j o r d  types. . Th i s  paper addresses i t s e l f  t o  a  qua1 i ta- 
t i v e  understanding o f  t he  mechanisms invo l ved  i n  deep-water c i r c u l a -  
t ion w i t h i n  a  se lec ted  subset o f  these f j o r d s  ( f i g .  1).  

(b)   he Marine Source [daters 
Water i n  a  bas in  behind a  s i l l  may o n l y  be renewed i f  a t  some 

[ 
t ime the  water  ou ts ide  the  s i l l  a t  o r  above s i l l  depth has a  great-  

I 
e r  dens i t y  than water  i n  t h e  bas in .  I t  i s  known t h a t  t h e  dens i t y  of 

, . marine source water  can e x e r t  a  s i g n i f i c a n t  c o n t r o l  over  renewal of  
f j o r d  deep waters ( ~ a e l e n ,  1967). Th is  s e c t i o n  examines the  nature 
o f ,  and var , ia t  ions i n ,  marine source waters ava i 1 a b l e  t o  southcentra l  
Alaskan'suba+.ct ic f j o r d s .  I n  l i n e  w i t h  oceanographic convent ion,  we' 
w i l l  t r e a t  dens i t y  as t h e  dimensionless q u a n t i t y  a t .  

Temporal v a r i a t i o n s  i n  the  . c h a r a c t e r i s t i c s  o f  ocean waters may 
- . g e n e r a l l y  be c l a s s i f i e d  as random (e.g., storm-induced and long- 

term changes) ,or p e r i o d i c  ( t i d a l  o r  seasonal changes). A v a i l a b l e  
hydrographic data from the  G u l f  o f  Alaska a r e  s u f f i c i e n t  t o  de l i ne -  
a t e  t h e  time-mean and seasonal s i g n a l s  f o r  temperature, s a l i n i t y  
and hence d e n s i t y  ( ~ o y e r ' ,  1975). Dur ing t h e  w i n t e r  months October- 
May a  wind-dr iven coas ta l  convergence leads t o  a  downwell ing condi- 

: t i o n  i n  t he  no r the rn  G u l f  o f  Alaska s h e l f  region.  The concurrent  
c o o l i n g  and cessat ion  o f  f reshwater  i n p u t  a c t  t o  in,crease the  dens- 
i t y . o f  near-sur face waters above summer l e v e l s  when the  w a t e r . i s  
warmer and l ess  s a l i n e .  However, below about 150 m, t h e  coas ta l  
convergence has fo rced denser water o?f the s h e l f ;  water  below tha t  
depth i s  there fore  less  dense than a t  o t h e r  t imes o f  t he  year ( f i g .  
2 ) .  Conversely, du r ing  summer, a  weak w ind -d r i  ven coas ta l  divergence 
leads t o  upwe l l i ng  whichicauses denser water  t o  appear below about 
150 m on .the s h e l f .  The combined e f f e c t s  o f  me1 t -wa te r  a d d i t i o n  and 
i n s o l a t i o n  lead however t o  minimum d e n s i t i e s  i n  t h e  waters above 
150 m du r ing  the summer. The annual v a r i a t i o n s  i n  d e n s i t y  f o r  Gulf 
o f  Alaska waters above and below 150 m a re  t h e r e f o r e  about 180" out  
o f  phase, and i t  fo l l ows  t h a t  t h e r e  i s  a  l e v e l  o f  minimum annual 
dens i t y  v a r i a t i o n  a t  about 150 m depth. 

The depth dependence o f  annual dens i t y  v a r i a t i o n  i n  t he  Gul f  
o f '  Alaska has i n t e r e s t i n g  imp1 i c a t i o n s  f o r  the  deep c i r c u l a t i o n  i n  

. ad jacen t  s i l l e d  f j o r d s .  A  f j o r d  w i t h  a  s i l l  sha l lower  than 150 m 
w i l l  have maximum dens i t y  marine source water  a t  and above s i l l  . 



Figure 2. Density (at) time series from an oceanographic station 
just off Resurrection Bay in the G u l f  o f  Alaska (location indicated 
as GAK on fig. I ) .  

.depth - d u r i n g  w in te r .  I f  the  s i l l  depth i s  g rea te r  than 150 m, 
maximum d e n s i t y  mar ine source water  w i l l  occur  a t  s i l l  depth d u r i n g  
the  summer. A  f j o r d  having a  s i l l  depth o f  150 m would l i k e l y  f e e l  
l i t t l e  v a r i a t i o n  i n  source water  d e n s i t y  a t  s i l l  depth. I t  there-  
f o r e  appears t h a t  s i l l  depth e x e r t s  c o n t r o l  over  b o t h  t ime o f  i n f l o w  
and d e n s i t y  o f  t h e  marine source waters ava i  l a b l e  t o  a  f j o r d  system. 
Th is  hypothes is  i s  examined below. 

. Deep-Water Motions 
The f j o r d s  t o  be 'd iscussed may be d i v i d e d  on the  bas i s  o f  s  i 1 1 

depth i n t o  t h r e e  ca tegor ies  which i n  t u r n  a r e  re levan t  t o  deep 
water motions w i t h i n  the  f j o r d s .  The ca tego r ies  a r e  shal low, i n t e r -  
mediate, and deep-s i l l ed  f j o r d s ,  depending upon whether t h e  s i l l  
depth i s  less  than, equal t o ,  o r  g rea te r  than the  depth a t  which 

- .  minimum annual d e n s i t y  v a r i a t i o n  occurs i n  the G u l f  o f  Alaska source 
water.  

(a) ShalZow-siZZed F j o r d s  
Three o f  t he .  f j o r d s  discussed .here may be cons i dered as hav ing  

entrance s i l l s  sha'llow r e l a t i v e  t o  t h e i r '  i n t e r i o r  bas in  depths 
( t a b l e  1)'; Unakwik I n l e t ,  A i a l i k  l n l e t  and Russel l  F jo rd .  

Unakwik I n l e t ,  t h e  sha l lowest  s i l l e d  o f  t h e  systems considered, 
i s  loca ted  on n o r t h e r n  P r ince  W i l l i a m  Sound ( f i g .  1) and has the  
t ide-water  Meares G l a c i e r  a t  i t s  head ( f i g .  3 ) .  Freshwater i npu t  
i n t o  the  system i s  unce r ta in ,  though i t  1 i k e l y  f o l  lows the  p a t t e r n  
q u a l i t a t i v e l y  discussed above. Per iphera l  streams a r e  smal l  and i t  
i s  poss ib le  t h a t  apprec iab le  f reshwater  might  e n t e r  i n  t he  form o f  

, 

a  subg lac ia l  stream a t  t he  head o f  t he  i n l e t .  Dur ing w i n t e r ,  much 
o f  the  upper i n l e t  i s  covered w i t h  s lush  i c e  mixed w i t h  an occasion- 
a l  g rowler  (smal l  i ceberg) .  

Oceanographic data ob ta ined from upper Unakwik l n l e t  i nc lude  
l o n g i t u d i n a l  se ts  o f  s t a t i o n s  occupied du r ing  t h e  summers o f  1966 
and 1969 ( f i g .  3 ) .  The d i sso l ved  oxygen concent ra t  ions,  representa- 
t i v e  values o f  which were ob ta ined d u r i n g  J u l y  1966 ( f i g .  4 ) ,  a r e  o f .  
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Figure 3. Geographical features of Unakwik Inlet, showing locations 
of oceanographic stat ions (larger numbers) and bottom soundings (from 
NOS Chart No. 16700). . 
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Figure 4 .  Longitudinal section showing dissolved oxygen distribution 
in Unakwik Inlet during summer 1966. 

. . .. 
p a r t i c u l a r  i n t e r e s t .  Minimum d i s s o l v e d  oxygen concent ra t ions  s l i g h t -  
l y  below 6 m l  1 - 1  occurred deep i n  the  bas in .  Concentrat ions were 
more nea r l y  u n i f o r m  than i n  the  upper l a y e r s ,  showing a v a r i a t i o n  o f  
o.nly about 0.2 m l  1-I between 100 m depth and the  bottom. S i m i l a r  
observa t ions  d u r i n g  August 1969 ( n q t  shown) i n d i c a t e d  the  same 
s t r u c t u r e  and minimum deep d i sso l ved  oxygen concent r a t  ions o f  about 
6.1 ml 1 - I .  



These r e l a t i v e l y  h igh  ' d i sso l ved  oxygen concent ra t  ions  suggest 
e i t h e r  t h a t  consumption deep i n  Unakwik l n l e t  i s  ext remely low, f a r  
below t h e  es t imates  o f  4 t o  6 m l  1" y r ' l  f o r  lower l a t i t u d e  f j o r d s  
(Barnes and C o l l  i as ,  1958; Coote, 1964) and o f  about 4 m i  1 -1  yr'l 
i n  Resurrect  ion  Bay ( ~ e g g i e ,  i n  p r e p a r a t i o n ) ,  o r  t h a t  r e g u l a r  renew- 
a l  o f  deep water  must be occur r ing .  Since no h priori reason e x i s t s  

. f o r  oxygen consumption t o  be excess ive ly  low, t he  case i n  favor o f  
regu la r  deep-water renewal w i l l  be discussed. 

Regional oceanographic and c l i m a t i c  c o n d i t i o n s  suggest two 
p o s s i b l e  mechanisms f o r  deep-water renewal; h o r i z o n t a l  advec t i ve  
replacement and v e r t i c a l  convect ive  mix ing.  The d e n s i t y  o f  water  
i n  P r ince  W i l l i a m  Sound, which prov ides  marine source water  f o r  
Unakwik In1et;undergoes a n a n n u a l  c y c l e  s i m i l a r  t o  t h a t  i n  the  G u l f  
o f  Alaska ( f i g .  5). Dens i t y  (at )  and temperature-sal i n i  t y  r e l a t i o n s  
between Pr ince  W i l l i a m  Sound su r face  and Unakwik l n l e t  deep water  
a r e  shown on f i g .  6. The sur face-5 m l aye r ,  t h a t  having access t o  
the  l n l e t  over  t he  s i l l ,  a t t a i n e d  a maximum d e n s i t y  (at % 25.6) 
d u r i n g  March 1972. Unakwik l n l e t  bottom water  had a d e n s i t y  (at  ?. 

25.5) which was lower than t h e  P r ince  Wi l l i am '  Sound su r face  water  
a t  t h a t  t ime, and t h e r e f o r e  the  ' l a t t e r  was capable, d u r i n g  w i n t e r ,  
o f  s i n k i n g  and r e p l a c i n g  t h e  e x i s t i n g  f j o r d  bot tom water .  Deep 
water  d e n s i t i e s  d u r i n g  summers o f  1966 and 1969 were somewhat lower, 
as was the  P r ince  W i l l i a m  Sound sur face dens i t y  d u r i n g  March 1973. 
These a r e  ' l i k e l y  normal year  t o  year  v a r i a t i o n s .  An adequatemechan- 
ism f o r  advec t ing  su r face  water  i n t o  the  l n l e t  i s  p resent  i n  the  
form o f  6 t o  8 m t i d e s .  U p - i n l e t  winds may a l s o  f o r c e  sur face water  
nor thward over  the  s i l l ,  a l though such occurrences have n o t  been 
documented. 

Th i s  replacement mechanism depends on v e r t i c a l  m i x i n g  decreas- 
i n g  t h e  d e n s i t y  o f  t h e  deep water  between per iods  o f  replacement, 
s u f f i c i e n t l y  t h a t  t he  f o i l o w i n g  w i n t e r ' s  su r face  water  i s  denser 
than t h e  deep water .  W h i l e . t h e  deep v e r t i c a l  teniperature and s a l i n -  
i t y  g rad ien ts  were t o o  smal l  'and the temporal coverage too  poor f o r  
accura te  computat ions, es t imates  based on the  a v a i l a b l e  da ta  suggest 
t h a t  v e r t i c a l  eddy c o e f f i c i e n t s  on the  o r d e r  o f  1 cm2 s'l, n o t  un- 
reasonable f o r  such systems, would lead t o  a s u f f i c i e n t  annual 
decrease i n  deep water  d e n s i t y  f o r  renewal t o  occur  as suggested. A 
s i m i l a r  mechanism f o r  deep-water renewal has p r e v i o u s l y  been pro- 
posed i n  End ico t t  Arm, a s i  1 l e d  southeastern Alaskan f j o r d  ( ~ e b e r t ,  
1972) . 

I n  a d d i t i o n  t o  t h e  advec t i ve  mechanism suggested above, i n tense  
sur face c o o l i n g  coupled w i t h  cessat ion  o f  f reshwater  i n p u t  might  
lead t o  v e r t i c a l  thermohal ine convect ion i n  Unakwik l n l e t  du r ing  t h e  
w in te r .  I f  extended t o  the  bottom, t h i s  would c rea te  a v e r t i c a l l y  
homogeneous water  column and t r a n s p o r t  oxygen downward. The observ- 
ed v e r t i c a l  near-homogeneity o f  t he  water  column below ,100 m i n  
Unakwik l n l e t  suggests t h a t  v e r t i c a l  convect ion might  have occurred.  
Advect ive replacement o f  deep water  occurs g e n e r a l l y  by i n t e r l e a f i n g .  
However, t he re  was no evidence o f  such i n t e r l e a f i n g  on the  v e r t i c a l  
p r o f i l e s  b u t  i t  cou ld  have been erased by v e r t i c a l  mix ing .  V e r t i c a l  



Figure 5 .  Density ( a t )  time ser ies  from an oceanographic s t a t i o n  i n  
eastern cent ra l  Pr ince W i l l i a m  Sound ( l o c a t i o n  ind ica ted  as s t a t i o n  
13 on f i g .  18). 

Figure 6. Temperature-sal ini ty  r e l a t i o n s  between summer (July-  
August) and win ter  (march-Apri 1) deep water i n  Unakwi k  I n l e t  and 
win ter  surface water from Prince W i l l i a m  Sound. 



t races o f  temperature and. s a l i n i t y  throughout the water..column ob- 
ta ined  du r ing  March 1972 revealed a v e r t i c a l  dens i t y  ( a t )  v a r i a t i o n  
o f  0.07 from sur face t o  bottom i n  upper Unakwik I n l e t .  Th is  was 
n o t ,  however, as v e r t i c a l l y  near-homogeneous as was Por t  Valdez dur- 
i n g  the  same per iod.  Add i t i ona l  i n fo rma t ion  i s  requ i red  t o  de te r -  
mine whether o r  no t  v e r t i c a l  thermohal ine convect ion c o n t r i b u t e s  
s u b s t a n t i a l l y  t o  bottom water  renewal i n  Unakwik I n l e t .  

AiaZik Inlet i s  loca'ted on the  no r the rn  G u l f  o f  Alaska j u s t  
west o f  Resurrect ion Bay ( f i g .  1 ) .  I t  has a s i ' l l  depth o f  about 
10 m and, l i k e  Unakwik I n l e t ,  a t i dewa te r  g l a c i e r  a t  i t s  head ( f i g .  
7 ) .  No major streams and few minor ones en te r  t h i s  system a1 though 
a subg lac ia l  stream might  add apprec iab le  f reshwater  t o  t h e  system. 
Weather cond i t ions a r e  undocumented but  probably severe, though 
w i n t e r  temperatures a r e  1 i k e l y  tempered by p r o x i m i t y  t o  the  Gu l f  o f  
Alaska.. 

