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ABSTRACT

During the period from 1975 through 1978, sediment cores and grab samples
ware obtained from over 100 sites in lower Saginaw Bay. BSelected samples wera
analyzed for grain size, organic and inorganic carbon, over 30 elements and

both cesium-137 and lead-210. The study has revealed ac extensive mud deposit

in the lower bay covering about 400 km? oriented approxiwately with
bathymetric contours. The clay content of this deposit sxceeds 50% toward the
center with the mean grain size increasing toward deposir margins. Calcium
family elements (Ca, Mg, and 1n¢rganic carbon) are preferentially concentrated
at the aouthwestern end of the depoait silther because of the distribution of
gource materials or because of prevailing curvents In the syatem. In
contrast, iron and organic carbon exhibic highest cencentrations in aediments
with highest content of clay-slze particles. Most other elementz, Including
contaminant metals (Cr, Cu, Ni, Pb, Zn) have surface concentrationa which
eorrelate strongly with conceptracions of iron and organic carbon {rﬁp.g;

N = 30).

Vertical diacributions of radionuclides and contaminant metals reveal a
zone of constant activity {or concentration) which extends from the sediment~
water Iinterface to deptha ranging from 10 to 25 em. This zone of uniform
compasitlion variesz systematically withino the deposit, tending to be greacest
toward the center, and ia probably the result of extensive mimiong by zooben-—
thos {predmminantly slipochaetes). Abour 90% of the zoobepthos cccur within
the zome of mixing determined radiometvically. Benthas densities range from
10,000 Eo 50,000 per w2 and ave sufficient to completely mix sediments

annually.
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Because of extenzive mixing, sedimentation rates may not hbe reliably
derermined from profiles of Cs-137 in this gyatem. However, lead-210 dating
appears valid and ylelds sedimentation rates ranging from about 0.07 co 0.24
glemd/yr (0.1-0.6 cm/yr). Highest rates occur toward the southwestern end of
the deposlt and decreass with increasing distance from the mouth of the
Saginaw River. Radiometric mized deptha, in combination with sedimentation
rate waluea, provide estimatea of particle residence times in the mixed layer
ranging from ll to 60 vears and averaging 30 years. Contzminant metal
deposition rartes as of 1975 are eatimated uvsing a model of ateady—-state mixiog
and exponential loading with a 20-vear doubling time in combination with
gedimentacion rate data.

Annual laadings are estimated (in metric tons/year} aa: Cr, 54; Cu, 28
Ni, 30; P, 420; Pb, 40; and In, B6.

Surface concentratlons of contaminant metals {and most other slements)
are conaistently lower in the bay mud deposits than in open lake deposits.
Intense local sources do not lead to highff_ggﬂceqtrations within the deposit
mainly becausa of extensive downward reworking of gurface materiala, and to a
lesser degree, becauae of dilution by inert allochthonous wmaterials. When
corrected for "dilution" effects, concentration of chromium are considerably
higher in the bay muds. Belative to upnderlying sediments, the contaminant
metals are highly enriched fa zurface materfials and mean vertically integrated
amounte (exceeding background) levels (ugfcnz} are: Cr, 280; Cu, 160:

Ni, 150; Ph, 220; and 2Zn, 490). These values far excead the excess element
accumulation in deposits of the open lake. Thus, while gurface concentrations
of contaminant elements, with the exception of chromium, are mot particularly

dizstinctive, the vertically integrated ameunts are strikingly high
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I1lustrate the effectiveness of wertical reworking processes 1In diluting
contaminants reaching the mud. The total amount of cesium-137 stored in the
deposits 13 about 64 Ci compared with an estimated 158 Ci deposited over the
same area from cumulative atmospheric fallouwt. As tributary contributions may
be ignored (but possibly not exchange from the open lake) the muds are no more
than 40% efficient In retention of the radionuclide. Total Iinventories of
wetal contaminants in the lower hay (metric tons) are: <Cr, 1,000; Cu, 590;
Ni, 5%0; P, 11,000; Pb, 850; and Zn, 1,800.

Fluxes of nutrients from cores collscted during the pericd from April
through Hovember 1978 were datermined fram Ehangea in concentrations In water
overlying sediments ifocubated at prevailing in situ temperatures. Mean values
for the period were: P, -530 pg/fem?/yr; N(NH3), +200 yg/cm?/yr: B(8O4), -360
pglem?/yr; and Si, 3,000 ug!cm;fyr- Releases of 3£ constituta 3 major input
of 51 inro the Bay. The flux of silicom from sediments exhibits ap annuzal
cycle ranging from about 1,300 ugfcmzfyr in the spring to a maximm of about
6,000 pg/cn?/yr in August. The mean flux may be reliably predicted from
thermodynanic expressions and the sediment temperature. During the fall
months the flux {(ac canstant.tenperature} ia strongly correlated with the
numberg of chironomid larvae present. Correlatious between other nutrient
fluxea znd organiam densicies are generally insignificant. The mean flux of
silicon based an pore water concentrztlon gradients and estimatee of the
effective molecular diffualon coefficlent were only about 5860 pg Sifcmzfyr.
Slgnificantly hipher direct fluxes suggest thar 31 release from sediments is
not diffuaion-limited but dependent on the rate at which materizls dissolve at

the gediment-water interface,
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INTRODUCTION

This iz the second of three reports dealing with the composltiocn of ve-
cent gediments of Lake Huron and the rate of accumulation of metal econtami-
nanta. The almg af the report Include: (1) determination cf recent
sed imentation ratea bath by radiometric methods and other meana, (2} identi-
fication of elemmntal contaminanta by examination of concentration profiles in
dated gediment cores, (3) development of contour maps for sectisns of the
lake which show the concentraclon of metal contaminants and their present and
historical rates of accumulation, {4) eatimation of rthe total amowmnmt of
various contaoinants stored in sediments, (5) 1éentifinatiun of the origins
of metal contaminants in selected cores, and (&) recognitlon and quanticative
treatment of procesaes affecting sedimentcary records of radiosectivity and
metal contaminants and the exchange of subatances between sediments and
overlying water. The results of the research reported in thils Lake Huron
sediment serlea represent a natutal extension of the work of Thomas et al.
(1973), who provided the first extenaive and systematic mapping of the
surficial sediments of Lake Huron, and that of Kemp and Thomas (1976), who
provided the first limfted exploratory study of the distribution of meral
contaminants in pollen—dated corea from thias Lake.

The teports in the serles deal with southetrn Lake Huron {Bobbina 19303,
Saginaw Bay and norithern Lake Huvom. Areas of the lake treated In asach respart
are indicated in Figure 1. This report, focusing on 5aginaw Bay, emphasizes
the lower part of the bay as can be seen from the distribution of coring
locatlons shown im Figure 2. The 1973 study of Thomas et al. indicated that

sediments of the outer bay were comprised of sand and therefore relakively



G T W- amu'

Figure 1. SBediment coring locationsz in Lake Hutron. Sampling was
conducted throughout the entire lake from 1974 through 1978,
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Figure 2. Sediment sampling sites in SBaginaw Bay.
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uninteresting from the atandpoint of significant accumulations of
contaminants. Alrthough the Thomas et al. study did not include the lower bay,
the earlier work of Wood (1%64) showed that the lower part of the bay
passesged an area of fine-grained sediments of conalderable extent.

Ag the fine-gralped sediments are the primary carriers of contaminants,
this area 13 a probahle receptor of contamination 1ssuing from the Saginaw
River. In thils report, the results of analyses of many samples from the

saveral hundred cores collected in the lower bay are summarized.

METHODS

FIELD METHODS

Sediment samples ware collected at 57 stations in Saginaw Bay during
Aprll and August of 1975, The locations of the 1975 stations, shown Iin Figure
2, cover in considerable detail most of the corable areas in the lowar bay.
In 1978 the entire lover bay was resampled at over 100 starlons. Cores were
collected wherever possible and supplemented by Ponar grab samples of
uncorable sediments (sand and gravel). The additional 1978 sampling sites are
shown in Figure 2 aa open circles. Sediment coves were collected with a 3-
inch diameter gravity core (Benthos, Inc., Falmouth, Masa.). Cores contained
within plaztic liners were hydraulically extruded and sectioned ahoard ship.
Detaila of the sediment collectlon and procesaing metheds are provided in the
Southern Lake Hurom Report (Robbins 1980).

In addition, for this report, a saries of cores were taken for nutrient
flux measurements. Cores collected by the above methods were extruded inte
short plastic liners approximately 23 cm lomg. Care was taken to presarve

approximarely 10 o of overlyiug water and to disturb the core minimally
&
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during the cransfer process. The short sections of core with overlying water
were placed in @ water-hath incubator, the temperarure of which was adjusted
tg match the in situ sediment temperature. The overlying water in the cores
was continuously aerated and mixed by Incrroduction of filtered ailr from a 3/87
gection of Tygon tubing extending a few em into the water overlying =ach core.
A maximum of 21 cores could be incubated simultaneously. During the paried
from April to Hovember 1978, selected sites io the lower bay were revigited
elpht times to collect cores for nutrient flux dererminations. Fluxes ware
inferred from measurement of the concentratloen aof nurrients in wverlying water
as a functlon of time. Approximately every 24 hours for one week, 20 mlL of
water was withdrawn from 2ach core {about 5-7% of the total volume of
everlying water), filtered immediately through a phoephate—free pre-rinsed
0.43 micron {Millipore®) filter, and frozea for subsequent analysis. During

the course of the flux study, over 40 cores were examined.

