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Abstract 
210Pb geochronology is used to determine sedimentation rates, 

210Pb flux rates, and organic carbon deposition rates from 17 sediment 

box cores in Lake Superior, U.S.A. These data, in conjunction with 

organic carbon, PCB, trace metal, benthic organism, and sedimentary 

structure data, are used to investigate depositional and post-

depositional processes. 

Sedimentation rates vary from 0.01-0.20 cm/yr in Lake Superior. 

A dynamic model is presented which emphasizes: (1) very high (greater 

than 0.15 cm/yr) sedimentation rates in marginal bays, (2) moderate to 

very high (0.07-0.19 cm/yr) open lake sedimentation rates in regions 

adjacent to marginal bays, these regions are affected by plumes of 

suspended sediment that originate in marginal bays by wave-stirring of 

bottom sediments, and enter the open lake, (3) moderate to high (0.05-

·0.11 cm/yr) sedimentation rates adjacent to the Red Clay Area, where 

shoreline recession rates are high, (4) moderate to high (0.05-0.12 

cm/yr) sedimentation rates in the deepest portions of the Lake Superior 

Troughs region, with downslope sediment movement off the adjacent shoals 

and into the troughs, (5) low to moderate (0.04-0.05 cm/yr) sedimenta-

tion rates from cores with current bedding features in the Keweenaw 

Current region, and (6) very low (0.01-0.03 cm/yr) sedimentation rates 

in the central lake basins due to isolation from sediment sources. 

Organic carbon deposition rates (K) range from 0.0001 to 0.0032 g 

Carbon/cm2/yr, and K varies as a power function of sedimentation rate 
2 1.03 W (g/cm /yr) such that K = 0.04 W . This result may imply that 

higher sedimentation rates favor organic carbon preservation with 
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rapid removal from the oxidizing conditions at the sediment-water 

interface through burial. However, the exponent is very close to 

1.00, which implies that a constant proportion of organic matter is 

deposited with sedimentation at any site. Calculations using primary 

productivity measurements and average K values indicate that about 

77-87% of primary production carbon is oxidized in the water colunm 
210 2 during deposition. The Pb flux rate P (dpm/cm /yr) is directly 

-4 to the organic carbon deposition rate, such that K = 4 x 10 P. 

This indicates that the main transfer mechanism for 210Pb through the 

water colwnn is via association with organic particles. 

Organic carbon concentrations (C) decline exponentially with 

increasing sediment age from surficial values of 1-5% to "background" 

values of 0.5% in 9,000 year old sediment. The decay phenomena can 
-At be described by C = C0 e , with values for the decay constant () .. ) 

-2 Tanging from 0. 2 to 1. 7 x 10 /yr. These decay constants are 2 to 3 

orders of magnitude higher than the oceans, probably due to the 

presence of younger and more chemically reactive organic components 

in Lake sediments. The sedimentation rate (W) is inversely 

related to the decay constant (A), such that A= 5.33 x lo-4w- 0· 53 . 

This may indicate that rapid burial promotes organic matter preser-

vat ion. 

Independent evidence for biological mixing of Lake Superior 

sediments includes surficial zones of constant 210Pb activity, the 

presence of PCB substances below the sediment horizon corresponding 

to its first usage in commercial quantities, benthic organism studies, 

and lack of lamination in the upper portions of cores on x-radiographs. 
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Oligochaete displacement rates are calculated which equal or exceed 

sediment accumulation rates in many cores. This indicates that oligo-

chaetes cause significant sediment mixing at some sites. At other 

sites, additional mixing by burrowing amphipods may increase sediment 

mixing. Mixing is considered as a mechanistic analogue to diffusion 

phenomenon, and mixing (eddy diffusion) coefficients are calculated 
2 = 0.002-10.54 cm /yr). The highest of these compare to other 

studies from lakes and nearshore marine regions, while the lowest 

compare to rates from abyssal regions. 

Z f t 21 OPb · . d h . h d . ones o constan activity at ept in t e se iment corres-

pond to the time intervals 1900-1910, 1910-1920, and 1940-1950. These 

are interpreted as storm deposit layers, and may correspond to major 

storms which occurred in the Lake Superior region during November 27-28, 

1905, November 22-24, 1918, and November 10-12, 1940. 

Diagenetic horizons are described from the sediments, these in-

elude 1-2 mm thick black laminations, 1.0-1.5 cm thick orange-colored 

"crusts", and layers 3-5 cm thick of many 1-2 mm diameter micronodules. 

The available evidence indicates that the black laminations are Mn 

enrichments and the orange-colored crusts may be Fe enrichments. 
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1. Introduction 

Great interest has focused recently on sedimentation studies in 

lakes. In part this follows from interest in interpreting the origin 

of modern and ancient lacustrine deposits, with reference to petroleum 

genesis or otherwise, and in part from the necessity of quantifying 

the depositional aspects of natural and anthropogenic substances in 

lakes. Aspects of sedimentation which are of interest are: sediment 

types, source areas, sediment transport mechanisms, sedimentation 

rates, and post-depositional processes. 

Beginning in the early 1970's, studies demonstrated that the 

ZlOPb geochronological technique was a feasible means of dating marine 

and lacustrine sediments to about 100 years age (Krishnaswami and 

others, 1971; Koide and others, 1972,73; Robbins and Edgington, 1975). 

It has•been shown subsequently that 210Pb dating provides a wealth of 

about post-depositional processes also, including sediment redis-

tribution from biological and physical mixing. 

Studies in the Great Lakes over the past decade have used both 
. 226 210 239 137 naturally occurring ( Ra and Pb) and fallout ( Pu and Cs) 

radionuclides to construct sediment geochronologies and find sediment-

ation rates. Specific problems studied in the Great Lakes using these 

isotopes include: overall sedimentationpatterns (Robbins and Edgington, 

1975; Farmer, 1978); comparison of isotope and pollen geochronologies 

(Bruland and others, 1975; Robbins and others, 1978); hydrodynamic 

processes affecting isotope deposition (Edgington and Robbins, 1976a); 

sediment redistribution by benthic organisms (Robbins and others, 1977, 
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1979); and influx rates of trace metals (Edgington and Robbins, 1976b; 

Nriagu and others, 

The purpose of this thesis is to determine sedimentation rates 

and investigate depositional and post-depositional at 17 

core sites in Lake Superior. Comparisons between sites has sought to 

explain differences in sedimentation rates on the basis of locations 

of sediment sources and prevailing sediment transport mechanisms. 

Independent evidence from LANDSAT satellite imagery and sedimentary 

structures is used to support these conclusions. The role of organic 

carbon in the depositional processes itself is examined, and calcula-

tions are made for the decomposition (oxidation) rates of organic 

carbon in the water column and in the sediments. The role of organic 
210 carbon as a transfer mechanism for Pb through the water column is 

·considered. 

I h 1 · . Zl OPb d. . b . . . . d n eac core, anoma ies in istri utions are investigate 

as evidence of physical and biological mixing. Displacement rates by 

oligochaetes are calculated to see i£ mixing rate processes exceed 

sediment accumulation rates. Mixing models are applied to show that 

mixing by organisms is mechanistically analogous to a diffusion pro-

cess. Meteorologic data are investigated to show that zones of con-

stant 210Pb activity below the surficial mixed layer may be due to 

storm deposits. Secondary laminations, cTUsts, and micronodules are 

investigated as evidence of metal migration in response to redox 

conditions. 
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2. Regional Geology 

2.1 Physiographic Setting. Lake Superior measures 562 km east 

to west by 258 km north to south (Hough, 1958}. The mean and maximum 

depths are 150 m and 405 m, respectively, this maximum is 223 m below 

sea level. 3 The total volume of Lake Superior, 11,920 km , represents 

over one-half the total volume of the Great Lakes (Matheson and Munawar, 

1978), and a full one-tenth of all flowing fresh water in the world 

(Van Demark and Eiber, 1972). 
2 The drainage basin measures 210,000 km , of which approximately 

39% (82,300 km3) is lake surface. Approximately 95% of the basin land 

surface is forest (Matheson and Munawar, 1978). Over 200 rivers are 

tributary to Lake Superior, but most of these have small drainage 

basins and minor discharge. The major rivers in descending order of 

discharge are: the Nipigon, St. Louis, Montreal, Michipicoten, 

Kaministikwia, the Long Lac and Ogoki Diversions, and the Magpie and 

White Rivers (Matheson and Munawar, 1978). The major source of water 

to Lake Superior is through precipitation directly onto the lake, and 

the major source of dissolved substances is through runoff (Matheson 

and Munawar, 1978). 

The shoreline of Lake Superior is over 4800 km long, and most of 

this is composed of resistant bedrock highlands. Bedrock highlands 

along Minnesota's North Shore and most of the Canadian shoreline are 

thought to contribute only minor sediment inputs to the lake. In 

contrast, the southern shoreline consists of high (30 m) erodible 

bluffs of red clay in Western Wisconsin; bedrock bluffs in the 
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Porcupine Mountains, Keweenaw Peninsula, and Pictured Rocks region of 

Michigan; high sand dunes in the Grand Sable area of Michigan; and low 

(less than 10 m high) of glacial sands, gravel, relict eolian 

dunes, alluvial sands, and lacustrine clay in the remaining areas 

(Kemp and others, 1978). Shoreline recession due to erosion along 

the south shore is highest in two regions: the exposed red clay 

bluffs of Bayfield and Douglas Counties (the Red Clay Area), in 

western Wisconsin, and low bluffs of .glacial and dune sands in Ontona-

gon County, Michigan. Shoreline erosion rates in these areas average 

1.0-1.5 m/yr (Hess, 1973; Sydor, 1975; Kemp and others, 1978). 

The Canadian Hydrographic Service bathymetric map (No. 885, 1973) 

details certain physiographic regions within the lake. One feature 

is the presence of large and relatively shallow (0-100 m) bays marginal 

'to the main lake, these include Thunder, Black, Nipigon, Marathon, and 

Whitefish Bays (see Fig. 1). A second feature is a pronounced slope 

break at 100 to 120 m depth in the lake. This has been used to delin-

eate the lake bottom into "basin" and "shoal" or "shelf" regions (Dell, 

1974; Johnson, 1980). A third feature is the difference in topographic 

expression between the eastern and western portions of the lake floor. 

The western basin has been described as a surface of low relief, with 

a prominent trough along Minnesota's North Shore, while the eastern 

basin is a complex region of north-south trending troughs and ridges. 

The origin of these features has been attributed to the work of sub-

aerial streams (Farrand, 1969a), subglacial streams (Wright, 1971), 

and glacial ice (Dell, 1976). 
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2.2 Bedrock Geology. With . the exception of Quaternary sediments, 

no material younger than Latest Precambrian has been recovered from 

Lake Superior (Zumberge and Gast, 1961; Farrand, 1969b; Dell, 11972, 74; 

Johnson, 1980). The lake basin may owe its origin to a combination of 

three factors: (1) synclinal development during and subsequent to the 

extrusion and intrusion of Keweenaw-series igneous rocks, (2) later 

faulting which modified the basin, and (3) Quaternary glacial erosion, 

which may have removed part of the sediment filling of the basin 

(Schwartz, 1949). The unusually thick continental crust underlying 

Lake Superior (greater than 50 km, Chase and Gilmer, 1973) has been 

interpreted as gabbro (Smith and others, 1966). This and other evi-

dence suggests the Lake. Superior basin is associated with a Late 

Precambrian "failed rift" system (Smith and others, 1966; Craddock, 

·1972). Rocks exposed at the surface around Lake Superior include 

Keweenawan basalts and associated intrusives and elastic sedimentary 

rocks throughout the western basin; Archean metamorphic rocks of the 

Canadian Shield along the northeastern shoreline, and Late Precambrian 

sedimentary rocks along the southern shoreline (Hough, 1958). No car-

bonate or evaporites have been found in the Lake Superior Basin, al-

though their former presence has been surmised - (Farrand, 1969b). 

Sediment cores in Lak.e Superior have not recovered bedrock other than 

the Jacobsville Sandstone (Late Precambrian) (Farrand, 1969b). 

2.3 Late-glacial Sediments and History . 

2.3.1 Lake Level History. Quaternary sediment distribution in 

Lake Superior reflects, in part, a complex deglaciation history. 
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Sediments have not been identified as older than the last ice advance 

(about 11;500 Y.B.P., according to Broecker and Farrand, 1963). The 

ablation history and final recession of the Superior Lobe out of the 

Lake Superior Basin was accompanied by a sequence of at least six lake 

stages prior to the present day Lake Superior stage. Each lake stage 

was governed by the elevation of its principal outlet(s), which 

changed over time due to (1) local ice advance or recession blocking 

or opening topographic lows that served as outlets, and (2) glacial-

isostatic rebound raising the elevation of these outlets (Farrand, 

1969a). 

The sequence of glacial lake stages has been summarize.d by Farrand 

(1969a). During early ice lobe ablation, several small ice-margin 

lakes, called the Epi-Duluth Stage, drained south and west down the 

'Brule-St. Croix and Moose Lake outlets. Subsequent ice retreat led 

to the incorporation of smaller lakes into Glacial Lake Duluth, which 

had the same two outlets into the Mississippi River drainage. A period 

of relatively rapid ice followed, opening most of the western 

Lake Superior Basin. When ice recession exposed a new outlet through 

the Huron Mountains (west of Marquette, MI.), lake level fell about 

500 feet. A number of individual lake stages (Highbridge, Moquah, 

Washburne, Beaver Bay, and Minong) represent short-lived and minor 

stillstands during this progressive fall in the lake level. 

The lowest lake levels were in the subsequent Lake Houghton Stage, 

after ice recession had opened a new outlet through North Bay, Ontario. 

Outlets during this time included the Huron Mountains and St. Mary's 



Straits, as well as North Bay. Lake levels during the Houghton Stage 

were about 70 m below the surf ace of present Lake Superior (Farrand, 

1969a). 

7 

Subsequent lake level history, during the past 5 to 6,000 years, 

has been governed by glacial-isostatic rebound of the various outlets, 

resulting in higher lake levels for the upper three Great Lakes. The 

Nipissing Great Lakes Stage (from 5,000 Y.B.P. to about 4,000 Y.B.P.) 

represented common lake levels for Lakes Superior, Huron, and Michigan. 

Lake levels lowered slightly at about 3800 Y.B.P. due to downcutting 

of the Port Huron outlet into Lake Erie. Rebound of the bedrock sill 

at Sault Ste.Marie raised the level of Lake Superior above Lakes Huron 

and Michigan at about 2000 Y.B.P. (Farrand, 1969a; Dell, 1974). 

2.3.2 Late-glacial Sediments. Sediments in Lake Superior include 

'tills, outwash, glacial-lacustrine clays, and post-glacial sands and 

silty-clays (Farrand, 1969a,b; Dell, 1972,74,76; Mothersill and Fung, 

1972; Thomas and Jaquet, 1975). Characteristics of post-glacial sedi-

ments will be discussed later. 

Seismic reflection profiling indicates that till thickness may 

exceed 400 m in some portions of Lake Superior (Wold and others, in 

prep.). Dell (1974) distinguished three till types on the basis of 

color, carbonate content, and heavy mineral suites. Tills in the 

southern and western basin are red and calcareous, tills in northern 

Lake Superior are gray and calcareous, while ·tills in northeastern 

Lake Superior are gray and non-calcareous. Superimposed upon this 

pattern is a change in heavy mineral suites from higher hornblende 
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than pyroxene in eastern Lake Superior to higher pyroxene than horn-

blende in western Lake Superior. Differences in till lithology are 

attributed to provenance (the eastern basin is dominated by granites 

and granite-gneiss while the western basin is dominated by gabbro, 

basalt, and red sandstone). Tills in southern Lake Superior are some-

times interbedded with brown, well-sorted sands that probably repre-

sent glacial outwash (Farrand, 1969b; Dell, 1972). 

Glacial-lacustrine sediments vary in thickness, reaching a maxi-

mum thickness of greater than 70 m in the Thunder Bay Trough (Johnson, 

1980). Throughout most of Lake Superior, a sequence is observed of 

(1) red, nonvarved clay overlain by (2) red varved clay and (3) gray 

varved clay (Farrand, 1969b; Dell, 19-72,74; Thomas and Jaquet, 1975). 

Dell (1972) has demonstrated that red and gray clays are derived from 

nearby red or gray till, and that the change in deposition from red to 

gray clay was probably due to change in provenance during ablation 

history. Varved couplets in both red and gray clay consist of lighter-

colored summer layers that average about 4 mm thick and darker-colored 

winter layers about 1 mm thick. Both winter and summer layers contain 

similar mineralogies, but summer layers consistently contain about 50% 

more Caco3 than winter layers. This difference has ·been attributed to 

the corrosiveness of Lake Superior water (greatly wi.dersaturated with 

respect to CaC03) and sedimentation rates, such that higher sununer 

sedimentation rates and ensuing rapid burial favored carbonate preser-

vation, while during winter more carbonate was dissolved from the sedi-

ment-water interface (Dell, 1972,73,74). 
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2.4 Post-glacial Sediments. 

2.4.1 Sediment Thickness and Distribution. Post-glacial sedi-

ments include brown sands, gray and Brown-silty-clays and clays (Farrand, 

1969b; Adams and Kregear, 1969; Dell, 1972,74,76; Thomas and Jaquet, 

1975). Sediment thickness and distribution is non-uniform over the 

lake floor. Fine-grained sediments are commonly thin and discontinuous 

or absent in (1) shelf and nearshore regions shallower than about 120 m 

in northern and western Lake Superior (Dell, 1972,74; Johnson, 1980); 

(2) shoal tops and shoal margins in southeastern Lake Superior (Adams 

and Kregear, 1969; Dell, 1976); and (3) in regions shallower than 

about 250 m· in the ridge and trough region of southeastern Lake Super-

ior (Dell, 1974,76). Coarse-grained deposits, mostly sands, are found 

in nearshore areas . and shoal tops in southeastern Lake Superior (Adams 

·and Kreg_ear, 1969; Dell, 1974). Where post-glacial sediments are 

entirely absent, bedrock, till, or glacial-lacustrine clays outcrop 

on the lake floor. Fine-grained post-glacial sediments thicken in local 

topographic basins, reaching thicknesses of 10 m in southeastern Lake 

Superior (Dell, 1976), 9 m in the Thunder Bay Trough (Thomas and Dell, 

1978), and 14 m in Thunder Bay (Mothersill, 1977). 

Studies in Lakes Ontario and Huron have shown that sediment tex-

tural characteristics are largely a function of hydrodynamic sorting 

related to the dissipation of wind-stress energy with increasing water 

depth (Thomas and others, 1972; Sly and Thomas, 1974). In Lake Super-

ior this sorting process is modified by local £actors such as deep-

wat er currents, topography, provenance, and lake level history (Thomas 



and Jaquet, 1975; Dell, 19.76; Johnson, 1980). A discussion of these 

follows. 

10 

The absence of fine-grained sediments in waters shallower than 

120 m has been attributed to resuspension and transport by storm waves . 

(Dell, 1974,76; Johnson, 1980). In nearshore regions, coastal erosion 

and resuspension of shallow water deposits is responsible for high 

levels of lake water turbidity. The formation and dissipation of 

plumes of suspended sediment in western Lake Superior has been modeled 

in response to various wind speeds and directions (Sydor, 1975; Stortz 

and others, 1978; Sydor and others, 1978). Northwesterly to north-

easterly winds produce wave erosion of bluffs in the Red Clay Area 

and also secondary vortices that resuspend sediment in shallow water 

(Shuter and others, 1978). Because over 80% of this turbidity consists 

of particles finer than 4 microns, settling and dissipation rates are 

low (less than 6% per day, based upon consecutive satellite overpass 

measurements, Shuter and others, 1978). While these masses of turbid 

water persist they are affected by surface currents, and tend to m9Ve 

sediments into deeper, offshore areas. It is believed that sediment 

undergoes many deposition-resuspension episodes before final deposition 

in water depths below the effective storm-wave base (Kemp and others, 

1978). 

Deepwater currents affect sediment distribution in at least three 

regions of Lake Superior. Dell (1976) explained the absence of fine-

grained sediment in the Lake Superior Troughs regions as due to erosion 

by contour-parallel flowing currents. Deposits in these troughs are 
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thick along the western margins, but thin or absent along the eastern 

margins. Johnson (personal communication) attributes this distribution 

to the Coriolis effect on water movement through the ridge-and-trough 

region. The second region is along the western and northern side of 

the Keweenaw Peninsula. Ragotzkie (1966) identified a rapid moving 

(about 40 cm/sec) surface current in the upper 30 m of the water column 

moving from southwest to northeast. Subsequent studies (Johnson and 

others, 1980) have shown that this current has eroded and transported 

fine grained sands to a depth of at least 180 m during certain episodes 

in the past. The third region is a trough located northeast of Isle 

Royale, where bottom current velocities exceed 12 cm/sec at a depth 

of 230 m _(Carlson, in prep.). 

Local topography affects sediment distribution by providing sedi-

ment traps and sediment sources. Exposed bedrock and tills on shoal 
) . 

tops in southeastern Lake Superior act as local sand and silt sources, . 

while sandy lag deposits on glacial-lacustrine clays on shoal flanks 

indicate that these have acted as sources for silts and clays (Dell, 

1976). Local depressions in nearshore regions apparently act as sedi-

ment traps and reduce the eff of sediment resuspension (Kemp and 

others, 1978, this study). 

Lake level history has affected sediment history in several ways. 

Bayhead bars, such as the large sand spit in the Duluth-Superior Har-

bor area, were initially formed during low lake levels, and have kept 

pace with subsequent lake level changes (Loy, 1963). In other regions, 

large-scale (5-75 m wide, up to 2 km long) scour marks in tills and 
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glacial-lacustrine clays at water depths of 50-150 m are attributed to 

iceberg plow marks made at lower lake levels (Berkson and Clay, 1973). 