Oceanographic data from A i a l i k  l n l e t  a r e  l i m i t e d  t o  a s i n g l e  
s t a t i o n  which was'occupied i n s i d e  the  s i l l  on th ree  occasions; 
August 1970, May 1973 and September 1973 ( f i g .  8 ) .  The two 1973 
s t a t  ions were occupied i n  sequence du r ing  the  same season and pro-  
v i d e  a t ime se r ies -  which, though l i m i t e d ,  i s  i n fo rma t i ve  i f  viewed 
w i  t h i n  the  contex t  o f  the  foregoing. 

Mar ine,source water  f o r  A i a l i k  I n l e t  comes from the Gu l f  o f  
Alaska. The annual v a r i a t i o n  o f  dens i t y  i n  the  Gu l f  ( f i g .  2 )  i s  
such t h a t  maximum d e n s i t y  water  i s  a v a i l a b l e  a't and above t h e  10 m 

Figure  7 .  Geographical features o f  A i a l i k  I n l e t ,  showing l o c a t i o n o f  
the oceanograohic s t a t i o n  ins ide  the s i l l .  .Depths are  i n  meters 
(from C. & G.S. Chart No. 8529). 



Figure 8. Vertical profiles o f  density cot) and dissolved oxygen 
concentration in Aialik lnlet at three different times (station 
located on fig. 7). 

sill during March-April. This water attains densities above at = 
25.5, and is therefore denser during winter than Aialik lnlet deep' 
water during summer. It is hypothesized that a deep water replace- 
ment mechanism similar to that for Unakwik lnlet occurs in Aialik 
Inlet, so that the principal renewal of the deep wa.ter would occur 
during March-April. The May 1973 oxygen and at profiles represent 
conditions directly:following renewal. Changes rn these profiles 
near the bottom fo1lowing.May must result from consumptionandverti- 
cal diffusion. During the May-September period, at decreased by 
about 0.1 and dissolved oxygen decreased by about 0.8 ml 1,". The 
variation in at was of the proper order to be due to vertical diffu- 
sion. The decrease in dissolved oxygen concentration extrapolated 
over a .one-year period y-ields a consumption rate of about 3 ml 
yr'l, allowing for the relatively small effects of vertical diffu- 
sion. .This rate is similar to values (4 to 6 mi 1-I yr'l) cited 
previously from some other fjords. 

The 1970 data indicate that both dissolved oxygen concentra- 
tion and density were lower then than in 1973, though the vertical 
structure was similar,'and demonstrate that appreciable year-to- 
year variations can occur. These variations suggest that possibly 
a year might pass without deep-water renewal occurring. Flow of 
abnormally dense water into the fjord during a given year, followed 
by a yearof abnormally low density surface water in the Gulf of 
Alaska, might create a situation where source water density is too 
low for deep-water replacement to occur. Such occurrences have, 
however, not been documented. 

Russell Fjord is the third shallow-silled,Alaskan subarctic 
fjord about which oceanographic information is available (fig. 9). 
This documents oceanographic conditions in the fjord during early 
spring-autumn 1973 and has been analyzed and reported by Reeburgh 



Figure 9. Geographical features of:Russell Fjord, showing locations 
of  oceanographic stations. 

- 
et aZ. (1976). Russel 1 Fjord was singled out for study because it 
is being closed off from marine influence at its mouth by the advanc- 
Hubbard Glacier. In the summer of 1973 the entrance channel was 
only 300 to 400 m wide and about 30 m deep, severely restricting 

. -. interchange between the fjord and marine waters in Yakutat Bay. 
Oceanographic data obtained from the fjord during May, June-July, 
and September 1973 revealed, however, that the system was well 
flushed and that deep water replacement was occurring during the ' 
.course of the study. 

The Gulf of Alaska provides source water. for Russell Fjord. 
Implicit in justifying the use of data off Resurrection Bay (fig.2) 
to characterize source water for Russell Fjord is the assumption 
that water properties tend to remain constant along streamlines in 
the Alaska Current. Recent research in the Gulf of Alaska has sub- 
stantiated that this is a valid assumption, and that temperature- 
salinity characteristics off Resurrection Bay are in fact closely 
similar to those off Yakutat Bay (T. C. Royer, University of Alaska,. 
personal communication). Some temperature and salinity alterations 
may occur during passage of the water through the relatively broad, 
shallow reaches of Yakutat Bay, but it is unlikely that the annual 
pattern of density variation would be significantly altered; the 
same processes affectinq density in the Gulf of Alaska hold for 

t ~akutet Bay, and maximum surfack water densities would sti 1 1  occur 
during March-Apri 1. 



The oceanographic in fo rmat  i o n  f rom Russel 1 F jo rd .  i n d i c a t e d  
t h a t  marine water  was c o n t i n u a l l y  added t o  the  system du r ing  the  
A p r i  1-September 1973 pe r iod .  Reeburgh e t  aZ. (1976) u t  i 1 ized the 
concept o f  "NO" ( 9 ~ 0 5  + 02) ( ~ r o e c k e r ,  1974a) as a  t r a c e r  t o  examine 
these renewals. The G u l f  o f  Alaska source water  was a t  i t s  maximum 
d e n s i t y  i n  t he  annual c y c l e  d u r i n g  A p r i l  and s u ' f f i c i e n t  t o  s i n k  
n e a r l y  t o  t h e  b o t t o m - o f  the  f j o r d  ( f i g .  10). The source water  
was o f  a  l esse r  dens i t y  by June-July and r a t h e r  than s i n k i n g  t o  the 
bottom i t  i n t e r l e a v e d  w i t h  the  ambient water  a t  150 t o  200 m. By 
September the dens i t y  o f  t he  source water  had decreased s t i  1 1  f u r -  
t h e r  and was i n t e r l e a v i n g  a t  about 50 m. 

. Deep tempera tu re -sa l i n i t y  va lues from Russe l l  F j o r d  subs tan t i -  
a t e  t h e  above p i c t u r e  ( f ig.  11). Assuming t h a t  renewal o f  the  bo t -  
tom water  had occur red  j u s t  p r i o r  t o  a c q u i s i t i o n ,  o f  t he  ~ p r i  1 data,  
the  increase i n  temperature'and decrease i n  s a l i n i t y  and d e n s i t y  a t  
250 m d u r i n g  the  p e r i o d  Apri l -September can be accounted f o r  by 
v e r t i c a l  m ix ing  us ing  an eddy c o e f f i c i e n t  o f  about. 4 cm2 s - l .  At  
t he  200 and 150 m deprhs, however, advec t i ve  i n f l o w  d u r i n g  June- 
J u l y  c rea ted a  d i f f e r e n t  s i t u a t i o n .  A t  200 m, temperature and 
s a l i n i t y  changes o f  o n l y  about O . l ° C  and 0.1 "/,, occurred.  Whi le  
the  s a l i n i t y  decrease was o f  the  proper  o r d e r  t o  be due t o  v e r t i c a l  
d i f f u s i o n ,  t h e  temperature d i f f e r e n c e  was too  smal l  cons ide r ing  the 
g rad ien ts  which were present .  and, i n  f a c t ,  t he re  was v i r t u a l l y  no 

Figure 10. Conceptual izat ion showing-dependence o f  depth a t  which 
source waters i n t e r l e a f  i n  Russell F j o r d  upon time o f  year .  
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Figure  1 1 .  Var ia t ions  i n  tempera ture -sa l in i ty  character  
Russell F j o r d  deep waters dur ing  spring-summer 1973. 



tempera'ture change between June-July and September. At 150 m also, 
the variations could only have been due to advection. ' 

Deep-water renewal in shallow-si.lled southcent.ra1 Alaskan 
fjords can be summarized, using the above three cases as examples: 
1. Renewal of bottom water occurs during March-April when the dens- 
ity of marine source water is. maximum at the surface; 2. Interleaf- 
ing of marine source water occurs at progressively shallower depths 
within the fjords as the season progresses and source water density 
decreases; 3. Vertical thermohaline~convection may, in certain - 
cases, contribute to renewal of the deep waters; 4. During intervals ' 

between annual advective water renewal, distributions of temperature 
and salinity are controlled by vertical turbulent diffusion. Verti- 
cal diffusivities computed from the available data fall in the range 
between about 1-5 cm2 s-I. The dissolved oxygen concent rat ion 
between renewals is controlled by vertical mixing and biological 
consumption. Consumption is approximately 3 to 4 ml 1-I yr'l, and. 
this rate, coupled with the frequency of deep-water renewals, is 
insufficient to lead to anoxi'c conditions in any of the fjords 
studied. It appears, then, that regular flushing of deep waters 
within these fjords can occur regardless of the sill d.epth or other 
con'str ict ion at the mouth. 

(b) Intermediate-siZZed Fjords 
Port VaZdez is the only Alaskan fjord falling in this category 

which has been sufficiently studied to yield meaningful results. It 
was the zubject of a'one-year intensive oceanographic survey which 
included two short-term sets of current measurements near the en-' 
trance sill. 

Port Valdez is located on the northeastern extremity of Prince 
Will iam Sound (fig. 1) and is characterized by a cl imate and marine 
source waters similar to those described above for Unakwik Inlet. 
The 125 m sill is however-considerably deeper than the Unakwik sill, 
and the fjord itself is of larger dimensions (fig. 12). Winter ice 
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F igure 12. Geographical features o f  Port  Valdez,  showing locat ion  
ac which currents were measured. 



has 'been observed. t o  form i n  the  f j o r d  o n l y  near  i t s  head and dur -  
i ng  per iods  ~f e x c e p t i o n a l l y  calm, c o l d  weather.  Wind a c t i o n  qu ick-  
l y  breaks up and d i s s i p a t e s  any i c e  so formed. P o r t  Valdez can 
there fore  be c l a s s i f i e d  as an i c e - f r e e  body o f  water .  

Freshwater i n p u t  i n t o  P o r t  Valdez occurs v i a  numerous streams 
around i t s  per iphery ,  b u t  even d u r i n g  maximum r u n o f f  t h e  f reshwater  
i npu t  i s  l ess  than 5% o f  the t i d a l  pr ism. No l o n g i t u d i n a l  s a l i n i t y  
g rad ien t ,  averaged l a t e r a l l y  across the  P o r t  and v e r t i c a l l y  over  
va ry ing  depths, was observed i n  P o r t  Valdez e i t h e r  i n  the  surface o r  
i n  deeper l aye rs  ( ~ u e n c h  and Nebert,  1973). Th i s  suggests t h a t  t h e  
freshwater- induced pressure  g rad ien t  and consequent e s t u a r i n e  f l o w  
was n e g l i g i b l e  ( f i g .  13). During the w i n t e r  months, freshwate.r.-i.n.- 
pu t  dropped t o  v i r t u a l l y  zero  ( ~ a r l s o n  e t  aZ., 1969). 

Figure 13. Surface salinity distribution in Port Valdez during au- 
tumn 1971, indicating locations o f  fresh water input (after Muench 
and Nebert. 1973). 

. . .  . . .  
Despi te the  apparent l a c k  o f  an entra inment  f l ow ,  h ~ d r o ' ~ r a ~ h i c  

and c u r r e n t  measurements i n d i c a t e d  t h a t  f l o w  was o c c u r r i n g  through 
. t he  entrance o f  P o r t  Valdez and t h a t  deep water  was 'being renewed. 
A t ime s e r i e s  o f  temperature, s a l i n i t y  and de r i ved  d e n s i t y  da ta  was 
obta ined.  i n  Por t  Valdez ( f i g .  12,)..from May 1971 t o  Ap r i  1 1972 ( f i g s .  
14 and IS), and data  from o t h e r  l o c a t i o n s  throughout t he  Por t  i n d i -  
cated t h a t  these were rep resen ta t i ve .  From August t o  December, a  
con t i nua l  increase o f  temperature and concur ren t  s a l i n i t y  (hence 
d e n s i t y )  decrease occurred below t h e  125 m s i  1 1  depth. Dur ing 
December t o  March the  v e r t i c a l  d e n s i t y  s t r u c t u r e  became near-homo- 
geneous a l though some f i n e  s t r u c t u r e  remained i n  the  near-bottom 
temperature and sa l  i n i  t y  t races .  There was a  s l  i g h t  increase.  ( ~ 0 . 2  
" / o o )  i n  the  deep s a l i n i t y  du r ing  t h i s  p e r i o d  which cou ld  on l y  have 
resu l  ted  from in f l ow  and admixture o f  more sa l  i ne  water  ( f i g .  15).  
The near-homogeneity e x h i b i t e d  by the  v e r t i c a l  d e n s i t y  p r o f i l e  ( f ig .  
14) suggests t h a t  thermohal ine convect ion  was app rec iab le  and had 
probably acted i n  con junc t i on  w i t h  advec t i ve  renewal o f  t he  deeper 
water  t o  c rea te  the  observed cond i t i ons .  Such v e r t i c a l  un i fo rm i t y .  
was not ,  however; observed d u r i n g  the  f o l  lowing w i n t e r  (1972-1973). 



F i g u r e  14. V a r i a t i o n  i n  v e r t i c a l  temperature, s a l i n i t y  and at (dens-  
i t y )  s t r u c t u r e  i n  Por t  Valdez from Hay 1971 t o  A p r i l  1972 ( a f t e r  
Huench and Nebert ,  1973). Curves a r e  ob ta ined  from cont inuous v e r t i -  
c a l  STD p r o f i l e s .  
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F i g u r e  IS. Mean sa l  i n i c i e s  For su r face  (0-125 m) and deep (125-250 
m) waters i n s i d e  Por t  Valdez and o u t s i d e  the  s i l l  d u r i n g  1971-1972. 



This  may have been because 1971 was a p a r t i c u l a r l y  harsh w i n t e r ,  
l ead ing  t o  abnormal ly severe v e r t i c a l  convect ion  and ' coo l i ng ,  b u t  
t h e  records i n  t ime. a r e  inadequate t o  d e f i n e  what might  be "average" 
i n  terms o f  water column parameters. 