LABDRATORY METHODS

The methods for determination of certain sediment characteriaciecs and
composition of sediments are described in considerable detzil in the Southern
Lake Huron Report (Robbins 1960). Methods are dessribed for determination of
bullk density, fraction dry weilght, zoobenthos composition, activity of cesium—
137, total and inorganic carbom, elements via Aromic Absorption Spectro-
photomatry {(AAS) on acid-peroxide extracts, lead-210, amorphous silicon, and
elements in whole sediment as determined via Neutron Activation Analysis
{NAA). Ceoncentrations of nutrients in pore water and, ia the flux
experiments, in overlying water are determined by convenrional colorimetric

methods a3 described by Strickland and Parsons {1972},



In additina, for this report, grain—size distributions have been measured
by conventional methods, employing sieving for peroxide-cleaned sediments with
mean grain diameters ezceeding 63 um and plpette 2nalysis of the sieved
materials with mean grain sizes less than #3 pm. Details of these methods are

deseribed by Royse {(L970).

RESULTS AND DISCUSSION

PHYSTCAL CHARACTERISTICS {F SEDIMENTS

The distribution of graln size in surface sediments of the lower bay is
summarized Iin Figures -5 in terms of the major alze categorles: c¢lay, ailr,
and sand. In analyzing over 150 sediment cores, the 1-2-em interval waa
chosen on the assumption that it provides a better representacticn of the
distribution of grain sizes of quasi-permanent surface deposits than does the
0-1 cm interval. This uppermost layer (0-1 cm)} conaists of a flufd, highly
mobile flocculent phase overlyiag all corable zediments in the bay. The lim-
ited comparisond poszsible from the vertical dependence of grain size
distributions in cores suggest that there is generally little difference In
grain size distributfion between the 0-1 god 1-2 em incervale of sediment.

Inspection of Figures 3-5 shows that the lower bay possesses an extenslve
aree of mud (clay plus silc) which generally 1iss within the deepar waters and
covers roughly one guarter of the area of rhe lower bay. Areas outside the
mud deposit are generally comprised of gand with ipolated areas of gravel and
coarset materials. Even within cthe med deposit, surface sediments genevally
have datectable amounts of fine sand. Only six samples out of 102 contained
no measurzble amomes of sand. The mean grain size of surface sediments In

the lower bay ia shows in Figure 6. Note that secumulatilon of finer materials
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Figure 3, Percent clay in surface sediments (1-2 ¢m depth} of lower
Saginaw Bay.
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Figure &, Percent silt in surface sediments (1-2 cm depth) of lower
Saginaw Bay.
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Figure 5. Percent sand in surface sediments (1-2 cm depth) of lower
Saginaw Bay,
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Figure 6. Mean grain size {(phi units) of surface sediments of lower
Saginaw Bay.
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{phi 2) occurs to a limited extent in the s=outheaatern veglon of the bay in
locally deep water {cf. Fig. 2 for bathymetric data).

The fractional water content by volume (porosicy) of surface sediments
fl1-2 cm) shows minor bur systematic variationa over the mud deposit. Highest
porosities tend to occur toward the center'nf the deposit and decrease toward
the marging where a greater proportion of sand occurs. No water content
measureients were made outsfide the mud deposits, aa only grab samples could be
gbtained for which water content aa well as depth determinations are
inaccurate. The vertical distribuotion of water content in cores shows
systematic variations which are Ilmportant for interpretatlon of radicaccivity
and metal profiles. An example is provided in Figure 7 (Core: EPA-SB-75-40}.
A qualitative description of sediment textural characteristicsz 1s shown as a
funcefon of sediment depth along with the porosity and the fractiom of dey
gediment by weight which iz szoluble cn treatment with acid and concentrated
hydrogen peroxide. Both the porosity and the solouble fraction decrease with
increasing sediment depth down to about 20 cm, remain comstant more or less
betwean 20 and 35 em, and then rise slightly below 35 cm to at least 50 cm.
The principal reeson for this systematic decrease in porosity over che upper
20 cm 13 variable dilution of fine grained sediments by sand. Sadiments
between 20 and 35 cm contain conslderable sand (°50%). Below the layer of
sandy clay-sile Is a layer, starting at about 35 cm in the core (Fig. 73, of
virtually sand-free clay. It ig important to note thar althoupgh compacticn
can account for some of the decrease ln water content near the sediment
surface, its role is comparatively minor below depths of a few cm, a2 can be
seen by comparison of the water content and acid soluble fraction in Flgure V.

Thia core typifies the wertical structure of the mud depesics in the lower

11
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bay: =zone 1 (fluid flocculent sediment) is roughly 1 cm thick, overlaying
zome 2, gray sallty elay with a sand content which graduslly increases wirh
sediment depth, followed by zone 3, which is a rvegion of silcy clay wich 2
relatively uniform and high amount of fine sand, underlain by a clay {zone 4)
of higher water content {greaay) of Indeterminate thickness. The thickness of
the zones varies systematically with location within the mud deposit.
The depth of the tranesltion berween zone 2 (mud wich sand content dncreasing
with depth) and zone 3 (clay-ailt with vniformly high amounts of fine sands)
pccurs roughly where the porosity, ¢, is 0.7 and the rate of change of
d4 1 d4
porosity, =+, with depth fa greatest (li.e., — =
dz $ dz

{(Fig. 7), this depth iz about 15 em. Porosity profiles for several other

3. In the case of Core 78-40

cores are shown in Figures 8 and 9. Porosicy tranaitfion depths {mud layer
thickness) vary from 4 to 18 em In the examples. The porosity of surface
sediments is shown in Figure 10. The systematic wvariation in the mud
thickness is illustrated in Figure 1l. Thickest deposits eccur toward the
center of the depesitional area and the thickness is correlated with the

fraction of the sediment which is clay.

COMPOSITION OF SURFACE SEDIMENTS

The pH of surface sediments measured fn April is shown in Figure 12.
Values tend to be highest {exceeding pH 8.00} toward the margina of the mud
depoait. Lowest pH values tend to he centrally located within the deposit and
are as low as about 7.2 pH units. The platinum electrode potentizl {Eh) shown
in Figure 13 also tends to be highest toward the deposit perimeter with valuea
exceeding 400 wyv. Within the deposit the electrode potential is less than 100

mv over roughly half the area. These trends toward lower pH and Eh values

13
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Porosity profiles in selected cores analyzed for stable elements,

cegium-137, and lead-210,
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within depositional basins 1a typical of the sedimentary enviromments of the
Great Lakes. Lower pH and Eh valuss are aszocilated with fine-grained, orgamic
rich, comparatively reduclng sedimentary materfals.

The distribution of inorganic carbon {(Flg. 14} exhiblts an ephanced
concentration in the sputhwest end of the mud deposit. This trend 1s
reflected in the distribution of calciuvm (Fig. 15) and magnesium {Fig. 1l6).
The assoclation of theae constituents as well as their ratios provide
presumptive avidence for preferential deposition of dolomitlir materials in
that area of the lower bay. The distributiss of organic carbon in aurface
sediments (Fig. 17) contrasts markedly with thosze of the calcium element
group. Organic carbon ranges from legss than 1% to greater than 5% aver the
lower bay, with maximum concentracions tending to occur in deepest asreas of
the bay. Iron (Fig. 18) exhiblts a aimilar pattern. Metals such as lead,
zine, and copper {which in aurface sediments may be partly of anthropogenic
origin) have distributioms which are very similar to the discribution af irom.
The distribution of lsad is provided as an example in Figure 19.

 Concentrations range from less than 20 ppm 1in regions sutside the mud deposit
{sandfgravel) to greater than B0 ppm at several Isolated sitea within the
deposaitional zone. In contrasat to the above three contaminant metals,
another, cadmium, has a diatribution (Flg. 20) which 1is dissimilar to the iron
group but Tesembles mwore clozely the distribution of the caleium family
comstituents. The weaker assoclation of cadmivm with the iron-organic carcban
group alse ogccurs in surface sediments in the southern part of the maim lake
{Robbine 1980}. The similarvity of the distribution of iron In surface
gediments to that of other elements 1ls summarized In Flpure 21 in terms of

ordered correlatlon coefilciente. HNote that totzl iron exhibits the best

20
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Figure 17, Organic carbon in surface sedimenes (1-2 cm).
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Figure 19. Lead in surface sediments {(1-2 cwml.
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correlation with acid soluble iron (Fel2) {r = 0.96 for ¥ = 331}, The alements
Pb, Zn, Cu, Mn, and Ni ars all well correlated with iron while organie carbon
is comparatively less well-correlated 1in this enviromment. TIn c¢omtrast, 1n
surface sediments of the maln lake, both iron and organic carbon are
gignificantly bBetter correlated {Robbina 1980}. BRezsons for thia difference
are unclear; howevar, a possible explanation is that the hydrodynamic
properties of iron and cevganic carbon—containing partieculate matter may tend
to be more similar in deep water depositional environments remote from
allochthonous gourcea. It should also be noted that the 1lnorganle carbon
content of surface sedimencs 1s more poorly correlated with calcium and
magnesiuvm in sediments of Saginew Bay than in sedimenta of the main lake
{Robbins 1980).

Tha surfzce sediment composition dara are summarized In Table 1. Valypes
are in microgramsz/gram (ppm) unless noted. The index 2 following an elemsnt
aymbol (e.g., Fel) Iindicates a concentration based on AAS analysls of acid
extracts. Elements without this index were determined by neutvon activation
analysis of whole sediment. The extent of variability of the concentrations
is indicated by che tatio of the standard deviaticrn of the values to the
average {(coefficient of variation). This racio iz showm versus element In
Figure 22, Two major groups of elements may be distinguished: thosze with
coefflclents greater than 0.4 and generally fwith the exception of As) in the
range af 0.4-0.5, and those with valuea helow 0.4, penerally occurring withia
a gomewhat narrower range from about 0.25 to 0.35. Elements falling within
the high variability group include the calecium family constituents and the
contaminant metals group as determined from acid extracts. The low

varlabilicy group includes the rare earth slements, elements which are not

29



TABLE 1. Summary of surface concentration data.