These may have removed post-glacial sediments from these regions. 

2.4.2 Sediment Sources. Major sediment sources in Lake Super-

ior include shoreline erosion, river inputs, subaqueous erosion, algal 

productivity, and anthropogenic inputs (mostly dredging and taconite). 

The major source of fine-grained sediment in Lake Superior is 

shoreline erosion. Estimates for the total input of fine-grained 

sediment from shoreline erosion vary ·between 4.6 million tons per 

year (Kemp and others, 1978) and 10.8 million metric tons per year 

(Bahnick and 1978). This constitutes between one-half and 

two-thirds of the total fine-grained sediment input to the lake. Of 

this amount, approximately 80-90% is from shoreline erosion in the 

'Red Clay Area (Douglas and Bayfield Counties, Wisconsin). The average 

shoreline recession rates (1.0-1.S m/yr) were discussed earlier in 

this paper. 

Only a few of the rivers entering Lake Superior act as major 

sediment sources due to the high percentage of exposed bedrock in the 

watersheds of most of these. The sixteen major tributaries draining 

Minnesota's North Shore, for example, contribute only 0.3 million 

metric tons per year from this bedrock terrane (Wagner and Lemire, 

1976). The major sediment contributors are the Nipigon (enters Nipigon 

Bay), the Kaministikwia (enters Thunder Bay), the Pie (Ontario), the 

St. Louis (enters Duluth-Superior Harbor), and the Ontonagon Rivers 

(Michigan). The estimated total sediment input from these rivers 
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is 2.4 million metric tons per year (International Joint Commission, 

1977), . but these estimates may be low since suspended sediment and 

discharge measurements used in the estimate were made at low flow 

periods prior to spring melt-off (Bickel and Carlson, unpubl.). 

The evidence for subaqueous erosion was discussed earlier, but 

no estimates have been made for the total amount of sediment redis-

tributed by this processes. The annual input of airborne particulates 

into Lake Superior has been variously estimated as 0.04 million metric 

tons per year (International Joint Commission, 1977), and 0.2-0.4 

million metric tons per year (Bickel and Carlson, unpubl.). This 

latter value is based on atmospheric concentrations and average depo-

sition rates calculated by Eisenreich and others (1979). The annual 

input of organic matter from algal productivity has been estimated as 

·o.2 million metric tons per year, based upon organic carbon 

concentrations (Kemp and others, 1978). This value may be low because 

it represents the residual carbon fraction following organic matter 

in the water column and at the sediment-water interface 

(Kemp and others, 1978; this study). The annual input from anthropo-

genic activities includes 0.2 million metric tons per year from dred-

ging (International Working Group, 1974), and 0.5 million metric tons 

per year from mine waste disposal at Silver Bay, prior to cessation of 

dumping in 1979 (Kemp and others, 1978). 

2.4.3 Sedimentation Rates. Sedimentation rates in Lake Super-

ior have been estimated by a variety of methods. The low carbon con-

tent of Lake Superior sediments makes 14c dating difficult. 14c dating 
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of glacial features on land indicate that Lake Superior was ice-free 

at some time between 9 and 10,000 Y.B.P. (Prest, 1969; Bryson and 

others, 1969). Glacial-lacustrine varved sediments would no longer 

be deposited following recession of the Superior Lobe from the Lake 

Superior Basin. Farrand (1969a) measured sediment thickness above 

glacial-lacustrine varved sediments and, by assuming a constant sedi-

mentation rate during post-glacial times, calculated average sediment-

ation rates of 0.013-0.017 cm/yr. Mothersill and Fung (1972) used a 

single 14c date to calculate sedimentation rates of 0.021 cm/yr in 

northern Lake Superior. Neither of these methods provide means of 

determining changes in deposition rates. 

Bruland and others (1975) used 210Pb and pollen geochronology in 
210 · two cores from western Lake Superior. Pb data, based upon a few 

'points in each profile, could have been interpreted in several ways. 

Either sedimentation rates in this region changed from 0.01 cm/yr 

prior to about 1950 to 0.05-0.06 cm/yr since then, or else sedimenta-

tion rates were constant at about 0.01-0.02 cm/y-r, and the tops of 

these cores were affected by biological mixing. The latter explanation 

f d b B 1 d d h . h 1 ZlOPb d . was avore y ru an an ot ers, since t ese ower se 1menta-

tion rates were better in accord with rates calculated by the rise of 

ragweed (Ambrosia and other types) pollen. The pollen sedimentation 

rates cm/y-r) were considered lower limits, since biological 

mixing would move the ragweed pollen horizon upwards, and produce 

lower apparent rates (discussed in detail later). 

Maher (1977) used the ragweed pollen horizon to calculate sedi-
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mentation rates in eight cores from western Lake Superior. These rates 

varied from 0.01-0.08 cm/yr, with generally higher rates found in 

deeper water. The exception to this were cores from near Duluth, 

which Maher attributed to proximity of the St. Louis River, but may 

also be due to proximity to the Red Clay Area. Maher examined his 

cores for bioturbation effects, but concluded that this was not a 

major process because distinct "peaks" of different pollen types were 

found (i.e., pollen was not homogenized by mixing). 

Kemp and others (1978) used the ragweed pollen horizon from ten 

cores throughout Lake Superior to calculate sedimentation rates of 

0.01 to 0.20 cm/yr. High sedimentation rates were found in certain 

· basins (Duluth Basin, Thunder Bay Trough, Ile Parisienne Basin, and 

Marathon Basin), which Kemp and others attributed to proximity of 

major sediment sources. This study, like Maher's, did not consider 

biological mixing to be a major redistribution process in Lake Super-

ior. It is also important to note that Kemp and others (1978) concen-

trated their study on deep lake basins, to the exclusion of marginal 

bays and nearshore areas. 



3. 210Pb Geochronology 

ZlOPb is a member of the 238u decay series (Fig. 2), and is 

supplied to natural bodies of water through runoff (dissolved and 

particulate fractions of river sediment loads, and direct catchment 

basin runoff), atmospheric precipitation,. and in situ decay of 226Ra 

in the water column. Several extensive literature reviews of the 
210Pb geochemical cycle have been published recently (e.g. Robbins, 

1978; Krishnaswami and Lal, 1978). This discussion will highlight 

certain aspects of the behavior of 210Pb that relates to its use as 

a geochronologic tool. 

Important features of the 210Pb geochemical cycle -are presented 

schematically (Fig. 3). While the long-lived members of the decay 

series c238u, 234u, 230Th, and 226Ra) remain associated with organic 

matter or clays in soils or sediments, the formation of 222Rn by 
226 alpha decay of Ra produces a non-reactive gas that diffuses into 
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the atmosphere. Early studies showed that most of the atmospheric 
210Pb is produced from 222Rn escaping the earth's crust in this fashion 

CJ k . 1969) E . f h 222Rn h 1 . f ·1 aworows 1, . stimates o t e ex a ation rate rom soi s 

range from 45-60 atoms/cm2/min (Wilkening and others; 1975; Turekian 
222 and others, 1977). The actual amount of Rn released by soil at 

a particular locality depends upon such factors as soil parent mate-

rial, grain size, porosity, soil moisture, and meteorologic factors 

such as wind speed and atmospheric pressure (Krishnaswami and Lal, 

1978). 

Other sources of atmospheric 222Rn include 222
Rn released from 
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oceans and other water bodies, ore bodies, and from phosphate ferti-

lizers. Studies of 222Rn from the oceans indicate that the mean 

exhalation rate is about two orders of magnitude less than from soils, 

due to low concentrations of dissolved 226Ra in the oceans (Broecker 

and others, 1967). Schell (1977) found that the latitudinal distri-

bution of 210Pb in precipitation and in oceanic surface waters is 

partly due to the distribution of land masses, reflecting the greater 

importance of soils as the source of atmospheric 222Rn. Studies indi-
. 14 15 222 cate that fertilizers release 2. 2 x 10 to 1. 3 x 10 dpm/yr of Rn, 
18 versus a total release of 1.3 x 10 dpm/yr from all land masses (Jawo-

rowski and others, 1972; Moore and others, 1976). One final consider-

. · h · · · f 21 OPb . h h d . t 1 ation is t e 1nJect1on o into t e atmosp ere irec y as a 

result of thermonuclear bomb testing. The few studies investigating 

'this have presented evidence both for and against the importance of 

this source (Turekian and others, 1977; Robbins, 1978). 

Atmospheric 222Rn has a half-life of 3.81 days, and decays to 

form a series of short-lived, chemically-reactive daughter products: 
218Po (T = 3.1 minutes), 214Pb (26.8 minutes), 214Bi (19.7 minutes), !z 
214Po (l0-4 seconds), and 210Pb (22.26 years) (Lederer and others, 

1967). Due to the relatively short half-lives of all of these pre-

ceding 210Pb, it is reasonable to treat 210Pb as the primary fallout 

daughter product of 222Rn (Robbins, 

h · · d . f 21 OPb f S 10 d Atmosp eric resi ence times or range rom to ays 

(Burton and Stewart, 1960; Martell, 1970; Poet and others, 1972; 

Moore and others, 1973; Turekian and others, 1977). Deposition of 
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t h . 21 OPb ·· - d . 1 . d a mosp eric mvo:lves a sorption on aeroso particles an removal 

of these particulates by wet precipitation or dry fallout. Several 

t d . h 1 t d t h . 21 OPb d . . . h 1 s u ies ave re a e a mosp eric eposition rates wit seasona 

variations in rainfall (Fukuda a.rid Tsunogai, 1975; Turekian and others, 

1977). Overall, 30-60% of 210Pb deposition is due to dry fallout and 

40-70% is due to wet precipitation (Turekian and others, 1977). The 

annual 210Pb deposition rate has been estimated for North America 

(east of the Rockies) as 0.8-1.2 dpm/cm2/yr (Turekian and others, 1977; 

Benninger, 1978). 

After deposition, the distribution of 210Pb is dependent : upon 
210 aquatic and terrestrial processes that tend to concentrate Pb 

in certain sinks. Studies in eastern North America have shown that 

99° f h . 21 0Pb f 11 1 d f . d over o atmosp eric a out over an sur aces is trappe 

'in organic-rich soil horizons (Benninger and others, 1975; Lewis, 

1977). Lewis (1977) used mass balance calculations to estimate the 

residence time for 210Pb in soils as about 2000 years. Atmospheric 
210Pb leaves the terrain only when soil erosion takes place (Benninger 

and others, 1975). 

Atmospheric 210Pb deposited in rivers is rapidly scavenged from 

solution by adsorption onto particulates (Rama and others, 1961, Gold-

berg, 1963; Benninger and others, 1975; Lewis, 1977; Benninger, 1978). 

Rama and others (1961) found that 210Pb concentrations in the Colorado 

River decrease dramatically in short distances downstream from uranium 

tailings. Benninger (1978) found that over 75% of the riverine 210Pb 

entering Long Island Sound is associated with the suspended sediment 
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load. Estimates of the dissolved 210Pb residence time in rivers range 

from days to weeks. Goldberg (1963) found the 210Pb residence time in 

the Colorado and Sacramento Rivers was two weeks. Lewis (1977) found 

that the residence time in the Susquehanna River depends upon pH. 

Near regions of acid mine leaching (pH less than 4), 210Pb could remain 

in solution almost indefinitely, but at more natural pH values (6.0-

7.0), the residence time was less than 0.7 days. 

Atmospheric 210Pb deposited over lakes and the oceans (1.00 to 
2 210 1.50 dpm/cm /yr) greatly exceeds Pb produced in the water column 

from decay of dissolved 226Ra (about 0.01 dpm/cm2/yr) (Krishnaswami 

and others, 1971). The 210Pb concentration in sea water is about 2.1 

±0.3 dpm/100 liters (Matsumoto and Wong, 1977). The residence time 
210 . for Pb in natural waters has been estimated as a few weeks (Schell; 

'1974; Matsumoto and Wong, 1977; Santschi and others, 1979), a few 

months (Cherry and others, 1975; Krishnaswami and others, 1975), one 

year (Koide and others, 1971), 2 to 7 years (Rama and others, 1961), 

and 5 years (Craig, 1974). The rapid removal of 210Pb indicated by 

these studies is responsible for 210Pb activities in sediments that 

1 d 1 1 d b h d f . . 226R great y excee eve s supporte y t e ecay o 1n situ a. 

Proposed transfer mechanisms for 210Pb from the atmosphere-water 

interface to the sediment-water interface include: co-precipitation 

with Fe-Mn oxides (Tsunogai and Nozaki, 1971), adsorption on particu-

late organic matter (Benninger, 1976), uptake by phytoplankton (Broecker 

and others, 1973), aggregation of colloidal particles (Tsunogai and 

Minagawa, 1978) and filtering and subsequent incorporation into fecal 
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pellets by zooplartkton (Cherry and others, 1975; Beasley and others, 

1978). Recent experiments with zooplankton populations show that 

fecal pellets from these organisms could account for the entire 210Pb 

flux to the sediment-water interface in the oceans (Beasley and others, 

1978). 

In sediments, 210Pb activities measure both the "supported" acti-

vity (As) produced by decay of 226Ra in the sediments and the "unsup-

ported or excess" activity (Ae) due to the depositional processes 

discussed above, or 

Atotal = As + Ae (3.1) 

B h d . . . d d h . . f 226R ecause t e supporte activity is epen ent upon t e activity o a 

throughout the sediment, and since these activities are generally small 

and relatively constant, while the activity of unsupported 210Pb will 

·change due to radioactive decay, (3.1) is usually modified to 
-;\t Az = Ao e + As ( 3. 2) 

where Az is the 210Pb activity at depth z, 

Ao is the 210Pb activity at the sediment-
water interface, z = 0, 

and ;\is the decay constant for 210Pb (5.92 x 10-8/min). 

Equation (3.2) can be used to calculate sedimentation rates in 

sediments (see later section) if certain assumptions can be made about 

the behavior of 210Pb. These assumptions are: (1) that supported 
21 OPb · · · h h t h d . t ( 2) th t activities are constant t roug ou t e se imen core, a 

the flux of 210Pb to the sediment-water interface has remained constant 

over the dating interval of the isotope (100-150 years), and (3) that 

there is no post-depositional mobility of the isotope (Krishnaswami and 
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Lal, 1978; Robbins, 1978). In most studies the assumption of constant 

21 OPb . . . d b . f 2 2 6R activity is not treate , ecause concentrations o a are 

sufficiently small that any variations in its concentration down core 

would introduce only minor errors to sedimentation rate calculations 

(Robbins and others, 1978). 

The constant flux assumption is generally examined in two parts: 

( 1) th th t h . d . . f 21 OPb h . d at e a mosp eric eposition rate o as remaine constant 

over time, and (2) that the sedimentation rate in the study region has 

remained constant over the dating interval of the isotope. Studies on 
210Pb deposition in permanent snowfields has shown that atmospheric 

deposition rates have remained fairly constant over time (Goldberg, 

1963; Crozaz and others, 1964; Windom, 1969). The second part of this 

assumption, constant sedimentation rates, must be examined in each 

.specific study. . In general, however, studies have found excellent 

t betw-een 210Pb d t" d th h 1 · th d agreemen a ing an o er geoc rono ogic me o s. 

Koide and others (1972) found agreement between 210Pb dating and 

varve chronology in the Santa Barbara Basin. Eakins and Morrison 

(1974) found excellent agreement between 210Pb dating and paleomag-
. 210 netic stratigraphy. Holtzman (1970) correlated Pb dating and tree-

ring chronology in oak and hickory trees. Dating based upon the 

stratigraphic position of the Ambrosia-type pollen horizon has been 

successfully compared to 210Pb in some studies (Koide and others, 1973; 

Brugam, 1975; Edgington and others, 1977; Robbins and others, 1978) 

and less successful in others (Robbins and Edgington, 1975; Bruland 

and others, 1975). Bomb fallout isotopes c55re, 90sr, 137cs, and 
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239 Pu) have been used to develop sediment chronologies which are com-

parable with 210Pb (Krishnaswami and others, 1971; Krishnaswami, 1974; 

Robbins and Edgington, 1975; Edgington and Robbins, 1976a). 

Post-depositional mobility of 210Pb can be assessed by deviations 

in the sediment from equation (3.2). Studies indicate that post-

depositional mobility is restricted to redistribution of particulates. 

Leland and Shukla (1973) found no evidence for molecular diffusion of 

1 d . d" Th . 1 . f 21 0Pb d" ea in se iments. e sing e exception or stu ies appears to 

be chemical remobilization of 210Po at the sediment-water interface 

(Koide and others, 1973; Matsumoto and Wong, 1978). Redistribution of 

particulates through biological or physical mixing will be discussed 

in detail in a later section. Generally, these types of redistribu-

tions do not invalidate the usefulness of 210Pb geochronology. 
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4. Methodology 

4.1 Shipboard Collection. Sediment cores used in this study were 

collected by University of Minnesota researchers on three cruises in 

Lake Superior; on board the U.S.C.G.C. WOODRUSH (1977), the R/V ROGER 

R. Sir.DNS (1978), and the R/V CROCKETT (1979). Sample locations are 

shown in Fig. 4 and described in Table 1. 

Core collection used an oceanic box corer, which recovers a 

volume of sediment approximately 0.5 m on a side (0.125 m3) (Fig. 5). 

The advantages offered by box coring over other coring methods include: 

(1) minimal core disturbance (in all cases the sediment-water inter-

face was recovered intact and still covered by bottom water, which was 

carefully siphoned off), (2) surface area of sampling (so that 

sufficient volumes of sediment are available for the analyses which 

were conducted), and (3) the ability to collect close-interval (1-2 

mm thick) samples from the upper portions of each core. This last 

point was particularly important because, by nature of the 210Pb 

and PCB analyses, interest was focused on the last 100-150 years of 

sedimentation, and low sedimentation rates in Lake Superior mean that 

this involves the upper few centimeters of sediment. 

Coring sites were chosen to represent a variety of sedimentary 

conditions in Lake Superior. Each prospective site was reconnoitered 

using 3.5 kHz seismic reflection profiling to determine if post-glacial 

sediment cover was present in that locality. Water depths at each site 

were determined using a 100 kHz echo sounder. Site localities were 

determined by radar and visual fixes on all cruises, and also by 

SATNAV systems on the R/V CROCKETT. 
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Table 1: Lake Superior Core Locations. 

Core Latitude Longitude Water DeEth (m) Recovery Date 

W-77 llBx 46°44.2'N 84°48.0'W 130 July 13, 1977 

S-78 lBx 46°48.6' 91°44.0' 48 July 20, 1978 
4Bx 47°03.2' 91°04.2' 140 July 21 
8Bx 47°17 .O' 90°41.0' 86 July 21 

llBx 47°34.8' 89°39.0' 184 July 22 
13Bx 48°24.4' 88°56.7' 77 July 23 
15Bx 48°18.7' 88°32.2 1 186 July 23 
21Bx 48°12.3' 88°06.2' 201 July 25 
24Bx 47°48.2' 88°24.0' 175 July 25 
26Bx 47°37.0' 88°08.7' 180 July 26 

c-79 12Bx 46°50.5' 90°16.1' 115 July 1, 1979 
14Bx 47°37.4' 88°05.5' 245 July 1 
15Bx 48°11.3' 88°11.3' 265 July 2 
20Bx 48°43.3' 86°28.9' 136 July 3 
23Bx 47°38.9' 85°37 .8' 203 July 4 
26Bx 47°52.4' 85°00.0 1 200 July 4 
29Bx 47°19.9' 85°25.0' 143 July 5 



Fig. 5. Photograph of the Box Corer used in this study. 
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4.2 Sediment Sampling Techniques . After the box corer was recov-

ered at each core site, the stainless steel box was detached from the 

corer and bottom water still covering the intact sediment surface was 

carefully siphoned off. Two subcores (3" outside diameter, acetyl 

butyrate plastic) were collected for stratigraphic and other purposes, . 

and a portion of the box core was reserved for a sediment slab (describ-

ed later) ;; 

Sediment samples for 210Pb, PCB, organic carbon, and porosity 

were collected in the form of thin scrapings made with a stainless 

steel spatula (Fig. 6). In this manner 3-8 sediment samples were 

collected from the upper 1-2 cm of the core . Below this, samples were 

collected at approximately 1 cm intervals. The exact sediment depth 

for each scraping was found by division of the sediment volume recov-

·ered and . the area of sediment surface scraped. 

After sampling was completed, a side plate of the box core was 

removed, and a vertically-oriented sediment slab was collected in a 

plexiglass tray for x-radiography (Fig. 7). The dimensions of this 

slab averaged 1 cm thick by 20 cm wide by 40 cm long. In certain 

cores (C-79 14Bx and 29Bx) slabs were collected at right angles to 

each other in an attempt to determine paleocurrent directions from 

sedimentary structures. 

Sediment samples were initially stored in acid-cleaned glass jars 

at 4°C until they could be split for various analyses. Samples for 
21 OPb 1 . b 1 d . 1 th 1 t ana ysis were su sequent y store in po ye y ene screw- op 

containers at 4°C until ready for laboratory treatment. Sediment 



Fi g . 6. Photograph of Sedi ment Scraping Technique. 



Fig. 7 . Photograph of Sediment Slabbing Technique. 
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slabs were stored flat at 4°c until x-rayed. Small subcores were 

capped, sealed, and stored vertically at room temperature. 