Two f i ve-day  se ts  o f  c u r r e n t  measurements were ob ta ined from 
the  entrance t o  P o r t  Valdez ( f i g .  12) ; pne d u r i n g  December 1971 and 
the  o t h e r  du r ing  March 1972 ( f i g s .  16 and 17).. These measurements 
were f i l t e r e d ,  broken i n t o  harmonic c o n s t i t u e n t s  and a l i m i t e d  
ana lys i s  c a r r i e d  o u t  by Mungall (1973). Several p o i n t s  a r e  appar- 
e n t :  1 ) .  The mean c u r r e n t s  v a r i e d  markedly- i n  speed and d i r e c t i o n .  
These v a r i a t i o n s  cou ld  have been due i n  p a r t  t o  su r face  winds, bu t  
wind observa t ions  were inadequate t o  t e s t  f o r  c o r r e l a t i o n .  2 ) .  A 
sur face o u t f l o w  was o c c u r r i n g  d u r i n g  bo th  December and March. I n  
t h e  absence o f  freshwater i npu t ,  t h i s  was a 1 i k e l y  response o f  t he  
surface water  t o  n o r t h e a s t e r l y  winds, which p r e v a i l e d  throughout  

. t h e  measurement per iods.  3) .  The weak 8-m deep i n f l o w  i n  December 
had cross-channel components and co inc ided  w i t h  a h igh  temperature 
core ( f i g .  14).  Th i s  warm l a y e r  was apparent ly  be ing  advected i n t o  
Por t  Valdez. There was a deep o u t f l o w  du r ing  4-5 and 7-8 December, 
lead ing  t o  a th ree- layered f l o w  system (two f l ow  reve rsa l s  w i t h  
depth) .  The 6-7 December bot tom . f l o w  was inward b u t  weak (< 3 cm/ 
sec) .  4 ) .  A deep i n f l o w  occur red  d u r i n g  March, s u b s t a n t i a t i n g  the 
suppos i t i on  t h a t  an i n f l o w  o f  deep water  was o c c u r r i n g  over  t h a t  
per iod .  Th is  i n f l ow  may p a r t i a l l y  have been a cont inu i ty - imposed 
response t o  a wind-dr iven sur face o u t f l o w ,  and p a r t i a l l y  d r i v e n  by 
the occurrence o f  g rea te r  dens i t y  water  o u t s i d e  t h e  s i l l .  Appreci-  
a b l e  h o r i z o n t a , ,  c i r c u l a t i o n  was t h e r e f o r e  ab le  t o  occur  i n  and ou t  
o f  Por t  Valdez desp i te  apparent l ack  o f  e s t u a r i n e  f l o w  i n  the  near- 
sur face l aye rs .  

The P o r t  Valdez entrance s i l ' l  f a l l s  i n  t he  depth i n t e r v a l  
through which dens i t y  v a r i a t i o n s  i n  P r ince  W i  1 1  iam Sound,. t h e  source 
water,  are'inear-minirnum f o r  t h e  water  column ( f i g .  5) .  I n  t h e  ab- 
sence o f  a w e l l - d e f i n e d  p a t t e r n  o f  d e n s i t y  maxima and minima a t  s i l l  
depth, renewal o f  the deep water  cou ld  occur more f r e q u e n t l y  than 
annua l ly .  Small p e r t u r b a t i o n s  i n  the s i l l  depth dens i t y  o f  source 
water a t  d i f f e r e n t  t imes o f  year  might  be . s u f f i c i e n t  t o  cause i n f l o ~ l  
and displacement o f  t h e  deep wa te r  i n  Po r t  Valdez. The s a l i n i t y  
t ime s e r i e s  f o r  P o r t  Valdez ( f i g . .  15) ,  which approximates d e n s i t y ,  
below s i l l  depth c l o s e l y  f o l l o w s  t h a t  i n  P r i n c e  W i l l i a m  Sound and 
suggests t h a t  i n f l ow  may occur  on a quasi -cont inuous bas is .  Addi- 
t i o n a l  ev idence i s  p r e s e n t . i n  t h e  form o f  near-bottom d i sso l ved  
oxygen concent ra t ions  i n  Por t  Valdez ( t a b l e  2) .  I f  renewal o f  the 
bottom water  occurred on amannual bas is ,  oxygen values would be 
maximum a t  t h e  t ime o f ' r e n e w a l  and would undergo a monotonic de- 
crease i n  t ime u n t i l  the  f o l l o w i n g  y e a r ' s  renewal. Th i s  p a t t e r n  was 
n o t  ev iden t  i n  Por t  Valdez; d i sso l ved  oxygen concent ra t ions  v a r i e d  
i r r e g u l a r l y  i n  time. 

Weconclude, based on the  P o r t  Valdez observa t ions ,  t h a t  deep- 
water renewal i n  i n t e r m e d i a t e - s i l l e d  f j o r d s  can occur  quasi -cont inu- .  
ous l y  throughout . t he  year  because o f  t h e  l ack  o f  a we1 1 de f i ned  
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F i g u r e  16. Current  speed and d i r e c t i o n  measured i n  the  en t rance  t o  
Por t  Valdez d u r i n g  December 1971 a t  t h e  l o c a t i o n  i n d i c a t e d  on f i g .  
12. 

MARCH 

F igure  17. Cur ren t  speed and d i r e c t i o n  measured i n  the  entrance t o  , 

P o r t  Valdez d u r i n g  March 1972 a t  the  l o c a t i o n  i n d i c a t e d  on f i g .  12. 

Table 2. Mean d i s s o l v e d  oxygen concen t ra t  ions ( m l  1 - I )  one meter 
above the  bo t tom o f  Por t  Valdez 

I971 1972 
-nvgusr- 9 October 6 December 19 3 a r c h  2 4  Apr i l  

5 . 8 6  6 .02  5.81 6.59 6 . 2 6  



annual d e n s i t y  v a r i a t i o n  i n  the source water  a t  s i l l  depth. E i t h e r  
s h o r t e r  than annual p e r i o d  source water  dens i t y  v a r i a t i o n s  a t  s i l l  
depth o r  s t rong  sur face winds may 1ead . to  an i n f l o w  o f  deep water  
ove r .  the  s i l l .  

(c) Deep-si Z Zed Fjords 
Deep-s i l led  f j o r d s  a r e  those i n  which the  s i l l  depth l i e s  below 

the depth o f  minimum annual dens i t y  v a r i a t i o n  i n  t he  G u l f  o f  Alaska, 
i .e .  about 150 m; ~ r i n c ~  W i l l i a m  Sound and Resur rec t ion  Bay ( f i g .  1) 
f a l l  i n t o  t h i s  category.  

. Prince i7iZ.liam Somd i s a  geograph i ca 1 1 y  complex sys tem con- 
s i s t i n g  o f  a c e n t r a l  bas in  and outward r a d i a t i n g  s u b s i d i a r y  f j o r d s  
i n c l u d i n g  P o r t  Valdez and Unakwi k  I n l e t  ( f i g .  18).  Hinchinbrook .. 
Entrance, t h e  major passage f o r  communication w i t h  the  G u l f  o f  Alas- 
ka, i s  deeper .than 200 m; t he  ac tua l  l i m i t i n g  s i l l  depth o f  about 
180 m i s  due t o  a  topographic r i s e  seaward o f  t h i s  passage. I n t e r -  
change between the  Gulf  o f  Alaska and P r ince  W i l l i a m  Sound i s  l i m i t -  
ed i n  oth:er channels by shal  lower bottoms ( ~ 1 0 0  m o r  l ess )  and 
narrow, to r tuous  con f i gu ra t i ons .  Freshwater i n p u t  i s  d i s t r i b u t e d  
around the  pe r iphe ry  o f  t he  sound and the re  a re  no major r i v .e r  i n -  
pu ts .  A seaward s a l i n i t y  g rad ien t  has never been observed, and the 
su r face  s a l i n i t y  d i s t r i b u t i o n  i s  complex ( ~ u e n c h  and Schmidt, 1975). 

Because o f  i t s  g rea t  l a t e r a l  ex ten t  r e l a t i v e  t o  the  o t h e r  sys- 
tems under consFderat ion, P r ince  W i l l i a m  Sound probab ly  conta ins  an 
apprec iab le  h o r i z o n t a l  c i r c u l a t i o n  un re la ted  t o  i t s  s t a t u s  as a  
f j o r d .  Muench and Schmidt (1975) have hypothesized, based upon 

Figure 18. Geographical features of the Prince William.Sound region. 
showing location of the oceanographic station used to construct the 
time series given in fig. 5. 



temperature and s a l i n i t y  data,  t he  ex i s tence  o f  a  c y c l o n i c  c i r c u l a -  
t i o n  i n  the eas tern  c e n t r a l  p o r t i o n  o f  t he  Sound. ' Loca l .  winds o r  
t i d e s  might  d r i v e  such a  c i r c u l a t i o n .  The o f f s h o r e  presence o f  the  . 
in tense, .  wes te r l y  Alaska Current  might  c r e a t e  longshore sea l e v e l  
slopes capable o f  d r i v i n g  a  c i r c u l a t i o n  i n  the Sound s i m i l a r  t o  t h a t  
suggested by Csanady (19741. fo r  the  Gul f  o f  Maine. The presence o f  
numerous i s l ands  separa t ing  P r ince  W i l l i a m  Sound from the  Gu l f  o f  
Alaska. would probably lessen t h i s  e f f e c t .  No d i r e c t  measurements 
o f  the  c i r c u l a t i o n  a r e .  however ava i  l a b l e  t o  t e s t  these hypotheses. 

Admi t t i ng  ignorance as t o  the  h o r i z o n t a l  c i r c u l a t i o n ,  i t  i s  
.nevertheless poss ib le  t o  speculate upon renewal o f  t h e  deep waters, 

4 The o t  t ime se r ies  i n  t he  c e n t r a l  eas tern  p o r t i o n  o f  . the  sound 
( f i g .  5 )  revea ls  a s t r u c t u r e  s i m i l a r  t o  t h a t  i n  t he  G u l f  o f  Alaska 
( f ig :  2 ) .  There are, however, some obvious d i f f e r e n c e s .  V e r t i c a l  
s t r a t i f i c a t i o n  d u r i n g  the  summer i s  less  between 100 and 250 m i n  
Pr ince  W i l l i a m  Sound than i n  t h e  G u l f  o f  Alaska. Maximum observed 
deep d e n s i t i e s  a r e  l ess  ( a t . %  25.9) i n  P r ince  W i l l i a m  Sound than i n '  
the Gul f  o f  Alaska (at  > 26). F i n a l l y ,  maximum d e n s i t i e s  deep i n  
Pr ince  W i l l i a m  Sound appeared t o  lead those i n  t he  G u l f  o f  Alaska 
by about two months i n  1972. The data were i n s u f f i c i e n t  t o  de tec t  
such'a lead t ime i n  1971. The reason f o r  t h i s  lead t ime o f  maximum 

, dens i t y  deep water  ih  .the Sound over  presence o f  such water  i n  t he  
Gu l f  a t  s i l l  depth i s  problemat ic .  Th i s  was o n l y  ev ident  d u r i n g  
1972, and i t  i s  p o s s i b l e  t h a t  some i r r e g u l a r i t y  i n  t h e  G u l f  o f  
Alaska c i r c u l a t i o n  occur red  which might  have a f f e c t e d  the  v a l i d i t y  
o f  ou r  assumption t h a t  oceanographic da ta  o f f  Resur rec t ion  Bay were 
rep resen ta t i ve  a l l  a long the  coast .  The reg ion  o f  t h e  G u l f  o f f  
Hinchinbrook Entrance i s ,  i n  f a c t ,  dominated by an extremely complex 
c i r c u l a t i o n  regime which inc ludes  a  semi-permanent eddy and i n t e r -  
a c t i o n  w i t h  f r e s h  water  i npu t  from t h e  Copper R i v e r  t o  t he  eas t  
(T. C. Royer, U n i v e r s i t y  o f  Alaska, personal communication). 

The s i m i l a r i t i e s  between d e n s i t y  v a r i a t i o n s  i n  the  Gu l f  and i n  
Pr ince  W i l l i a m  Sound do, however, suggest t h a t  deep-water renewal 
i s  o c c u r r i n g  du r ing  l a t e  summer when the  dens i t y  o f  G u l f  w a t e r a t  
the 180 m s i l l  i s  maximum. Th is  s i l l  o n l y  a l lows i n f l o w  o f  water  
w i t h  a t  'L 25.9 o r  l ess ,  which accounts f o r  waters deep i n  P r ince  
W i l l i a m  Sound being o f  l o w e r ' d e n s i t y  than water  a t  t he  same depth 
outs ide.  The deepest water  i n  the  Sound can a t t a i n  a maximum dens- 
i t y  o n l y  as great '  as the maximum dens i t y  o f  the  source water  a t  
s i l l  depth. . T h e  s l i g h t l y  g r e a t e r  d e n s i t y  o f  w a t e r . a t  180 m i n  t he  
S u l f  du r ing  1972 than 1971 was r e f l e c t e d  i n  t he  deep water  d e n s i t y  
g f  the Sound. The d e n s i t y  decrease between renewal per iods  i s  due 
t o  upward d i f f u s i o n  o f  s a l t  and downward d i f f u s i o n  o f  heat ,  as i n  
the shal lower s i l l e d  systems. 

The decreased v e r t i c a l  d e n s i t y  s t r a t i f i c a t i o n  i n  the Sound 
r e l a t i v e  t o  the  G u l f  may be exp la ined by the  i s o l a t i o n  o f  the Sound. 
j t r a t i f i c a t i o n  i n  the  G u l f  i s  mainta ined by l a t e r a l  advec t ion .  Water 
> f  maximum dens i t y  which en ters  t h e  Sound s inks  t o  w e l l  below s i l l  
jepth, l eav ing  a  r e l a t i v e l y  smal l  range o f  d e n s i t i e s  t o  occupy the  
.~olume between s i l l  depth and t h e  bottom o f  the Sound. Thus a  range 



of densities (25 < ut > 26) extends vertically from. 100 to 200 h ir 
the Gulf, but from less than 100 to about 300 m in Prince William 
Sound. 

Other oceanographic data from the Sound, specifically dissolve 
oxygen, were too incomplete to contribute substantially to clarifi- 
cation of deep water exchange processes. Available oxygen data . 
indicated, however, that there were horizontal va.riations within .th 
Sound. This is not surprising considering the probability of a 
lateral circulation, 

Resurrection Bay opens directly onto the Gulf of Alaska (fig. 
I), and is divided into two basins; the inner 290-m deep basin is 
separated from a shallower, 250-111 outer.basin by a 185-m sill (fig. 
19). some 60 km offshore in the Gulf of Alaska the bottom shoals 
to about 175 m, but this feature is not believed to effectively de- 
crease the sill depth to less ,than 185 m because of its relatively 
great offshore distance. 

Figure 19. Geographical features o f  Resurrect ion Bay showin9 s t a t i o n ,  
locat ions,  depth contours (m) and p o s i t i o n  o f  current  m t e r  a r ray .  