Numbe r
Hanpe Standard of
Element Minimnum Max imum Average Deviation Ratio* Samples

FSOL({X) 1.40 54.6 27.7 10.3 0.372 34
o H ] 0.110 2.49 1,42 0.519 0,437 29
oc(%) 0,320 3.21 3.47 1.14 0.330 A
4s 1.14 60.2 16.46 13.5 0,814 35
Ba 133 351 422 2.9 0.196 35
Be 1.42 46.7 13.1 T.O0 0.513 35
CaZ(X) 0.012 4.87 2.35 1.48 .628 1)
ca2 0.170 4,32 2.50 1.22 0.507 33
Ce 7 535.6 41.1 11.1 0.270 35
Co 1.25 11.1 8.22 2.29 0.278 35
Cr 5.67 106 71.6 21.8 0.304 35
Cr2 8.93 1713 63.5 j6.8 ad.508 46
Cs 0,216 5.15 1.25 1.05 0.323 35
Csh 0.110 7.04 2.97 1.42 0.479 s
Cu2 0.720 49.7 25.5 15.9 0.624 45
Eu 0.208 1.12 3.895 0.222 0.248 a5
Fa{Z) 4.310 1.43 2.38 0.686 0,288 35
Fe2{%) 0.026 .21 1.78 0.948 0.532 46
HE 0,880 9.19 3.60 1.51 0.269 35
K2 (%} 0. 104 1.21 0.652 0.247 0.379 KK
La 5.13 31.9 24,2 5.30 D.269 35
Lu 0.044 0.423 0,283 0.075 {0.264 35
Mg2(X) 0.020 5.56 1.54 1.05 0.682 46
Mn2 20 964 495 298 0.602 46
Na 4,020 9,090 6,550 1,130 0.172 35
Ni2 .10 66.5 3.9 17.5 0.548 b
P2 187 2,100 1,330 486 0.366 26
Fbi 3.20 87.5 45.3 6.9 0.593 44
5b 0,089 0.957 D.322 0.167 0.32¢ 35
Sc D, 640 12.3 .30 2.67 0. 304 5
Se 0.574 3.00 1.75 0.474 0.269 a5
Sm 0.770 5.28 3.76 1.08 D.287 35
Th 0.802 8.57 6.28 1.79 0.286 a5
U 0.249 5.00 1.41 0.918 0.650 35
Zn2 4.90 188 96.3 56.2 0,584 45

Values in g/g unless indicated. *Ratia = 5D/mean = coefficient of variation.
FS0L = fraction soluble in acid; IOC = {norganic carbon} OC = organic carbon;
CsR = radiocesium (Cs-137).
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Figure 22,

Relative variability in concentrationzs of elements in
surface sediments (see text).
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likely to be contamivants and {where comparison is possible) the whole sedi-
ment concentrations of elements whose acid extract concentrations fall in the
high var{abilitry group {e.g., Fe/Fe2, Cr/Cr2, and Cs/CsR).

A comparison of the concentration of elements in surface sediments of the
lower béy with those in surface sediments in the scuthern part of Lake Huron
is provided inm Table 2. It can be seen that, generally, concentrations are
lower in the bay mud depoafta. A regression of ln Cgg va 1ln Cqpp yields the

following relatlonship:
Cgg = 0.71 Cgpl-03 (1)

with r = 0.9% (N = 33). The mean ratio of Cgp/Cqry 18 0.77. Thus, on the
average, concentratlioog In the oud deposit of the bay are 30{ lesz than in mud
depesits in southern Lake Huron, presumably because of the greater dilutiom of
bay sediments by inert (quartz/eclays) materialg. If the effects of this
dilution are taken inte account, only a few elementa have significantly
different average concentrations in the bay relative to the open lake. Mozt
natable Iz whole-sediment chromium (Cr) which has an averapge concentration of
72 ppm. As the mean concentration 1in southern Lake Huron is 47 ppm, the above
regresslion equation yields a predicted value of 0.71*471.03 = 37,5 ppm-

Hence, Lf the cffects of dilution are remaved, concentrations of total
chromium are 72/37.5 = 1.9 times higher in the bay than the lake. Thisa
relative enhancement 18 also seen 1n acid—-scluble chromium, although to a
lagger degree {ﬁ3fﬂ.?l*661'n3 = 1.2). Also occurring in relarively higher
concentration {(on an Iinert—material corrected basls) 1s orpganic carbon
(3.5!0.?1*3.21*D3 = 1.3):. The relative ephancement (or reduction} in the mean

concentration of elements in the bay muds {ia shown in che last column of
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TABLE 2, Comparlson of average concentrations of elemente in surface sedi-
ments of Sapginaw Bay and southernm Lake Huron.

s
ol Gl

Lower Southern Ratle of Relative
Saginaw Bay Lake Huron** means Enhancement

Element* (C5a) (Csrm) (Csp/CsLn) (Cgn/Csp)
FSOL(%) 28 n + 30 1.15
I0G{X) 1.4 2.4 « 58 0.80
OC{X} 3.5 3.2 1,08 1.48
Asg 16 27 «61 +78
Ba 423 432 .98 1.14
Br 15 51 +29 + 37
Ca2(Z) 2.4 2.7 .89 1.22
cdz 2.4 z2.9 +83 1.13
Ce 41 54 .76 +95
Ca 8.2 10.6 T 1.02
Cr 72 47 1.53 1.92
Cr2 63 66 .95 1.18
Cs 3.2 1.6 .91 1.24
Calld? 3.3 7.7 42 «56
Cu2 25 37 T .85
Eu + 90 Tl .81 1.15
Fe{X} 1.8 2.4 75 1.03
FeZ(X} 2.4 3.1 7 L.05
K2(%) 65 . 68 .96 1.36
La 24 1n T .98
Ly -28 «33 .B5 1.24
Mg2(Z) 1.5 2.0 75 1.03
Mn2 - 050 «13 .38 .38
Na &, 550 7,300 .90 .97
Ni2 31.9 50.6 .63 79
P2 1,330 1,508 + BB 1.00
Ph2 5.3 7i.6 . 52 .76
8b .32 .87 +60 .85
Sc 8.80 11.2 7Y 1.03
5m .76 5.23 +72 36
Th 6.28 8.24 . 7h 1.00
L] 1.41 2.79 .50 .69
Zn2 96,3 116.3 .53 1.01

*Values in pgfg unless indiecated.
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Table 2. Some elements, notably Br, Cs-137, Mn2, and U are significantly less
in the bay muds even after correction for dilution. Reasonz for this
reductlon are not clear. In the case of the radicnuclide, Cs-137, which
entera the lake primarily from atmospheric fallcout, the reductlion may be
attributable to focuasing effects. Cesium-137 depositad over a wide area (lake
gsurface) aceumulates In comparatively limited armas of the lake bottem.: In
the bay, the area of accumulation is comparable to the area of infitial
deposition. Also, more Cs-137 may be exported to the open lake from shallow
bay waters through resuspension.

Coefficients of rorrelation between contaminant metal concentrations
{(namely Cd, Or, Cu, NI, Pb, and Zn), provided ia Table 3, illustrate their
vary hipgh degree of simflarity in arveal distribution within surface moud
deposits. In all cases but the pair In~Cr, for which r = 0.89%, valuas of tha
correlation coefficient exceed 0.9 for N > 32 in the case of Cd and N > 43 for
the pther element pairs, not invelving Gd. Analysis of one contaminaat
element in surface pediments serves to establish lavels of the others with a

high degree of confldences.

TABLE 3. Corrzlation coefficients for pairs of contaminant metal concentra-
tions {acid soluble) in surface gediments.

Cd Cr Cu Ni Ph Zn
Cd 1 .90 94 =91 21 .92
cr 90 1 +93 .91 .94 -89
Cu « 934 93 1 94 97 .53
Ni 91 1 - 34 H .37 +95
Pb .91 -1 97 97 | 99
Zn .92 .89 .98 85 - 99 1

For Cd K > 32; for other elements N E,hj‘
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4s both grain size distributf{on and concentration data are available for
surface sediments, some inferences may be made concerning the assceiation of
2lements with sediment pgrain size. Tdeally, the elemental composition of
sediment size fractions should be wmeasured, but such an approsach iz beayond the
scope of this study. YHowever, to the extent that the concentration of an
element in sediments of a well-defined size range (e.g., 3 to & phi onics) 1a
independent of lacation over the lower bay, the concentration may be inferred
by statristical analysia of a sufficlently large concentratbion—grain size data
get. 1If £; is the fraction of the total dry weight of sediment which 13 in
the ith aslze class, and the concentratlon of a certain element in that size

class is €y, thern the measured concentration in the sample is
¢= 1 Cyfy. (2)
1=1

If Gj is the measured concentration in the jth sample, then the assumed

independence of €4 on location means that-

Cj-

CyF (3)
A 114

1

| e B

where f;4 is the fractfon of the toral sediment dry weight in the ith size
class at the jth location. It is further aspumed that the dependence of c'y

on mesan graln glize in each gize clags {44) is easentlally Gausss{an so that,

-(b,~8 )% / 2a$

Cy = Cpaxe (4)
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A noalicear least squares routine was used {Dama and Robbins 1%70) to deter-
wmine valuea of the thres parameters (cmax, $m, and g¢) for each slemant using
the surface roncentration data and grain size data. The results are presented
in Table 4 and Fipgure 2. It can ba seen that the elements (Fal, Fa, Pb2Z,
Zn2, aud Br) ave apparwmtly asasociated with the smallest mean grain sizaes
{greater than 1% phi wnits). These elements not only are assoclated with
particularly fice grained sediments but concentrations are distributed over a

wider range of sizea (especlally Fel, for which the value of o, is 6.3 phi

b
unita), The model corwenitrations for these elements shown 1in Figure 23
indicate that Fe2 is, 12 fact, not strictly Gaussian, In the aense that the
apparent position of the maximuom i{s beyond the range of the dara. Alsoc shown
in Figure 23 {(upper panel) is the correlarion of the measured concentration
with esach size class. Generally, for all elements (including thosge shown),
correlations are high (0.7, N = 30) for graio slzes greater than 7 phi.