4.3 Porosity Determinations and Depth Corrections. In prepara-

tion for 210Pb analysis, samples were ovendried at 70°C and ground 

with an acid-washed mortar and pestle. Ashing samples is not possible 

due to volatization of Pb at temperatures above 400-soo0 c (Brugam, 

personal communication). Porosity determinations were made by accu-

rately weighing the samples before and after drying. By assuming 100% 

initial saturation, porosity was calculated as 

where 

CMw/Pw) 
h = (Mw/Pw) + (Ms/Ps) 

is the porosity at some sediment depth 

is the mass of water in each sample, 

Ms is the mass of solids in each sample, 
3 Pw is the density of water (1.00 g/cm ), 

3 and Psis the density of solids (2.60 g/cm ). 

z, 

Porosity values for the sediment cores are shown in Fig. 8. 

Previous 210Pb studies have shown that cores uncorrected for 

compaction can result in 10-20% overestimates of rates 

(Farmer, 1978; Clifton and Hamilton, 1979). In this study sediment 

layer porosities, were normalized to a final compaction porosity, 

for each core. The final compaction porosity was determined as 

the lowest porosity value which remains approximately constant with 

depth. 

The actual thickness of each sediment layer, ti, is the in situ 



Fig. Ba. Porosity Values from Lake Superior Cores. 
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Fig. 8b. Porosity Values From Lake Superior Cores. 
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Fig. 8c. Porosity Values from Lake Superior Cores. 
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thickness, ti', times the ratio of final compaction porosity, to 

layer porosity, or 

(4 . 2) 

The corrected depth, z, is the swmnation of the overlying layer 

thicknesses, or 

t· l. (4. 3) 

where z is the depth of the xth sediment layer. 
210 4.4 Pb Analyses. Direct measurement of 210Pb is difficult 

because it is a weak beta emitter (0.017 MeV) and occurs in low con-

centrations (a few pCi) in natural conditions. The daughter product 
210Po, a high energy (S.305 MeV) alpha emitter was measured in this 

study. When excess 210Pb is initially deposited in sediments, the 

·daughter product is entirely absent (this discussion ignores the small 

supported levels of 210Po which would be present). After approximately 

S half-lives for 210Po (Tk = 138.38 days), both radioisotopes will be 
2 

in secular equilibrium, however during this initial ingrowth period 

. (d "b d 1 ) b d f 210Pb 21 0P d" ·1· corrections escri e ater must e ma e or - o isequ1 1-

brium. 

4 .. 4.1 Extraction Technique. Wet mud samples were stored in 

polyethylene screw-top containers following sample collection. In-

dividual samples were briefly examined for woodchips, clinkers, pebbles, 

and other features (these were subsequently removed), and then oven-

dried in 100 ml beakers as part of porosity measurements (previous 

section). Dried samples were ground with acid-washed mortar and 
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pestle, and stored in new polyethylene screw-top containers. 

All laboratory handling of sediment samples and spike solutions 

utilized plastic or teflon labware, because polonium is believed to 

plate to the walls of containers (Figgins, 196]). Some initial 

experimentation using pyrex glass beakers supported this assertion. 

The beakers and magnetic stirrers used in this study were FEP Teflon, 

and were stored in 50% HN03 solution between analyses. After December, 

1979, 208Po spike solutions were stored in 1, 3, or 5 ml individual 

1 th 1 t . p . h" 208p "k 1 . po ye y ene con ainers. rior to t is, o spi e so utions were 

stored in a single polyethylene container and transfered by pipette. 

Planchet disc holders were made of perspex plastic. The two 

tions to non-use of glass were (1) routine use of glass centigrade 

thermometers, and (2) use of 1.00 ml glass transfer pipettes for 

.208Po spike solutions between November, 1978 and December, 1979. It 

is believed that the exposure of 208Po to these pipettes was not long 

enough to have affected analyses. In both cases, the glassware was 

extensively acid .washed between samples to avoid sample contamination. 

The description for individual sample preparation follows. The 

leaching solution was prepared by weighing 3.0000 g dry wt. of sedi-

ment on a Mettler Balance. The sample was placed in a labeled, acid-

cleaned FEP Teflon beaker with an acid-cleaned stirrer bar. The 208Po 

spike solution was added to the sample in 1, 3, or 5 ml amounts (see 

later section) and the transfer pipette (before December, 1979) or 

polyethylene container (after December, 1979) was repeatedly rinsed 

into the sample with approximately 5 ml of 1 N HCl. The sample was 
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homogenized, and evaporated to driness on a magnetic stirrer hot plate. 

The sample was redissolved in 10 ml of concentrated HN03, stirred, and 

evaporated to driness again. Three washings followed of about 5 ml of 

30% H2o2, to oxidize org!lllics, each washing was evaporated to driness. 

The final three washings, each in 10 ml of concentrated HCl and evapo-

rated to driness, drove off nitrates. In general, this leaching pro-

cedure took one and one-half to two hours. 

The plating solution was prepared by adding the reagents described 

by Flynn (1968) to the dried sample. These are 10 ml 9 N HCl, 1.0 ml 

of bismuth carrier solution, 2.0 ml of 25% sodium citrate solution, 

and 5.0 ml of hydroxylamine hydrochloride solution. The bismuth 

carrier solution was prepared by dissolving 2.32 g Bi(N03) 3 · 5 H2o 
in 5.0 ml 12 N HCl, and diluting with distilled water to 100 ml. This 

·carrier solution provides 10 mg Bi +3 /ml solution, and prevents the 

deposition of 212si on the planchets by complexing it in solution with 

nitrate (Flynn, 1968). The 25% sodium citrate solution was prepared 

by dissolving 25.0 g of Na3c6H5o7 · 2H2o in distilled water and dilut-

ing it to 100 ml with distilled water. Tellurium is complexed with 

the organics in this solution, and thus the plating interference effect 

of tellurium is reduced (Flynn, 1968). The 20% hydroxylamine hydro-

chloride solution was prepared by dissolving 20.0 g NH20H · HCl in 

distilled water, and diluting to 100 ml with distilled water. This 

solution reducing plating interference effects of Fe+3 and Cr+4 by 

forming metal hydroxyl complexes (Flynn, 1968). 

The plating solution was adjusted to pH 2.00 by titration using 
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concentrated ammonium hydroxide (NH40H). The pH was monitored using 

Hydrion micro-pH paper (range 1.00-2.50). The plating solution was 

adjusted to a final volume of 50-70 ml using pH 2.00 HCl solution. A 

minimum of 50 ml was required to ensure contact with the planchet disc, 

while solutions greater than 70 ml resulted in lower plating efficien-

cies, probably due to poor circulation above the flange of the planchet 

disc holder. 

Solid silver planchet discs (1. 00" outside diameter, 0. 001" thick) 

were labelled and assembled in a perspex planchet disc holder patterned 

after Flynn (1968). A thermometer was inserted through a hole in the 

planchett disc holder cap, partially sealing the beaker top and reduc-

ing evaporative losses. The solution was plated for between one and 

one-half and two hours at 85°c. · When plating was complete, the discs 

'Were removed, washed with distilled water and methanol, and dried. 

Samples were counted inunediately after plating. 

4.4.2 Instrumentation. Alpha counting was made using an E.G. 

& G. Ortec 576 Based Alpha Proportional Counter and Spectroscopy 

System that utilized 2 silicon barrier detectors, with minimum active 

surface areas of 450 nun2 and a minimum depletion depth of 100 microns, 

and an E.G. & G. Ina-tech, Inc. Mixer Router 577S, model 2304-N. 

Count data was compiled on an Ino-Tech Model IT-5200 multichannel 

analyzer with 1024 channel capacity. A hard copy of the data was 

obtained using a Model 43 T.T.Y. teletype-printer. Sediment samples 

were counted from 75,000 to 500,000 seconds, the length of count time 

was varied with the activity of the sample. Ideally a minimum of 5-
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8,000 counts was preferred because of the improved counting statistics 

associated with larger numbers of counts. 

The counting efficiencies of the silicon barrier detectors is 

dependent upon the· geometry of the counting chamber, the effective 

pressure in the chamber, and other factors. Periodically detector 

efficiencies were calculated by evaporating 1.0 ml of standard on a 

planchet by allowing it to dry at room temperature. The detector effi-

ciency was determined as 

A t d d (measured) 
Detector Eff s an ar x 100 • = A t d d (theoretical) s an ar 

(4.4) 

Detector efficiencies average 12-15% from November, 1978 to April, 

1979. In April, 1979 the geometry of the detectors was changed and 

the efficiency increased to 20-23%. 

4.4.3 208Po Spike Solution. Known mass-activities of 208Po 

were added to sediment samples as a tracer to determine chemical 

yields of 210Po. Since both 208Po and 210Po have identical chemical 

properties, they should be affected equally by all laboratory hand-

ling procedures. 208 . 210 The use of Po in Po extractions requires "peak 

overlap" corrections (described later) since the tail of the 210Po 
208 Po peak. energy spectrum underlies the main 

208 Two separate Po spike series were used in this study. The 

first was prepared from concentrated 208Po obtained from the U.S. Geo-

logical Survey (Galveston, Texas) in October, 1978 and the second from 

concentrated 208Po obtained from Amersham Corporation (N.Y.) in October, 

1979. In both cases the activities of the 208Po spike solutions were 
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calibrated using two primary standard solutions: a 210Pb and a 210Po 

standard. The details of this calibration are described in the next 

section. 

The first 208Po shipment contained 5.0 ml with a nominal activity 

of 2,010 dpm/ml on September 6, 1978. Subsequent calibration using 

the primary standards indicates that this nominal activity should be 

multiplied by a correction factor of 0.8832±0.0656. Therefore, the 

nominal activity was 1,775±132 dpm/ml on September 6, 1978. Spike 
208 solutions were prepared by dilution of 1.00 ml of concentrated Po 

to 100 ml with 1 N HCl, mixing thoroughly, and storing the solution in 

a polyethylene screw-top container. This gave a working activity of 

17.75±1.32 dpm/ml on September 6, 1978. The activity of the working 

spike solution was monthly by using the decay equation 

A= A 
0 

-A.t e 

where Ao is the nominal activity (17.75±1.32 dpm/ml 
on September 6, 1978), 

-7 A. is the decay constant (4.55 x 10 /min), 

and t is the time in minutes since reference time. 

(4. 5) 

Each sediment sample was spiked by withdrawing 1.00 ml from the poly-

ethylene contained with an acid-washed transfer pipette, and emptied 

into the beaker containing the sediment sample. .The pipette was rinsed 

into the sediment sample with 1 N HCl, and the sample handled as des-

cribed previously. 

In retrospect, it is apparent that this method of handling the 

spike solution is not desirable for several reasons. It is difficult 

to withdraw accurately 1.00 ml by glass pipette for large numbers of 
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samples over a long time period without introducing systematic errors 

into the method. Also, repeated withdrawals from a single, large 

container introduced the possibilities of sample contamination and 

evaporative losses of the spike solution. Finally, as mentioned ear-

lier, the use of glass transfer pipettes is not desirable. 

Partially to improve upon these procedures, a second series of 
208p . k b . d Th . 1 . . f h. h. o sp1 es was o ta1ne • e nomina activity o t 1s s 1pment was 

0.52 uCi (1.154 x 106 dpm) on August 1, 1979. Subsequent calibration 

using the primary standards indicates that this nominal activity 

should be multiplied by 1.1562±0.1013. Therefore the nominal activity 

was corrected to 0.60 uCi (1.334 x 106 dpm) on August 1, 1979. 

A number of special steps were taken in preparing the second 208Po 

spike series. The use of glassware was completely avoided. Dilutions 

·were made in new, acid-cleaned Nalgene volumetric flasks, transfers 

made during these dilutions used a micropipette with acid-cleaned 

plastic pipette tips, and solutions were stored in acid-cleaned poly-

ethylene screw-top containers. The volume of each Nalgene volumetric 

flask was calculated by weighing the flask dry and then filled with 

distilled water. The mass of water was converted to volume using the 

temperature corrected density (Handbook of Chemistry and Physics, 1976). 

The mass of spike solution in each flask was calculated by weighing 

the flask dry and then filled with 1 N HCl, which is the acid carrier 

1 . f 208 so ut1on or Po. 

The entire 208Po shipment (about 1 ml) was diiuted to 50.07 ml in 

1 N HCl on February 1, 1980. The solution mass was 50.9112 g (density 
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of 1.0168 g/ml), thus the 208Po mass activity after dilution was 2.323 
4 ±0.204 x 10 dpm/g on February 1. This sample was split into 50 ali-

quots of approximately 1 ml each, and each aliquot was weighed and 

stored in an individual polyethylene screw-top container. One of 

these, sample Al'-1, having a mass of 0. 9956 g, was diluted to 998..98 ml 

in 1 N HCl. The solution mass was 1015.76 g (density of 1.0168 g/ml), 

thus the 208Po mass activity after dilution was 22. 774±1.995 dpm/g. 

This sample was split into 150 1 ml, 100 3 ml, and 50 5 ml aliquots, 

each weighed and stored in individual polyethylene screw-top containers. 

These are the working spike solutions. The activity of these was cor-

rected monthly using equation (4.5) and the appropriate value for A0 . 

Sediment samples prepared after February 1, 1980 involved empty-

ing the contents of an individual spike solution container into the 

'sediment, and repeatedly rinsing the container into the sediment using 

1 N HCl. Because better count statistics result when the peak heights 

of 208Po and 210Po are about equivalent, the 5 ml spikes were used for 

the upper portions of each core (greatest 210Pb activity), the 3 ml 

spikes for the middle portion, and the 1 ml spikes for the lower por-

t · h- 21 OPb . . . 1 . . b 1 ions, w ere excess activity is neg igi e. 

4.4.4 Calculations. 210Pb activities were determined from 
210 208 210 Po count rates after corrections were made for Po- Po peak 

overlap, plating efficiency, and sample weight. After sedimentation 

rates and sediment chronologies are calculated, an additional correc-

tion is made for 210Pb-210Po disequilibrium in the upper portion of 

the sediment core. 
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4 4 4 1 208p 210p p k 0 1 c . . . . o- o ea ver ap orrection. Data from one 

sample (as plotted from the T.T.Y. printout) is shown in Fig. 9. Each 

peak represents an energy spectrum, increasing from left to right, of 

the alpha decay particles recorded by this particular detector over 

a time interval of 173,090 seconds. The summation of the number of 

counts in each individual channel gives the total number of alpha 

particle decays detected in that particular energy range. The low 
210 energy tail of the Po peak clearly underlies the high energy por-

208 tion of the Po peak. 

A graphic correction was made by assuming the slopes of the two 

energy peaks are parallel (Benninger, 1976). The masked slope for the 

1 ·1 f 210P d 11 1 h . f ow energy tai o o was rawn as para e to t e upper portion o 
208 the Po peak (the peaks are not strictly parallel, but diverge at 

·very low values for 210Po). The values for 210Po were then determined 

'from the graph. The number of 208Po counts in each channel was then 

corrected by subtracting these 210Po values from the total (210Po + 

208Po) values. 

4.4.4.2 210Po Count Rate Determination. The 210Po peak was 

integrated from the channel with the minimum 210Po + 
208Po value (the 

valley between the two peaks) to the channel corresponding to zero 

counts on the high energy side of the 210Po peak. Generally this 

meant 25-30 channels were counted. A value of 1% of this integration 

was calculated, and the channels on the low- and high-energy sides of 
210 the Po peak closest to this 1% value were determined. The peak was 

then re-integrated between these channels. Generally this meant 15-20 

channels were counted this second time. This number represents the 
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210 210 total of Po counts, and the Po count rate is this number divided 

by the count time in minutes. 
208 The Po count rate was calculated by determining the maximum 

number of corrected counts which could be used by integration over 

the same channel width as was used in the 210Po count rate determin-

at ion. 208 This number represents the total of Po counts, and the 
208Po count rate is this number divided by the count time in minutes. 

4.4.4.3 Plating Efficiency Correction. This calculation cor-

rects the 210Po count rate for less than 100% chemical yields. The 

plating efficiency is the activity of recovered 208Po divided by the 

theoretical activity of 208Po, based upon the decay equation. The 

theoretical activity would be the measured activity if chemical yields 

were 100%. In. equation form 

Plating Eff. 
208Po (measured) = x detector efficiency 208Po (theoretical) 

(4. 6) 

Plating efficiencies ranged from 10-100%, with most averaging 

40-60%. No correlation was found between plating efficiency and such 

variables as organic carbon content, Eh conditions, or length of plat-

ing time. Variations in trace metal contents of the sediments may be 

responsible for some of the variation of plating efficiencies. The 

Flynn reagents act to minimize plating interference by metals, but 

certain sediment layers may have sufficient enrichments of metals to 

"overwhelm" the Flynn reagents. At present, this is only conjecture. 

4.4.4.4 210Pb Activity Calculation. Tlle 210Pb activity of 

each sample is calculated as follows: 



= A210 
Po 

/(Plating Eff. x Sample Wt.) 

or 

(4. 7) 
(theor.) = Wt • 

(meas.) 

The activity of 210Pb is in dpm/g. The 210Pb activity of samples 
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from Lake Superior ranged from 0.5 to 200 dpm/g. It should be noted 

that the detector efficiency (Eqn. 4.4) affects the total recovery of 

counts for both the measured 210Po and measured 208Po count rates, 

and hence drops out of Eqn. 4.7. 

4.4.4.S 210Pb- 210Po Disequilibrium. The 210Po ingrowth cor-

rection is necessary because of the initial disequilibrium 
210Pb its daughter product 210Po in recently deposited 

Th . h f 210Pb d 21 0P . h . p· 10 e ingrowt · curve or an o is s own in ig. . 

between 

sediments. 

The in-

growth equation below calculates the activity ratios of the two iso-

topes. When conditions of secular equilibrium exist, the activity 
. 210 210 ratio Po/ Pb = 1. 0172. Activity ratios less than this indicate 

that ingrowth to secular equilibrium 1s not complete. The equation is: 

1 -
->-pot e ( 4. 8) 

Calculated activity ratios over time are shown in Table 2. In 

the absence of sedimentation and sediment mixing effects, secular 

equilibrium would be reached in sediment 5 years old. However, the 

net effect of continued sediment accumulation is to displace material 

not in secular equilibrium into deeper sediment horizons (E.C. Alexander, 
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210 Table 2 • Po Ingrowth In Lake Superior Sediments. 

Time Interval Midpoint 210 /210 Po Pb 210Po/210Pb 
(years) (years) activity ratio cumulative average 

0-0.1 0.05 0.0875 0.0875 
0.1-0.2 0.15 0.2406 0.1641 
0.2-0.3 0.25 0.3685 0.2322 
0.3-0.4 0.35 0.4753 0.2930 
0.4-0.5 0.45 0.5645 0.3473 
0.5-0.6 0.55 0.6391 0.3959 
0.6-0.7 0.65 0.7013 0.4395 
0.7-0.8 o. 75 0.7533 0.4788 
0.8-0.9 0.85 0.7968 0.5141 
0.9-1.0 0.95 0.8331 0.5460 
1.0-1.1 1.05 0.8634 0.5749 
1.2-1.3 1.25 0.9099 0.6248 
1.4-1.5 1.45 0.9424 0.6661 
1. 6-1. 7 1.65 0.9650 0.7007. 
1.8-1.9 1.85 0.9808 0.7298 
2.0-2.1 2.05 0.9918 0.7545 

.2.2-2.3 2.25 0.9995 0. 77 57 
2.4-2.5 2.45 1.0049 0.7939 
2.6-2.7 2.65 1.0086 0.8097 
2.8-2.9 2.85 1. 0112 0.8236 
3.0-3.1 3.05 1.0131 0.8358 
3.2-3.3 3.25 1.0143 0.8466 
3.4-3.5 3.45 1.0152 0.8562 
3.6-3.7 3.65 1.0158 0.8648 
3.8-3.9 3.85 1.0163 0.8726 
4.0-4.l 4.05 1.0166 0.8796 
4.2-4.3 4.25 1.0168 0.8860 
4.4-4.5 4.45 1.0169 0.8918 
4.6-4.7 4.65 1.0170 0.8971 
4.8-4.9 4.85 1.0171 0.9020 
5.0-5.1 5.05 1.0172 0.9066 
5.2-5.3 5.25 1.0172 0.9107 
5.4-5.5 5.45 1.0172 0.9146 
6.4-6.5 6.45 1.0172 0.9304 
7.4-7.5 7.45 1.0172 0.9420 
8.4-8.5 8.45 1.0172 0.9508 
9.4-9.5 9.45 1.0172 0.9578 
10.4-10.5 10.45 1.0172 0.9635 
11.4-11. 5 11.45 1.0172 0.9682 
12.4-12.5 12.45 1.0172 o. 9720 
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Jr., pers. comm.), hence a cumulative average method had been adopted. 

By this method, sediments younger than about SO years still show some 

effects of 210Pb- 210Po disequilibrium, however in sediments older than 

about 20 years this correction is very small. 

4.4.5 210Pb and 210Po Standards. Standardized solutions of 
210Pb and 210Po were used to calculate detector efficiencies and cali-

brate the activity of both 208Po spike solutions. Both of the primary 

standards were received from Amersham Corporation (N.Y.). Dilutions 

and working standard solutions were prepared on February 1, 1980. 

As with the second 208Po spike series, a number of special steps 

were taken in preparing working standard solutions. The non-use of 

glassware, cleaning of containers and equipment, and measurement of 

the volumes of Nalgene volumetric flasks was described in section 

'4.4.4.3. The mass of solution in each volumetric flask was calculated 

by weighing the containers dry and then filled with 2 N HN03, which 

was the_acid carrier for both standards, and the appropriate Pb and 

Bi carrier solutions. 