Freshwater i npu t  i n to .  Resur rec t ion  Bay occurs v i a  numerous 
pe r iphe ra l  streams, bu t  p r d n c i p a l l y  v i a  Resur rec t ion  R ive r  a t  the  
head o f  the f j o r d .  U.S.G.S. stream f l o w  records from 1965 t o  1968 
ind i ca ted  maximum freshwater  i npu t  du r ing  June-September. Input  
va r ied  from w i n t e r  minima as low as ~ 1 0  m3 s - l  up t o  as h igh  as 
%SO0 m3 s - l  du r ing  .September. The mean summer i n p u t  ( ~ 1 1 0  m3 s'l) 

'amounts t o  o n l y  about 1% o f  t h e  t i d a l  pr ism. 
Seasonal weather p a t t e r n s  i n  Resur rec t ion  Bay a r e  governed p r i -  

m a r i l y  by the  atmospheric c o n d i t i o n s  over  the Gu l f  o f  Alaska. Domi- 
nant w i n t e r  e a s t e r l i e s . o v e r  the  G u l f  a re  d i r e c t e d  by the  steep 
mountains bo rde r ing  the  f j o r d  i n t o  an a x i a l  d i r e c t i o n ,  l ead ing  t o  
predominantly n o r t h e r l y  w i n t e r  winds. Conversely, r e l a t i v e l y  weak 
w e s t e r l i e s  ove r  the  G u l f  d.uring summer lead t o  va r iab le ;  bu t  p r i -  
mari l y  sou the r l y ,  winds w i t h i n  Resur rec t ion  Bay. Whi le a i r  tempera- 
tures 'can be low d u r i n g  w i n t e r  (below -20°c),  s i g n i f i c a n t  i c e  forma- ) 

t i o n  has no t  been observed. i n  Resur rec t ion  Bay. 
L i k e  P r ince  W i l l i a m  Sound, maximum d e n s i t i e s  occur throughout 

the  f j o r d  below about 150 m d u r i n g  l a t e  summer and f a l l .  F ig .  20 
i nd i ca tes  the  presence o f  maximum sa l  i n i  t i e s  (> .33 pp t )  which cor -  
respond t o  maximum d e n s i t i e s  ( a t  > 26) below about 150 m d u r i n g  . . 

summer-fall. Th is  i s  a consequence o f  t he  r e l a t i v e l y  dense water  
(at > 26) on the  s h e l f  i n  the  .Gu l f  o f  Alaska d u r i n g  t h a t  pe r iod  
( f i g .  2) .  I n  c o n t r a s t  t o  summer cond i t i ons ,  minimum deep water  
d e n s i t i e s  were observed d u r i n g  mid t o  ' l a t e  w i n t e r  ( F e b r u a r y - ~ p r i l ) .  
Dens i t ies  i ns ide  t h e  s i l l ,  however, remained c o n s i s t e n t l y  h igher  
than those outs ide .  For example, minimum a t  values a t  250.m i n s i d e  

, the s i l l  v a r i e d  du r ing  the  three-year s tudy pe r iod  between 25.88 
and 25.98 d u r i n g  February-Apr i l ;  w h i l e  o u t s i d e  the  s i l l  o t  values 
a t  the  corresponding times were as low as 25.56 and 25.64. S i g n i f i -  

. c a n t l y  g rea te r  v a r i a b i l i t i e s  i n  temperatures and s a l i n i t i e s  o f  
waters below I50  m were ev iden t  o u t s i d e  t h e  s i l l ,  compared t o  v a r i a -  
t i o n s  behind the  s i l l  ( f i g .  20).  The ranges o f  s a l i n i t i e s  and 
temperatures observed were 33.22 ppt  t o  32.61 pp t  and 5.67"C to '  
4.57"C i n s i d e  the  s i l l ,  whereas they were 33.32 pp t  t o  32.06 ppt  
and 5.98"C t o  4.15"C o u t s i d e  the  s i l l .  These g rea te r  v a r i a b i l i t i e s  
ou ts ide  the  s i l l  can be exp la ined i n  terms o f  v e r t i c a l  migra- 
t i o n s  o f  isopycnal surfaces i n  the  ad jacent  G u l f  o f  Alaska. Easter-  
l y  winds over the  Gu l f  lead t o  a coasta l  convergence and a depres- 
s ion  o f  the  isopycnals, .conversely, west,erly winds lead t o  a coas ta l  
divergence and an e l e v a t i o n  o f  t he  isopycnals.  Cessation o f  the 

' winds r e s u l t s  i n  r e l a x a t i o n s  o f  t he  downwell ing o r  upwe l l i ng  condi-  
: t i o n s  and a consequent r a i s i n g  o r  lower ing,  respective1y;of t he  

isopycnal surfaces. The v e r t i c a l  m i g r a t i o n  o f  isopycnals i s  prob- 
i ably dependent upon the  r e l a t i v e  setup o f  water  a t  the c o a s t l i n e  
I which, i n  tu rn ,  depends on the  wind speed, d i r e c t i o n  and dura t ion .  

While oceanographic documentation i s  no t  a v a i l a b l e  from the reg ion I 
s o f f  Hinchinbrook Ent'rance, the  same mechanisms o p e r a t i v e  o f f .  

Resurrect ion Bay would be expected t o  a f f e c t  t he .sou rce  waters f o r  1 Pr ince W i l l i a m  Sound. 

t, 
The sal  i n i  t y  (hence dens i t y )  o f  t he  deep water i n s i d e  the  s i  1 1  



decreases during winter (fig. 21). Since source water flowing in- 
ward above the sill is of insufficient density durin'g winter (fig. 
21) to replace deep water below the sill, the observed changes in 
temperature and sal in i ty and the dens i ty decrease must resul t from 
vertical mixing of heat and salt. Temperature and salinity observa- 
tions from Resurrection Bay were used to compute coefficients of 
vertical eddy mixing assuming one-dimensional vertical mixing, 
neglecting horizontal transfer and assuming no heat or salt trans- 
port across the sediment-water interface. As energy for turbulent 
mixing is probably derived from tidal and mean currents above the 
sill, this leads to the assumption that the eddy coefficient varied 
with depth from just below sill depth (200 m) down to zero at the 
bottom. The value at 200 m was obtained from heat and salt budgets 
applied to the volume below that depth. Obtained values varied 
from 1.0 to 8.0 cm2 s'l, fall within the range given by Craig (1969) 
0.1 to 10 cm2 s'l, and are consistent with values listed by Sholko- 
vitz and Gieskes (1971) of 4 to 6 cm2 s-l at the sill depth of 
another deep-silled system, the Santa Barbara basin. 
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Figure 20. Seasonal v a r i a t i o n s  i n  temperature and s a l i n i t y  f o r  sta-  
t ions  in  the inner (Res-2.5) and outer  ( ~ e s - 4 )  basins,  during 1972- 
1974. 
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F igure 21 .  V e r t i c a l  d i s t r i b u t i o n s  o f  temperature and s a l i n i t y  i n  
the  inner basin (Res-2.5) during the w i n t e r  o f  1972-1973. 



Current  measurements were made i n s i d e  the  s i l l  in.  Resur rec t ion  
Bay d u r i n g  w i n t e r    arch-~a~) and 1 a t e  summer (septe,mber-~ctober)  ; 
these pe rm i t t ed  some examinat ion o f  d r i v i n g  fo rces  respons ib le  
f o r  t h e  deep water  exchange. Dur ing w i n t e r  s t rong  n o r t h e r l y  f lows 
( inward) o f  10 t o  40 cm s - l  were observed a t  s i l l  depth (185 m) 
which p e r s i s t e d  f o r  one o r  two days d u r a t i o n  ( f i g .  22),  and were 
no t  r e l a t e d  t o  the  reg iona l  semi -d iu rna l  t i des .  Visual  i n s p e c t i o n  
o f  t h e  c u r r e n t  and wind records ( f i g .  22) suggested some co r -  
r e l a t i o n  between c u r r e n t s  and r e l a t i v e  changes i n  wind speed and .. 

d i r e c t i o n .  . Most o f .  t he  dominant i n f l o w s  ( n o r t h  c u r r e n t s ) ,  except 
over days 29-31 and 52-54 appeared t o  be c o r r e l a t e d  w i t h  n o r t h  winds 
and/or ' r e laxa t i ons  o f  south winds. T h i s  apparent coup l i ng  was e v i -  
dent on days 0-8, 19-22, 38-40 and 42-46. Dur ing these same per iods  . 

the c u r r e n t s  j u s t  above the  bas in  f l o o r  (286 m) a t  the same loca-  
t i o n  showed none o f  these fea tu res  b u t  were ins tead dominated by t h e  
semi-d iurnal  t i d a l  s i g n a l .  The c u r r e n t s  a t  185 m which r e s u l t  from 
t h i s  apparent coup l ing ,  i t  has been hypothesized (Heggie, 1977) 
may r e s u l t  from l o c a l  convergences i n  the  o u t e r  reaches o f  t he  
f j o r d .  These cou ld  be a  consequence o f  onshore t ranspor t s  i n  t he  
Gu l f  o f  Alaska (assoc ia ted  w i t h  e a s t e r l y  winds) opposed by seaward 
sur face t r a n s p o r t s  w i t h i n  the  f j o r d  ( d r i v e n  by n o r t h  winds) .  

Dur ing l a t e  summer cu r ren ts  a t  185 m were d i r e c t e d  south- 
'ward w h i l e  those a t  286 m were d i r e c t e d  almost c o n t i n u a l l y  n o r t h -  
ward. T h i s  can o n l y  be exp la ined by an i n f l o w  o f  dense source water  
across t h e  s i l l  i n t o  t h e  bottom o f  t he  deep basin.  The o u t f l o w  a t  
185 m i s  requ i red  by volume c o n t i n u i t y  as the  deep res iden t  water  
i s  replaced by i n f l o w i n g  water .  These data were supported by suc- 
cessive deep water  s a l i n i t y  increases i n  t h i s  bas in  d u r i n g  the  same 
pe r iod  ( f i g .  23). The c u r r e n t  and wind . records d u r i n g  t h i s  p e r i o d  
( f i g .  24) d i d  no t  show as d i s t i n c t  r e l a t i o n s h i p s  as i n  t he  w i n t e r  
records. We have computed, however, t h a t  approximate ly  two - th i rds  
o f  t h e  t o t a l  t r a n s p o r t  through t h i s  bas in  occurred when winds 
i n  t h e  f j o r d , w e r e  sou the r l y .  La te  i n  September, when they tu rned 
n o r t h e r l y ,  i n f l o w  i n t o  the  bas in  decreased. Nor th  winds i n  t h e  
f j o r d  a r e  general l y  a  r e f l e c t  ion  o f  . e a s t e r l y  winds i n  t h e  G u l f  which 
tend t o  depress isopycnal  sur faces a t  t he  c o a s t l i n e  and i n  t he  ou t -  
er. reaches o f  the f j o r d  and, hence, t o  lower the h o r i z o n t a l  pressure . 

g rad ien t  which d r i v e s  i n f l o w  across the  s i l l .  - 
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Figure 2 2 .  Longitudinal  (north vector)  current  speeds a t  185 m and 
d a i l y  mean wind speeds during March-Hay 1973. 
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Figure  2 4 .  Longitudinal  (nor th  vector)  curren't speeds a t  286 m and 
d a i l y  mean wind speeds dur ing  September-October 1973. 

To summarize, bo th  P r ince  W i l l i a m  Sound and Resur rec t ion  Bay 
undergo deep-water renewal d u r i n g  l a t e  summer when source water  
dens i t y  a t  t he  s i l l  i s  a t  i t s  maximum. Short - term v a r i a t i o n s  i n  
the  c h a r a c t e r i s t i c s  o f  t h i s  source water  may be brought about by 
weather cond i t i ons  over  t.he G u l f  o f  Alaska,. as these a f f e c t  t he  
slopes o f  isopycnal sur faces.  .Winds over  the Gu l f  and i n  the  f j o r d  
can ,a l so .  a f f e c t .  the source water  I n f l o w .  ra tes  over  the s i  1 1 .  A 
deep water  dens i t y  decrease d u r i n g  the  remainder o f  the  year  i s  due 
t o  v e r t i c a l  m ix ing  and i s  necessary i n  o rde r  f o r  deep-water renewal 
t o  be ab le  t o  occur the  f o l l o w i n g  year.  

Discussion and Summary 
Research i n  a group o f  Alaskan f j o r d s  has a l lowed fo rmu la t i on  

o f  hypotheses concerning t h e i r  water  c i r c u l a t i o n  i n s i d e  the  s i l l  



and below s i l l  depth. ~ e m p e r a t u r e ,  s a l i n i t y  and d e r i v e d ' d e n s i t y  
data from bo th  i n s i d e  and o u t s i d e  the  s i l l s  have made i t  p o s s i b l e  
t o  d i v i d e  these systems i n t o  th ree  c l a s s i f i c a t i o n s  based upon s i l l  
depth; shal low,  i n te rmed ia te  and deep-s i l l ed .  S h a l l o w - s i l l e d  f j o r d s  
are  those wherein the  s i l l  depth i s  less  than the  depth a t  which. 
minimum annual v a r i a t i o n  i n  t h e  G u l f  o f  Alaska source water  d e n s i t y  
occurs. In termediate- 's i  1 l e d  f j o r d s  have s i  1 1  depths about equal t o  
the depth o f  minimum d e n s i t y  v a r i a t i o n  i n  the  source water .  Deep- 
s i l l e d  systems have s i l l . d e p t h s  g r e a t e r  than the  depth o f  minimum 
dens i ty  v a r i a t i o n .  

The f j o r d s  considered have i n  common r e l a t i v e l y  low f reshwater  
inputs  even d u r i n g  t imes o f  maximum r u n o f f .  The i npu ts  f a l l  t o  
v i r t u a l l y  zero  d u r i n g  mid-w in ter .  Hydrographic data suggest t h a t  
the g r a v i t a t i o n a l  convect ion  mode o f  f l o w  i s  n e g l i g i b l e .  The ab- 
sence o f  such.a  near -sur face e s t u a r i n e  f low.  d i c t a t e s  t h a t  mot ion 
w i t h i n  the  deep waters  become h i g h l y  dependent upon source water  
dens i t y  v a r i a t i o n s ,  which a r e  necessary f o r  replacement o f  t he  deep 
waters. I t  i s  a l s o  necessary t o  have a mechanism t o  c o n t i n u a l l y  
decrease deep water  d e n s i t y  so. t h a t  displacement type renewal by . 

denser water  can occur .  V e r t i c a l  m ix ing  o f  heat  and s a l t  can pro-  
v ide  such a  mechanism, eddy c o e f f i c i e n t s  be ing  on the  o rde r  o f  1 t o  
10 cm2 s'l. An i n t e r e s t i n g  feedback mechanism may a c t  t o  increase 
the e f f i c i e n c y  o f  t h i s  d e n s i t y  decrease. Lack o f  a  near-sur face 
entrainment f l o w  may a1 low accumulat ion o f  low s a l i n i t y  water  i n  t.he 
near-sur face l aye rs ,  i nc reas ing  t h e  v e r t i c a l  s a l i n i t y  g r a d i e n t .  Th is  
increased v e r t i c a l  g r a d i e n t  might  a l l o w  a  more r a p i d  upward d i f f u -  
s i ve  f l u x  o f  s a l t ,  thus has ten ing  t h e  d e n s i t y  decrease i n  the  deep 
waters. Th is  was p r e v i o u s l y  suggested f o r  E n d i c o t t  Arm by Nebert 
(1972) . 