Belaw 7 phi units, the eorrelatiou decreases rapidly, Teaching zero at 4 phi
units and remiins zero or nagative for even lower phl valuea (larger graln
sizes}. Thus, the measured concentrations of all elsments of this study are
derived from partial concentrations of the element on grain sizes smaller than
about &0 microns (4 phi). The presence of materlials with grain sizes greater
than & phi {coarse z1ilt) merely serves to dilute sediments with fnert
constituente {inert with respect to element2 determined in thisz study). In
the case of FeZ and PH! (Fig. 23), the correlations va. grain slize 1in the
interval heyond 7 phli wmdits are comparable, although the correlatisns with
lead remain slightly higher. The behavior of calcium, however, 1is
signtficantly different. For this alement, the maximum correlation oecurs

around -8 phi units and drops significantly for smaller particle sizes
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TABLE 4. Grzin sizefconcentration model parameters.
Carrelation Humber
n U¢ Coeffi- of
Element Cmax# {phi unita) {phl units) clenc#* Samples
F50L 209, 7.1 0.66 .51 34
I0C 9.65 6.8 0.68 .52 29
oC 203, a.0 0.25 B3 28
Br 76.6 13.0 2.2 49 35
Cal2 1%.7 6.7 .64 .81 46
cd2 7.8 7.8 1.8 .86 33
Ce 93.9 8.1 202 ¥ 35
Cao 23.1 8.0 1.8 .70 15
Cr 266, 7.6 1.4 .70 35
Cr2 142. 10.8 3.8 B0 46
Ca 7.82 11,0 3.0 .68 35
sR 159. 3.8 0.21 +Bl a3
Cul 318. 7.0 0.50 -89 45
Eu 1.63 5.4 2.8 .62 33
Fe 4.93 10.5 3.2 .72 35
Fel 9.25 18.4 6.3 .87 46
HE 9.72 6.2 2.2 .41 a5
La 52.6 2.4 2.4 <69 35
Lu 0.65 7.6 2.0 1. a5
Mg2 24.6 8.2 0.52 .82 46
Mn2 1,200.0 8.4 2.5 .83 46
Na 10, 000. 5.4 2.7 b 35
Ni2 168 7.1 1.1 .85 44
PZ 3, 500. B.4 2.1 .56 26
Ph2 128. 10.3 2.8 «91 A4
5b .99 9.4 3.0 =34 35
8¢ 6.8 7.3 1.2 +69 a5
S5m 6.4 6.9 1.0 .69 35
Th 21.9 7.3 1.4 71 35
it 3.3 7.0 1.8 «25 35
Zn2 284, 12.0 1.6 .90 45

* Unite are identical with these In Table 1.

**The coefficlent of correlation between measured and predicred values of

gurface concentrvations.
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CORRELATION COEFFICIENT

CONCENTRATION {Relative Units)

1.0
Pb-2
Fe-
Ca-2
0.5
0 <0 '
&
Co-2 Pb-2
| /\
Fe-2
50+
| ] i | ol
-4 g 0 2 & 6 8 10
GRAIN SIZE (phi units)
Figure 23, Model concentrations of caleium, iron, and lead as a

function of grain size {(see text).
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{4 = 9). This result, which doas not depend on any complex model analyais,
gsupgests an assoclation of Ca with a narrower range of grain slzes than Ph2
and Fe?. This is borne out by the concentration model analysis as well. The
diseribution of Ca as well as the other calcium family elements (FS0L, Mg,
IOC) peaks at a discinctly lower wvalue of phi (¢= 6.7) and hasa a very parvow
grain size range (0.64 phl units)}. The wmodel concentrarion of calcium ve.
grain slze {Fipg. 23) indicates that this element is aszsocilated with fine silt
{8-1¢ micron dia) whereas both lead and iron are assaclated with fine clays
{<2 micron dia). Other elsmants are relatively undistinguished In terma of
graln size, but several have relatively narrow grain size ranges (lika the Ca
group) for reasons which are not clear. These include: organic ecarbon, Cs-137

(C=sR), and CuZ.

VERTICAL DISTRIBUTION OF ELEMENTS

The wvertical distribution of FS0L (fractlon soluble on acid treatment)
and selected acid-soluble major and minor elementz are illustrated In Figures
24 through 34. The behavior of FSOL as exemplified in Figure 7 for a core at
statfion 40 1s characteristic of irs behavior 1n octher cores. As seen in
Figure 24, FSOL at flrst dacreases with increasing sediment depth {through
zoues 1-2) znd Incresges once again i{n zone 4. Note that the porosity remaina
more or lasa constant In zone 4 for the cores used for illustrvationm (Fig. 93}.
Both caleium and magnesium {(Figs. 25 and 26, respectively)} follow a simfilar
crend, decreasing within zones 1 to 1 but rising dramaticalliy {up to a factor
of 4} within zone 4. The concurrent rise in both magnesium and caleium
suggeats an increase in the amount of dolomltle materials withion zane 4.

The behavlor of iron contrasts strongly with that of FBOL, Ca, and Mg.
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As seen In Figu;e 27, the concentration of Fe tends to be constant within
zones L-2, decreases abrupcly within zons 3, and remains constant within
zone 4. For zanganese {[Fig. 28), the behavior is aimilar te that of iron
except for a significant Increase within zene 1 {(the flocculent material in
the upper 1 om). The minor elements (Figs. 29-34), for the most part, exhibit
the same behavior as iron: constant or slightly decreasing concentrations in
gonaes 1~2, an abrupt decrease in zone 3, and again constant concentrarions ia
zone &. These profiles suggest that zones 1 and 2 are comprised of sediments
containing recent anthropogenlc constituenta overlying older, uncontaminated
materialz. As the minor constituents are of relatively uniferm concentration
.

wirhin these upper sediments, zones 1 and 2 appear to be eirher recent
overlays of translocated materials oz materials thoroughly reworked to a deprh
of well~dafined extent which varies =zystematically with locatlon {Fig. 38}.
The notion of well-mixed recent materials comprising zanes 1-2 13 further
supportaed by radiometriec evidence discussed below.

The extent of enrichment of elements within the upper sediment zones
{1 and 2} relativa to undarlying sediments (zone #) is given In Table 3 in
terms of the ratio of element concentrations in zone 2 to concentratioms in
zgne 4. On the averapge, concentrations of Cu, Pb, and Zn are four tinmes
higher in zome 2 than in zone 4., Elaments Cr, Ni, and Mn are twice as high,
and the remaining elements, while posseasing elevated concentratious velacive
toe underlying sediments, do not exhibit a major degree of enrichment. At
least part of the enrlichment 1a due to the increase in inert {quartz?)
congtituencs in underlying aediments (zone 3 and possibly 4). To eliminate
effects of diluticn by inert materials, the degree of enrichment may be

recalculated in terms of the concentrations of elements on a weight soluble
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Surface ro deep layer concentration ratles in sediment cores from Sagivnaw Bay.

TARLE 5,
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basfa. If Cg is the concentratrion of a given element in surface sediments in

g/g, then the concentration on 2 weight soluble basis {3 given by
Cy' = Gy / Fq (5

where Fy, = Fraction scluble (g soluble / g toral)
= F30L

The sediment enrichment factor is then caleulated as

Gy (6)

N Cg Fy

= —— -1

Ed Fg

where €4 12 the characteristic (mean) concentratinn of an element in deep
sediments (zone 4) and C4' = Gdde as abeve. When the concentration of an
element on a weight soluble basis is the same In surface and underlying
gsedimenta, SEF = 0.4, Kenp et al. (1974), whe introduced the concept of tha
SEF, used aluminmm rather than FS0L as a basis for normalizing concentration
walues. SEF values are given in Table 6 for msalacted cores in terma of
petrcent entichment. Elements divide into four disc¢rete categories of
enrichment: (1} Cu, Pb, and Zn hava average SEFs close ro 200X, (2} Gr and Hi
have walues around 100%, (3) Mn, P, Fe, K heve values of around 50%, and

(4) Mg and Ca are negatively enriched by about -15%. Because major snriciment
of Mn occurs within zone 1 the calculated SEF 1s sensitive to details of the
sampling and averaging. Use of only zone 1 {(0-1 cm or lesas) in the catimate

of the averapge would greatly {(x? - x3) lncrease the 3EF for Mn.
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Included in Table & are wszan S5EFs for sediments of southern Lake Hurom.
A comparison of values Indicates that, while enrichments of Pb and ZIn are
comparalle in the bay and open lake sediments, the elements Cr, Cu, and possibly
P are elgnificantly more eariched in sediments of the bay. Thus, while dflution
of anthropogenic constituents by inert materials in bay sediments suppresseas
concentration values, and while removal of such effecta by regression technigques
indicates concentrations in surface sedimenta undlatinguished from the open
lake, it 1s evident that, telative to ssdiments oripginally present (underlying
materials), surface materials are significantly more eanriched in copper and
chromium. This contrast with the open lake suggests the lmportance of local
gaurcea (tributacry?) of these elements.