The 210Pb standard had a nominal activity of O.S41±0.012 uCi 
6 (1.201±0.028 x 10 dpm) on December 1, 1978. The entire shipment 

(S.1446 g) was diluted to S0.07 ml in 2 N HN03 and carrier solutions 

equivalent to 100 ug/g Pb and 100 ug/g Bi. The solution mass was 

S3.1366 g (density of 1.0612 g/ml), thus the 210Pb mass activity 

after dilution was 2.179±0.0SO x 104 dpm/g on February 1. This 

sample was split into SO aliquots of about 1 ml each, and each ali-

quot was weighed and stored in individual polyethylene screw-top con-
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tainers. One of these, sample Cl-3, having a mass of 1.0579 g, was 

diluted with 2 N HN03 and Pb, Bi carriers to 999.03 ml. The solution 

mass was g (density of 1.0644 g/ml), thus the 210Pb mass-acti-

vity after dilution was 21.683±0.499 dpm/g on February 1. This sample 

was split into 200 aliquots of about 5 ml each, and these were weighed 

and stored in individual polyethylene screw-top containers. These 

were the working standard solutions. 

The 210Po standard was prepared in an analogous manner. This 

standard had a nominal activity of 0.658 uCi on October 17, 1979, but 

this was corrected to 0.612±0.024 uCi (1.359±0.054 x 106 dpm) follow-

ing a spill loss of 6.97% upon opening the sealed shipping container. 

The entire shipment (4.7258 g after spill loss) was diluted to 50.07 

ml in 2 N HNo3• The solution mass was 53.1366 g (density of 1.0612 

'g/ml), thus the 210Po mass-activity following dilution was 1.499±0.060 
4 x 10 dpm/g on February 1. This sample was split into 10 aliquots of 

about 5 ml each, and each aliquot was weighed and stored in individual 

polyethylene screw-top containers. One of these, sample ES-I, was 

used to provide 1. 1574 g for further dilution in 2 N HN03 to 999.03 ml. 

The solution mass was 1063.34 g (density of 1.0644 g/ml), thus the 
210Po mass-activity following dilution was 16. 312±0.652 dpm/g on Feb-

ruary 1. This sample was split into 20 aliquots of about I ml each, 

individually weighed and stored in a polyethylene screw-top container. 

These were the working standard solutions. 

4 . 4.6 208Po Spike Solution Calibrations. The activities of 

both 208Po spike series were calibrated using the primary standards. 
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208 Known masses of either the first or second Po were plated onto 

silver discs with either the 210Pb or 210Po standard in the presence 

of 50 ml of 1 N HCl and the Flynn reagents, at pH 2.00. Each plating 
0 was at 85 C for 2 hours. The samples were counted and the activities 

of spikes and standards calculated in a manner analogous to the proce-

dures described for determining the 210Pb activity in a sediment sample. 

Twelve platings were made with the first 208Po spike series (six 

with each standard) and ten platings with the second 208Po spike series 

(five with each standard). On each day that a sample was plated, the 

theoretical activities of the standards and spikes were calculated 

from the decay equation. While the standards activity is certified, 

within certain error limits, the spike activities are not. A compari-

son ratio, K, was constructed to compare how closely our estimate of 

.what the theoretical activity 0£ the spike solution is to what the 

theoretical activity should be, based upon K. 

K = Astandard (theoretical)/Aspike (theoretical) = 
Astandard (measured)/Aspike (measured) 

1.0000 (4.9) 

Clearly, if our estimate of the theoretical activity of the spike 

solution is correct, then the above ratio of ratios will equal 1.0000. 

Any deviation from 1.0000 can be explained as an under- or over-

estimate of the spike theoretical activity . 

As shown in Table 3, however, K ratios actually deviate from 

1.0000 in a systematic way. As suggested by E.C. Alexander, Jr., I 

have made adjustments in the theoretical spike activities by adjust-

ing K average values for both spikes to approximately 1.0000. This 



208 Table 3. Po Calibration Correction Coefficients. 

208 Radiochemicals Plated 
Po Spike Solution Standard 

208 first Po spike 

first 208po spike 

208 second Po spike 
208 

second Po spike 

210p0 

210Pb 

210Po 

210Pb 

Initial 
K Values 

0.9296 + 0.0216 

0.8368 + 0.0208 

K = 0.8832 + 0.0656 av 

1.2278 + 0 . 1660 

1.0846 + 0.0052 

Kav= 1.1562 + 0.1013 

Adjusted 
K Values 

1.0512 + 0.0251 

0.9474 + 0.0235 

K' =0.9993 + 0.0734 av 

1.0618 + o. 0532 

0.9379 + 0.0045 

K' av = 0.9999 + 0.0876 
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required multiplying the first spike activity by 0.8832±0.0656 and 

the second spike activity by 1.1562±0.1013. The adjusted K values 

(K') are shown in Table 3. This procedure normalizes each set of 
208 210 210 Po spikes to the average of the Pb and Po standards. 

4.4.7 Critique of Laboratory Procedures. The author began 

this study with no particular background in isotope geochronology, and 

made numerous mistakes in the course of his work. In the initial 

period of work, the author did not properly appreciate the necessity 
208 210 for Po- Pb peak overlap corrections, because of this early deter-

minations were plagued by .insufficient count statistics and data col-

lection to make this correction. Following discussions with E,C. 

Alexander, Jr. and R. Lively, these . corrections and remedial actions 

were initiated. 

4.5 Organic Carbon Determinations. Total organic carbon. (TOC) 

determinations were made by the Soils Science Laboratory at the 

University of Minnesota using a Walkley-Black titration method, as 

modified by Gaudette and others (1974). 

Three grams of wet sample are air dried over a two week period, 

and ground to a uniform size with a mortar and pestle. A 0.2 to 0.5 g 

dried and sieved sample is dissolved and mixed in 10 ml of 1.0 N 

K2cr2o7, followed by 20 ml of concentrated H2so4. After standing for 

30 minutes, the solution is diluted to 200 ml with distilled water, 

and 10 ml of 85% H3Po4, 0.2 g NaF, and 15 drops of diphenylamine indi-

cator is added and mixed. The solution is back titrated with 0.5 N 

ferrous ammonium sulfate solution (prepared by dissolving 196.1 g of 



41 

Fe(NH4) 2 (so4) 2·6H2o in 800 ml distilled water, adding 20 ml H2so4, and 

diluting to 1 liter with distilled water). The one-drop titration end 

point is a color shift from blue-gray to brilliant green. 

The percentage of organic carbon is determined as: 

% TOC = 10(1-T/S) (l.ON(0.003) (10/W)) (4.10) 

where T = ml of ferrous solution titrate in solution, 

S = ml of ferrous solution titrate in standardization blank, 

1.0 N =normality of K2cr2o7, 

0.003 = meq wt. of carbon (12/4000), 

10 = volume of K2cr2o7 in ml, 

and W = sediment sample weight in grams. 

The results of this technique are highly comparable to LECO 

carbon analyzer studies on the same samples (Gaudette and others, 19 74). 

4.6 X-radiography. Sediment slabs in plexiglass slab trays were 

x-rayed at the University of Minnesota Mayo Hospital to reveal sedi-

mentary structures. The x-ray analysis in 1978 used Kodak AA film 

and a Dynamax-40 x-ray tube set at SO kV and 200 milliamp-seconds. 

The x-ray analysis in 1979 used the same tube and was recorded with 

a Xerox 125 xerographic processor. The x-ray exposure was subsequent-

ly photographed and re-photographed adjacent to a normal color photo-

graph of the sediment slab. This form of presentation allowed com-

parison of visible and x-rayed features. 

4. 7 Related Analyses. The study draws upon data from companion 

studies to assist in the presented interpretations. These studies 

include: seismic reflection profiling (Johnson, 1980), sedimentary 
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structures (Johnson and others, 1980), PCB and other microcontaminants 

(Eisenreich _and others, 1979, 1980), benthic organism studies (Heu-

schele, 1979, 1980), and trace metals (Pb, Cu, Zn, Ni, Mn) (Beilke, 

in prep.). 
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5. Sediment Types 

The 17 sediment cores from Lake Superior represent a variety of 

sediment types including glacial till, glacial-lacustrine clay, post-

glacial sands, silty-clays, and organic-rich sediments. Physical 

sediment properties discussed here are based upon core descriptions, 

x-radiography, porosity measurements, and certain chemical data (see 

Table 4). 

5.1 Glacial Till. Core S-78 8Bx is a dark reddish brown (2.5 YR 

3/4, Munsell Color Index) clayey till containing pebble-size fragments 

of basalt, sandstone, and other rocks. The texture is noticeably 

coarser-grained in the upper centimeter. Similar deposits have been 

described as erosional lag deposits (Dell, 1976) or as the combined 

result of erosion and biological mixing (Eisenreich and others, 1980). 

'This core is notable for some of its chemical parameters, including 

very low surficial 210Pb (11 dpm/g), PCB, and TOC (about 0.5%). 

5.2 Glacial-lacustrine Clay. Cores representing outcrops of 

glacial-lacustrine clay are S-78 llBx, 21Bx, 24Bx, C-79 15Bx, and 

23Bx. Varve laminations are well developed in S-78 llBx, 24Bx and 

C-79 15Bx, as visible on x-radiography (Fig. 11). Crudely laminated 

to massive clays present in S-78 21Bx and C-79 23Bx were identified 

as glacial clays on the basis of low porosity values. In general, 

varve couplets were consistently 1 cm in thickness throughout each 

core. Both red and gray colored varves were observed. 

Overlying glacial-lacustrine clay at each of these sites is 2-4 

cm of massive, dark brown to dark gray silty-clays. The "erosional 



Table 4a. Lake Superior Core 

Core Sediment Types Laminations 

W-77 llBx massive, dark gray-brown silty- none observed. 
clay over d.reddish brown clay. 

S-78 lBx massive, mottled reddish brown 
silty-clay. 

S-78 4Bx massive, mottled reddish brown 
silty-clay. 

S-78 8Bx massive, reddish brown silty-
clay or clayey till. 

S-78 llBx massive, d.gray-brown silty-
clay over gray-brown varved 

" clay. 

S-78 13Bx noncohesive, massive gray-brown 
silty-clay, high OM content. 

S-78 15Bx laminated, reddish brown and 
d. olive gray clays. 

S-78 21Bx massive, d.gray silty-clay 
over crudely laminated clay. 

S-78 24Bx massive, d.gray silty-clay 
over gray varved clay. 

l-2nun black laminations 

1-2mm black laminations 
1 cm orange-colored crust. 

none observed. 

none observed. 

none observed. 

l-2mm black laminations 
1 cm orange-colored crust. 

1 cm orange-colored crust. 

none observed. 

X-radiograph Features 

not done. 

strong reflections 
match laminations. 

strong reflections match 
laminations, l-2nnn diam. 
micronodule layers. 

not done. 

varve laminations visible. 

not enough to 
slab. 

strong reflections match 
· laminations, layers of 
inicronodules. 

not done. 

varve laminations visible. 



Table 4b. Lake Superior Core Descriptions. 

Core 

S-78 26Bx 

C-79 12Bx 

Sediment Types 

laminated, d.gray silty-clay 
with sand layers. 

massive, d.gray-brown silty-
clay over d.reddish brown 
silty-clay. 

C-79 14Bx massive, d.gray silty-clay 
over d.reddish brown silty-
clay. 

c-79 15Bx massive, d.gray silty-clay 
over varved, gray clay. 

C-79 20Bx noncohesive, massive, d.gray-
brown gyttja or organic clar. 

C-79 23Bx laminated, d.gray-brown silty-
clay over crudely laminated, 
mottled clay. 

C-79 26Bx massive, reddish black, noncohesive 
clay over reddish brown silty-
clay. 

C-79 29Bx massive, sandy layer over massive 
reddish brown silty clay. 

Secondary Laminations 

none observed. 

X-radiograph Features 

plain lamination and 
trough cross-laminations. 

l-2mm black laminations strong reflections match 
1 cm orange-colored crust. laminations, layers of 

micronodules. 

1-2nun black laminations strong reflections match 
1 cm orange-colored crust. laminations, trough 

cross-laminations. 

none observed. varve laminations are 
visible. 

none observed. not cohesive enough 
to slab. 

1 cm orange-colored crust. not done. 

l-2mm black laminations. not done. 

none observed. plain and trough cross-
laminations. 



Fig. 11. Photograph (left) 
a varved, glacial-lacustrine 
during storage. 

and X-radiograph (right) of core C-79 16Bx, 
clay. Vertical cracks are due to desiccation 
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lag-deposit" hypothesis for these has already been mentioned. In this 

study, chemical and biological data will be presented in a later sec-

tion to show that biological mixing plays an important factor in the 

development of these layers. At this point, it is sufficient to point 

out the great contrast in physical and chemical parameters between the 

uniform silty-clay and the underlying, varved glacial clay. 210Pb 

activities decline from generally greater than 100 dpm/g at the sedi-

ment-water interface to background (2-3 dpm/g) at the contact of these 

two units. PCB concentrations are generally throughout the 

silty-clays, but are indetectable in the glacial clays (Eisenreich and 

others, 1980). TOC concentrations decline from surficial concentra-

tions of 3.2-4.3% to "background" (about 0.5%) in the glacial clays. 

Porosity reduction across the contact of the two units is often 10% 

'or greater. 

5.3 Post-glacial Sediments. A variety of post-glacial sediment 

types were observed in this study. Rather than discuss each individ-

ually, this discussion will highlight some of the more interesting 

features which were observed in several cores. 

Primary sedimentary structures were observed in only three cores, 

while diagenetic laminations and features were observed in sev.en cores. 

Two cores with current bedding features were recovered from an area 

north of the Keweenaw Peninsula. In core S-78 26Bx a massive, very 

dark gray (SY 3/1) silty clay 0-S cm thick overlies laminated and 

trough cross-laminated dark gray (SY 4/1) silty clays with a inter-

laminated, fine-grained, well-sorted quartz sand layer at 24-26 cm 
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(Fig. 12). The sand layer has abrupt top and bottom contacts, and 

contains accessory garnet, zircon, and amphibole. In core C-79 14Bx, 

recovered from nearby S-78 26Bx, a similar lithology and stratigraphy 

were observed except that the sand layer was absent. On the basis of 

these structures, seismic reflection profiling, and other evidence 

these sediments have been identified as contourites (Johnson and 

others, 1980). Contourites are the deposits of flow-

ing currents, and are found in the oceans along the base of the conti-

nental margins wherever bottom water circulation is sufficiently fast 

to winnow and sort the debris introduced from the adjacent continent 

(Hollister and Heezen, 1972; Bouma and Hollister, 1973). In Lake 

Superior, contourites are found in the vicinity of fast (greater than 

40 cm/sec, Ragotzkie, 1966) surface currents, and it is believed that 

'the energy associated with these surface currents at times affects 

sediments even at water depths of 180 m (Johnson and others, 1980). 

Core C-79 29Bx was recovered from the flank of a shoal in the 

Lake Superior Troughs The upper portion consists of medium-

grained, well-sorted, rounded reddish brown (SYR 4/4) quartz sand over-

lying trough cross-laminated reddish brown (SYR 4/3) silty clay with 

interbedded, massive grayish-brown (lOYR 5/2) silty clay from 14-19 

cm. A sharp color contrast distinguishes this interbedded unit. 
21 0Pb · · · 1 1 . h d "t d t th . activities are extreme y ow in t e upper san y uni ue o e 

virtual absence of binding sites for Pb (very low clay and organic 

matter content, TOC = 0.3%). This sand layer probably represents 

downslope, across-contour sediment movement off the shoal tops and 



Fig. 12. Photograph (left) and X-radi_ograph (right) of core C-79 12Bx 
showing plain lamination and trough cross-lamination. 
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flanks and into the troughs. Structures such as graded bedding sug-

gest that this may be a turbidite. An alternative hypothesis is that 

this represents an erosional lag deposit. 

Three cores were recovered from marginal bays, W-77 llBx from 

Whitefish Bay, S-78 13Bx from Thunder Bay; and C-79 20Bx from Marathon 

Bay. Two of these, S-78 13Bx and C-79 20Bx, were dark, massive, non-

cohesive sediments. It was not possible to collect sediment slabs 

from either of these due to the high water content and lack of cohe-

sion. All three cores are characterized by high porosities and high 

organic carbon concentrations throughout the core lengths. Porosity 

was often greater than 0. 80 at depths of 30-35 cm. Organic carbon 

content was often greater than 2.0% at depths of 25-30 cm. The 210Pb 

background was not clearly obtained from any of these cores, although 

'the minimum activities approached what were known backgrounds from 

other cores. All three cores are characterized by high sedimentation 

rates (greater than 0.15 cm/yr), and high benthic populations (l,000 

to 7, 000 organisms per square meter). 
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6. Sedimentation Rates 

6.1 Calculations. A discussion of the assumptions and equation 
210 used for calculating sediment.ation rates from Pb geochronology was 

presented in section 3 and Equation 3.2. The purpose of this follow-

ing discussion is to demonstrate the algebraic manipulations involved 

in calculating sedimentation rates. 

A d 1 t 1 · 21 0P·b d . .b . . d. d b mo e o exp al.Il 1str1 ution in se iments propose y 

Krishnaswami and others (1971) is (see also Eqn. 3.2) 

-,\t Az = A0 e + As (6.1) 

where A is the 210Pb activity at depth z (dpm/g), z 
A . h Zl OPb . . h d. . f is t e activity at t e se iment-water inter ace 

0 (z = 0) (dpm/g), 

A is the 210Pb activity supported by in situ decay of 226Ra 
s (dpm/g), 

t is the time since burial (years), 

and >.is the decay constant (0.03114/yr) for 210Pb. 

Based upon the assumption of constant sedimentation rates over the 

dating interval of the isotope, we define sedimentation rate R as 

R = z/t (6.2) 

or 

t = z/R (6.3) 

where R is the sediment at ion rate (cm/yr), 

z is the sediment depth (cm), 

and t is the time since burial (years). 
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Substituting 6.3 into 6.1 

-A.z/R A e + s (6.4) 

The sedimentation rate, R, can be solved as an integration of (6.4), 

as follows. First1 we remove the supported 210Pb from consideration, 

either by subtracting it out (dealing only with excess 210Pb), or 

by simply ignoring it, since the solution based upon the slope of loge 

A versus z is insensitive to the presence or absence of A (assum-
210Pb s 

ing that its activity remains constant throughout the core). Thus 

A A -A.z/R = e z 0 
(6.5) 

or 

ln A = -A.z/R + ln A z 0 
(6.6) 

or 

R = zA. 
ln (A /A ) z 0 

(6.7) 

The slope, M, of the line of In A versus depth z, is the change in 

activity over the change in depth, or 

A. 
R = - M (6.8) 

2 The mass sedimentation rate, W (g/cm /yr) can be calculated by inte-

gration of (6.4) as 

W = R (1-<j>')p s 
where <I>' is the final compaction porosity, 

3 and psis the density of the solid matrix (2.60 g/cm ). 

(6.9) 



The 210pb fl h d. . rf P (d I 2! ) . ux to t e se iment-water inte ace, pm cm yr is 

P = A W 
0 

2 The organic carbon deposition rate, K (gCarbon/cm /yr) is 

K =CW 
0 

(6.10) 

where C is the organic carbon concentration at the sediment-water 
0 interface (z=O). 
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6.2 210Pb Profiles. 210Pb profiles from Lake Superior cores are 

shown in Fig. 13-29. Vertical error bars for each 210Pb activity repre-

sent sampling depth uncertainty. Horizontal error bars, representing 

1 cr standard deviations based upon counting statistics, were too 

small to plot on these diagrams. This information is provided fully 

in Appendix I. 

Sedimentation rates were calculated from the slopes of these plots 

'using Eqn. and a least-squares linear regression line through the 

data to determine the slope. Certain values from these plots were 

systematically deleted from linear regression analysis, these were: 

(1) 210Pb activities thought to represent supported levels; 

(2) 210Pb activities from zones of constant activity, thought 
to represent surf ace mixing zones (at the sediment-
water interface) or storm layer deposits (at depth); 

(3) occasional values which deviate greatly from the decay 
curve, and may represent sample contamination or 
localized and unusual chemical conditions in the sedi-
ment. 

210 Supported Pb activities from Lake Superior cores are summarized 

in Table 5. In certain cores an insufficient number of deep samples 

were taken to be certain of supported levels, in these cores the 
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210 Table 5. Supported Pb Activity in Lake Superior Sediment. 

Supported 2lOPb Sediment Approximate Age 
Core Activity (dpm/g) Depth (cm) of Sediment Layer Geologic Materials 

W-77 llBx 4. 7 minimum 30-31 115 red silty-clay 

S-78 lBx 3.1-4.2 10-13 100-118 red silty-clay 
4Bx 3.7-4.7 7-11 143-168 red silty-clay 
8Bx 1.8-2 .4 2-4 118-158 red silty-clay or clayey till 

llBx 2.9-3.2 2-4 104-164 varved glacial clay 
13Bx 6.3 minimum 24-25 147 dark gyttja 
15Bx 3.6-3.7 7-11 104-150 gray silty-clay 
21Bx 3.3-5.0 3-5 114-151 massive glacial clay 
24Bx 2.2-3.2 2-4 144-222 varved glacial clay 
26Bx 4.8-5.1 6-10 121-142 red silty-clay and sand 

C-79 12Bx 2.5-3.3 4-7 88-110 red silty-clay 
14Bx 2.6 minimum 14-15 258-378 red silty-clay and sand 
15Bx 1.4-1.9 3-7 90-123 varved glacial clay 
20Bx 3.1 minimum 30-31 120-185 dark gyttja 
23Bx 3.1-6.0 6-12 119-141 massive glacial clay 
26Bx 2.5-4.4 16-26 80-148 gray silty-clay 
29Bx 0.5-1.2 sand layer 

2.1-2.6 5-25 74-467 massive glacial clay 
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"minimum" 210Pb activity is recorded in Table 5. In all cases, these 

minimum values are close to the values determined with greater certain-

ty from other cores. The total range of supported activity, from 

about 1.5 to 6.0 dpm/g, is higher than reported in other Great Lakes 

studies (about 1.0-3.0 dpm/g; Robbins and Edgington, 1975; Robbins and 

others, 1977,78; Farmer, 1978). This may be due to greater proportions 

of igneous rock debris in the sediments of Lake Superior. No trend 
210 was found between supported Pb activities and the types of geologic 

materials in these cores, however this was not investigated in detail. 