There a re  ample, sources o f  energy t o  cause v e r t i c a l  m i x i " g ,  
dee.p i n  these f j o r d s .  Regional t i d e  ranges a r e  6 t o  8  m. ~ v e n  i n  
Russel l  F j o r d  t h e  t i d a l  range.was e f f e c t i v e l y  undiminished d e s p i t e  
the c o n s t r i c t i o n  due t o  t h e  Hubbard G l a c i e r  a t  t he  s i  1 1  . (persona l  
observa t ion) .  The deep c u r r e n t  measurements i n  Resur rec t ion  Bay 
have revealed both  t i d a l  c u r r e n t s  and a  mean f l o w  which might  con- 
t r i b u t e  energy t o  t u r b u l e n t  mix ing.  The n a t u r e  and v a r i a t i o n  o f  
mix ing  parameters deep w i t h i n  these systems remains, however, uncer- 
t a in .  I n t e r l e a f i n g  o f  waters must cause a  complex v e r t i c a l  v a r i a -  
t i o n  i n  b o t h  c u r r e n t  and d e n s i t y  g rad ien ts ,  hence a f f e c t i n g  v e r t i c a l  
mixing. 

The complex m ix ing  processes i n  these f j o r d s  a r e  no t  e a s i l y  
reso lvab le  from the  d i s t r i b u t i o n s  o f  temperatur? and s a l i n i t y  alone. 
Radon-222, a  member o f  t h e  U-238 decay cha in ,  has been proposed 
( ~ r o e c k e r ,  1965) and used ( ~ r o e c k e r  and Kaufman, 1970; Broecker e t  
a l . ,  19'68; Chung and Cra ig ,  1972) t o  examine. m i x i n g  processes i n  
near-bottom waters o f  d i f f e r e n t  environments. The major mar ine 
source o f  radon-222 i s  i n  the  bottom sediments, t h e r e f o r e  concentra- 
t ions a r e  h i g h  i n  near-bottom waters and, because o f  exchange across 
the a i r - s e a  i n t e r f a c e  and n a t u r a l  decay, low i n  sur face waters.  These 
concent ra t ion  d i f7erences between sur face and deep waters may prove 



useful, particularly in shal low-si 1 led fjords during winter months 
to examine transient. phenomena such as bottom water placement or 
interleafing of source waters into the bottom waters of the fjords 
Steady-state radon-222 distributions in deep waters might also cla. 
ify the .intensity of mixing processes as a function of distance frc 
the energy source. Broecker (1974b) has cited examples of how radc 
profiles reflect different mixi.ng p'rocesses in near-bottom waters, 
and Chung (1973) observed a transient phenomenon (turbidity current . 

. 
and computed eddy mixing coefficients from radon distributions in 
the Santa Barbara basin. Radon levels in Alaskan coastal waters 
remain unknown at this time, but.concentrations.are controlled by 
its short half-1 ife (3.85 days) and the sedimentation rate. Concer. 
trations are generally less in nearshore environments than in the 
deep sea, which unfortunately may preclude its use as a.tracer in 
fjords. 

The classification of these fjords according to sill depth has 
important implications relative to the deep-water circulation (fig. 
25). Maximum density source water for shal low-si 1 led fjords is 
found at sill depth during the winter, and it is then that inflow 
of source water.dense enough to replace the resident deep water can 
occur. During summer, the source water above sill depth is less 
dense than water in the basin and, while the source water may con- 
tinue to enter the fjord, it is of insufficient density to sink and 
effect replacement of the deep basin water. At the opposite extrern: 
are the deep-silled fjords where the maximum density source water 
occurs at sill depth during summer. Replacement of the deep water 
in such systems occurs in summer, rather than during winter as with 
the shal low-si 1 led systems. Intermediate sill depth 'systems fa1 1 
between these two extremes. Since their sills are at a depth where 
little annual variation in the source water density occurs, inflow 
of dense enough water to replace deep water can occur consequent to 
small perturbat ions in density of the source waters at any time of 
year.  h he timing of deep-water replacement, .and to some extent the 
duration of the period of inflow, are therefore controlled in part 
by the sill depths. 
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F igure 2 5 .  Diagram showing conceptual r e l a t i o n  between f j o r d  s i l l  . 
depths and period o f  renewal o f  deepest basin water behind the s i l l s .  
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There a r e  several  p o s s i b l e  mechanisms f o r  t r a n s f e r r i n g  source 
water over  the s i l l  t o  w h e r e . i t  can s i n k  and rep lace the  deep water ,  
g iven t h a t  the r e q u i s i t e  d e n s i t y  di f feren'ce. e x i s t s .  The h o r i z o n t a l  
pressure g rad ien t  due t o  t h e  ex is tence o f  t h e  d e n s i t y  d i f f e r e n t i a l  
i t s e l f  i s  an obvious p o s s i b i l i t y ;  t h i s  pressure g rad ien t  can cause 
an i n f l ow  o f  water  over  t h e  s i  1 1  as observed f o r  Resur rec t ion  Bay 
du r ing  the  summer. The i n f l o w  might  be aided, e s p e c i a l l y  i n  shal low- 
s i l l e d , f j o r d s ,  by s t rong  reg iona l  t i d e s  which can lead t o  apprec iab le  
cu r ren ts  over  t he  s i l l s .  Maximum cu r ren ts  through the  ent'rance t o  
Russel l  F j o r d  were es t imated from moving i c e  t o  be approximate ly  
5 m s - l .  The source water  might  be fo rced i,nward on the  incoming 
t i d e  and, once ove r  t h e  s i l l ,  s i nk .  The ebb t i d e  would then removei 
near-sur face water  from w i t h i n  the  f j o r d ,  l eav ing  the  newly formed 
deep water.  Surface winds b lowing up- o r  down-f jord might  h inde r  o r  
a i d  source water  i n f l o w  over  the  s i l l  i n  a  number o f  ways. A down- 
f j o r d  wind tends t o  acce le ra te  the  seaward su r face  f l ow ;  volume 

c o n t i n u i t y  requ i res  t h a t  t he  inward deep' f l o w  increase t o  keep pace, 
thus augmenting inward f l ow  o f  source water .  Conversely, an up- 
f j o r d  wind can cause inward su r face  f l ow ,  l ead ing  t o  a  d i m i n u t i o n  o r  
reversa l  o f  inward f l o w  ove r  t he  s i  1 1 .  Less obvious i s  the  e f f e c t  
o f  a  sur face w ind .on t h e  pycnoc l ine  bo th  i n s i d e  and o u t s i d e  t h e  
f j o r d .  Surface winds can a l t e r  t h e  depth o f  the pycnoc l ine  and con- 
sequent ly  change h o r i z o n t a l  pressure g rad ien ts  due t o  d e n s i t y , d i f -  
ference between water  i n s i d e  and o u t s i d e  the f j o r d  a t  s i l l  depth 
and speed and d i r e c t i o n  o f  t he  wind. ... s 

Longshore w.inds ove r  t he  Gu l f  o f  Alaska can have a  s i g n i f i c a n t  
e f f e c t  on d e e p - s i l l e d  f j o r d s  which renew t h e i r  bottom water  d u r i n g  
summer, inasmuch as these winds d r i v e  coas ta l  convergences o r  d i v e r - '  
gences which lower o r  ra i se ,  ' r espec t i ve l y ,  t h e  isopycnal  sur faces.  ' 

Th is  e f f e c t  would l i k e l y  n o t  be s i g n i f i c a n t  i n  the case o f  shal low- 
s  i 1 l e d  f j o r d s  which renew.-thei r deep waters du r ing  w i n t e r .  By l a t e  
w i n t e r  the water  column i s  v e r t i c a l  l y  we1 1 .mixed through .the l a y e r s  
which prov ide  source water,  i .e., from the sur face down t o  about 30. 
t o  50 m i n  P r ince  W i  1 1 i am Sound (Muench and Schmidt , ' 1975) and t o  
the bottom on t h e  Gu l f  o f  Alaska s h e l f  ( ~ o y e r ,  1975). F l u c t u a t i o n s  
i n  the  wind f i e l d  over  t he  G u l f  would t h e r e f o r e  have l i t t l e  e f f e c t  
on the  v e r t i c a l  d e n s i t y  f i e l d  o f  the  source waters and, consequently,  
l i t t l e  e f fec t  on the d e n s i t y - o f . w a t e r  a v a i l a b l e  a t  s i l l  depth. The 
s h a l l o w - s i l l e d  systems would the re fo re  no t  be sub jec t  t o  t h i s  v a r i -  - 
. a b i l i t y  i n  source water  dens i t y  a t  s i l l  depth, as t h e  deeper systems 
appear t o  be. . . 

I t  i s  expected f o r  each o f  these systems, and documented f o r  
Russel 1 F jo rd ,  t h a t  i n f l o w i n g  source water  would i n te . r l ea f  a t  sha l -  
lower and sha l lower  depths as t ime passed and the s i l l  depth source 
water dens i t y  decreased. Renewal o f  the deepest bottom water i n  a  
s h a l l o w - s i l l e d  f j o r d  would occur i n  March when source water  dens i t y  
was a t  i t s  annual maximum. Subsequent source water  would be o f  l es -  
ser  dens i t y  and would assume a  f i n a l  depth a top  t h i s  bottom water .  
Thus the  e n t i r e  water  column would be renewed, s t a r t i n g  from the  
bottom and work ing upward, even i n  the shal lowest -s i  1 l e d  f j o r d s .  



This continual interleafing of inflowing waters, coupled with the 
fact that some of the inflowing water must mix with ambient water 
en route, makes estimation of the water volume addition difficult. 
Reeburgh et a l .  (1976) have estimated, using the conservative vari- 
able "NOi' a.s a tracer, that 25% of Russel 1 Fjord water below si 1 1  
depth was replaced during the period July-September 1973. Heggie 
and Burrell (1977) have estimated, on the basis of current measure- 
ments that inflow o f  source water was sufficient. to replace the deep 
basin water in Resurrection Bay about five times during a 34-d.ay 
period. The vastly different estimates of flushing rate reflect 
accessability of the deep basins to source waters; 

In certain cases, vertical heat and salt transfer may.occur due 
to thermohaline convecti0.n. This, however, has only been documented 
on one occasion in.--Port.Valdez during winter 1972. Certainly, the 
vertically near-uniform conditions which prevai 1 within fjords below 
sill depth would facilitate such mixing. However, accumulation of 
.low salinity water near the surface, due to lack of an entrainment 
flow mechanism for removing it, might also impede thermohaline con- 
vection. Since ice does not gene.rally form in the systems under 
consideration, thermal rather than haline convection is .the acting 
mode, and this must overcome a strong vertica1,salinity gradient. 
At the low prevai 1 ing temperatures, sal inity exerts the dominant 
control over density; hence it might be expected that vertical con- 
vection would not 'be a routine occurrence. In the single documented 
case, moreover, the salinity increase at depth indicated that some 
advective addition of water had also occurred along with vertical 
convection. It is apparently not a simple matter to separate the 
effects of advective inflow from those of vertical convection. Pos- 
sibly use of a radioactive tracer such as radon-222, would provide 
a fruitful approach to solving this problem. 
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Resurrection Bay (southcentral  Alaska) is  a s i ng l e  s i l l e d  f jord-estuary 

. having a basin  depth of 283 m ( a t  S ta t ion  RES 2.5) and a ' s i l l  a t  approximately .,., . 
. . 

. . 

...:. 185 m. The inner  bas in  is  flushed annually over the: May-October 
. . 

. . 
, .. ' . . but during the.oceanographic winter period the  basin  waters may be considered 

. . .  

. . t o  b e  advectively i s o l a t e d .  The sea'sonal hydrography and disolved oxygen 
. . . . 

d i s t r i bu t i ons  wi thin  t h i s  bas in  have been described by. Heggie et aZ. (1977). 

Figure 1 shows pore water p ro f i l e s  f o r  NO -N and NH3-N and s o l i d  phase 3 

and soluble  concentrations of the t r ans i t i on  metals Fe, .Mn, and Cu within  

the  surface  sediments of the f jo rd  basin (Sta t ion RES 2.5; May 1975). 

There i s  no evidence f o r  s i gn i f i c an t  advective t ranspor t  i n  these sediments . ,. 

. . so t ha t  the  p r o f i l e  inf lexions  ind ica te  zones of chemical react ion,  and 

t ranspor t  of species i n  the  pore water i s  predominantly.via ion ic  d i f fus ion  

down the  concentration gradients.  Table I gives species  concentrat ions a t  

the  base of the  water column and fo r  i n t e r s t i t i a l  water extracted from ' .  

approximately the  upper 5.5 cm of the sediment. The computed f luxes  across 

the  sediments a r e  f o r  boundary ionic  d i f fus ion  (coef f ic ien t s  D,) assuming 

t h a t  the  bottom water concentrations l i s t e d  approximate those  a t  .the i n t e r -  

face.  I n  view of the  l a rge  concentration di f ferences  involved, (except 

f o r  NO -N) t h i s  assumption i s  not believed t o  be a major source of e r ro r .  
3 
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. . 
Figure  1. I n t e r s t i t i a l  water  con ten t s  of N03-N, NH3-N, 

. . Cu, Fe, and Mn and s o l i d  phase con ten t s  o f  Cu, 
. . . . Fe, Mn. Resur rec t ion  Bay, S t a t i o n  RES 2.5, 

May 1975. 

. . . . 
. . 

. . .  

Dissolved oxygen concen t r a t ions  i n . t h e  bottom b a s i n  wa te r s  ove r  t h e  

1973-75 per iod  decreased from around 160 p mole  E-' immediately a f t e r  re -  

-1 ' placement t o  l e s s  t h a n ' s 0  p mole 2 a t  t h e  end of t h e  w i n t e r  i s o l a t i o n  

period.  Minimum consumption r a t e s  some 5 m above t h e  sediment have  been . . 

-1 
es t imated  a t  250 11 mole y r  (Heggie et az., 1977).  A l t h o u g h  sediment : 

con ten t s  have no t  been measured, t h e  s l o p e  of t h e  g r a d i e n t  i n  t h e  s u r f a c e  . . 

. . 
l a y e r s  may be i n f e r r e d  from t h e  depth of n i t r a t e  removal. Assuming t h a t  

. . . . . '  . 
. . 
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'interfacial oxygen concentrations approximate those measured at the.base of '.- - . - 

the basin water column, the minimum (molecular) diffusive flux into the 

-2 -1 sediment is calculated to vary seasonally between ,22 and 5 p mole cm yr . 
The volumetric consumtion rate over the top 5 cm of sediment is thus 4000- 

. . 

1000 p mole yr-l; more than an ?rder o f  magnitude greater than in 'the 
.. . . . 

adjacent column. Annual net productivity over this period in Resurrection 

-2 -1 Bay h8s been estimated at around 19 mole C ,m . yr (Heggie et az., 1977). . . 

. . 
Applying conventional organic matter oxidation stoichiometry;.the computed ' ' . 

. . . . .sub-sill basin oxygen consumption could account .for. approximqtely-12-7 mole' 

-2 -1 
C m yr . -  some 66%.of the estimated productivity -with. less-than an 

'additional 1% in the sediment. oxic zone. . . 

Maximum nitrate (plus nitrite) 'concentrations over.this period within . 

-1 the oxygenated sediment layer were in excess of 90 p adle '2 (Fig. 1 In 

the absence of regeneration, surface sediment contents should approximate 

those measured at the base of the water column (30-40 p mole %-I). "Excess" 

contents will be released by .aerobic decomposition of. biogenic material, 

but the computed winter oxygen cornsumption should contribute only around 

-I . 60 11 mole NO3-N % to the surface pore.waters. 