If the enrichment of elements in zones 1 and 2 {Mn excepted) is due
solely to anthropegenic loadinga, thes the excess accumulation at each

location may be calculated as follows:

Fxcess accumulatfion (pgfcmzi
1
I (Clrpeal - ng}wi {7}
i=1
where citutal = rthe concentration of a glven element in the ith sediment
interval (ugis), cBg ia the background concentration of the elemant and wl 18
the mass per unit area of gediment fn the ith dnterval {gfﬂmzj. It must be
emphasized that the excess accumulation is truly the anthropogenlc element
storage only if Cpg 13 the same in zone 2 as it is deeper in the cors (l.e.,
in zones 3 and & below the enriched layer}. Values of the exress accumulation
are given in Table 7 for selscted cores. A comparison of rhese values with

thope for southern Lake Huron provides a striking contrast. Far more excess
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TARLE ;. Excess elemernit accumnlation In selected corea from lower Saglinaw Bay
{vg/cm®).

Site Element
Number Cr Cu Ni P b Zn
2 97 54 &0 1,620 A1 230
11 71 40 52 1,100 21 160
16 130 63 59 3,700 140 230
23 460 230 190 4,500 a4A0 590D
28 - 150 130 - 270 600
249 - 100 50 - 200 A80
30 340 140 130 2,936 200 60
k! 120 150 150 - 150 20
i} 180 130 130 - 220 420
&0 460 220 200 - 290 570
43} aze 230 1Lpl - 140 120
49 530 350 550 - 470 1,064
Mean (SB) 280 160 160 2,800 230 490
Masn (SLH)* O 19 25 0 75 94

*Data from Robkbins (1980).

{anthropogenic) Cr, Cu, Ni, P, Ph, and 2Zn iz stored per unit area in the lower
bay than in open lake =ediments. How can this be reconciled with the
generally lower element concentrations in surface sediments of the bay?
Simply becausze the overlay of enriched sediments iz penerally of far greater
depth in lower bay deposits. Ewvidence provided below indicates that the
zocbenthoa present in these deposits redistribure contaminants throughout a
considerable depth in the sedimenta. Thus, in the lower bay, contaminant
concentrations in surfa ce zedlments are apparently reduced za a result of two
important procesgses: {13 dilution by inert materials and (2) vediscriburion
of materials threoughout = pottion {up to 20 em) of the sedimentary column.
An apprnxim;te estimate of the total excess storage of salected "anthro-
pogenic” elements In the lower bay is provided in Table 8. Insufficient data

are avallable to comput e very accurate averages. However, an ordar of magni-

36



- g

e - .

oo

TABLE 8. Approximate toral storage of anthropogenie metals in lower Sapginaw
Bﬂ}rt*

Mean Excesa Total Total Storage in
Accumularion Storage Southern Lake Huron
Element (uafcn?) (metric toms) {metric tons)

Cr 280 1,500 =0

Cu 160 a30 710

Ni 160 830 350

B 2,800 15,000 =0

Phb 230 1,200 2,400

Zn 490 2,500 2,900

*Basged on acid szoluble concentratioms.
tude comparison indicates that smounts of Cu, Wi, Pb, and Zn atored In the
lower bay are comparable to amounts stored in depoalta of gouthern Lake Hurom,

Fl

which are roughly flve times as extescsive ag those 1n the lower bay.

SEDIMENT MIXIRG AND SEDIMENTATION RATES

In the preceding discussion, ft haa been passible to Investigate patterns
of contaminant metal depoalticen, inter—element associations, and even total
anthropogenic element loadings without reference to sedimentation rates.
To gain iofermation abour the rates of contsminant depasition, however, it {is
neceggary to associate a time scale with concentration profiles in individual
cores. Two independent mechods have been used for sediment geochronology in
this report. The firat reliea on measurement of the vercical distribution of
cesium-137 and the cccurrence of a horizon corresponding to the snset of
muclear testing about 25 years ago. This mechod provides z measure of the
average gedimentacion rate ovaer the past 25 years. The second method is based
on the radioactive decay of lead-210 (ty,3 = 22.26 years) following burial in
sediments. Ia principle this method i3 capable not only of yilelding average
ged {mentation rates over a pericd of roughly 1) years, but iz capahle of

reveallng changes in the tate of pedimentation over this perind of time.
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The computation of contamilnant fluxes is senaitive to the interpretation
given to individual profiles. This fact has been emphasized Iin a number of
recent studies (Robblins et al. 1977, Robbinz and Edgington 1975, Edgington and
Robhbing 1976, Robbins et al. 1973) which show that the mixing of surface
sadiments, probably by benthie organisms, has a significant 1nfluspnce an
radicactivity and netal contaminant profiles and in the estimate of
contaminant fluxes [(Edgizgton and Robblng 1976). 1In the section below on
cesfum—137, the effecta of sediment mixing on radisactivity and contaminant
proffles are discussed.

Cesium—137

Cesium—137 iz a uniguely anthropogenic radionuclide first introduced inco
the enviromment as a vesult of atomiec weapons testing whiech began roughly 25
Years ago. Many studies have oow demomstrated the utility of ceslum-137 for
imvestigation of sedimentation procesges in aquatic systems such as lakes and
rteservoirs. Ceslun-137 i an especially useful tracer because its input tro
the lakes may be accurately inferred from atmospheric and precipitatiom
radicactivity measurements {5r-90) made for about a 20-yaear period within the
watershed of the Great Likes and elzewhere.

The time dependence of the input of thias isotope is dilscussed in greater
detail in the previgus report (Robbins 1980;, Most of the cesium-137 was
introducaed intoe the lakes during the peried from 1953 to 1964. Thus, to a
good appreximation, the Input is in the form of 2 pulse whoze subsequent
behaviar in the water column and sediments serves to trace long-term aquatic
transpork prar_esses.. Studdes by others have shown the resldence rime of

caslum—137 in the water column to be very short (for deralls, see Robbins
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1980), about one year. Thus the radionuclide is.rapidly removed from the
water, and changes in its aquecus concentration mimic the history of
armogpheric deposition as a resule. As the hydraulic retention time of the
lake ia long (about 30 years) In comparison with the overall residence time of
the radicnuclide, the dominant process for remaval of ceslum-137 is particle
gcavenging and sedimentation. This inference 1 copsistent with the known
high affinity of radioceaium for certain clay minerals present in the water
column. It is therefore expected that the flux of cesfum-137 to the sediments
would follow the time—dependence of aquesus concentrationa ag well as that of
atmoapheric inputs. While the flux way do so, profiles of ceaiem-137 do not,
but are generally smoothed out both in open lake sediments (aee Robbins 1980)
and {n those of Saginaw Bay as wall.

As part of this and the previous report, a mndel has been devaloped to
account for the discrepancy between observed and expected cesium-137 profiles.
The details are presented in Robbins et al. {(1977). The smearing fa azsumed
to occur only in the sedimentary column and, as a result of the rapid steady-
state mixing of sediments over a zone of fixed depths, at the sediment water
interface. This depth Iz referred to aa the mixing depth. It can be shown
{(Bobbins et al. 1977) that if the sctivity of radlocesium added to the
sediments at time t (with £ = D corresponding to a very deep sediment layer)

1s Ay {r), the expected ceafum-137 discributian 15 given by:

A= Au(T) 248
A=A T + (s -2} /u) e'i{z—s)fm ZP8
and t {83

Apfe) = v e~(¥ + " fe"'{"' + ) Ag(T) dr
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vhere vy = rfa, t = T cortesponda to the sediment water interface, and 4 is the
sedimentation rate {cmffr) neglecting the effects of compaction. ) 18 the ta-—
dicactive decay constant for cesium-137 (i = 0.69315/ty/9; £1s9 = 30.0 years}
and z i5 the depth below the sediment-water interface. The effects of
compaction are agtomatically taken lato agccount by expressing £ Iin terms of
the cumulative mass per unit area and  in terms of the mass sedimentation
rate (gfcmzfyr]. The wixing depth, in consistent units, (% expreased in terms
of mass/unit arsa.

4 computer prograb waz developed to find the value of the mixing depth,
sedimentation rate, and surface activity A,(T) giving the best least sguares
fit of the above equation to the observed proflles. The resules of the
calculation are fllustrated in Figure 315 for the diacribution of cesium-137 in
a core from station 10. The solid line tepreszents the model distribut{ion with
values of 1.2 gfcuz for the depth of mixing and 0.11 g!cmzfyr for the
sedimentation rate. In linear terms this wixed depth corresponds to about
10.5 cm and a eedimentation rate of about 2.53 em/yr (a mean value for the
upper 10 cm pf gediment}. The shaded area in Figure 35 is the distribution of
cegium—137 expected if thers were no mixing at thisz location but 1f the
sedimentation rate remained the game. The effect of aixing I3 thna to
drastically stear out the distriburion. Diseributions of cesfium=-137 in
Sapinaw Bay are in fact 50 domlnated by mixing that ofren the paak (such as
that seen at about 15 ¢ in the core at station 10) is completely =zhsent.

Such disrtributions provide little reliable sedimentatrion rate information but
vield data on mixing depths. Profiles of cesium—137 in other corea are
illustrated in Figure ¥. It can be asen that the activity is smeared over an

interval ranging from sbout 10 ko 25 cm.
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Figure 35. Vertical discributicn of cesium-137 in & sediment core at
station 10, Also shown iz a theoretical discribution based on the

rapid steady-state mixing model {see text),

The shaded region

shows the distribution of cesium~137 expected in the absence of mixing.
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As part of this veport, the vertical discriburion of zoobenthos was
determined in a number of sediment coraes {Batac—Catalan et al. 1980}).
Previously, Robbins et al. (1977 ) observed that the zoobenthos occurred
primarily i{n the zone of mixing as defined by radiocesium and radiolead
profiles and that they wera present in gufficient numbers to acecount for
egtimated mixing rates. A summary plet for cores examined to date from this
study area, from Lake Huron and from Lake Erie, 12 given Iin Figure 37.