Sedimentation rate data is summarized in Table 6, and plotted by 

location (triangles) in Fig. 30. Other sedimentation rates were also 

plotted, the squares are from Maher (1977) and the circles from Kemp 

and others (1978). 

6.3 Comparisons With Other Lakes. The sedimentation rates cal-

culated by 210Pb in this study compare closely with similar studies 

from Lakes Michigan, Huron, and Ontario (Table 7). Lake Superior 

sedimentation rates are consistently lower than Lake Erie and many 

smaller lakes, presumably due to higher algal productivity in some of 

these, high sediment inputs from shoreline erosion in Lake Erie (Kemp 

and others, 1977), and the low ratio of drainage area to lake area in 

the larger Great Lakes. Although the lowest sedimentation rates from 

Lake Superior (both this study and Bruland and others, 1975) are the 

lowest for the Great Lakes, this may partly be an artifact of core 

coverage in these lakes (many more cores examined in Lake Superior, 
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Table 6. Sedimentation and Flux Rates For Lake Superior Cores. 

Sedimentation Raze 210 Organic Carbon Rate .. ·Pb Rate 
Core cm/yr g/cm /yr · · dpm/cm /yr ·g ·carbon/cm /yr 

W-77 llBx 0.19 0.069 9.22 0.0032 

S-78 lBx 0.11 0.045 2.32 0.0010 
4Bx 0.04 0.016 1.0 0.0004 
8Bx 0.03 0.022 0.24 0.0001 

llBx 0.02 0.010 1.26 0.0004 
13Bx 0.17 0.053 4.65 0.0019 
15Bx 0.07 0.024 3.17 0.0009 
21Bx 0.03 0.007 1.51 0.0002 
24Bx 0.01 0.007 0.58 0.0002 
26Bx 0.05 0.022 4.39 0.0008 

c-79 12Bx 0.04 0.016 1.43 0.0006 
14Bx 0.04 0.015 1.39 0.0006 
15Bx 0.03 0.027 2.81 0.0010 
20Bx 0.17 0.083 6.23 0.0022 
23Bx 0.05 0.014 2.30 0.0006 
26Bx 0.12 0.033 4.60 0.0015 
29Bx 0.01 0.014 o. 72 0.0002 



Lake 

Linsley Pond, Conn. 

Mirror Lake, N.H. 

Lake Tahoe, Calif. 

Trout Lake, Wisc. 

Lake Mendota, Wisc. 

Twin Lake, Minn. 

Lake Ontario 

Lake Erie 

Lake Huron 

Lake Michigan 

Lake Superior 

Lake Superior 

210 -Table 7. Pb Sedimentation Rates From North American Lakes 
Number 210pb Sedimentation Rates 210Pb Flux Rates Reference 

Of Cores cm/yr g/cm2/yr dpm/cm2/yr Cited 

1 0.94 

1 0.78 

1 0.1 0.021 

1 0.4 0.060 

1 0.6 0.018 

1 0.22 

3 0.02-0.11 0.031-0.056 

5 o. 20-1.40 0.057-0.440 

2 0.10-0.11 0.021-0.051 

7 0.03-0.17 0.012-0.094 

2 0.01-0.02 

17 0.01-0.19 0.007-0.083 

3.5 

0.5 

6.4 

3.2 

0.2 

0.74-2.03 

o. 94-7. 78 

1.38-1.56 

0 .31-1.44 

0.24-9.22 

Brugam (1978) 

Von Damm and others, 
(1979) 

Koide and others, 
(1972) 

Koide and others, 
(1972) 

Koide and others, 
(1972) 

Allott (1978) 

Farmer (1978) 

Robbins and others, 
(1978) 

Robbins and others, 
(1977) 

Robbins and Edgington, 
(197 5) 

Bruland and others, 
(1975) 

This Study 
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thus better assurance that most sedimentary environments are repre-

sented). 
210Pb flux rates from Lake Superior are generally higher than 

reported for other lakes, although the range of these values is dis-

torted by two anomalously high values (core W-77 !!Bx and C-79 20Bx) . 

If these cores are not considered, then the range of ZlOPb flux rates 

from Lake Superior is 0.24-4.65 dpm/cm2/yr, which is intermediate be-

tween Lake Erie and Lake Ontario. There are several possible explana-

tions for higher 210Pb flux rates from Lake Superior. The ZlOPb 

atmospheric deposition rates may be higher in the Lake Superior area 

due to the proximity of uranium-bearing rocks and tills. In support 

of this, it should be noted that lakes from geologically similar ter-

ranes as Lake Superior (Mirror Lake, N.H. and Trout Lake, Wisc.) have 

.correspondingly high flux rates. At the present time, however, there 

are insufficient data about 210Pb atmospheric deposition rates in the 

Lake Superior area to test this idea. 

A second possibility is that the differences in flux rates among 

these lakes is, again, an artifact of sample coverage. Cores with 

high flux rates in Lake Superior are from marginal bays and nearshore 

areas, while the other studies represented here emphasized core col-

lection from the central basins of their respective lakes. The 210Pb 

flux rates from central Lake Superior basins range from 0.24-2.81 

dpm/cm2/yr, reasonably close to Lakes Huron, Ontario, and Michigan. 

6.4 Comparisons Among Lake Superior Cores. All available sedi-

mentation data from previous studies and this study are combined in 
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Table $ (which groups cores by general regions), and plotted on Fig. 

30. 

Considering the different methods used by a number of researchers 

to determine sedimentation rates, they are remarkably consistent for 

each region of the lake (Table 8). A later discussion will center 

upon the fact that sedimentation rates determined by pollen methods 

are usually lower than those determined by 210Pb. At this point, 

however, it is sufficient to point out that these differences are suf-

ficiently slight that all of the data can be adopted into a single 

sedimentation model. Several diagrams . have been prepared towards 

this goal; including a diagram that contours sedimentation rates 

throughout the lake (Fig. 31), a map summarizing regions that are 

major sediment inputs and the directions of sediment transport (Fig. 

'32), and· a map outlining regions that are major depositional zones 

(Fig. 33). Five classes were chosen to characterize sedimentation 

rate data. These are 

term 
very high 

high 
moderate 

low 
very low 

sedimentation rate 
>0.15 cm/yr 

0.10-0.15 cm/yr 
0.05-0.10 cm/yr 
0.03-0.05 cm/yr 

<0.03 cm/yr 

The contour diagram (Fig. 31) is based upon this classification, with 

contour lines representing 0.03 cm/yr, 0.05 cm/yr, 0.10 cm/yr, and 

0.15 cm/yr. The map summarizing regions of major deposition (Fig. 33) 

shows where sedimentation rates are moderate (single hatched) to high 

and very high (double hatched). It should be stressed that the inter-

pretations presented in these three diagrams are tentative. They 



Table Sa. Lake Superior Sedimentation Data By Regions 

Lake Region 

1. Marginal Bays 
a. Thunder Bay 
b. Marathon Bay 
c. Whitefish Bay 

II II 

2. Adjacent To Bays 
a. Entrance Black B. 
b. Thunder B. Trough 
c. Marathon B. 11 

d. Keweenaw Basin 

3. Red Clay Area 
a. Nearshore 

b, North Shore Tr. 

c. Offshore 

4. Western Basin 

5. Apostle I.-
Ontonagon Co. 

Core Number 

S-78 13Bx 
C-79 20Bx 
W-77 llBx 
C-59A 

S-78 15Bx 
S-24 
T-46A 
KB 

S-78 lBx 
73-20 
73-23 
72-1 
I-7 
S-78 4Bx 
72-240 
71-1397 
73-26 

S-78 8Bx 
S-78 llBx 
72-247 
G-18 

C-79 12Bx 

Method 

210pb 
II 

II 

pollen 

210Pb 
pollen 

II 

II 

210Pb 
pollen 

II 

II 

II 

210Pb 
both 
pollen 

II 

210Pb 
II 

both 
pollen 

210Pb 

Sedimentation Rate 
cm/yr g/cm2/yr 

0.17 
0.17 
0.19 
0.23 

0.07 
0.19 
0.11 
0.16 

0.11 
0.06 
0.08 
0.05 
o.·2a 
0.04 
0.01 
0.01 
0.01 

0.03 
0.02 
0.02 
0.02 

0.04 

0.053 
0.083 
0.069 
0.070 

0.024 
0.046 
0.026 
0.044 

0.045 

0.304 
0.016 

0.022 
0.010 

0.005 

0.016 

Reference 

This Study 
II 

II 

Kemp and others, 1978 

This Study 
Kemp and others, 1978 

II 

II 

This Study 
Maher, 1977 

II 

" 
Kemp and others, 1978 
This Study 
Bruland and others, 1975 
Maher, 1977 

II 

This Study 
II 

Bruland and others, 1975 
Kemp and others, 1978 

This Study 



Table Sb. Lake Superior Sedimentation Data By Regions 

Lake Region Core Number _Method 
Rate 

cm/yr g/cm /yr Reference 

6. Keweenaw Current S-78 26Bx 210Pb 0.05 0.022 This Study 
Area C-79 14Bx II 0.04 0.015 II 

7. Central Basin S-78 21Bx II 0.03 0.007 II 

S-78 24Bx II 0.01 0.007 II 

C-79 15Bx II 0.03 0.027 II 

25A pollen 0.06 0.016 Kemp and others, 1978 
28 II 0.02 0.005 II 

L-42 II 0.01 0.003 II 

8. Lake Superior 210 
Troughs Region C-79 23Bx Pb 0.05 0.014 This Study 

C-79 26Bx II 0.12 0.033 II 

C-79 29Bx II 0.01 0.014 II 

H-56A pollen 0.12 0.025 Kemp and others, 1978 



92 91 90 89 

LAKE SUPERIOR 

KILOMETERS 
0 so 

48 .... 

47 

Fig. 31. Sedimentation Rate Contour Map. represent 0.5, 1.0, and 1.5 mm/yr. 
Triangles from this study, circles from Kemp and others (1978), squares from Maher (1977). 
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Fig. 32. Major Sediment Inputs and Directions of Sediment Movement. 
See text for discussion. 
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involve extrapolations based upon a few data points, and in some 

regions based upon only one or two points. In all cases, however, 

the extrapolations are based upon reasonable assumptions derived from 

our knowledge of sedimentation processes in the Great Lakes. 

Some salient features of sedimentation in Lake Superior can be 

identified from Fig. 31-33. These are: 

(1) Very high sedimentation rates (greater than 0.15 cm/yr) are 

from marginal bays, including Whitefish Bay, Thunder Bay, 

and Marathon Bay. 

(2) Moderate to very high (0.07-0.19 cm/yr) sedimentation rates 

are found in the open lake regions adjacent to marginal bays, 

including regions adjacent to Thunder Bay, Black Bay, and 

Marathon Bay. 

(3) Moderate (0. 05-0.11 cm/yr) sedimentation rates are found 

adjacent to the Red Clay Area, where earlier studies have 

shown shoreline erosion rates are high (1.0-1.5 m/yr, Hess, 

1973) and lake water turbidity forms from shoreline erosion 

and nearshore sediment resuspension (Sydor, 1975). 

(4) Very high (0.28 cm/yr) sedimentation rates are found in the 

North Shore Trough, adjacent to the Red Clay Area and to the 

Reserve Fan (taconite tailings). 

(5) Moderate to high (0.05-0.12 cm/yr) sedimentation rates are 

found in the deepest portions of the Lake Superior Troughs, 

and cross-bedded sands and silty-clays on the margins of the 

adjacent shoals may imply sediment movement downslope into 



the troughs. 

(6) Low (0.04 cm/yr) sedimentation rates in an offshore region 

west of Ontonagon County, Mich. and east of the Apostle 

Islands, may be due to shoreline erosion from this region. 

Earlier studies have reported shoreline recession rates of 

1. 0-1. 5 m/yr (Hess, 1973). 
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(7) Low to moderate (0.04-0.05 cm/yr) sedimentation rates from 

cores with current bedding structures located north of the 

Keweenaw Peninsula, in a region where major surface currents 

are known to occur (Ragotzkie, 1966). Recent evidence for 

bottom current activity has been discussed in an earlier 

section and by Johnson and others (1980). 

(8) Mid-lake very low sedimentation rates, in a region bounded 

by the North Shore-Apostle Islands-off shore Keweenaw Penin-

sula-Isle Royale, and due east of Isle Royale. The 

low sedimentation rates in this region are attributed to iso-

lation from major sediment sources. 

6.5 Sedimentation Model. The only previous sedimentation model 

for Lake Superior was presented in the form of a sediment budget by 

Kemp and others (1978). The major assumption which Kemp and others' 

model used was that sedimentation in Lake Superior is primarily a pro-

cess of constant reworking and transport until sediment is deposited 

in the deep basins. The main mechanism for sediment transport is wind-

generated surface waves, which act to resuspend sediment in all regions 

shallower than about 100 m. This model is backed by other studies 
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showing that post-glacial fine-grained sediment is generally absent in 

regions shallower than 100 m, and also by sedimentation rates calculated 

by Kemp and others (1978), showing relatively high rates in certain basins. 

This model is essentially the same. as applied by Kemp and his co-workers 

in Lakes Huron, Erie, and Ontario (Kemp and others, 1974,77).· 

Several factors complicate this earlier model. As indicated, Kemp 

and others found high sedimentation rates in certain basins, most notably 

the "Duluth Basin" (called the North Shore Trough in this study, the 

"Thunder Bay Basin" (called the Thunder Bay Trough in this study, based 

upon prior usage and to distinguish it from Thunder Bay itself), and 

the "Ile Parisienne Basin" (simply referred to as Whitefish Bay in 

this study). However, some of the central basins have very low sedi-

mentation rates. Kemp and others (1978) believe that their sedimentation 

data underestimates true sedimentation rates. However our sampling from 

the central lake basins confirms that modern sedimentation rates in 

these places are very low. This study also shows that some nearshore 

and shallow water areas have high modern sedimentation rates. Most 

important, this study shows that marginal bays are sites of major sedi-

ment deposition. 

Perhaps a key piece of evidence is provided by Fig. 34, a LANDSAT 

satellite image of Thunder, Black and Nipigon Bays. High turbidity 

in both Black and Nipigon Bay are evident on this photo as milky 

white-colored areas. This turbidity probably is due to sediment re-

suspension by waves in the shallow bays. Black Bay is particularly 

suited for such resuspension due to its long north-to-south fetch. It 
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Fig. 34 . LANDSAT satellite imagery of Thunder Bay (left), 
Black Bay (middle) , and Nipigon Bay (right) showing turbidity 

(white) in Black and Nipigon Bays and plumes of suspended 
sediments entering the main lake. 
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is also interesting to note that turbidity from these bays is visible 

entering the main lake. These plumes of suspended sediment probably 

dissipate in regions adjacent to the bays. In particular, these plumes 

may account for the high (0.07 cm/yr) sedimentation rate in core S-78 

15Bx, located near the entrance of Black Bay, and other cores located 

near marginal bays. 

It is proposed that the model presented by Kemp and others (1978) 

is correct in recognizing the importance of deposition in certain 

basins, but over-simplifies a number of aspects. The discussion below 

incorporates my findings into Kemp and others' model. 

Major sediment sources into Lake Superior are shoreline erosion 

from the Red Clay A:rea and Michigan's Ontonagon County; resuspended 

sediment from nearshore areas and shoal tops or margins; resuspended 

'material from marginal bays, and rivers. Minor sources, not included 

in this discussion, are atmospheric inputs, algal productivity, and 

anthropogenic inputs. Major sediment transport mechanisms include 

movement of turbid masses of water by surface currents, bottom currents 

in the Lake Superior Troughs region, near the Keweenaw Peninsula, and 

in a trough off Isle Royale, and downslope (turbidite) transport off 

shoal margins in the Lake Superior Troughs region, and on the Reserve 

Fan near Silver Bay, Minnesota. 

In western Lake Superior, wave erosion of the red clay bank pro-

vides large amounts of sediment to nearshore areas. Material is re-

suspended from these nearshore areas by secondary eddies which are 

produced by winds (Shuter and others, 1978). However the volume of 
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sediment continually entering these nearshore areas is so great that 

high sediment accumulation rates are recorded throughout this region. 

It is possible that, while the deposition in this area consists of 

a constant "raining-out" of fine particles, erosional events are 

extremely localized, and thus not represented in the sediment cores 

examined from this region. While some sediment continues to move 

basinward, finally settling in water depths greater than the effective 

storm-wave base, it is still very likely that the area adjacent to 

the Red Clay Area represents a major nearshore, shallow water, deposit. 

Along the western margin of the Keweenaw Peninsula sediment from 

the Ontonagon River and from shoreline erosion on Ontonagon County is 

transported northeastward by the prevailing current system. Although 

this current is generally attenuated in the upper 30 m of the water 

·column, there have been times, at least, in the recent past when north-

eastward flowing currents extended to the lake floor, eroding and 

transporting sediment. By extrapolation of 210Pb data in core S-78 

26Bx, bottom currents capable of fine-grained sand were 

operating at water depths exceeding 180 m at least once in the past 

500 years. Sediment may thus be accumulating at the base of the pro-

nounced slope break north of the Keweenaw Peninsula in a manner analo-

gous to contourites in the ocean, as discussed by Johnson and others 

(1980). 

In northwestern and northern Lake Superior, material from marginal 

bays constitutes a major sediment source. Sediment accumulates in 

marginal bays from river inputs and minor inputs from shoreline erosion 
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and algal productivity (based on the high organic carbon contents of 

cores from these bays). Resuspension and physical mixing by waves is 

a major process in these bays. Black Bay in particular, with its long 

fetch and shallow depth, is susceptible to resuspension of sediment. 

The turbidity produced in these bays is transported into the main 

lake, and transported by surface currents. The eventual dissipation 

of these plumes in the regions adjacent to bays explains the high sedi-

mentation rates in these regions. Turbidity transported from Thunder 

and Black Bay would follow the prevailing current directions and move 

southwesterly into the Thunder Bay Trough, where Kemp and others (1978) 

found high sedimentation rates. 

Sedimentation in southeastern Lake Superior is predominantly a 

response to downslope transport of material off shoal tops and margins 

·into troughs, and trough-parallel transport and deposition by currents. 

Exposed tills and sandstone bedrock in shoal tops and exposed glacial-

lacustrine clays on the shoal margins are sources of sand and fine-

grained material respectively (Dell, 1976). Other sediment sources 

may include shoreline erosion of high dunes in the Au Sable region and 

resuspended sediment from Whitefish Bay. 

Sedimentation in the central basins is very low. I attribute 

this to isolation from the major sediment sources described earlier. 

It is possible that there is essentially zero net sediment accumulation 

in these areas, but that bottom currents cause a certain amount of 

sediment redistribution within the basin. There are not sufficient 

data to evaluate this. 
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To summarize the modification I propose: (1) marginal bays are 

important sediment sources and sinks in Lake Superior, (2) certain 

nearshore regions (adjacent to the Red Clay Area) are important depo-

sitional zones, (3) the slope base of the Keweenaw Peninsula is a 

major depositional zone, and (4) the central basins are regions of low 

sediment accumulation. Additional modifications will probably be made 

as more information becomes available. Studies which would be most 

useful include (1) sedimentary processes in northeastern Lake Superior, 

assessing sediment input from rivers and small marginal bays in this 

region, and (2) nearshore deposition rates for the southeastern shore 

between the Keweenaw Peninsula and Whitefish Bay. 
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7. Orgainc Carbon 

7.1 Deposition Rates. Surficial organic carbon concentrations 

range from 0.5-5.0% total organic carbon (TOC) (see Appendix I), in 

accord with studies from the other Great Lakes (Lewis and McNeely, 

1967; Kemp and Lewis, 1968; Lewis, 1968; Callender, 1969; Kemp, 1969). 

Surficial organic carbon appears inversely correlated with grain size, 

being lowest in sandy sediments (S-78 8Bx, C-79 29Bx). 

Organic carbon deposition rates, K, were calculated by 

K = C W 
0 

where K is the organic carbon deposition rate in gC/cm2/yr, 

(7.1) 

C is the surficial organic carbon concentration in gC/g dry wt., 
0 

and W is the mass sedimentation rate in g dry wt./cm2/yr. 
-4 2 ,Values for K range from 0. 2-31. 7 x 10 gC/cm /yr. Highest deposition 

rates are found in marginal bays (W-77 llBx, S-78 13Bx, and C-79 20Bx), 

and in core C-79 26Bx, from the Lake Superior Troughs region. Overall, 

organic carbon deposition rates and sedimentation rates are correlated 

(correlation coefficient r = 0.92) by the relationship: 

K = 0. 04 WI. O 3 (7.2) 

These values were determined by least squares regression of the slope 

of the line in Fig. 35. Studies in the oceans have found similar rela-

tionships between nutrients such as sulphur, nitrogen, or phosphorus 

and the sedimentation rate (Toth and Lerman, 1977) or between carbon 

and sedimentation rate (Heath and others, 1977; Muller and Suess, 

1979). In these studies the exponent of W ranges between 1.4 and 1.9, 
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however extrapolation of Heath and others (1977) data (dashed line in 

Fig. 35) shows that Lake Superior data clusters about the regression 

line for their relationship from the oceans. Table 9 summarizes the 

relationships found in other studies. 