Since it appears that .the measured nitrate.contents of the surface inter- 

stitial water cannot be accounted for.by standard. regeneration stoichiometry 

it is suggested that the "excess" nitrate is due .to nitrification at, the 

boundary. Added evidence for such an ammonia oxidation hypothesis is 

supplied by the indicated gradients and computed benthic. flux of this 

: species. The difference in concentration of ammonia is 'in excess of two 

order of magnitude across the benthic boundary (Table I) and during the 

observed 1973-75 period amonia concentrations at the bottom of the fjord 



b a s i n  a t  no t ime exceeded 1 II mole 9,-' (a l though va lues  > 2 mole 9,-I were 

found 25 m above t h e  boundary i n . J a n u a r y  and A p r i l  1975; Heggie et aZ:, 1977).  

-2 -1 
The computed ben th i c  f l u x  of 17.7 p mole cm y r  i s  capable  of  suppor t ing  

- 7 -4 a minimum grad ien t  i n  ammonia of 1.6 x 10  p mole cm (from a.mean t u r b u l e n t  

-2 -1 
d i f f u s i o n  c o e f f i c i e n t  of 3.5 cm s e c  computed f o r  .sill h e i g h t ) .  This  

. . . . 

would be equ iva l en t  t o  a concen t r a t ion  d i f f e r e n c e  between ' the sediment i n t e r -  

f a c e  a n d ' t h e  top of  t h e  b a s i n  a t  sill h e i g h t  (approximately 100 m) of  1 .6 P 
. . 

mole 9,-1; f a r  g r e a t e r  t han  anyth ing  found t o  be  s u s t a i n e d  i n  

From Figure  1, i t  may.be seen  t h a t  i n t e r s t i t i a l  water  ammonia i n c r e a s e s  

: l i n e a r l y  through t h e  ' s u l f a t e  r educ t ion  zone. D i f f u s i v e  - t r a n s p o r t  a long  th i s .  

-2 -1 
. . grad ien t  may -be computed a t  n o t  l e s s  t han  2.7. P mole cm y r  ; a f l u x  

which, a t  s t eady  s t a t e ,  would be i n s u f f i c i e n t  t o  main ta in  t h e . e s t i m a t e d  
. . 

ben th i c  boundary f l u x  d iscussed  above. It is  concluded t h a t  t h e s e  s e v e r a l  

observations.require~additional product ion  of ammonia a t  t h e  i n t e r f a c e ,  

p a r t  of which i s  oxid ized  t o  n i t r a t e .  

-1 
Maximum pore water concen t r a t ions  of  manganese (305 P mole kg. ) were 

found below t h e  s u r f a c e  sediment l a y e r  (0 -5.5 cm) decreas ing  t o  around 

5 0  u mole kg-' a t  t h e  s u r f a c e  (Table I) and a t  14-22 cm depth  and t h e r e a f t e r  

remaining r e l a t i v e l y  cons t an t  t o  t h e  maximum depth sampled (130 cm; Fig.  1 ) .  

. Maximum s o l i d  phase  concentration.^ (Table I) occurred ' i n  t h e  top  0.5 cm of  

sediment.  These d i s t r i b u t i b n s  a r e  a t t r i b u t a b l e  t o  d i a g e n e t i c  r educ t ion  and 

mob i l i za t ion  below t h e  redox boundary, wi th  upward d i f f u s i o n  and r e p r e c i p i t a -  

t i o n  i n  t h e  o x i c  zone. . . 

Pore water  con ten t s  of i r o n  i n c r e a s e  w i t h . d e p t h  t o  a maximum of  around 

390 P mole kg-' over  t h e  42-47 cm depth zone. From t h i s  s u r f a c e  sediment 

-2 -1 
grad ien t ,  a n  i o n i c  d i f f u s i o n  f l u x  of approximately 1 . 8  P mole cm . y r  may 

t . . 
. . . . .  



. . . . 
be computed, considerably larger than the 'estimated flux of 0.08 z mole cm-* 

- 1 yr across the benthic boundary (Fig. 1). It would appear that remobilized 

reduced'iron is efficiently trapped in the surface sediments.and that,' unlike 

1 .. 
manganese in this environment, little escape into the water column. 

I 
. . 

The depth distributions of the redox species 0 NO -N, &.-and Fe are 
2" 3 

consistent with a model of organic matter degradation in the sediments by 

oxidants in order of free energies made available to the organism.. .These 

oxidants.are all consumed in the top 5.'5 cm of this fjord basin. .Copper 

does not participate in this redox sequence. The general distribution of 

. this metal in the Resurrection Bay basin sediments is shown in Figure 1 and 

. .  ~iggie and Burrell '(1979) have presented a detailed model which incorporates 

remobilization in the surface sediment with.transport. up into':the water 

column and down to a removal reaction zone. 

A relative meas.ure of the remobility of these transition metals is 

given by normalizing the computed sediment-seawater flux to the apparent 

equilibrium 'solid phase concentration .of each. metal as shown in Table 11. 

  able I11 summarizes the.computed interface fluxes together with'approximate 

. standing stocks in the overlying column. The sub-sill bash water of 

Resurrection Bay is renewed annually (Heggie et aC .,, 1977). If the time 

required to double the concentration of a species in the water column via 

input,across the benthic boundary were of the same order as 'the residence 

time of the water then this transport could.be an important component of the 

estuarine geochemical balance: this appears to be the case only for manganese 

in this environment. For the other -species considered.here, riverine influx 
\ . 

and regeneration in the water column are quantitatively more important 

t processes. 

. . 
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Table I . . - 

Benthic boundary s p e c i e s  concen t r a t ions  and f l u x e s  . . 

Species  C 
(11 mole 11-l) Da x .,: F 

. . B.W. I . W .  (cm2 sec- l )  (LI mole cm-2 yr'l) 
. . 

25.5 91.7 . 11.6 2.1 ' 
. , . N03-N 

. . 
. .NH3-N . < 1 .0  137.5 11.6 : .18.3 . . 

%in 0.06 54.6 ' ' 3.8 .. . .6.5 
,, Fe 0.01 . 1.7 . . 4.2 0.08 

Cu 0.03 0.16 4.2 .'" 0.006 
. - 

B.W. = bottom water  

I . W .  = s u r f a c e  (% 0 - 5 cm) i n t e r s t i t i a l  water  

Sediment - seawater  f l u x  of  Mn, ' Fe, Cu : ' .  

. . normalized t o  apparent  e G i l i b r i u m  con ten t s  of  
' 

s o l i d  phases 

Element  lux^ (F) Equil .  s o l i d  - c/F 
. . . . phase concb (C) 

. . 
rng cm-3 yr - l  mg . . y r s  

i a = Volumetric f l u x  from s u r f a c e  5 cm zone . 

b = Sediment d e n s i t y  taken  as' 2 x l o m 3  kg/cm3 

Table I11 

Benthic  f l u x ,  s t and ing  crop and doubl ing  time. 
Resur rec t ion  Bay 1974-75 

Species  Mean water  Standing Flux (F) . Doubling 
column concs. c rop  (C) t ime 

' .  (C/F) 
11 mole R-l 11 m ~ l e ' c m - ~  LI mole cm" yr'l . y r s  
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Manganese occurs in two oxidation states '- one.insoluble, one mobile - 

over the redox potential range found in near surface estuarine sediments. 

This geochemical' character leads to partial remobilization of deposited 

manganese %n the sediments below the redox boundary and a flux into the oxic 

marine environment 'where oxidation and reprecipitation occur. Such closed 
. . 

sub-cycle behavior is of considerable interest ; not least because of potential 

control on the distribution of many other trace elements. 

Using neutron activation analysis, we have determined the distribution 

of soluble and particulate manganese within the basin and near surface sediments 

of an Alaskan fjord (Table I, Figs. 1. and 2) . Resurrection Bay has a basin 
. - .. - 

.(station depth 287 m) separated from the' Gulf of Alaska shelf by a sill at 

.approximately 185 m. This basin is flushed annually during the summer-fall 

but, because of seasonal circulation patterns developed in the Gulf, thereafter 

remains effectively isolated (Heggie e t  aZ., 1977). The data of   able' I was 

collected near the end of the oceanographic winter,period (March). At this 

time, Heggie and Burrell (1979) have shown that the distribution (C) of a 

non-conservative species within the basin may be closely approximated by a 

vertical diffusion-reaction model: 

l~nstitute of Marine Science, Contribution No. 375 



TABLE I 

MANGANESE CONCENTRATIONS IN BASIN WATER COLUMN AND SEDIMENT 
Resu r r ec t ion  Bay, S t a t i o n  RES 2.5, March 

Water Column . Sediment 
. . 

Deptha(m) Dissoived p a r t i c u l a t e  Pore  Water Sediment 

pM x pM x lo-2 -Depth (cm) pM ~ e ~ t h '  (cm) mg/g 
b 

3 5.04 10.60 2  ' 65.9 , 0 2.92 

a 
= P o s i t i v e  upwards from i n t e r f a c e  

= P o s i t i v e  upwards from r e a c t i o n z o n e  
1 : 

C . . 
= P o s i t i v e  down from i n t e r f a c e  
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Figure 1. Data point profiles showing exponential increases with depth 
in both particulate and dissolved manganese in the water column 
(Resurrection Bay, March). 
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Figure 2. Data point profiles showing surface enrichment of solid phase 
manganese and negative gradient of interstitial water manganese 
in the sediment (Resurrection Bay, March). : . .  ' , . : 



From profiles of a number of chemical species in the sediment.pore waters 

at this locality, it appears that advective mixing of the surface sediments 

I is undetectable and that equation (1) may generally apply to th-is environment ' 

also. 

.In the case of dissolved manganese, the major reaction-(J) term is oxida- 

tion. Following H e m  (1964) and Morgan (1967), we may define an apparent first 
. - 

order oxidation rate constant k: 

We assume that oxidized manganese sorbs onto'indigenous particles in 
. . 

the basin column (v ia  reactions that are rapid compared with the oxidation 

kinetics) and that subsequent transport is largely due to gravitational 
. . 

settling (W ). Then the distribution of particulate manganese (P) shown in 
S 

Figure 1 is given by: 

and the concentrations of dissolved water column and pore water Mn(I1) 

(Cw and Cs; Figs. 1 and 2) may be modeled by: 

The distribution of manganese at the time of year sampled is 'expected to 

approximate steady state. Assuming also constant turbulent (K ) and effective . 
z 

ionic (D; constant porosity +) ionic diffusion coefficients' to the ,interface. 

The solution to equations (3 ) ; -  (5) for particulate, dissolved and pore-water 

manganese respectively are: 



P-P, = (kw KZ) 3. (y) exp [-(,re z ]  

Cw-C, = KO-C,) exp [- (;yo .] 
- -C ) exp cs-csco - (Cso so3 

The interfacial concentration (Co) of dissolved Mn(I1) may be determined 

via a reiterative best fit (r = 0.895) of equation (7) to the data of Table 

I, setting C, equal to the mean solub'le concentration of manganese above sill 

2 -1 
height (1.04 x lo-* pM) and using K = 3.5 cm sec (Heggie et az., 1977). z 

-.2 
We obtain Co = 5.71 x 10 pM and an oxidation rate constant for the column I 

-1 
(k ) of 1.12 x sec . Applying the same reiterative fit technique w 

I (r = 0.995), and substituting computed values for Co and kw, allows solution I 
I -1 

of equation (6) : P, = 1.60 pM an& Ws = 1.03 x cm sec . This latter 
corresponds to particulate manganese settling via particles of 20 pM mean 

diameter. 

Similar treatment of the distribution of manganese in the oxic sediment 

zone using equation (8) is a considerably less satisfactory approach. Table 

I shows two relevant data points only, each of which is the mean of an approxi- 

mately 2 cm sediment slice. Assumption of the steady state mode permits a 

-3 second approach: C must equal Co (5.71 x 10 pM) at:the interface and the 
S 

benthic flux of Mn(I1) equals the rate of oxidation in the column. The 

latter relationships may be expressed as: 

Values computed for the constants and relevant boundary conditions using 

these two approaches are summarized in Table 11. I 



TABLE 11 

MODELING OF PORE WATER MANGANESE I N  THE OXIC SEDIMENT ZONE 
( Z  p o s i t i v e  up from r e a c t i o n  zone; s e e  Table I )  

x 
Equat ion Cs- Cs (PM) 

ks x D x F 

( s e e  t e x t )  z = O  z = 2cm . z = 3cm (sec- l )  (cm2sec-l) (i mole ~ r n - ~  sec- l )  
. . .  

* Values computed from model 
a 

. Bender (1971) 

E l d e r f i e l d  e t  aZ. (unpublished MS) 

C L i  and Gregory (1974) 



Application of the combined fjord basin sediment-water.column model has 

yielded an apparent first order. oxidation rate in both sediments and water in 
.. . 

-1 the order of 1 x sec : this gives a mean lifetime of Mn(I1) under these 

.conditions of around 10.3 days. The mean settling velocity of the particulate 

- 3 - 1 
manganese phase is approximately 1 .'x 10 cm sec . If the'flux of remobilized 

- 7 -2 -1 
manganese into the basin is taken as 1.14 x 10 p moles cm sec , then the 

standing stock of "excess" manganese (ie.;manganese.transported from the sedi- 
. . . , -2 . 

ment) may be computed at 0.27 p moles cm .. Compared with a "natural" standing 
- 2 

stock estimated at 0.76 p moles cm , the recycled fraction constitutes some 

25% 'of the total water.column manganese. These are lower limit estimates 
. . . . 

resulting from use of constant.diffusion coefficients to the interface. Apply- 

ing literature values of D (Table 11) to the pore water data o£' Table I results 

in 50-90% of the benthic flux being oxidized in the zone between the interface 

and some 10 cm above. The major need now is for precise, very'close interval 

sampling across the benthic boundary. 
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DEEP WATER RENEWALS IN RESURRECTION BAY ALASKA' 

*David T. Heggie and.David C. Burrell 

Institute of Marine Science 
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Resurrection Bay, a fjord estuary on the south-central Alaskan coastline 

is approximately 30 3an in length and 4.5 km in width. An inner basin (290 m) 

is separated. from the outer fjord and the continental shelf of 'the Gulf o f  , . 

Alaska by a sill at 185 m. Hydrographic data were obtained from five stations 

along the length of the fjord at approximately monthly intervals during 1973- 

75. The precisions of the data are compu&d to be 2' 0.02OC .and f 0. 02°/,, 

in. temperature and salinity respectively. . During 1973 current meters' were 

installed in the inner basin at depths of 46, 93, 185 and 286 m during March- 

May, and again during September-October. Two stations were selected to 

represent oceanographic conditions in the inner fjord (Res-2.5) and adjacent 

marine source waters (Res-4). Data discussed relate to these two stations. 

Seasonal density variations in the fjord are shown in Figure 1. The 

primary features are: 

1) a depth of minimum density variation around.150 my 

2) maximum densities (at > 26.00) in deep'(> 150 m) and bottom 
waters during September-October and, 

3) maximum densities (at, 25.00 - 25.50) in surface water , 
(< 150 m) during the winter months (March-April). 