The 90% cutoff depth i3 very well correlated with the depth of the wixed zene
(8 = =0,2 +1.16 Z; v = 0.91, H = 10). Thus, there is scrong circumstantial
evidence that henthic organisms are primarily responsible for the mizing of
near—surface sediments and the vesultant alterakbion of radicaceiviey and
contaminant metal profiles. Previocusly it had been sugpested (Lerman and
Lietzkie 1973) that profiles of cesfium-137 as well as those of strontium-90
might bhe affected or even largely determined by dfffuaional migration.
H;;ever, Robbins at a21. (1977) showed rhat cesium-137 cannct miprate
slgnificantly in sediments by molecular diffusion as it fs atrongly bound Eto
sediment golilds. Thia result cannot e generalilzed to include other
cﬂntaminanté, tracers, or sedimentary enviromments however. Cesioem-137 can
experience significant diffusafonal migration in sedimentes which do not contain
minerals with a gpecific affinity for this radionuclide (c¢f. Alberts ot al.
197%). Also, 2 nearly conservative tracer such as Sr-%0 underpoes consider~
able diffusion in sadiments of the Great Lakes {Lerman and Lietzkie 1975).

Shown im Figure 38 ia the depth of sediment mixing as determined from
inspection of C2-137 profiles. In all cases the depth of penetration of this
isctope iz comparable to or slightly less than the depth of penetratiom of

contaminant metzla. This result suggests that the organisms mixing szediments
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Figurs 37. Relation batween the depth of sediment mixing based on cesium-137
profilles and the range of zoobenthos which actively redistribute sediments
{primarily nligochaetes).
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Figure 38. Contour plot of the depth of sediment mixing as determined
radiometrically.
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were able to completely hemogenlze the overlay (zone 2) in the time period
from abour 1964 ro 1975 (or about 10 years). Suoch Inferences are based on the
assumption that Iscal contributions of Cs-137 (such az from the Saginaw River)
are unimportant. Generally, leading of the isotope from watershed eroslon is
amall. The mixed depth contours shown in Figure 38 possess features
comparable to these in open lake sediments: greatest depths occur toward the
centers of depositional baslns. However, while mized depths range from about
2-5 cm in the open lake bagina, those in Saginaw Bay range from 5-20 cm.

The total cesium—-137 stored in bay sediments is showm ian Figure 39.
Higheat zccumulationa eccur toward the snuthﬂeseern end of the depeelt and in
areats of deeper water. While the pattern may be interpreted as implying a
riverine source of the isotope, it must be kept in mind that the gyre-like
circulation in the lowsr bay could easily redistribute incoming atmaspheric
and open—lake lpadings so as to produce the observed pattern of deposition.
The mean deposition within the muddy deposits wes 13.9 + 1.4 pCi/cm? in 1975
and 12.8 + 2.3 pCifem? as remeasured in 1978. A4s very little new Cs-137 was
introduced during the period from direct fallaut, and if river loadings are
negligible, then the expected amount stored in 1978 ahould be lese as a result
of radicactive decay. Assuring losses of Cs~137 through resuspension, the
expected 1978 activity would be

13,9 2 2™0-69315 x 3/30 . 13 96 pCi/fen?

which is closa to the obsgerved value of 12.8 pCifcmz.

If the loading to the lower bay were direcrly from the atmosphere and
there werp wo losses via ocutflow or gains either from tributary inputs or from
laportation of the lsotope from the main lake, the expected amount within the

lower bay would be
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10 pﬂifcmz (fallout value decay corrected to 1975) x 15.8 x 1012 .p2
{area of the lower bay) = 158 Ci.
The abserved inventory is

13,9 pCt/em? x 3.74 x 1012 (area of the mud deposit) = 52 Ci.

Allawing for a maximum of 1 pGifcmz deposited aver non-muddy areas of the
lower bay, this amount would contribute

(15.8 - 3.74) x 102 x 1.0 pCifce? = 12 Ci,

Thus, the totzl zmount of Ca—-137 in the lower bey ia eatimated as
52 + 12 = A4 Ci. Thus, in the absence of watershed contributions,
there 13 a net storage of B4/158 = 40X of the cesium-137 entering via at—

mospheric fallout. The effect of waterahed inputs remains to be evaluated.

Laad—-210

The lead-210 method of dating roastal marine and lacustrine sediments has
been used with increasing fraquency since its firat application by Kriah-
naswami et al. {(1971). The eztenaive literature concerning radiloacrive laad
isotopea and lead—210 in particular has heen recently reviewed by Robbins
{1978). The method has been shown to be of valne in dating fine-grained
gedlments from all of the Great Lakes (Superior: Bruland et al. 1975, Evans
et al. 1981; Michigan: Bobbins and Edgington 1975, Edgington and Robbine 1976;
Huron: Robbins et al. 1977; Erie and Ontarlc: Robbins et al. 1978, Farmer
1978). Generally, the method has been applied re a very limited ser of coras.
Only 2 brief account of the laad-210 methnd of dating sediments is given in
this report. For a2 detalled dlscusalon of the principles underlying the

method, see Robbineg (L978).
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Lead-210 is produced as the indirect result of the decay of uraniim
present in crustal and sedimentary matevials. The principal componentsz in the

decay scheme are!

y23s - R3226{t1;2 = 1,620 vr) -3 anzz{tlfz = 3.8 4%
> Ppt0¢ry = 22.26 yr) > Po?l0(k; s =138 @)
-5 ppel6

Short-lived productas in the decay scheme are not shown.

Some lead-21Q, present in sediments, {5 produced by in situ decay of
radium-226. Genserally this 1s a small =snd mearly constant activity referred
to as supported lead-210. In additian to supported lead-Z10, there 13 an
excess which iz supplied to sedimente from atmospheric depoaition.
Atmospheric lead-210 originates from a unique propetty of the uranlum serles
decay scheme ahown above. Radium—226 decays to Form the radicactive noble
gas, radon—-222, which diffuses out of crustal materifals into the atmosphere.
Radon-222 decays through a series of very short-lived nuclides to lead-210
which has a high affinity for atmospheric particulate matter and is rapidly
acavenged from the air. The flux of lead-210 over the Grear Lakes has not yet
been meapured but is expected to be around 0.5 pCi!cu:fyr and quite constant
from ye=ar to year. Onece in the water, lead-210 dis rapidly trznsferred to
sediments and this excess, not being supported by radium actcivity, decays
toward supported levels during burlal. In sediment corea from the Great
Lakes, excess lead-210 may be raughly twenty times higher than supported

levels (cf. Robbins and Edgingten 1975).

69

FE



In undiscurbed coraes where the sedimentatlon rate 1s constant, the
activity of excess lead—-210 is given by
Alm) = 4'4.‘,:,-&"'}Lt = 4, e‘l“fr (%
where A, 1s the excess activity at the surface {m = o), t is the time before
collecrion (years), @ 1s the cumulative dry welght of sediment {gfcmzl, and r
is the mass sedimentation rate (gfcmzfyr}. The radicactive decay constant is

given by 0.69315/22.26 = 0.311 yr~L.

The total (observed) activity is given by
Apge = Alm) +Af

vhere Af is the activity of supported lead-210,

The above equations guffice to describe profiles in sedimencs where there
ie no mixing. Incorporation of the effects of rapid steady-state wmixing is
comparatively straight—forward for lead-210 {Robbina et al., 1977) as 4,(t) in
Eq. 8 is essentlally constant over time. Using mass units rather than linear
(em) units and substituting A, for A (t) in that equarion, the disrriburion of
excess lead-Z1Jd is given by

Ag = Ay f {1 + hsfr)

Af{m) = Am m<s (1G)

» Ame“l {m-3)/t [3g,

This is the equation used to ohtain sedimentation rates and mixed depths from
excess lead-210 profiles. Eg. 10 describes a theoretical profile in which the
activity of lead—210 isa conatant from the sediment-water interface down to
depths. Below thar depth (mixed depth) tha activity falls off exponentially.
An example of the lead-210 distribution is given in Figure 40, together

with the diseribution of ceslum-137 and ragweed (ambrosia) pollen in 2 core at
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gross compositional changea as evidenced by varlations in major element com-
position and because straggling of zoobenthes into sedimencs below the mixed
zone may produce profiles with exponential featurea. Trends in the apparent
sedimentation rates over the mud deposit are shown ip Flgure 44. Highest
rates occur toward the southwestern and of the deposit and decrease almost
menotonlecally with increasing distance along the wmaln axils of the deposit
toward the far end of the lower bay. This trend could be Interpreted za the
effact of river loading. However, a similar trend was found earlier in
sediments of the Goderich basin. Higher mass sedimentation rates occurred
toward the sasztern dmargin of the bazin where enhanced depoaition of dolemite
eccurs. Similarly, In the bay, highest apparent sediment accumulatlion rates
tend to occur in aress of greatest concentrations of calcium and magnesium.
Breferential accumulation of theszse silt size constituents in the gouthwestern
end of the mud deposit may reflect prevailing current atructure as much as tha
distribution and loading of source materials.

Also shown in Table 9 13 the time resolution associated with each core.
This concept has been dizcussed in detail elsewhere {Robbins 1980). Briefly,
the effect of steady-state mixing ia to smear out signals in the sediﬁentary
tecord. A measure of the £idelity of the record is the Eime resglutfon with
which two events may be discinguished. This time 13 given approximately as
the resldence time of a partlcle within the mixed layer, which in turn {a
given as the ratic of the mixed dapth {gfcmz} ta the sedimentation tate
(Efcmzfyr}. Within the mud deposits of the lower bay thia time varies from 11
top 60 yeara, with a mean value for cores examined of 30 wears. This latter
value may be taken a2 the approximate mean particle integration time for thass

depogits.
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Figure 44&. Apparent sedimentation rates at selected lecations in the
lower bay based on lead-210 profiles.
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If resuspensicn of particles out of the mixed layer is an important means
of exchange of contaminsnts between sediments and water, the effect of this
integration process I1s twofold. Ar the onset of contamination loadlngs, rapid
mixing of sediments over an interval corresponding roughly to 30 yeavs serves
to remove contaminants from the water colimn more efficiently. However, with
the cessation of contaminant loadings, the mized layer serves to taintaln

levels in the bay through regsuspension with a time constant of about 3D years.