There are several possible explanations for this type of relation-

ship. The explanation that biogenic productivity is a major component 

of sedimentation, and controls the sedimentation rate, can be rejected 

because, based on primary productivity and chlorophyll a data, Lake 

Superior is classified as an "extremely oligotrophic lake" (Vollen-

weider and others, 1974). The explanation that benthic organisms 

oxidize carbon at a rate dependent on the sedimentation rate is favored 

by Heath and others (1977). According to this hypothesis, benthic 

organisms completely strip the sediment of all utilizable organic 

'carbon in regions of low sedimentation rate, while only a portion of 

the utilizable carbon is oxidized in regions of high sedimentation 

rate. Heath and others (1977) also propose that some sort of "luxury 

feeding" takes place in regions of high sedimentation, with organisms 

selectively oxidizing certain organics. 

Our evidence is that benthic organism activity is not the cause 

of variation in organic carbon deposition rates, but that the popula-

tion density of benthic organisms actually varies in response to the 

organic carbon deposition rate. Regions with low K values have benthos 

population densities of 100-500 organisms per square meter, while 

regions with high K values have densities of 1,000 to 7,000 organisms 

per square meter (benthos data from Heuschele, 1980). This implies 



Fig. 35. ·0rganic Carbon Deposition Rates Versus Sedimentation Rate. 
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Table 9. Relationship of Nutrient Deposition Rates and Sedimentation Rates. 

Reference Nutrient RelationshiE_ 

Heath and others, 1977 carbon K = 0.01 wl.4 

Toth and Lerman, 1977 sulfur K = 0.057 wl.94 + 0. 22 

nitrogen K = 0.010 Wl.83 + 0.43 

phosphorus K = 0.041 wl.83 + 0.51 

Muller and Suess, 1979 carbon K 0.0246 w1·523 

This Study carbon K = 0.04 wl.03 
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the not conclusion that benthic population size is depen-

dent on the size of its food source, and hence is an effect of varia-

tions in K and not a cause of these variations. 

If organic carbon deposition rates were a power function of sedi-

mentation rates (e.g., Heath, 1977; Muller and Suess, 1979) then the 

physical reason for this proportionality would be related to the length 

of time organic matter remains at the sediment-water interface at each 

site. By this reasoning, under conditions of high sediment accumula-

tion, a larger proportion of oxidizable organic matter becomes buried. 

In contrast, where the s.edimentation rate is low, less organic material 

is probably deposited initially, and this must remain for a longer 

period at the sediment-water interface. This explanation is appealing 

for Lake Superior, since the entire water column is oxygen-saturated. 

'Limnological data indiate that the year-around average perceJ?.t oxygen 

saturation is 101.5±2.1%, and this declines below 100% only slightly 

during November (Matheson and Munawar, 1978). Even localized areas 

of restricted circulation only rarely record saturation values of 80% 

(Matheson and Munawar, 1978). However, the exponent for the relation-

ship between organic carbon deposition rate and sedimentation rate in 

Lake Superior is very close to 1. 00. This implies that some constant 

proportion of the sediment load in Lake Superior is organic matter. 

This result is surprising, since there is evidence of high algal pro-

ductivity in certain regions, including upwelling areas (Ragotzkie, 

1974; Matheson and Munawar, 1978). These differences in primary pro-

duction in surface waters may be masked, however, by differences in 
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organic carbon recycling rates in the upper water column (next section). 

7.2 Carbon Reduction During Deposition. The organic carbon depo-

sition rates (K) calculated in this study are actually flux rates of 

organic ·carbon across the sediment-water interface. It is interest-

ing to compare these values with average rates of carbon fixation by 

primary productivity in the photic zone. Schelske and Callender (1970) 
. 3 

calculated carbon fixation rates of 0.39±0.11 mg C/m /hr for southern 

Lake Superior. By assuming that the photic zone is uniformly 20 m 

deep (Schertzer and others, 1978) and converting units, the average 

flux of organic carbon from the photic zone, K', is 6.83±1.98 x 10-3 

2 gC/cm /yr. This compares closely with a different study in Lake Super-
-3 2 ior which calculated K' as 4-5 x 10 gC/cm /yr (Vollenweider and 

others, 1974). By comparison, the flux across the sediment-water 
2 interface, K, is 0.02-3.17 x 10 gC/cm /yr. This implies that be-

tween 25 and 99% oxidation of primary production carbon takes place 

in Lake Superior prior to deposition. Using an average K value (0.92 

±0.83 x 10-3 gC/cm2/yr) for Lake Superior implies that 77-87% of the 

primary production carbon is oxidized during deposition. This is 

similar to, but somewhat less than, water column decomposition in the 

oceans. Deuser (1971) finds that 80-95% organic carbon is decomposed 

and recycled in the upper 200 m of the water column in the Black Sea. 

Muller and Suess (1979) estimate less than 0.01% of primary produc-

tion carbon is preserved in slowly accumulating pelagic sediments, 

while 11-18% is preserved in rapidly accumulating sediments in near-

shore regions and the Baltic Sea. The great depth, oxygen-saturated 
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waters, low primary productivity and high proportion of easily de-

graded organic material in the sediment load in Lake Superior all 

favor decomposition in the water column or at the sediment-water 

interface. 

7.3 210Pb Transfer Mechanism. As seen in Fig. 36, a linear 

relationship was found between the flux rate of 210Pb across the sedi-

ment-water interface and the flux rate of organic carbon across the 

sediment-water interface (r = 0.96), such that 
-4 K = 4 x 10 P 

2 where K is the organic carbon deposition rate (gC/cm /yr) 
210 2 and P is the Pb flux rate (dpm/cm /yr). 

(7.3) 

Th · · f ZlOPb . h . . . b h b d . l" e association o wit orgai:iic car on as een note in ear ier 

studies. Leland and Shukla (1973) found that organic matter is more 

important in scavenging lead in lake water and sediments than are 

clays or hydrous oxides. Robbins and Edgington (1975) suggested 

anomalies between 210Pb and 137cs flux rates in Lake Michigan were 

due to the association of 210Pb with organics and 137cs with clays. 

Beasley and others (1978) found that uptake of 210Pb and incorporation 

into zooplankton fecal pellets may account for the entire 210Pb flux 

rate in the oceans. Despite these studies, there has not been clear 

evidence that the 210Pb flux co-varies with the carbon flux prior to 

this study. In part this may be due to the fact that previous studies 

did not investigate cores from as wide a range of environments within 

a lake. 
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7.4 Exponential Decay Rate In Sediments. The concentration of 

organic carbon in Lake Superior cores declines at a constant rate from 

the sediment surface, and, in cores with sediments over 9,000 years 

old, constant "background" values of about 0.5% TOC are obtained (Fig. 

37). These background values presumably represent refractory (biolo-

gically non-utilizable) carbon. 

As shown in Fig. 38, the decay rate of organic carbon with respect 

to increasing sediment age is exponential, of the form: 

C = c ->..t 
t o e (7.4) 

where Ct is the organic carbon concentration at time t, 

C is the organic carbon concentration at the sediment-o water interface (t = O), 

and >.. is the organic carbon decay constant. 

'From Eqn. (7. 4) decay constants were derived which range from O. 3-1. 7 

x 10-2/yr (half-lives of 50-350 years, see Table 10). These "decay 

constants" and "half-lives" should be recognized to represent averages 

of many individual half-lives and decay constants for individual 

classes or organic compounds in the sediment. Within this limitation, 

several interesting aspectsare discussed. 

First, in comparison with the oceans, decay constants from Lake 

Superior are two to three orders of magnitude higher. Farrington and 
-5 others (1977) found decay constants of 3.2 x 10 /yr for fatty acids 

from Buzzard's Bay. Heath and others (1977) found decay constants 
-5 -5 ranging from 1.3 x 10 /yr for turbidite sediments to 4. 7 x 10 /yr 

for organic-rich pelagic sediments in the Santa Barbara Basin. The 
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Fig. 38a. Exponential Decay of Organic Carbon With Sediment Age. 
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Table 10. Organic Carbon Decay Constants For Lake Superior Sediments. 

Organic Carbon Concentrations (gC/g dry wt.) Deposition Decay Constant Half-life 
Initially Deposited "Supported" Value Rate K 'A Tl/2 

Core Co Cs ( xlo-3/yr) (yrs) 

W-77 llBx 0.046 0.029 0.00317 2.74 253 

S-78 lBx 0.023 ' 0.017 0 .00104 3.01 230 
4Bx 0.023 0.017 0.00037 
8Bx 0.004 0.002 0.00009 

llBx 0.037 0.005 0.00037 8.06 86 
13Bx 0.035 0.017 0.00186 11.55 60 
15Bx 0.039 0.018 0.00094 2.97 233 
21Bx 0.034 0.013 0 .00024 6.48 107 
24Bx 0.032 0.005 0.00022 10.04 69 
26Bx 0.035 0.017 0.00077 5.06 137 

C-79 12Bx 0.039 0.023 0.00062 3.85 180 
14Bx 0.038 0.036 0.00057 
15Bx 0.036 0.006 0.00097 13.07 53 
20Bx 0.026 0.021 0.00216 1.98 350 
23Bx 0.043 0.033 0.00060 4.62 150 
26Bx 0.044 0.033 0.00145 2.95 235 
29Bx 0.012 0.003 0.00017 16.50 42 
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larger decay constants (shorter half-lives) in Lake Superior are prob-

ably due to several factors. While the oxygen-saturated water column 

and the activity of benthic organisms mixing the sediment are impor-

tant, both of these are similar to conditions in the oceans, and thus 

are not likely to account for the difference. A major factor, however, 

is that the shorter residence time in the water column and higher sedi-

mentation rates in Lake Superior may imply that more highly reactive 

organic material survives passage through the water column and across 

the sediment-water interface. As previous calculations indicated, be-

tween 77 and 87% of primary production carbon is decomposed in the 

water column of Lake Superior, versus generally much greater than 90% 

in the oceans (Muller and Suess, 1979). Studies in Lakes Ontario, 

Erie and Huron have shown that amino acids and amino sugars in the 

·sediments from planktonic organisms are highly reactive and easily 

degraded (Kemp and Johnston, 1979). The presence of relatively large 

proportions of these substances in Lake Superior sediments may account 

for greater decay constants than found in oceanic sediments. 

The decay constant (A) is inversely proportional to the sedimen-

tation rate (W), such that 

A = (5.33 x 10-4) W-0. 54 (7.5) 

In Fig. 39, a negative regression coefficient of -0.83 is obtained if 

data from three cores are deleted. These cores are S-78 13Bx (organic 

clay from Thunder Bay), C-79 15Bx (varved glacial clay), and C-79 29Bx 

(sandy turbidite or lag deposit). These points are clearly discordant 

with other data. Core C-79 29Bx may be excluded because the organic 



Fig. 39. Inverse Relationship of Organic Carbon Decay 
Constant and Sedimentation Rate, showing higher sedimentation 
rates favor organic carbon preservation. See text for discussion 
regarding the three points off the line. 
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carbon content in the sand is low (less than 1.2%) due to current win-

nowing, rather than organic matter diagenesis. In both cores S-78 13Bx 

and C-79 lSBx, the sediment color may indicate that the cores are en-

tirely reduced (low Eh values at the sediment-water interface). Re-

ducing conditions should favor -the preservation of organic matter, 

yet in these cores organic carbon has a short half life-. The reason 

for these anomalous cores is not clear, at present. 

Relationship (7.5) shows that rapid burial (high sedimentation 

rate) favors organic carbon preservation (low decay constant or large 

organic carbon half-life). 

In sqmmary, between 77 and 87% of the primary production of organ-

ic carbon in Lake Superior is dissolved in the water column. Relation-

ships between organic carbon deposition rates and sedimentation rates 

'indicate either that a constant proportion of the sediment load is 

organic matter, or that higher sedimentation rates favor organic 

carbon preservation through burial. Organic carbon concentrations in 

the sediments decline exponentially from 1-5% TOC in the surface sedi-

ments to 0.5% TOC in sediments over 9,000 years old. The decay con-

stants in Lake Superior are 2 to 3 orders of magnitude higher than in 

the oceans, due to the higher percentages of reactive organic matter 

initially deposited in Lake Superior sediments. 210Pb deposition rates 

are highly correlated to organic carbon deposition rates. 



8. Biological Mixing 

8.1 Previous Studies. Earlier sedimentation rate studies in 

Lake Superior discounted the effects of biological mixing. Maher 

(1977) argued that biological mixing had a negligible effect on his 

pollen distributions because pollen concentrations and percentages 

showed marked differences with depth (i.e., di not show homogeniza-

68 

tion). Dating based upon the ragweed pollen horizon from his cores 

provided consistent age relationships with other regional events, such 

as the introduction of iron-ore tailings •. Kemp and others (1978) be-

lieved that biological mixing was not significant in cores where the 

ragweed horizon was deeper than 3 cm depth. Their three cores con-

tained the ragweed horizon in the upper 3 cm had extremely low sed-

imentation rates, and they felt the effects of mixing could be safely 

ignored. Significantly, Bruland and others (1975) found no evidence 

of pollen redistribution in their cores, but 210Pb distributions did 

show the effects of physical or biological mixing. In this study, 

four independent lines of evidence indicate that biological mixing 

in Lake Superior sediments is a major mechanism of sediment redistri-

bution. These are: benthos studies, x-radiographs, PCB and 210Pb 

distributions. 

8.2 Benthic Organism Studies. A duplicate box core from each 

coring site discussed in this study was collected specifically for 

benthic organism studies. The types and abundances of organisms are 

described by Heuschele (1979, 1980) (Table 11). Lake Superior benthic 
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'l\Jrbellaria 20 4. 20 25 5 0 55 0 0 5 42 86 10 12 89 244 

Nematoda 340 40 128 275 40 5 70 88 60 43 343 271 2718 1323 1634 1729 

Naididae 0 12 0 15 0 10 0 10 0 17 130 - 211 93 264 

Enchytraeidae 92 44 68 313 65 0 110 25 90 119 118 1491 - 1478 549 1197 

Lumbriculidae 0 376 319 25 0 400 0 0 0 465 60 224 104 229 12 

Tubificidae 0 4 0 0 300 0 19 0 52 0 30 1099 349 476 200 

Sphaeridae 108 144 12 100 5 150 . 10 0 0 10 30 10 617 4 4 8 

Chironomidae 24 132 52 6 0 10 0 0 0 10 33 - 20 S5 38 

Pontoporeia .1168 1188 384 379 110 41S 295 31 so 471 626 4S9 2414 616 267 42 

Ostracoda 188 136 220 69 10 SSS 95 19 140 67 121 720 - 166 641 156 

TOTAL 1940 1688 1276 1532 275 1280 1045 182 340 782 1795 3257 7102 4318 4020 3853 

Table 11. Benthic Organism Data For Lake Superior Cores (Heuschele. 1979. 1980). 
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falllla include the Crustacean amphipod Pontoporeia several fami-

lies of oligochaetes (Naididae, Enchytraeidae, Lumbriculidae, and 

Tubificidae), nematodes, chironomids, pelecypods (Sphaeridae), turbel-

larians, and benthic ostracods (Heuschele, 1979, 1980). Vertically-

intergrated densities (organisms found under one square meter of lake 

bottom to the sediment depth were benthic activity ceases) range from 

200-7,000 organisms per square meter. These population densities show 

two trends: decreasing densities moving from marginal bays and near-

shore areas to offshore areas; and a superimposed trend of decreasing 

densities from Eastern Lake Superior to Western Lake Superior (Heu-

schele, 1980). 

In this study, particular interest centers upon the biological 

mixing activities of Pontoporeia arid oligochaetes. Previous 

'studies indicate that these taxa are ubiquitous in Lake Super.ior 

(Adams and Kregear, 1969; Freitag and others, 1976; Kemp and others, 

1978). Studies in the other Great Lakes have shown that these organ-

sims effectively mix sediments to depths of 3-6 cm (Appleby and 

Brinkhurst, 1970; Davis, 1974; Robbins and others, 1977,78,79). Both 

taxa interact with sediment in a significantly different manner. The 

amphipods feed on near surface sediment (0-2 cm) and move through the 

sediment in a plow-like manner (Marzolf, 1965). The random cruise 

pattern of these organisms allows a mechanistic comparison of their 

sediment activities to a diffusion-like phenomenon (Robbins and others, 

1978, 79,79). A model demonstrating this analogy with be presented 

later. 
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Oligochaetes interact with sediment in a "conveyor-belt" fashion, 

by feeding at depth (3-10 cm) below the oxidation-reduction discontin-

uity and defecating on the sediment-water interface (Rhoads, 1974). 

This behavior tends to bury any surficial sediment layer. If a short-

! · d . h d" C 908 I37c 239 pu se tracer is measure in t e se iment e.g. r, s, Pu, 

ash layers, or a pollen "spike") the horizon is essentially buried 

intact until it reaches the depth of oligochaete feeding, at which 

point a secondary horizon is generated at the interface due to def e-

cation (Davis, 1974; Robbins and others, 1979). If mixing by oligo-

chaetes is rapid with respect to sediment accumulation, then the con-

centrations of tracer in the surface mixed layer homogeneous 

over a short time interval. If mixing is not rapid with respect to 

sediment accumulation, then some aspect of the initial tracer spike 

will be preserved (Robbins and others, It is tempting to treat 

PCB substances as a short-pulse tracer in this study, since the use of 

PCB substances is fairly well defined from the late 1920's to early 

1970's. However studies have shown that inputs of PCB substances are 

primarily atmospheric, and that their sources are not presently depleted 

(Eisenreich and others, 1979). 

The flux of 210Pb across the sediment-water interface is assumed 

constant over time, thus secondary horizons described above are not 

expected. Instead, if mixing rates exceed sediment accumulation rates, 

a zone of constant 210Pb is expected in surficial sediments, followed 

by 210Pb distributions governed by radiometric decay in the underlying 

sediments. Situations where mixing rates are less than or equivalent 
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to sediment accumulation rates should be characterized by 210Pb dis-

tributions governed predominantly by radiometric decay. 

To quantify biological mixing rates, benthos data are used to 

calculated oligochaete displacement rates (D) and these are compared 

with mass sedimentation rates (W) at each core site. Because reported 

oligochaete displacement rates vary from 3 ml bulk sediment/worm/yr 

(Robbins and others, 1977) to 11 ml bulk sediment/worm/yr (Davis, 

1974) at about 4°C, two displacement rates (D1 and D2) are calculated 

to represent this range of values. The results (Table 12) show that 

in eight cores (S-78 4Bx, 8Bx, lSBx, C-79 12Bx, lSBx, 23Bx, 26Bx, and 

29Bx) the maximum sediment displacement rate by oligochaetes is com-

parable to sedimentation rates, and may homogenize sediments. In 

several cores where sediment accumulation (W) exceeds oligochaete 

displacement rates (D), populations of Pontoporeia range from 

I, 000 to 2, 000 organisms per square meter (W-77 llBx, S-78 lBx, and 

C-79 20Bx). The additional input from these organisms may cause sedi-

h . . S f 21 0Pb f . . ment omogen1zat1on. ur ace zones o constant act1v1ty are pre-

sent in most of the cores presented in Fig. 14-29. The exceptions are 

C-79 26Bx (Fig. 28) and possibly C-79 12Bx (Fig. 23) and 29Bx (Fig. 29). 

Clearly, then, oligochaete displacement rates are not, in themselves, 

sufficient to explain all 210Pb profiles. The displacement rates do, 

however, provide independent evidence that benthic mixing is a major 

processes in Lake Superior sediments, capable of mixing sediment to 

various degrees of completeness in all localities. 



Table 12. Oligochaete Displacement Rates For Lake Superior Cores. 
Vertically-Integrated Oligochaete Displacement Rates* Mass Sedimentation Rate 
Oligochaete Density D1 D2 w 

Core No. (no. /m2) (g/m2/yr) (g/m2/yr) (g/m2/yr) 

W-77 llBx 92 12.9 49.7 690 
s-78 lBx 44 6.2 23.8 450 

4Bx 460 64.4 248.4 160 
8Bx 632 88.5 341.3 220 

llBx 105 14.7 56.7 100 
13Bx 300 42.0 162.0 530 
15Bx 520 72.8 280.8 240 
21Bx 44 6.2 23.8 70 
24Bx 40 5.6 21.6 70 
26Bx 171 23.9 92.3 220 

C-79 12Bx 600 84.0 324.0 160 
15Bx 1711 239.5 923.9 270 
20Bx 1323 185.2 714.4 830 
23Bx 2142 299.9 1156.7 140 
26Bx 1347 188.6 727.4 330 
29Bx ·1673 234.2 903.4 140 

* D1 based upon displacement rate of 3 ml/worm/yr or 0.14 g dry wt./worm/yr 

n2 based upon displacement rate of 11 ml/worm/yr or 0.54 g/dry wt./worm/yr 
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8.3 Core Stratigraphy and X-radiographs. Many sediment cores 

are mottled and irregularly colored in appearance. Coresponding 

x-radiographs confirm irregular sedimentary structures and lack of 

lamination in the upper 10 cm of many of these cores (Fig. 40). Even 

diagenetic laminations (discussed later), which appear as light-color 

features (optically opaque) on these photonegatives, are absent from 

near surface sediments. The tube-dwelling worms which produce well-

developed borrow structures, such as are visible on x-radiographs 

from marine cores (e.g., Cochran and Aller, 1979; Benninger and others, 

1979), are not present in Lake Superior, thus burrow features are not 

seen on these x-radiographs. However, experiments with oligochaetes 

have demonstrated that their burrowing activities can produce such 

color mottling and irregular sedimentary structures (Moore and Scruton, 

1957). Primary sediment laminations are expected from cores in Lake 

Superior where sediment deposition is the result of a storm "event" 

introducing sediments to the area through shoreline erosion or resus-

pension. Lack of such primary laminations in these cores implies post-

depositional mixing. 