This seasonal cycle in density is identical to that found by Royer (1975) on 

the adjacent continental shelf of the Gulf of Alaska. Here the seasonal 

. .  variations were governed primarily by the prevailing atmospheric conditions. 

During winter months the Aleutian low over the Gulf of Alaska and longshore 

easterly winds resulted in a coastal convergence and deep waters were 

t *Present address: Graduate School of Oceanography, University of Rhode Island, 
Narragansett, Rhode Island 02882 
'~nstitute of Marine Science, Contribution No. 382 



I 
1 . . 

I 

depressed off the continental shelf. ' Low salinity (32.00-32.50~/.~ ; 

at 25.00 to 25.50) cold (2.0 to 3.0°C) water persisted there during winter. 

During suuimer months, the formation of the North Pacific high and relaxation 

of the winter downwelling condition permitted more denke (at  > 26.00), saline 

(> 33.00°/,,) and warq (Q 5.0°C) water--which had been depressed off the shelf 

during winter--to be advected onto the shelf. This dense summer water is able 

to penetrate the inner reaches of Resurrection Bay. ... During September-~ctober 

of 1973 and again in October of 1974 salinities > 33. OOO/,d and temperatures 

% 5. O°C (at > 26.00) were measured in bottom waters of the inner .fjord basin. 

T-S characteristics of bottom waters of the inner basin (Res-2.5) were identi- 

cal to that of the marine source water (Res-4) from the narrow depth range . 

(175-220 m) which encompassed the sill depth region (185 m). . . 
. . 

Current meter data are summarized in Table ,l. The daily means of north 

vector current.speeds at 286 and 185 m are shown in Figure 2. The continuous 

inflow at 286 .m and density increases over this period must be due to inflow - 
across the sill to displace less dense basin bottom waters. The outflow 

. . 

required by volume continuity appears to be at sill depth (185 m; Figure 2). 

During winter months, T-S diagrams (Figure 3) of marine source waters.. 

(Res-4) and inner basin water (Res-2.5) illustrate the more stratified condi- 

tions prevailing around the sill depth at the inner basin station (Reg-2.5). 

The outer fjord (Res-4) is subject to downwelling of bottom waters during 

the winter because of the coastal convergence identified by Royer (1975). 

The deep and bottom waters of the inner fjord are relatively well isolated 

from this latter type of flushing by the sill and the secondary pycnocline 

across the sill depth region. Bottom water oxygen concentrations of the 

outer fjord are approximately 7.0 m l  2-' during d arch-~~ril, but in contrast, 

f ,  bottom water oxygen concentrations of the inner fjord decrease during winter 
. . 

86 . 



months t o  < 1.0  m l  k-l by March-April, r e f l e c t i n g  t h e  more r e s t r i c t e d  c i r c u l a -  

t i o n  of t h e  imer f j o r d .  

Densi ty  v a r i a t i o n s  a r e  c o n t r o l l e d  by s a l i n i t y  v a r i a t i o n s  and dur ing  t h e  

major renewal even t s  o f . t h e  summers .of 1973 and 1974, e s t i m a t e s  of t he '  t r ans -  

p o r t s ,  and volumes of water  d i sp l aced  have been c a l c u l a t e d  from a s i m p l i f i e d  
. . 

s a l t  budget. The l o c a l  r a t e  of s a l i n i t y  change ' a t  Res-2.5 below s i l l  depth  has  
. . . . 

been approximated by two terms: a s a l i n i t y  i n c r e a s e  because of v e r t i c a l  advec- . I' 

. . 

,. t i o n  of dense water  a c r o s s  t h e  s i l l  and a s a l i n i t y  decrease  by v e r t i c a l  mixing: 
. . 

. . 

. . . . .  . . . . 
, . 

A t 2 , ~  i s  time i n t e r v a l  between pe r iods  t 2  and t l  

S2$ i s  s a l i n i t y  a t  depth i, a t  t ime t 2  

S 1,i is  s a l i n i t y  a t  depth i, a t  t ime t l  

AZi i s  depth increment 

Wz 
i s  v e r t i c a l  advec t ion  v e l o c i t y .  

. . S~ i s  s a l i n i t y  of i n f l u x  water  

. S~ i s  s a l i n i t y  of e f f l u x  water  

K i s  v e r t i c a l  exchange c o e f f i c i e n t  
z 

AS 
-(s) is  mean v e r t i c a l  s a l i n i t y  g r a d i e n t  a c r o s s  t h e  s i l l  
AZ 

In t r a -bas in  c o n t r i b u t i o n s  t o  t h e  s a l i n i t y  a t  Res-2.5 have n o t  been accounted 

f o r  (homogeneous cond' i t ions were observed dur ing  1973); W and K have been z z 

assumed cons t an t  w i th  depth dur ing  renewals and t h e  s a l i n i t y  f l u x  a c r o s s  t h e  

sediment-seawater i n t e r f a c e  has  been neglec ted .  The product  of Wz (obtained 
. . 

from s o l u t i o n  t o  ' t h e  above equat ion)  and the.  c ros s - sec t iona l  a r e a  o f '  t h e  s i l l  

depth contour  y i e l d s  t h e  t r a n s p o r t  dur ing  renewals;  (Table 2) .  During a  35 day 

per iod  i n  September-October of 1973 t h e  topographic b a s i n  volume was rep laced  

2-3 t imes over.  An estimate of t h e  t r a n s p o r t  dur ing  t h i s  same pe r iod  from 



c u r r e n t  meter d a t a  (Table 1 )  y i e l d s  a t r a n s p o r t  o f  4.1 x l o8  m3 day-': suf  - 
f i c i e n t  t o  r ep lace  t h e  topographic bas in  volume 2.8 times over.  During t h e  

renewal events  of 1974, however, t h e  b a s i n  volume was rep laced  approximately 

1 .5  times over  . i n  a fou r  month per iod  (Table 2 ) .  

' References 
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Table 1 

Current  Meter Data 1973 

Depth (m) 

March 1 3  - May 8 
Average s eed D i r e c t i o n '  P cm sec- degrees 

September 5 - October 9 
Average s eed ,Direc t ion  

cm. sec' ? - degrees 

3.69 8 (1) 
0.88 . . 1.19 (0) ' 

1-13 179 ( o j  
3.11 28 (1) 

I = in f low 
' 0 = outf low .. 

Table 2 

Transport  Est imates and Volumes Exchanged 
.Dur ing  Major Renewal Events of 
. . 1973 and 1974 

Transport  Percent  Volume- of Inne r  
Date m3 day'1 bas in  below s i l l  depth  

September 6, 1973 
5.0 x l o8  133 

September 20, 1973 
2.5 x l o 8  108 

October 10,  1973' 

J u l y  25, 1974 
7.9 107 

October 18 ,  1974 



'RESUR'RECTION - 4 

R E S U R R E C T I O N  - 2.5 

Figure 1. Seasonal  dens i ty  v a r i a t i o n s  Resurrec t ion  Bay s t a t i o n s  Res-4 
and Res-2.5, 1973-1975. 
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F i g u r e  3 .  T-S diagrams Res-2.5 and Res-4 d u r i n g  .... 
A p r i l  of 1973, 74 and 75. 



THE BEHAVIOR OF IRON, 

MANGANESE AND ZINC IN A HEAVILY 

POLLUTED RIVER - ESTUARY SYSTEM 

(Abstract Only) 

David C. Burrell 

Unpublished Manuscript 



ABSTRACT 

The physical-chemical behavior of iron, manganese and zinc has been 

'observed in the freshwater and estuarine zone of a river system -the 

Da-.tuo Chi, draining the region surrounding the third largest population 

center (Taichung) of Taiwan - which is being heavily contaminated with 

industrial and urban effluents. This preliminary survey relates to one 

time of year only: immediately before the.rainy season when river 
. . 

discharge was at a 'dnimum. At this time iron was present in the river 

.upstream from the zone of urbanization largely in particulate form. 

Downstream from Taichung high concentrations of iron, manganese and zinc 

are. present in an .organically complexed form and in true solution. Within 

the estuarine mixing zone, particulate speciation'again predominates. Here 

total water column levels are much reduced whereas labile (acid extractable) 

sediment contents are relatively high. It appkars that estuarine scavenging 

is an efficient removal process even where the freshwater input contains 

high concentrations of heavy metals as soluble organic complexes. 
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University of Alaska, Fairbanks 
Fairbanks, Alaska 99701 

M E M O R A N D ' U M  

J. M. Colonel1 H. J. Niebauer 
E. R. D ie t e r  K. R. Turner 
J. J. Goering M. J. Roberts  
R. S. Hadley D. C. B u r r e l l  1 

FROM : D. L. Nebert 

I DATE : May 15 ,  1978 

. SUBJECT:. Cru ise  r e p o r t  f o r  Acona Cruise  260. 

. I. . P r o j e c t  T i t l e :  C i r c u l a t i o n  and Water Masses i n  t h e  Gulf of A ~ ~ ~ ~ ~ / ~ A A - o c s E A P  
, 

Grant 103-5-022-56, t a s k  o r d e r  1 9  (Royer) and t a s k  . orde r  . 1 2  ( B u r r e l l ) .  

! 
' 11. . Chief S c i e n t i s t :  D. L. Nebert 

. . . . 

i 
111. Cruise  Dates and P o r t s :  Cru ise  AC 260 was d iv ided  i n t o  3 l e g s :  

Leg 1: Commenced on 21 A p r i l  1978 i n  PWS. Included PWS and ~ e s u r r e c t i o n  
Bay; Task o r d e i  19.  . . ~ e r m i n a t e d  o n  23 A p r i l  1978 i n  Seward. 

I 

Leg 2: Commenced,on 23 Apr i l  1978 i n  Seward. Included work i n  Resur rec t ion  
Bay only ;  Task o rde r  12. Terminated on 24 A p r i l  1978 i n  Seward. 

6-. .. . . 
. . .  . . 

I.., Leg 3: Commenced on 25 A p r i l  1978 i n  Seward. Returned t o  Seward same day 
due t o  impassable weather.  ~ e m a i n e d  . i n  p o r t  during.  26 A p r i l  through 
midday 27 Apr i l .  ~ n c l u d e s  work i n  PWS, Gulf of Alaska, and Resurrec t ion  
Bay; Task o r d e r  19. Terminated on 8 May 1978 i n  Seward. 

I V .  General S c i e n t i f i c  Purpose: 
Task Order 12.: To determine heavy meta ls  pathways i n  e s t u r i n e  systems. 

Task Order . l 9 :  To conduct a n  STD' survey from which d e n s i t y  and hence ' . cur ren ts  
can  be  derived.  
To recover  and deploy c u r r e n t  meters .  
Together t h e s e  measurements w i l l  a l low d e s c r i p t i o n  of . the  
phys i ca l  environment and p r e d i c t i o n  of p o s s i b l e  p o l l u t a n t  
pathways. 

V. Summary of S c i e n t i f i c  Work:. 
Accomplishments: a .  88 STD c a s t s  

b. 3 c u r r e n t  meter mooring deployments 
c .  2 c u r r e n t . m e t e r  mooring r ecove r i e s  
d. 5 Nansen c a s t s  
e. 5 s p e c i a l  chemistry c a s t  
f .  7 h.orizonta1 plankton tows 
g. 3 v e r t i c a l  plankton tow 
h. 3 o t t e r  t r a w l s  
i .  6ben thos  cores .  

Items d. through i. were completed on l e g  2 ,  b. and c. on l e g  3 and i tem a .  on 
a l l  l e g s .  

95 ' . .  
. . 

. . .  . . . .  . ...: ... ;. . -  
.. " .:" - .  . . A Division of the University of Alaska statewide System of Higher  ducati ion -... - . 



MEMORANDUM U N I V E R S I T Y  O F  A L A S K A -  page two 

Considering the restrictions placed on the cruise by foul weather, the 
above accomplishments constitute a successful.cruise. 

. Problems: 
a. The weatter was the biggest problem during the cruise - making it impossible 

' 

to complete all objectives. Only 54 of the planned 110 "outside" stations were 
'occupied while all Prince William Sound work was completed even though it had 
the lowest priority. 

b. We experienced several current meter failures including one on which the 
bottom of the pressure case "fel1,off". It's time to reevaluate maintenance 
and handling procedures. 

c. One meter was lost during recovery (S.N. 624 ) when the line became en- 
.tangled in the ships propeller. The line was cut and the meter fell to the 
bottom. 

. . 

d. Two (expensive) POE floats used for primary .subsurface floation flooded 
and lost some of their bouyancy. The cause is Gnclear - the durrent meter 
records will indicate whether or not they dived deeper than the recommended 
75 m. 

e. The STD tape deck (Kennedy 1600) failed during the third leg of the cruise. 
At present it is not ciear how much of the data is bad. (The tape transport 
appeared to fail intermittantly.) 

f 
\ -. f. With anchors, floatation, and meters for three moorings on board, it appears 

we are pushing the limits of the Acona. .If more gear and/or weight is to be 
carried, the cruise should be broken into legs inbetween which the Acona can .-.. - 
return to Seward for ,additional gear. The limits of safety are being pushed 

I when the deck is full of gear allowing little room for deployment/recovery 
activities. 

- .- 

VI. Personnel: 
Leg 1: W. Kopplin Leg 2: Dr. D. Burrell Leg 3: D. Nebert 

Dr. J. Colonel1 H. Weiss W. Kopplin 
G. Schmidt 
B. Chiodo 

All personnel are IMS employees. 

VII. Station Listing 

T. Owens 
D. Wie hs 
S. Hale 
W. Kopplin 

POSITION . . APPROX 
STATION NAME LAT ( N) LONG( W) 'DEPTH (M) 

PWS 728 
PWS 727 
PWS 724 
PWS 723 
PWS 722 
PWS ,721 
PWS 729 
PWS 730 
PWS 734 

T. Weingartner 
J. Jehle 
B. Vail 

TYPE .OF 
STATION 

STD 
STD 
STD 
STD 
STD 
STD 
STD 
STD 
STD 



I '  Station Listing (continued) 
. . 

L-. ' ' 

POSITION 
STATION NAME LAT (ON) LONG(OW) 

PTJS 733 
PWS 732 
PUS 731 
PWS 735 
PWS 736 
PWS 740 
PWS 738 
PWS 737 
RES 005 
RES 004 
RES 3.5 

. RES 003 
RES ' 2.5A 
RES 2.5B 
RES 002 
RES 02.5 
RES 001 
RES 02.5 
RES 02.5 

. . GAK 001 
PWS 037 

f - 
i: ) MS A 

MSB 
PWS 740 

... GAK716 
GAK 715 
PWS 718 
PTJS 719 
PWS 720 

I PWS 721 
PWS 724 
PWS 725 
PWS 726 
GAK 715 
GAK 714 
GAK 713 
GAK 712 
GAG WA 
GAG WA 
GAK 711 

. . GAK 710 
GAK 709 

; GAK 708 
GAK 707 
GAK 706 

1% 
GAK 705 
.GAK 704 

i GAK 703 
GAK 702 
GAK 701 
GAK 700 
GAK 699 

. . ' GAK 011 
. . GAK010 

APPROX 
DEPTH (M) 

TYPE OF 
STATION 

STD 
STD . . 