WET METAL CONTAMINANT FLUXES

In the absence of sadiment mixing, the estimate of the current and
historvical rates of depoaition of a particle Dound {(nom-mobile} meral
concaminant would be arraipghtforward. If the concentration of a given element
iz the sediments correzponding to a time t io the past was C{t), then the rate
of deposition would be F{t) = r*G{t) where r 15 the sed{wentation rata
{gfcmzfyr}. The net (anthropogenle) flux would be r*(C{t) - Cp) where Cy is
the eatimated "background” concentration.

Becauge of mixing, however, present and historical net fluxes canant be
estimated unless some assumption iz made concerning the time dependence of the
flux. Praviouz work (Robblus 1930, Edgington and Rokbins 1976) has shown that
the wercical distribution of many concaminant elements (Pb, Cu, Cd, Zn) is
congistent with a roughly exponentlal increase in loading zince 1800 and that
the doubling time iz approximately 20 years. Assuming that form of the
loading, the rare of deposition may be infarred for the time of collectivcn of

the care=s as follows!
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For stahle elements (with no radicactive dacay), the net concentration of
an element in the mixed zone is given by Eq. 8 with » = O ar
3 =
Cpft) = xe™'t Jre AT gg(r) dr (11}
-
where Cg 1s the conceatration of an element in materials deposited at the
sediment surface.
In accordance with the above discussion, C; has tha form
Ca(r) = Cqlo) el't (12)

where A' = 0.6932/ty and tg is the doubling time =20 years.

Substcicuting Eq. 11 into Eq. 12 and integrating
Y r
Cp{t) = ——- er't Cy(0) (13)
T+

The flux tg the surface in 1975 Ia then

Fglo} = r*Cy(o) et £ (r=0) (14)

Note then that the product Cp*r is simply the net or excess meral concentra-
tion 1n mixed layer times the sedimentatrion rate. If the time dependence af
the input 1= easentially exponentially increasing, the correction for mixing

iz given aa

Feor = ——— {153

20
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where ¥ is the ratic s/r and Y1 is simply the time regolutien discussed
abova. Values of thisz eorrection factor and estimated fluxes corrected by
time factors are given in Table 10. HNet fluxes are consistently much higher
in Saginaw Bay than in Goderich basin of Lake Huron (main depositcional area)
because of the much higher sedimentation rates 1o the bay. The total rate of
accummlation of selected contaminant metals penerally exceeds that expected
from atmospheric loadings. Approximate atmospheric loadings are summarized by
Robbkins (1980}, For copper, the atmospheric flux is approximateliy 0.41
ug!cmzfyr which implies a loading to the lower bay of

0.4l x 15.8 x 1012 yg/yr = 6.5 metric tons/ye
wheraas the estimated deposition 1z 28 mecric tonsfyr. Similarly for nickel,
the atmospheric loading of about .23 ug/em?/yr corresponds to 3.6 metric
tons/yr as compared with an estimated deposition of 30 metric tons/yr.
These elements would appear to have major non-atmospheric sources.
In contrast, a lead atmaspheric deposicion of abouc 1.7 ugfcmZIFr implies a
total leading of 27 metric tons per year which is very comparable to the
calculated sediment deposition rvate of 40 metric tons. As most anthropogenic
lzad in the environment results from combuation of fuel additlives znd coal,
the atmospheric pathway is the primary route ta loading of agquatic systems.
Thus the agreement between thege mmmhers gupports the valldicy of this
approach. Atmospheric loadings of zine (2.6 ugfcmgfyr} imply a total
deposition of 40 metri¢ toms per vear as compared wich 86 metric tons per year
inte sedimentcs. Thus zinc is comparable to lead In terms af the predominance

2f atmospheric inputs into sedimentz of the lower bay.
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VERTICAL DISTRIBUTION OF DISSCLVED SILICON AND PHOSPHORUS

The vertlical distribution data are avallable for dizsolved Ba, Ca, Fe, Mz,
Mn, P(SRP), K, Ha, S1(SRS), and Sr {Table 31 of the Data File, ses page 96) for
two cores from Saginaw Bay (aration 30) and from Lake Hurom sites as well.
Results for the Saginaw Bay corea are generally comparable te those from the
open lake (in terms of pore water concentratfons, gradlents, and fluxes). For a
detalled discussion see Robbins (1980). Of particular interest are the dia-
tribucion of 3RP and 5RS5. Soluble reactive phosphorus concentrations in over-
lying water are essentially undetectable {<0.l ppa). 1In pore water, concen—
trations rise to a magximum of 5.5 ppm at 4-5 em depth, decreasing with increas-
ing sediment depth to values of around 3 ppm. Values In a replicate core zare
somewhat sporadie because of minor oxygen contamination (see Robbins 19803.
The gradient at the sediment water interface is about 1.3 ug Pﬂhfcma;
Gradientz aof P34 in the open water szediments were 0.5-0.8 pg Pﬂafcm#-
Apsuming an effective diffusion coefffcient of about 3 x 107% cn?/sec or 160
cmzfrr, the apparent flux across the gediment surface 13 abour 240 ugf:meyr.
The net downward flux of acid soluble P (as PO4) is 1,630 ug/pg x 0.2 gfcmzfyr
= 330 ugfcmgfyr. Within the uncercainties of the calculatinn these fluxes are
compareble, suggesting ateady-state conditions with reapect to incoming and
outgoing fluxea af SRP. For gilicon, the concentration in overlying water is
about 2 wg/ml. The distribution in core 30A and 3042 i3 shown in Figuve 45.
The bresk in concentration values around 5 cm is unexplained but reprodusible
in two cores. Equilibrium concentrations are around 25 ;g 5i/ml. The
gradlent at the sadiment water interface 1s about 5.5 ugfcmh which fmplies a
flux of 660 ug/cn?fyr, assuming a diffusion coefficlent of 120 cn? fyy (See

Robbing 1980). This escimated flux 1s at the low end of the range of fluxes
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Figure 45, TVertical distribution of soluble reactive
silicon (SRS) in twe coras from station 30.
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calculated from pore water pradients in southern Lake Buron cores (Robbins
1980, 750-1,700 ug Sifcmzfyr, and aa measured direcely in northern Lake Huron

cores by Remmert et al. (1977), 1,020-2,050 ug $i/cal/yr.

KUTRIENT FLUZXES

The regults of direct flux measurements for silicon are shown as a fune-
tion of season in Figure 46 for cores taken at station 31. Fluzes measured
directly in corea are conaistently higher than valuea based on pore water
gradients and show a marked geagsonal varlation with maximum silicon releasge
occurring during August. The seasonal variations in this flux may be
attributed primarily to sediment temperature variatioms as i{llustrated by
Fipure 47. The solid line represents cthe conventional thermodynamic
daseription (Arrhenius egquation) of the temperature dependence pf dissolution
with an activation energy of 16.3 k/Cal/mole as determined by least =quares
methads .

The role of orpanisms {(especially chironomids) in silica regeneration is
well documented for other lakes (Tessenow 1964) and may be expected to occur
in Saginaw Bay where such organisms accur. The sllics fluxes measured in a
series of cores during fall crulses when chironomids were present are provided
in Table 11. It can be seen that the dominant benthic taxon In Eerms of
numbers are the immature tubificid worms. However, densities of these
organisms coerrelate pooriy with the silicon flux, as can be seen from
Table 12Z. Bacaguse of the limited number of obpervationsz, most correlations
are not significant. Bowever, the correlation between the 5i flux and the
density of chironomids Is high and slgnificant for both observation periods

({Fip. &8%). 1In this experiment, other mutriente were measured as well and
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Figure 47. Temperaturz dependence of the soluble reactive silicon flux
at station 31.
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TARLE l1. Zoobenthos density and soluble reactlve pilicoen fluxes from cores
collecred in Saglnaw Bay, Lake Huron.

Density (numb&rfmfz}

Cruise Tubificidae SilicnnzFlux
Humber Core Mature Immature Haididae Chironomidae {ugfem=/vyr)
74 1 850 40,000 5,900 0 1,100

3 830 65,000 7,900 ] T10
1 280 g8, 200 850G 560 1,800
2' 1,700 29, 000 8,200 850 2,700
b 2,300 18,000 560 Se0 1,680
g#k 1 1,400 23,000 LH 1,130 3,600
2 280 5,600 0 0 1,300
g 280 5,600 a 280 1,600
2! 280 29,000 13,000 360 2,400

* October, 1978, **Novesber, 1978.

TABLE 12Z. Correlations* betwesen nutrient fluxes and benthic organism densi-
ties in cores from.station 31 In Saginaw Bay, Lake Huron.

(CRUISE 7)
Organism Phosphate Ammonisa Nicrate Sulface Siiticon
Group (PCy) {NHy) {N03) {504) (81)
Tub. Matura 0.93 -0.09 -0.17 ~0.75 =0.a7
Tmmature O.07 -0.82 .69 -0.54 =0.356
Haididae -0.19 -0.49 .13 -0.41 -0.29
Chironomidae a.1l 0.74 0.04 0. 04 0.97
Tatal 0. 06 -0.69 0.55 -0.56 -01.256
(CRUISE &)
Organiem Phosphate Ammonia Nitrate Sulfate Silicon
Group (F0,) (NH3) (NO7) (504 (1)
Tub. Mature 0.4 0.92 0.23 0.97 0.88
Tmmature 0.23 0.14 0.93 0.22 0.49
Haididae -0.30 0.63 0.78 -0.50 0.13
Chironomidae 0.04 0.63 0.25 0.76 .99
Total -0.9 -0.45 0.94 0,01 0.62

*Correlarions which are significant on both sampling periecds are undevlined.
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corralarionz which are persistently higher cver both cruises are underlined in
Table 12.