8.4 PCB Profiles. The distribution of polychlorinated biphenyls 

(PCB) in Lake Superior sediments is us.ed to calculate the thickness 

of the surface mixed layer. PCB substances were first introduced in 

commerical quantities for industrial uses in the late 1920's. The 

primary input of PCB substances in Lake Superior is atmospheric deposi-

tion (Eisenreich and others, 1979). Deposition on the lake floor is 

probably associated with adsorption to particulates in the upper 
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Fig. 40. Photograph (left) and X-radiograph of core S-78 4Bx, 
showing the lack of structure in the upper portion of the core. Secondary 
laminations are preserved in the lower portions (see Fig. 53). 
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portion of the water column. Although the chemical stability and 

molecular diffusion properties of PCB substances in sediments is not 

well known, their stability is probably great with respect to the 

time scale provided by 210Pb (Eisenreich and others, 1980). It is 

assumed in this study that PCB redistribution in sediments is solely 

through particle reworking effects, and that this is predominantly 

due to biological mixing. In this manner, concentrations in excess 

of 0.001 to 0.002 ug/g are taken as greater than detection limits 

(G. Hollod, personal communication), and the presence of detectable 

concentrations below sediment dated as 1920 is taken as evidence of 

biological mixing to that depth. In seven of the nine cores analyzed 

for PCB substances, detectable quantities were found below this 1920 

time horizon. The maximum detectable depth of PCB's and mixing depths 
. 210 aetermined through Pb distributions (next section) are summaried 

in Table 13. Generally, mixing in Lake Superior occurs in the upper 

4-5 cm, although a maximum depth of 11 cm may be indicated in core 

S-78 lBx. These values compare to other Great Lakes studies (3-6 cm, 

Robbins and others, 1977,78,79; Krezoski and others, 1978), and are 

generally less than the oceans (about 10 cm, Guinasso and Schink, 

1975). 

8.5 210Pb Profiles. D . . . h d" "b . f 21 0Pb eviations in t e istri ution o 

from Eqn. (6.4) are found in 13 of the 17 cores examined in this study. 

In certain of these the deviations take the form of a high degree of 

scatter in activities in the upper 5 cm (S-78 13Bx, 21Bx, 24Bx, 26Bx, 

C-79 14Bx, 15Bx, and 23Bx), while in others a well-defined zone of 



Table 13. Mixing Depth Data From Lake Superior Cores. 

21 0Pb Surface Mixed Layer Deepest Detectable PCB Concentrations 
Core No. depth (cm) degree of homogenization (cm) .age of sediment layer 

W-77 llBx 2 constant activity 2 1967 

S-78 lBx 2 constant activity 11 1880 
4Bx 5 II II 4 1883 
8Bx 1 II II 2 1899 

llBx 0 2 1870 
13Bx 5 scatter of values 5 1950 
15Bx 0.5 constant activity 3 1930 
21Bx 1 scatter of values 4 1830 
24Bx 0.5 II " 3 1760 
26Bx 2 II " 4 1880 

C-79 12Bx 0 --- n.a. n.a. 
14Bx 3 scatter of values n.a. n.a. 
15Bx 1 constant activity n.a. n.a. 
20Bx 3 II II n.a. n.a. 
23Bx 2 scatter of values n.a. n.a. 
26Bx 0 --- n.a. n.a. 
29Bx 0.5 scatter of values n.a. n.a. 
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constant 210Pb . activity can be observed (W-77 llBx, S-78 lBx, 4Bx, 8Bx, 

lSBx, C-79 20Bx). 

Numerous studies have correlated these types of 210Pb profiles 

with benthic mixing activities (Krishnaswami and others, 1971; Bruland, 

1974; Bruland and others, 1975; Robbins and Edgington, V91S; Robbins 

and others, 1977,78,79; Robbins, 1978; Stokes, 1976; Peng and others, 

1979; Benninger and others, 1979; Cochran and Aller, 1979; Nittrouer 

and others, 1979). Interest has focused upon the use of 210Pb and 

other radioisotope distributions to define various physical parameters 

of mixing in sediments. 

In general, two models have been applied to explain the effect of 

biological mixing on 210Pb distributions. If mixing can be character-

ized as a rapid, steady-state process compared to sedimentation rates, 

then 210Pb distributions should demonstrate (1) a surface zone of 

constant activity, A , to the depth of the mixed zone, S, and (2) a m 

profile determined by radiometric decay below the mixed zone, or 

where 

and 

A is the 

A= A m 

A= A m 
->.(z-S)/R e 

210Pb . ·t . act1v1 y (dpm/g) 

where z < S 

where z > S 

at some depth z, 

A is the 210Pb activity in the surf ace mixed layer, m 
s is the mixing depth (cm), 

z is depth (cm), 

A is the 210 Pb decay constant (O. 03114/yr), 

R is the sedimentation rate (cm/yr). 

(8 .1) 

(8.2) 
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This model is an extension of the Berger-Heath (1968) box model, as 

modified by Robbins and others, 1977. In this model the nature of 

the mixing process itself is not specified, the only requirement is 

rapid mixing compared to sediment accumulation, so that the net effect 

is complete homogenization to the maximum mixing depth, S. This was 

the model which was applied earlier in this study to calculate sedi-

mentation rates. In practical terms, use of this model to calculate 

sedimentation rates involves using the slope of the line of In A 
210Pb 

versus depth for values of z greater than S. 

When mixing processes operate, but do not produce a zone of con-

stant 210Pb activity, the distribution of activity becomes sensitive 

to the actual mechanism of sediment redistribution (Robbins and others, 

1978). Treatment of sediment redistribution as a diffusion process 

was first proposed by Goldberg and Koide (1962) to explain thorium 

and ionium distributions in marine sediment cores. The diffusion 

model has been subsequently applied and modified by numerous inves-

(Bruland, 1974; Guiansso and Schink, 1975; Schink and Guinasso, 

1977; Demaster and Cochran, 1977; Robbins and others, 1978; Cochran 

and Aller, 1979; Benninger and others, 1979). 

In .its most familiar form, the diffusion equation is represented 

as 

a Db aA - R a A - AA= 
a A 

az az az at (8. 3) 

where A is the 210Pb . . activity (dpm/ g) at some depth z, 

z is the sediment depth (cm), 



R is the sedimentation rate (cm/yr), 
210 A is the Pb decay constant (0.03114/yr), 

2 and Db is the eddy diffusion or mixing coefficient (cm /yr). 

The first term of Eqn. (8.3) indicates that time rate of change of 

ZlOPb . . . h d h d b" 1 . . . h activity wit respect to ept ue to io ogic mixing, t e 

second term is this change due to sediment accumulation, and the 

third term is this change due to radiometric decay (Robbins and 

others, 1978). 
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Solutions for the diffusion equation are based upon some simpli-

fying assumptions. First, that the 210Pb distribution is in steady 

state (i.e. aA/at = O). This is in accord with assumptions of a 
210 constant Pb atmospheric flux rate, a constant sedimentation rate, 

and negligible molecular diffusion in the sediments (Leland and Shukla, 

'1973). The second assumption is that Db equals some constant, non-

zero number throughout the mixed zone, and equals zero below the mixed 

zone, thus 

a A R--AA=O az 

for z < S 

for z > S 

(8 .4) 

(8.5) 

For the second case (Eqn. 8.5), where Db = 0, the equation reduces to 

which has the solution 

aA/az = - AA/R (8. 6) 

A= A 
0 

-Az/R e (8. 7) 

This is the equilvalent to Eqn. (6.5). For the first case (Eqn. 8.4), 

where Db is some constant, non-zero number, a further assumption is 
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made that sediment accumulation rates are small with respect to mixing 

rates. Under this condition, Eqn. (8.4) reduces to 

which has the solution 

A= A 
0 

k -z(A/Dt,) 2 e 

(8.8) 

(8.9) 

Using this expression, mixing coefficients were calculated for all 

cores (Table 14). These mixing· coefficients must . be considered esti-

mates due to the extreme sensitivity of equation (8.9) for chosen 

mixing depths, and the difficulty of accurately picking these depths. 

Within this limitation, these mixing coefficients can be used to 

quantify some aspects of biological mixing. These values range from 
. 2 2 0.002-10.54 cm /yr. The lowest values, 0.002-0.2 cm /yr, are from 

cores with less than 1,000 organisms per square meter, and compare to 

abyssal mixing rates from the oceans (Table 15). Open lake cores 

with mixing coefficients between 0.2 and 1.2 cm2/yr and benthic popu-

lations between 1,000 and 4,000 organisms per square meter are inter-

mediate between the marine deep sea and marine nearshore, and compare 

closely to some of the other Great Lakes. Very high (1.5-10.5 cm2/yr) 

mixing coefficients are from marginal bay cores and one core near the 

Red Clay Area, with benthic populations between 1,000 and 7,000 

organisms per square meter, and compare with marine nearshore and 

lacustrine values. 

Three 210Pb profiles were .plotted to compare actual activities 

to those calculated from Eqn . (8.4) and (8.5). In Fig. 41 (core S-78 



Table 14. Mixing Coefficients For Lake Superior Cores. 

Mixing Depth 210pb Activities {dpm/g) Mixing Coefficient 
Core No. S (cm) Ao As (-cm2/yr) 

W-77 llBx 2 115 101- 1.48 
S-78 lBx 3 51 28 0.78 . 

4Bx 5 63 44 6.55 
8Bx 2 11 4 0.12 

llBx 3 126 3 0.02 
13Bx 5 87 62 6.93 
15Bx 4 133 36 0.29 
21Bx 5 218 5 0.06 
24Bx 4 79 3 0.05 
26Bx 5 198 25 0.18 

C-79 12Bx 
14Bx 3 92 50 0.75 
15Bx 1 105 83 0.57 
20Bx 4 75 60 10.54 
23Bx 2 163 102 0.57 
26Bx 
29Bx 1 52 3 0.002 



Region 

Deep Sea 
Western Equatorial Pacific O. 
Various Cores 

Nearshore Marine 
Buzzards Bay 
N.Y. Bight 
Long Island Sound 

Lakes 
Messalonskee L. (Maine) 
L. Erie and L. Ontario 
L. Huron 
Experimental 
L. Superior 

Reference 

Peng and others, 1979 
Noshkin and Bower, 1973 
Demaster and Co&-iran, 1977 
Schink and Guinasso, 1977 

Rhoads , 1963 
Cochran and Aller, 1979 
Benninger and others, 1979 

Davis, 1974 
Lerman and Lietzke, 1975 
Robbins and others, 1977 
Robbins and others, 1979 
This Study 

L 
Mixing Depth 

(cm) 

7 
4-12 
8-15 
6-10 

2 
0-11 
0-12 

6 
-
3-6 
-
0-11 

Table 15. Mixing Coefficients . From Other Studies. 

DiJ 
Mixing Coefficient 

(cm2 /yr) 

0.12 
0.10-0.38 
0.04-0.25 
0 . 01-0.40 

1.1-10.0 
9.5-18.9 
6.3-37.8 

1.4 
6.3-63.1 
3.3-5.8 
0.1-4.4 
0.002-10.54 
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4Bx), with Db = 6.54 cm2/yr, the diffusion equation closely approxi-

mates the activities within the surface mixed zone, mimicking the 210Pb 

homogenized in the upper portion of the core. In Fig. 42 (S-78 lBx), 
. 2 

with a mixing coefficient Db= 1.20 cm /yr, the fit of· both lines to 

the real data is less acceptable, but the diffusion equation approxi-

t th 21 OPb d. . b . . h b h h d ma es e 1str1 ution 1n t e core etter t an t e ecay 

equation. In Fig. 43 (S-78 21Bx), with a low mixing coefficient (Db 
2 = 0.06 cm /yr), the decay equation (no mixing) more closely approxi-

mates real data. 

It is pertinent to ask if organisms act in a manner mechanisti-

cally analogous to diffusion phenomena. Strict analogy requires that 

abundant and randomly distributed organism act to exchange adjacent 

particles of sediment at all depths within the mixing . zone. Actually 

'this is not true for organisms in sediment. Benninger and others 

(1979) point out that deep burrows and other discontinuous features 

cause non-diffusional mixing. Worm behavior in feeding at depth and 

defecating on the sediment surface is non-diffusional (Davis, 1974). 

Biologic activity is not continuous with depth, but declines gradually 

from the sediment surface (Hakanson and Kallstrom, 1978; Peng and 
I 

others, 1979; Benninger and others, 1979). All of these add compli-

t . f t d 11 . 21 OPb d. . b . . d . t ca 1ng ac ors to mo e 1ng 1str1 ut1ons 1n se imen s. Most 

studies agree, however, that a diffusion model can be successfully 

applied to explain 210Pb distributions (Benninger and others, 1979). 

In this study, the range of variables (sedimentation rates, benthic 

population densities, feeding behaviors, mixing coefficients) make 
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any single model difficult to construct. It is apparent that in some 

case, with well developed 210Pb homogenized zones and large benthic 

populations, a rapid steady-state model (Eqn. 8.1 and 8.2) can be 

successfully applied. In other cases, with low sedimentation rates, 

a diffusion model (Eqn. 8.9) can be successfully applied. Intermediate 

cases (low sedimentation and low benthic populations, or high sedimen-

tation and high benthic populations) may not exactly fit either model. 

8.6 Mixing Parameter G. Guinasso and Schink (1975) define a 

dimensionless mixing parameter G as 

G = S R (8.10) 

where Db is the mixing coefficient (cm2/yr), 

R is the sedimentation rate (cm/yr), 

and Sis the thickness of the mixed layer (cm). 

Values for Lake Superior are presented in Table 16. Guinasso and 

Schink interpret G values greater than 3 as representing a high prob-

ability that the mixed layer will be completely homogenized and all 

laminations destroyed, while G values less than 0.3 represent condi-

tions of low mixing, and high probability that features will pass 

beneath the mixed layer before they are obliterated. All Lake Superior 

cores have G values greater than 0.3. The range of values is 0.36-

32 70 S. ·f · 210Pb d . . b d . h . d . . 1gn1 1cant ev1at1ons were o serve in t e mixe zone 

of all cores where G is greater than 1.0. Guinasso and Schink (1975) 

also indicate that for G values greater than 10, the concentration 

curve should be indistinguishable from a Berger-Heath (1968) Box 
210 Model (constant Pb activity in surface mixed layer). Three Lake 



Table 16. Mixing Parameter G For Lake Superior Cores. 

Mixing Coefficient Mixing Depth Sedimentation Rate Mixing Parameter 
Core No. (cm2/yr) L (cm) R (cm/yr) G 

--
W-77 llBx 1.49 2 0.188 3.963 
S-78 lBx 1.20 11 0.109 1.001 

4Bx 6.54 5 0.04 32.70 
8Bx 0.13 2 0.025 2.60 

llBx 0.02 2 0.016 0.625 
13Bx 6.93 5 0.171 8.105 
15Bx 0.29 3 0.065 1.487 
21Bk 0.06 4 0.026 0.577 
24Bx 0.05 3 0.012 0.833 
26Bx 0.18 4 0.045 1.000 

C-79 12Bx µ.a. n.a. 0.043 n.a. 
14Bx 0.76 3 0.043 5.891 
15Bx 0.57 1 0.028 20.357 
20Bx 10.52 3 0.168 20.873 
23Bx 0.57 2 0.045 6.333 
26Bx n.a. n.a. 0.116 n.a. 
29Bx 0.002 0.5 0.011 0.364 
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Superior cores have G values exceeding 10 (S-78 4Bx, C-79 lSBx and 

20Bx). Of these two (S-78 4Bx and C-79 20Bx) have well defined surface 

mixed zones. 

8.7 Effect of Mixing on Sedimentation Rates. Davis (1974) 

found that biological mixing of pollen horizons resulted in net upward 

transport of pollen. Downward transport was only 14-19% of upward 

transport. Small amounts of pollen were brought to the surface from 

as deep as 15 cm, while considerable amounts were raised from less 

than 7 cm. Davis also found smaller grains were selected for transport 

preferentially over larger grains. Upward movement of pollen grains 

would lead to erroneously low sedimentation rate estimates by moving 

the ragweed pollen horizon in a net upward direction. This conclu-

sion is in accord with studies of sedimentation in Lakes Erie and 

Ontario using pollen, 210Pb, and 137cs, where pollen-derived sediment-

ation rates were consistently lower than radiometric sedimentation 

rates (Robbins and others, 1978). 

In Lake Superior, pollen sedimentation rates are lower than 210Pb 

sedimentation rates in some cases, and higher in others. Maher's 

(1977) cores 73-20 and 73-23 have sedimentation rates of 0.60 and 

0.83 cm/yr from the vicinity of our core S-78 !Bx, which has a rate 

of 0. 109 cm/yr. On the other hand, core C-59A (Kemp and others, 1978) 

has a sedimentation rate higher than nearby W-77 llBx (0.239 cm/yr 

versus 0.188 cm/yr). It is uncertain from this if pollen-derived sedi-

mentation rates should be corrected for biological mixing or not. 

This study has shown that 210Pb data can be used to calculate 
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sedimentation rates in Lake Superior despite the mixing effects of 

benthic organisms. It should be stressed, however, that this required 

obtaining numerous samples, especially from .the upper portions of the 

cores, and supporting data to help interpret bioturbation effects. 

Studies such as Bruland and others (:1975), based upon a few points, 

are difficult to interpret successfully because of biological mixing. 

In certain of our cores (S-78 llBx, 21Bx, 24Bx, and C-79 15Bx), 

where 3-4 cm of material overlies glacial-lacustrine sediment 9,000 

years old, the rate calculated from 210Pb is 1-2 orders 

of magnitude higher than a rate calculated by dividing the thickness 

of the "post-glacial section" by 9,000 years. Similar situations have 

been encountered in Lake Michigan sedimentation studies (Robbins and 

Edgington, 1975; Edgington and Robbins, 1976a). Dell (1976) interprets 

'similar surficial deposits in Lake Superior as erosional lag deposits. 

Within the surficial deposits from our cores, PCB distributions are 

homogenized, and reach detection limits in the glacial sediments, 

and organic carbon reaches background values in the glacial sediment. 

Benthic organism data indicates that mixing may occur in these sedi-

ments to the depth where glacial sediments are observed. 210Pb dis-

tributions can be approximated by diffusion (mixing) equations (Fig. 

43). Thus, on the basis of 210Pb, PCB, and organic carbon data, it 

is more likely these represent a combined result of biological mixing 

of material throughout the depth of the mixed zone and occasional 

erosion events. The 210Pb distributions are thus the result of benthic 

mixing, and sedimentation rates may be considerably less than the rates 
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(0.01-0.03 cm/yr) calculated in this study. These changes do not 

effect the conclusions of the sedimentation model presented earlier. 



9. Physical Mixing 

9.1 Storm Deposit Layers. The 210Pb distributions in three 

cores (W-77 llBx, C-79 12Bx and 26Bx) show intervals of constant 
210Pb activity at some depth below the surface mixed layer. The 
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dates bracketing these anomalies are 1900-1910, 1910-1920, and 1940-

1950, respectively. 

Similar 210Pb distributions have been observed in Lake Michigan 

(Robbins and others, 1975; Edgington and Robbins, 1976a), Lakes 

Ontario and Erie (Robbins and others, 1978), Saquenay Fjord, Quebec 

(Smith and Walton, 1980), and the Soledad Basin of Baja California 

(Bruland, 1974). In certain of these the 210Pb anomaly is correlated 

to major textural changes. Bruland (1974) identified the interval of 

t 21 OPb · . 1 1 d b. d. 1 cons ant activity as two c .ose y space tur i ites or s umps 

on the basis of x-radiographs, water content, and insoluble residue 

data. Smith and Walton (1980) identified three intervals of constant 
210Pb activity as sandy muds associated with episodes of landsliding 

in the Saquenay Fjord. Robbins and others (1975) noted the correla-

tion of intervals of constant 210Pb activity with shell and debris 

layers in Lake Michigan. 

In the Great Lakes, Robbins and his co-workers have successfully 

linked the ages of these anomalies with the dates of major storms. 

The major storms in the Great Lakes region during the last century 

were on November 27-28, 1905; November 9, 1913; October 20, 1916; 

November 22-24, 1918; November 24, 1919; November 11-12, 1940 (Murty 

and Polavarapu, 1975); May 5, 1952 (Donn, 1959); and November 18, 
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1958 (U.S. Weather Service, 1976). Resuspension of sediment during 

these storms would result in the deposition of a layer of sediment of 

h . d 210Pb .. omogenize activity. 

I hypothesize that the 210Pb anomalies in these cores represents 

deposition from the November 1905; November 22-24, 1918; and 

November 11-12, 1940 storms. The 1905 storm is the only major storm 

which occurred within the dating interval 1900-1910. The second 

dating interval (1910-1920) could have been the result of the 1916, 

1918, or 1919 storms, but according to historical records the 1918 

storm was more severe (Murty and Polavarapu, 1975). Accordingly, 

only the data for the 1918 storm was obtained (due to expense). How-

ever, the 1916 and/or 1919 storms may have been responsible for this 

deposit. The 1940 storm is probably associated with the dating inter-

val 1940-1950, because it was the most severe storm of the century 

(U.S. Weather Service, 1976). 

9.2 Meteorological Data. Historical records were assembled from 

weather stations in Duluth, Houghton, Mich., Marquette, Mich., and 

Sault Ste. Marie to document the intensity of these storms (Table 17). 

Fig. 44-52 are portions of Northern Hemisphere surface weather maps 

for three day intervals bracketing these storms. Several features on 

these deserve mention. 