. STD 
STD 
STD 
Interogate CM Mooring 
STD 
STD 
NAN, STD 
NAN, STD 
STD 
NAN, STD 
STD 
STD 
NAN, STD Hori 
NISK/V.T.s/M.Trace/NAN/Plan 
Horiz Tows, Plankton 
Benthos Cores 
Horiz. Tows, Plankton 
S TD 
STD 
Picking up Current Meter 
Deploy Current Meter 
STD 
STD 
STD 
STD 
STD 
STD 
STD 
STD 
STD 
STD 
STD 
. S TD 
STD 
STD 
Deploy Current Meter 
STD 
STD 
STD 
STD 
STD 
STD 
STD 
STD 
STD 
STD 
STD 
STD 
STD 

. STD 
' STD 



Station Listing (continued) 

POSITION . . 

STATION NAPE LAT (ON) LONG(OW) 

GAK 009 
GAK 008.' 
GAK 007 
GAK 006 
GAK 005 
GAK 004 
GAK 003 
GAK 002 
GAK 001 
GAG 072 
GAG 073 
GAG 074 
GAG 075 
GAG 076 
GAG 077 
GAG 078 
GAG 079 
GAG 080 
GAG 008 
GAG 007 
GAG 006 
GAG 005 
GAG. 004 
'GAG 003 
GAG 002 
GAG 001 
GAG 009 
GAG 010 
GAG 011 
GAG 012 
GAG 013 
GAG 014 ' -  59'20.0' - 

GAG 022 59'.15.01 
PE 001 60'20.6' 
RES 004 59O54.7' 
RES 2.5 60'01.2' 
HEB 60'18 .I' 
HEA 60'21.3' 

APPROX 
DEPTH (M) 

278 
280 
2 38 
14 2 
17 7 
201 
217 
198 
265 
192 
172 

. . 98 
9 5 
11 7 

. 183 
980 
2048 
1960 
3600 
1775 
251 
139 
175 
214 
194 
29 
2 0 
106 
110 
113 
208 
2103 
2545 
22 
260 
289 

TYPE OF' 
STATION 

STD 
STD 
STD 
STD 
STD 

. STD 
STD 
STD 
STD 
STD 
STD 
STD 
STD 
STD 
STD 
STD 
STD 
STD . 

STD 
STD 
STD 
STD 
STD 
STD 
STD 
STD 
STD 
STD 
STD 
STD 
STD 
STD 
STD 
STD 
STD 
STD 
Deploy Current Meters 
Recover Current Meters 
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CRUISE REPORT 

Acona Cruise 262 10-11 July, 1978 

Kinetic Studies of Methane Consumption in Marine Sediments 
. . .. . .. OCE 76-08891 . .. . .. 

~i~tribution 'and ~ ~ n a m i c s  of. ~ e a v ~  Metals in 
' Alaskan Shelf Environments Subject to Oil Development 

. . . -  . . . . . .  NOAA/OCS 03-5-022-56 Task order 12 . . % .  

. . . . . . 

. . 
. . .  . . . . . . . . 

W. S. Reeburgh - Chief Scientist 



Scientific Objectives 

' 1. Obtain cures froin Resurrection Bay for methane analysis and 
methane oxidation rate measurements. 

.. . 2. Particle size and. concentration.measurements in Resurrection . . 
. Bay waters. 

. . 

. 3 .  Obtain samples for dissolved and particulate cadmium at Res 2.5. 

i . . 
. . 

. Summary of Scientific Work . . 

. . . . , .. . . . 

This cruise consisted of two day cruises with sample work-up at 
. . . . . .  . . . . .  . . 

.: .dockside and in the shore laboratory. 
. . . . 

. . .  

.. . During the first day Res 2.5 was sampled extensively using non- 
. : . . 

metallic gear. Samples for cadmium analysis were taken and preserved. 

Samples were taken for analysis with the laser particle size analyzer. 
I 

.. . . Gravity cores were taken and analyzed for methane at the shore lab. 
' , I  < ,  

' .  These cores were' very fltid and were collected with great difficulty., 
I 

No methane was detected. 
. . 

The Resurrection B'ay station line was run the second day. Hydro- 

graphic samples, nutrient samples and samples for particle size analysis 
. . 

were taken. Gravity cores were taken for methane analysis. No methane 

was detected. Isotopic measurements of sulfate reduction rates and 

methane oxidation rates 'were initiated. 

Personnel 

W. S. ~eebur~h Chief Scientist 
Tom Owens Graduate Student 
Malcolm Robb Graduate Student 
Donna Weihs Technician 
Barbara Hood Technician, 
Scott Reeburgh Observer 

U o f A .  . 
U of A 
U of A 
U of A 
U of A 
Fairbanks, Ak . 



ir:;? Acorn Cruise 262 
+ ., .. ,,f .. 

Hydrographic Station Listing 10-11 July, 1978 

Sta I/ Name Latitude , Longitude 

002 Res 2.0 60'03.5' 149'23.4' 

004 Res 5 59'50.7' , ' ,  149'27 .9' 

. , 005 . . ~ e s  4 59054.7' _........ . . : ,  '149'24.0' 
, . 

. . 
006 ' Res 3 59'59.0' . 149'20.5' 

007 Res 2.5 60'01.2' ..149'21.5' 



.: 
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R/V ACONA CRUISE 2 7 2  
. . RESURRECTION' BAY 

W i l l i a m  S. R e e b u r g h  
C h i e f  S c i e n t i s t  

M a r c h  1 9 7 9  



CRUISE REPORT 
R/V ACONA CRUISE 272 

Dates: 6, 7 March1979 

Scientific Objectives: 

a. Measure sulfate reduction rates ii.1 Resurrection Bay sediments 

b. Studies of interstitial water chemistry . . . .  

c. Calibrate XBT system 

d. Deploy sediment trap and ancillary corrosion experiment at Res 2.5 

e. Studies of .suspended material;, concentration and size distributions. 
. . 

. . f. collect pink shrimp larvae 

g. Conduct trawl reconaissance of Resurrection Bay benthic fauna 

Summary of Scientific Work: 

Electronic problems forced us to abandon objective c before the 
cruise commenced. No larval shrimp were collected in numerous hauls, so 
our success with objective f was limited. All other objectives were met 
without incident: the mooring deployment (d) went very smoothly coring 
(a, b) revealed changes in sediment consistency since July, 1978. 

Observers from the Seward Marine Station.were a welcome addition to 
the scientific party. We appreciate the flexivility and cooperation of 
the relief captain, Wolfgang Mikat, and the crew of the Acona. 

. - . .  - 

. . 
Scientific Personnel: . . 

. . 

6 March 7 March 

S. Reeburgh 
Owens 
Robb 
Sugai 
Ippolito 
Erickson 
shoemaker 
Foster 
Trettner 
Cremo 

W. Reeburgh 
J. Colonell 
D. Harris 
G. Mueller 
T. Owens 
M. Robb 
S. Sugai 
C. Cremo 
A. Ippolito 
P. Shoemaker 
N. Foster 

Station Locations: 

1) Res 2.5 . :  60°01.2'N . . 149O21.5'W 287 m 
.2) Res 4 5g054.7'N 149024.0tW . .' . 257 m 

. . . . 



I n s t i t u t e  of Marine Science . 

CRUISE REPORT 

. . Vessel:  R/V Acona 

Cruise  No. : 275 
. . 

. . Sponsoring Agencies:, U. S. Borax COT. 
U. S. Dept. of Energy 

. P r o j e c t  T i t l e s :  (1) ~ A r i n e  ~ n v i r o n m e n t a l  S tud ie s  i n  Boca de  Quadra 
. ( 2 )  Transpor t  and r e a c t i o n  of heavy me ta l s  i n  Alaskan 

f j o r d  e s t u a r i e s  I 
I 

Dates: A p r i l  18 - A p r i l  29, 1979 ! . .. 

Personnel :  D. C. B u r r e l l ,  Chief S c i e n t i s t  
. M. Robb 

. . . . 
S. Sugai 
T. Paluszkiewicz 
W. Kopplin 
P. Shoemaker , - , 

I t i n e r a r y :  Vesse l  depar ted  Seward 0000 hours  A p r i l  18  f o r  t e s t i n g  of 3  and 
4 channel STD.systems. Returned Seward t o  disembark ET. De- 
p a r t e d  ~ e w a r d ' 0 7 1 0  f o r  Yakutat Bay. Arr ived Yakutat Bay 1800 
A p r i l  19. Depart Yakutat Bay 0655 A p r i l  20. Ar r ive  Ketchikan 
0920 A p r i l  22.. Ar r ive  Boca d e  Quadra a rea  1334 A p r i l  22. Ar r ive  
Ketchikan 0600 A p r i l  26. ,/ 

S c i e n t i f i c  Objec t ives :  / 

Leg I. To o b t a i n  f u l l  s p r i n g  hydrographic coverage i n  Yakutat Bay. 

Leg 11. To cont inue  d e t a i l e d  s e a s o n a l  environmental  survey i n  Boca de 
Quadra, Wilson and Bakewall A r m s  and Smeaton Bay. Inc lud ing  
r e t r i e v i n g  and s e t t i n g  c u r r e n t  meters ,  b e n t h i c  t r awl ing  t o  
o b t a i n  b i o t a  samples f o r  heavy meta l  a n a l y s i s ,  and sampling 
of Keta River  f o r  chemical parameters .  

Operat ions:  Resu r rec t ion  Bay 

4-18 0049 . 001 RES-2.5 287 m STD, neph, T, S ,  
. . 02 ,  nut's 

0830 002 RES-4 262 m STD 



Yakuta t  Bay ( s e e  accompanying l o c a t i o n  l i s t i n g )  

I 
4-19 ' 1800 ' 003 .' YAK-12 236 m STD 

004 YAK-10 75 'm STD. 

005 YAK-9B ' 148 m ' STD 

2045 006 ' YAK-9BA 137 m STD 

2108 00 7 YAK-8 .. 90 m STD - 
. - - .. . - . . . . . . . . . .- . .. . . . . - - - - . - . . . - - .. -- - - . . . - -. . , . . 2124 . 008 YAK- 7B 155 m STD 

2150 009 YAK- 7 174 m STD 

2225 010 . ..'YAK-8A .. . 60 m STD 

2247 011  YAK-9A 97 m STD 

2315 012 . YAK-6B 60 m STD 

. . , 2340  . 013 YAK- 7A 104 m ' STD 

2359 014 YAK-6 95 m STD 

4-20 0016 ' 015 YAK-5 172 m STD 

0042 016 YAK-5A 164 m STD 

0117 017 YAK-4 142 m STD 

0347 018 ' YAK-3 247 m STD 

0427 019 . YAK-3A 245 m STD 

0645 . 020 - YAK-9 1 5 5 m  , STD 

' ' Boca d e  Quadra  a r e a  

4-22 1334 . 021  BQ- 15 373 m STD, T, S ,  
0 2 ,  n u t s  

1 6  15 02213 BQ-14 ' .84-92 m STD 
dep loy  c u r r e n t  
m e t e r s  (E-1) 

1702 02 4 BQ-11B 252 m STD 

1755 ' 025 BQ- 11 364 m STD, T, S ,  
02, n u t s  

19 10 026. BQ- 11A 238 m STD 

2010 02 7 MB- 2 102 m STD 

2035 02 8 MB-1 1 2 1  m STD 

2123 029 MA- 2 ,183 m STD 

2200 030 MA- 1 174 m STD 

2220 0 3 1  BQ-9 ' 384 m STD, T, S, 
02, n u t s  



033 BQ-5 ' 280 m 

034 BQ- 4 111 m 

042 BQ- 5 278 m . 

043 BQ-3 

044 BQ- 3A 

049 

050 BQ- 3 

05 1 BQ- 3 

052 BQ- 3B 

053 . BQ-4 

054 BQ-5 

055 BQ- 3 

05 6 

057 BQ- 3A 

05 8 

05 9 

060 BQ- 3 

06 1 

STD 

STD 

'STD, T, S, 
02, n u t s  

STD, PL . 

STD, T, S ,  
02, n u t s  

STD 

PL 
Recover c u r r e n t  
m e t e r s  
Deploy c u r r e n t  
meters (5-2) 

STD, T, S,  0 , . . 

n u t s ,  POC, D ~ C ,  
POP, PONY N i t e x ,  
pH, v e r t i c a l  plank: 
tow 

v e r t i c a l  p l a n k .  tow 

PL 

POC, DOC, POP, PON, 
N i t e x ,  pH, b e n t h o s  
c o r e s  

~ e c o v e r  c u r r e n t  
m e t e r s ,  STD, PL . .  

Keta  R i v e r  sampl ing 

Otter Trawl  No. 1 

van  Veen 

STD, neph 

STD, neph 

STD, neph 

STD, neph 

Benthos c o r e ,  g r a b  

g r a b  

g r a b  

g r a b  

g r a b  
Otter t r a w l  /I2 . .  

Otter t r a w l  iI3 

g r a b  



1 6 1  m g r a b  - 

137 m g r a b  

288. m STD, neph 

356 m STD, neph 

BQ- 3B 

BQ- 7 

BQ-9 

0225 066 . BQ-11A 245 m STD , neph 

BQ- 11 

BQ-11B 

BQ- 14 

BQ-15 . 

BC-10 

STD, neph 

STD, neph 

STD, neph 

STD, neph 

STD, neph, T,  
S ,  02 ,  n u t s  

STD, neph SB- 5 

STD, neph 

STD, neph, T, 
S ,  0 2 ,  n u t s  

STD, neph SB- 2 

SB-1 STD, neph, T,  
S,  02, n u t s  

STD, neph SB- 0 

WA- 1 STD, neph 

1640 080 BA- 1 150 m STD, Aeph, T ,  
S ,  02, n u t s  

2 100 082 BA-1 . 1 5 5  m ' STD 

2117 083 ' SB-0 238 m STD 

2139 084 SB- 1 247' m STD ' 

SB-2 . 188  m STD 

SB-3 238 m STD 

SB-4 155 m STD 

SB-5 452 m STD 

BC-10 600 m STD 

P r ob lems : 

cou ld  n o t  b e  deployed because  o f  non- T h i r d  c u r r e n t  mete r  s t r i n g  
a r r i v a l  of a c o u s t i c  r e l e a s e .  

C r u i s e  275: Shipek g r a b  s t a t i o n s  







Yakutat Bay - C r u i s e  /I275 - Apr i1 .1979  - STD Stations 



Boca de Quadra. 

MB- 1 55 . 05.5 . '130" 43.3 
MB 2 55" 03.3 130" 42.2 . - 
BQ . 11.A 55" 07.3 130" 48.8 
BQ 11 , 55" 06.2 130" 53.0 
BQ 11B 55" 04.7 130" 58.8 

. . . . 

BQ . '  14 . 55'" 04.6 131" 02.6 ' 

. . .  
. . 

. .  ' . . 
BQ : ' 15 55" 03.0' . . . .131° 07.0. . '  ' . 

. . .  . . . . .- . 

CST 0 55" 51.5 131" 42.0 . .  . 

Smeaton Bay System 
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