The results for sillcon suggest the relatiomship:

Flux = 1,000 + 2 3 chironomid larvae density,

where the flux is in micrograms Si/cm?/yr and the densfity is in numbers m™Z.

A3 the mean degslty of chironomid larvae at this location Is about 300 m'z,
roughly half the flux of silicon from the sedlments is atrributable to the
presence of these organisma. Thia circumsatantial evidence for the effesct of
chivonomids {3 stresgthoed by considering Tesssnow's experimenta with
sediments from Lake Heidern, Germany (Tessenow 19643, in which he demonstrated
a rcausal relationship. Addition of chironomids {(Pliumosus group) to his
sedimenta reaulted in eshancad silicon telease. Converting Tessenow's tesulrs
to the above form, hlis experiments yield:

Fluz = 1,000 + 4 = chironomid larvae densitcy.

Graneli {1977) has zl 20 observed that Chironomus plumosus larvae increasa

the release of silica As well as phosphorus from sediments of several lakes in
Sweden. It would therefore zeem likely that, at least in shallow waters of
the Great Lakes where fine—grained sediments can be found, such as lowetr
Saglnaw Bay and most of Lake Erie, chironomid larvae may play a major role in
the regeneration of silicon frow sedimenta. In Lake Erie, average chironomild
deneiriss may be as highas 1,000 n 2 (P, MeCall, Dept. of Geological
Sciences, Case Western BMeserve Universlty, Cleveland, Ohio, pers. comm.).

That these organisms may enhance silicon fluxes does not necessarily mean that
their removal or exposuare to aquatic pollutants will result in a long-term
reduction Iin the capacity gf the sediments to return silicom to overlying

waters. It Is always pmsible that the ecological niche represented by
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processing of silica-rich diatom detritus can be filled by another bilotic or
ahiotic component. It should be noted that Bobbins and Edgington (1979) found
that the flux gf 51 from sediments in Lake Erie is proportionzl ko the
concenttation of amorphous silicen in surface sediments. This result suggeste
that the flux 18 dominated by dissoclution of particulate zilica recently
deposited on the sediment surface. Processing of guch materials by
chironomids, which can selectively attract and ingest diatom fragments by
controlling water movements in the vicinity of their burrows, (D. White,
School of Natural Resources, University of Michigan, Ann Arber, Michigao,
pers., comm.), would enhance afilica fluxea but teduce pore water sillca

gradients.

CONCLUSTIONS

During the period from 1973 through 1978, sediment cores and grab sam-
ples were collected from over 100 sites evenly arrayed in lower Saginaw Bay.
This intensive coverage of the lower bay, with subsequent conprehensive
analyels of sedimentz for over 30 elements, as well as other properties, has
provided a detafled pictura of the type of gedimentary materials present and
patterns of major element and metal contaminant concentrations. This study
has revealed an extensive mud deposit in the lower bay covering about 400 kmz,
oriented predominantly with the bathymetric concours but skewed toward the
wagtern slde of the bay in shallower vegions, preaumably zz a rvesult of
prevailing gyre-like current patterns. The clay content of this deposit
exceeds 30% roward the center and in parts lylng in deeper water. The mean
grain =ize in the high ¢lay areas exceeds 6 phi units. Grain slzes increasa

toward the margins of this basin, exhibiting the classic pattern associated
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with hydrodynamic particls sorting. Caleium family elements (Ca, Mg, and
inorganic carbon) are preferentially concentrated at the southwestern end of
the deposit, either becawde of the distribution of source materials or current
structure in the bay.

Iton and organic carbon exhibit highest concentrations in the elay-rich
aediments. Most contaminant metals sueh as lead, zine, copper, nickel, and
chromium are strongly correlated with iron concentrations (r»0.% in most cases
for N>30) and thus have very similar surface concentration patterms. Ceoncen—
tratlons of contaminant metals in surface sediments are consistently lower
than concentrations in depositional bhasins of the gpen lake. Because the
Saginaw Riwver iz considered to be a strong tributary scurce of contaminants,
low metal concentrations in lower bay sediments requirte explanatiom. A least
twoe processea raduce concentrations: (1) dilution of contaminantz by a
gredater amount 0f allechthonous material Io the bay, and (2) Intensive ve-
working of sediments by zoobenthos. Corrections made for dilution effects
show that chromiom 1s significantly higher in sediments of Saginaw Bay than in
open lake deposits. Vertical distributions of minor elements, cesfum-137 and
lead-210, show that the upper 10-25 cm of sediment are extensively reworked.
The depth of seadiment miziung varles systemarically over the deposic, with
highest values occurring toward the centers in fine-grained matasrials.

Yertiral discributions of benthic srganisms (primarlly wormg) indicate
that 20% of the zoobenthes cccur within the zone of mixing as determined
radiometrically. Thus, ocrganisms are probably responsible for sediment mix—
ing. HNumbers of benthos range from 10,000 te 3¢, 000 w2 and are sufficlently

abundant te recyele particle bound contaminants in the mixed zone amnually.
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The toral amount of ceslum—-137 stored in sediments of the lower bay is
earimated to be 64 C1, as compaved with an estimated 158 CL deposited over the
same area frow cumulatlve atmospheric fallout (decay corrected to 1975},

In the absence of tributary coutributions, the wmuddy deposit appears to ba
about 40% efficient in retaining this radionuclide. Integrated amounts of
contaminant metals such aa Cr, Cu, N1, Pb, and Zn (ug!cmzj far exceed amounta
atored in cffshere depoalits. A compariscon with atmoapheric loadings shows
that Cr, Cu, and Nl especially have strong uon—atmospheric sources in the bay.
Thus, relatively low surface concentrations of these elements conceal the faer
that much contamination has heen reworked downward to appreciable depths.
Total inventories of metal contaminants iu metric tons are: Cr, 1,100;

Cu, 590; N1, 590; P, 11,000; Pb, 850; and Zn, 1,800.

Sediment ‘mizing 1s, in fact, so deep that cesium—-137 providea little or
a0 information on sedimentatien rares. However, lead-210 appears to give
valid ratee. Sedimentation rates based on ragweed pollen data and lead-210 in
one cote are very conglatent. Values determined from lead-210 in 12 cares
range from 0.07 to 0.24 gfcuzfyr and imply a tfotal mass accumulation in the
depoait of 6.3 x 107 metric tons per vear. The relatively few sedimentatian
rate values indicate a systematic varlation in rate over the deposit, with
higheac rates occurring at the southsestern end in proximity to the Saginaw
River. Contaminant metal current deposition rates are estimared uging a model
af steady atate mixing and expopential incrzase in leading with z 20 yearv
doubling time. Annual loadingy ars estimated in merric tons/year as: Cr, 54;
Cu, 28; N1, 30; P, 420; Ph, 40; and Zn, 86.

In combination with sediment mixing depths, sedimentation rates provide a

maasutre of the particle reafdence time in the mixed layer. This time is alsao
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aquivalent ta the time rteselution in cores and, to the extent that resuepen-
slon of particle-bound ontaminauts from the mixed layer contrels concen-—
trations in the water column, 18 also the response time for recovery of the
bavy as g cloeed system to cessation of external contamlnant loads. In the
cores examined, this time varies from 11 to 60 vears with a mean of 30 years.
This latter value is presently the bast estimate of mixed layer resldence time
Ec be used in bay-wlde subrophlcation models involving resuspension processes.
Dirger flux measvrements provided the followlng average values over the
period from April 1378 te November 1978: P, -33C pg Pfcmzfyr; N(NHg), +200 ug
Nfem?fyr; N{NO3), =360 yg N/cw®/yr; and Si, 3,000 ug Sifcm?/yr. Releases of
51 constitute a major imput of 5i to the bay. The flux of silicomn from
gediments exhiblts an amuzal eycle raonging from about 1,500 ygfcmzfyr in the
spring to a maximm of sbour 6,000 pg!cngfyr in Aupunst. The mean flux may be
reliably predicted from thermodynamic expressions and the sediment tempera—
ture. During the fall menths the flux in individual cores is strongly corre-
lated with the uumbersa of chironomid larvae present. Correlations between
other nutrient fluxes and crganiam densities are generally insignificant.
Furcher studies attempting to account for the behavigr of contaminantsg
and materials In the lower bay system must take account of zoobenthos—medizted
integration processes occurring in sediments. & further deceptlon cccurring
aa a result of dilution 9f contaminants by ipert materials and extensive
reworklng should be coneidered: low concentrations of contaminants in buolk
sediment do mof necesgarily imply reduced transfer up the food chain by
benthos. Their particle selective Feeding behavior may allow them ta take
full advantage of contaminants on foad particlas distributed throughout the

reworked zone. Experlence wirh Intensive coring in the lower bay as well as
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the open lake demonstrates the high degree of apatial heterogenefty in
sediment composition and accumuiation/mixing rates within depositional basins.
Sedinent budget calculatisna, L{f they are to be reallstlc, must take account
of sediment varilability. In modelling the behavior of contaminants and
auttients in the water column, depositional and non-depositional zanes should
be treated separately with realistic model elements characterlzing integration
and resuspensicn procaesgea. Divect flux measurements are to be preferred to
pore water gradient flux estimates because of a multiplicity of effects,
including surface digsgolution procesaes and zoobenthos medlated exchange of

goluces.
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