The November 22-24, 1905 storm developed as a low pressure zone 

over British Columbia collided with high pressure zone over Saskatche-

wan and Iowa. As the low moved northeast, the storm front crossed 

over southeastern Lake Superior in the vicinity of the Lake Superior 



Table 17a. Meteorologic Data For Lake Superior Storms. 
Maximum Consecutive Hours Of Precip-

Recording Pressure Drop (inches Hg) Dates Wind Speed Direction Wind Speeds Exceeding itation 
Station (Reduced to sea level) (mph) 20 mph 30 mph 40 mph (inches) 

--
November 26-28, 1905 

Duluth 30.16-29.53 = 0.63 26--28 68 NE 51 24 18 0.32 
30.32-29.33 = 0.99 

Houghton 30.37-29.56 = 0.81 27-28 34 E 12 4 0 o. 76 

Marquette 30.36-29.62 = 0.74 27-28 45 E 17 10 0 0.42 
30.10-29.40 = 0.70 

Sault Ste. 30.36-29.88 = 0.48 27-29 38 E 15 3 0 0.14 
Marie 30.42-29.50 = 0.92 

November 22-24, 1918 

Duluth 30.61-29.89 = 0.72 22-24 42 w 39 4 0 0 
30.53-29.76 = 0.77 

Houghton 30.52-29.72 = 0.80 22-24 40 w 39 9 0 0 

Marquette 30.50-27.73 = 0.77 22-24 39 SW 29 2 0 0.14 

Sault Ste. 30.37-29.60 = 0.77 22-24 32 w 22 2 0 0 
Marie 30.42-29.73 = 0.69 



Table 17b. Meteorologic Data For Lake Superior Storms. 

Maximum Consecutive Hours of 
Recording Pressure Drop (inches Hg) Dates Wind Speed Direction Wind Speeds Exceeding 
Station (Reduced to sea level) (mph) 20 mph 30 mph 40 mph 

November 10-12, 1940 
Duluth 30.40-29.40 = 1.00 6-11 63 NW 38 23 9 

30.39-28.91 = 1.48 
30.36-28.69 = 1.67 

Houghton 29.92-28.88 = 1.04 10-11 41 SW n.a. n.a. n.a. 

Marquette 30.34-29.28 = 1.06 8-12 33 s 30 4 0 
30.31-28.67 = 1.64 
30.30-28.94 = 1.36 

Sault Ste. 30.30-28.95 = 1.35 8-12 35 SW 18 3 0 
Marie 30.33-29.47 = 0.86 

30.34-29.21 = 1.13 

Precip-
itation 

(inches) 

0.39 

0.90 

0.20 

0.96 
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Troughs region. A storm layer is recorded in core C-79 26Bx, from 

the deepest part of one of these troughs. Presumably material eroded 

from shoal tops and margins by the storm was deposited in the adjacent 

troughs. The maximum pressure drop associated with this storm was 

0.48-0.99" mercury over a 24 hour period. Maximum wind speeds were 

recorded in Duluth (68 m.p.h., with winds in excess of 50 m.p.h. for 

seven consecutive hours). Seventy-eight lives were lost in association 

with this storm (Murty and Polavarapu, 1975). 

The November 22-24, 1918 storm originated when a low pressure 

Arctic air mass over the Pacific Northwest collided with a prevail-

ing midcontinent high air mass over the Dakotas. As the low 

moved southeast, the steepening pressure drop line can be observed in 

the Lake Superior-Lake Huron region. The maximum pressure drop was 

'0.69-0.80" mercury, over 48 hours, being remarkably consistent at all 

stations. Maximum wind speeds of about 40 m.p.h. were recorded in 

Duluth and Houghton. Core C-79 12Bx is located between these stations. 

Presumably shoreline erosion in Ontonagon County (exposed to the pre-

vailing west winds) introduced sediment into the region where this 

core was recovered. . Seventy-six lives were lost in this storm (Murty 

and Polavarapu, 1975). 

The November 11-12, 1940 storm was the most severe of the century 

in the Upper Great Lakes region (U.S. Weather Service, 1976). Duluth 

recorded its lowest atmospheric pressure during this storm since the 

station was established. A low pressure zone formed over the Mid-

Plains area on November 10, and moved northeasterly across the Lake 
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Superior region on the 11th and 12th. The storm center crossed be-

tween Thunder Bay and Isle Royale. The maximum pressure drop for this 

storm averaged 0.86-1.67" mercury, with maximum wind speeds in Duluth 

of 63 m.p.h. Historical storm surge reconstructions indicate a maxi-

mum surge of 2.29' on Michipicoten Island, 1.89' at Sault Ste. Marie, 

and 0.61' at Thunder Bay (Murty and Polvarapu, 1975). Core W-77 llBx, 

from Whitefish Bay, is between Michipicoten Island and Sault Ste. 

Marie. The large storm surge in this region would have a major effect 

on shoreline erosion and sediment resuspension from shallow regions 

in Whitefish Bay, and in the deeper portions of the bay, 

where our core is from. 

Although evidence is insufficient to link these anomalous 210Pb 

deposits with any specific storm, circumstantial evidence is strong 
210 ·that these are indeed storm layer deposits. Only 3 cores show Pb 

distributions which clearly reflect storm deposits. Two of these (C-79 

12Bx and W-77 llBx) are in shallower water depths (115 m and 130 m) 

than most cores and are in close proximity to the southern shore; 

while the third (C-79 26Bx) is in deeper water (200 m) but is near 

the eastern shore. As many storms in this region develop northwest 

to southeast, it may be that maximum storm effects (wave heights and 

resuspension effects) are observed along the exposed southern and 

southeastern shorelines. It is evident that storm-generated waves 

are a major sediment redistribution mechanism in certain portions of 

Lake Superior. 
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10. Diagenetic Laminations 

Three kinds of diagenetic features are observed in our cores. 

These are (1) 1 to 2 mm thick black laminations, (2) 1. 0-1. S cm thick 

"crusts", and bands 3 to S cm thick of many black 

"micronodules", 1 to 2 mm in diameter. While both the black lamina-

tions and orange-colored crusts are visible features, the micronodule 

layers are best observed by x-radiography (Fig. 53). 

Table 18 summarizes the diagenetic features observed in each 

core. In general, cores which do not exhibit diagenetic laminations 

are from (1) regions where only 3-4 cm of silty-clay overlies glacial-

lacustrine sediment 9,000 years old (S-78 llBx, 24Bx, and C-79 lSBx); 

(2) massive, noncohesive, and highly organic sediments (3-5% TOC) 

which may be entirely reducing (S-78 13Bx, W-77 llBx, C-79 20Bx, and 

'26Bx); or (3) sediments high in coarse elastics and low in organic 

material (S-78 8Bx, 26Bx, and C-79 29Bx). In general, cores which 

do exhibit diagenetic laminations have both black laminations and 

orange-colored crusts (S-78 4Bx, lSBx, 21Bx, C-79 12Bx, 14Bx, and 

23Bx). One core (S-78 1Bx) has only black laminations. When the 

laminations occur together, the black laminations always overlie the 

orange crusts, which in turn always overlie the micronodules. In most 

cores there are several black laminations, often many thin layers 

closely spaced into thicker bands. Micronodules are found in cores 

S-78 4Bx, lSBx, 21Bx, C-79 12Bx, and 14Bx. 

Diagenetic horizons observed in these cores do not appear to 

affect 210Pb distributions. In many cases, the ZlOPb distributions 
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Core No. 

S-78 lBx 

S-78 4Bx 

S-78 15Bx 

S-78 21Bx 

C-79 12Bx 

C-79 14Bx 

C-79 23Bx 

Table 18. Summary of Diagenetic Features in Lake Superior Cores. 

Diagenetic Feature 

Black lamination 

Black lamination 
Black lamination 
Black lamination 
Orange-colored Crust 
Micronodules 

Black lamination 
Orange-colored Crust 
Micronodules 
Micronodtiles 

Black lamination 
Orange-colored Crust 
Black lamination 
Micronodules 

Black lamination 
Black lamination 
Orange-colored Crust 

Black lamination 
Black lamination 
Orange-colored Crust 

Black lamination 
Black lamination 
Orange-colored Crust 

Chemical Data 

greater than 3000 ppm Mn 

greater than 3000 ppm Mn 
II II 1200 ppm Mn 
II II 1100 ppm Mn 

sl.increases in metals 

greater than 3000 ppm Mn 
sl. metals enrichment 
sl. Ni enrichment 
sl. Zn enrichment 

greater than 500 ppm Mn 
sl. metals enrichment 
greater than 600 ppm Mn 
sl. Ni 1 Zn enrichment 

n.a. 

n.a. 

n.a. 



pass through diagenetic horizons without deviation from the decay 

equation. 
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Similar features have been described in other Lake Superior 

Sediments. Nussman (1965) suggested that orange-colored crusts in 

Lake Superior may represent post-depositional Fe and Mn accumulations 

during period of non-deposition. Dell (1972,74) reported finding 

black "Fe-S" layers and yellow oxide layers in the upper 10 cm of 

Lake Superior sediments. She identified hydrotroilite (amorphous 

iron sulfides) and greigite (Fe3S4) by x-ray diffraction in the black 

laminations. She also reported finding "sand-sized nodules" of vivia-

nite (Fe3 (P04) 2·8H20) scattered through certain cores. Mothersill and 

Shegelski (1972) applied atomic absorption and x-ray diffraction to 

cores from Thunder Bay. Black laminations there consist of 0.3-0.45 

'mm diameter manganese oxides that are amorphous or crystalline (Chal-

cophani te, Mi10·2Mn02·2H20), while "limonite-colored" crusts consist 

of amorphous iron oxides in filliform ring structures. Tiny (100 

micron) crystals in these rings are optically similar to hematite. 

A trace metal study conducted on S-78 cores by Beilke (in prep.) 

has assisted in interpreting some of these features. Black lamina-

tions compare unambiquously to Mn enrichments, often reaching 3000 ppm 

Mn in the uppermost black lamination. The composition of other fea-

tures is less clear. Slight enrichments of Zn and Ni appear to cor-

related to micronodule layers. Metal oxide enrichments appear to 

correlate with the tops of orange-colored crusts. 

The presently accepted model for the origin of Mn laminations in 
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sediments was proposed by Lynn and Bonatti (1965). When sediment con-

taining manganese is introduced into reducing conditions through burial, 

the manganese becomes soluble and migrates upward (through ionic dif-

fusion and/or pore water expellation during compaction). Manganese 

then precipitates at a certain Eh threshold in the overlying, oxidized 

sediment, forming a thin, crust-like layer (Lynn and Bonatti, 1965; 

Bonatti and others, 1971; Berner, 1971; Mothersill and Shegelski, 

1972). Amorphous iron oxid.es also become solubilized in reducing con-

ditions and migrate upwards, but precipitate in lower Eh values than 

manganese, thus explaining why Mn black layers always overlie Fe 

orange-colored crusts (Krauskopf, 1957; Degens, 1967). 

The absence of diagenetic laminations in Lake Superior cores 

with high organic carbon contents down core (from marginal bays) is 

.explained as insufficiently high Eh values anywhere in the core to 

facilitate Fe or Mn precipitation. On the other hand, cores with high 

sand contents and low organic carbon contents, or glacial-lacustrine 

clays (also low organic carbon contents) are explained as insufficient-

ly low Eh values at depth to mobilize Fe and Mn (Lynn and Bonatti, 

1965; Erlenkeuser and others, 1974). 

It has been suggested that diagenetic laminations such as these 

form during periods of nondepos.ition (Nussman, 1965). Previous stu-

dies in the oceans have suggested that orange-colored crusts on the 

outer continental shelf represent a Holocene non-depositional surface 

due to sediment being trapped in near shore basins following the Holo-

cene sea level rise (McGeary and Damuth, 1973; Watson and Angiro, 
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1969). In Lake Superior, however, diagenetic laminations are not 

synchronous (Fig. 54). Thus, if these laminations represent non-

depositional periods, they are of local and not regional extent. 

90 



91 

11. Summary 

This study examined sedimentation and post-depositional proces-

ses in Lake Superior through the use of 210Pb geochronology and sup-

porting evidence·. Sedimentation within Lake Superior was found to 

be complex. Many parameters affect sedimentation in this large basin, 

including: (1) the locations of major sediment sources, which include 

shoreline erosion, resuspended sediments from nearshore areas and 

marginal bays, riverine inputs, subaqueous erosion, plankton produc-

tivity, atmospheric inputs, and anthropogenic inputs; (2) prevailing 

sediment transport mechanisms, including both surface and deepwater 

currents, sediment transport downslope via slumps or turbidite move-

ments, and current winnowing; (3) organic carbon decomposition in the 

water column and at the sediment-water interface; and (4) physical and 

biological mixing; (5) organic carbon diagenesis in sediments; and 

(6) migrations of Mn and Fe through sediments in response to redox 

conditions. 

Sedimentation rates in Lake Superior are highly variable, ranging 

from 0.01 to 0.20 cm/yr, and compare closely to Lakes Michigan, Huron, 

and Ontario. A dynamic sedimentation model is proposed which empha-

sizes (1) that a simple basin approach, as advocated by Kemp and 

others (1978) and applied to the other Great Lakes, is not adequate 

to explain sedimentation in Lake Superior; (2) that the marginal bays 

are major depositional regions, in which sediment resuspension due to 

storm-wave activity redistributes sediment within these bays, and 

also provides a major sediment source for the open lake; (3) that 
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high sedimentation rates in the open lake adjacent to marginal bays 

can be explained as the dissipation of plumes of suspended sediments 

originating in the bays; (4) that shoreline erosion is a major pro-

cess in the Red Clay Area, and that sediment accumulation in this 

nearshore region is significant despite sediment resuspension by 

storm-waves and transport basinward; (5) that slightly higher sedi-

mentation rates are found in offshore regions adjacent to Ontonagon 

County, Michigan, probably due to shoreline erosion; (6) that sedi-

ments are accumulating along the slope base north of the Keweenaw 

Peninsula, and are winnowed by deepwater currents; (7) that high 

sedimentation rates occur in the deepest parts of the Lake Superior 

.Troughs region, that. downslope movement off the shoals and flanks of 

shoals supplies sediment to these troughs; and (8) that the mid-lake 

·basins are characterized by extremely low sedimentation rates, due to 

isolation from sediment sources. 

It was demonstrated that organic carbon deposition rates, K, are 

a power function of sedimentation rates, W, such that K = 0.04 wl. 03 . 

This relationship may be due to the decomposition of organic matter 

at the sediment-water interface or may indicate that a constant pro-

portion of the sed-iment load in Lake Superior is organic matter (if 

the exponent is approximately 1.00). Some calculations were made 

which show that between 77 and 87% of all primary production organic 

carbon is decomposed in the water column prior to burial. It has 
210 been shown that the transfer of Pb from the atmosphere-water inter-

face to the sediment-water interface is through association with 
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organic particulates, by the relationship K = 4 x l0-4P. In the sedi-

ments, organic carbon decays exponentially from about 1-5% TOC to a 

"background" value of about 0.5% TOC. Organic carbon decay constants 
-2 range from 0.3-1. .7 x 10 /yr, which are 2-3 orders of magnitude greater 

than the oceans. These higher values may be due to low algal producti-

vity, the relatively high concentration of easily degradable components, 

highly oxidized conditions in the sediment, and benthic organism acti-

vity in mixing the sediment. It was shown that organic carbon decay 

rates are inversely proportional to sedimentation rates, demonstrating 

that rapid burial promotes organic carbon preservation. 

Independent evidence for biological mixing in the sediments from 

Lake Superior includes 210Pb and PCB distributions, benthic organism 

studies, and x-radiograph data. Oligochaete displacement rates are 

·greater than sediment accumulation rates in many cores, demonstrating 

that oligochaetes alone can completely mix the sediments significantly. 

In other cores Pontoporeia may provide sufficient additional mixing 

to cause complete homogenization. Mixing depths in Lake Superior are 

commonly 4-5 cm, but can be as great as 11 cm. Mixing by organisms 

has been responsible for detectable concentrations of PCB substances 

to be found below the time horizon corresponding to its first commer-

cial use in quantity. A diffusion model for sediment mixing has been 

1 . d . h l . 21 OPb d . . b . M. . app ie wit some success to exp ain 1str1 utions. 1x1ng 

(eddy diffusion) coefficients range from low values comparable to 

abyssal regions to high values comparable to marine nearshore and 

lacustrine environments. Guinasso and Schink's (1975) mixing parameter 
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G was calculated. All cores in Lake Superior have G values greater 

than 0.3, indicating laminations would not be preserved in the upper 

portions of cores from Lake Superior. 

Th h 21 OPb . . d h . h ree cores s ow constant act1v1ty at some ept 1n t e 

sediments, these correspond to the dating intervals 1900-1910, 1910-

1920, and 1940-1950. Evidence was collected to show that these may 

be storm deposition layers corresponding to major storms in 1905, 

1918, and 1940. 

Diagenetic laminations in Lake Superior sediments include 1-2 mm 

thick black laminations, 1.0-1.5 cm thick orange-colored crusts, and 

3-5 cm thick layers of micronodules 1-2 mm in diameter. The available 

evidence indicates that the black laminations are Mn enrichments and 

the orange-crusts may be Fe enrichments. 
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APPENDIX I: 

ZIOPb GEOCHRONOLOGY DATA FOR INDIVIDUAL CORES. 



ZlOPb GEOCHRONOLOGY: CORE SUMMARY CRUISE: W-77 CORE: 11 Bx 

CORRECTED % s TOTAL 210po INGROWTH SEDIMENT 
SAMPLE DEPTH POROSITY ORGANIC PLATING ACTIVITY CORRECTION LAYER AGE 

NO. (cm) f/J CARBON EFFICIENCY (dpm/g) (dpm/g) (yrs) 
.. . . 

llBlS 0-0.5 n.a. 4.55 0.1232 112.943 + 2.322 134.436 + 2.322 2.65 
11B2S 0 . .5-1. 0 3.7 0.1314 118 .077 2.282 128.385 2.282 5.31 
llBlC 1-2 0.0905 100.640 1.386 104 .313 1.386 10.62 
11B3C 3.2-4.2 0.0828 74.861 0.947 75.677 0.947 22.29 
11B4C 4.4-5.4 0.0653 57.808 1.589 28.66 
11B5C 5.5-6.4 0.0135 45.295 1.254 28.66 
11B7C 7.4-8.3 0.1417 52.525 0.590 28.66 
llBOC 8.5-9.4 3.2 0.0547 45.533 1.447 35.04 
llBllC 11-12 0.0634 31.408 0.532 44.73 
11Bl5C 15.2-16.2 0.0351 23.051 0.683 60.38 
11B20C 20-21 2.7 0.0537 l:L082 0.405 78.27 
11B30C 30-31 0.0531 4.657 0.130 115.54 

(:!ee.. vtlov.t) 

WET SEDIMENTATION RATE 1 R = 0.188 cm/yr 210 
MASS SEDIMENTATION RA.TE, W= O .0686 g/cm2/yr Pb ACTIVITY: (dpm/g) 

· 2J.P 2 Sediment-water Interf ace 1 A0 Q 134 Pb FLUX RATE 1 P= 9.223 dpm/cm /yr 
ORGANIC CARBON DEPOSITION RATE, K= 0.00317 gC/cm2/yr Supported Activity, As• 4 ,7 

11 jJ/qfli1_y £f'Ht:.1e.ncy'' 5"lto({/c/ //e d1v1de,t"/ b' ·def.ec;l:Jv- {o.ozo) .. 

....... 

....... 



ZlOPb GEOCHRONOLOGY: CORE SUMMARY CRUISE: S-78 CORE: 1 Bx 

CORRECTED % I TOTAL 210pb 210po INGROWTH SEDIMENT 
SAMPLE DEPTH POROSITY ORGANIC PLATING ACTIVITY CORRECTION LAYER AGE 

NO. (cm) rJ CARBON EFFICIENCY (dpm/g) (dpm/g) (yrs) 

lBlS 0-0.30 0.93 1.8 0.0810 43.239 + 0.613 51.156 + 0 .613 2.75 
1B2S 0.30-0.60 0.92 2.4 0.0863 46. 282 1.078 50.234 1.078 5.49 
1B3S 0.60-0.90 0.92 2.2 0.1087 39.164 0.815 41.091 0.815 8.24 
lBlC 0.9-1.9 0.68 2.1 0.0554 42.000 1.252 42.458 1.252 17 .39 
1B2C 1.9-2.9 0.64 2.1 0,0189 34.425 1.860 26.56 
1B3C 2.9-3.9 0.84 2.0 0.0502 . 28 .041 0.515 35.71 
1B4C 3.9-4.88 0.86 2.2 0.0261 14.926 0.433 44 .69 
1B5C 5.88-5.88 0.0869 14.460 0.372 53.85 
1B7C 6.88-7.88 0.0508 8.407 0.320 72.16 
lBlOC 9.9-10.9 0.84 1. 7 0.0621 3.108 0.157 99.63 
1Bl2C 11.9-12.9 0,0386 4.223 0.215 117 .95 

f ·llt/ 

' 

WET SEDIMENTATION RATE, R = O .109 cm/yr 210 
'MASS SEDIMENTATION RATE, W= O. 0454 g/cm2/yr Pb ACTIVITY: (dpm/g) 

llOPb FLUX RATEa P= 2 Sediment-water Interface• A0 a 51.2 2.323 dpm/cm /yr 
ORGANIC CARBON DEPOSITION RATE, K= 0.00104 gC/cm2/yr Supported Activity. A5 m 3.6 

.... .... 
VI 



21 0Pb GEOCHRONOLOGY: CORE SUMMARY CRUISE: S-78 CORE: 4 Bx 

CORRECTED % 1 
SAMPLE I DEPTH POROSITY ORGANIC PLATING 

NO. (cm) r/J CARBON EFFICIENCY 

4B1S 0-0.29 0.98 2.3 0.0787 
4B2S . 0.29-0.60 0.91 2.3 0.0618 
4B3S 0.60-0.93 o. 79 2.2 0.0327 
4B1C 0.93-1.87 0.90 2.3 0.0387 
4B2C 1.87-2.84 0.88 2.3 0.0470 
4B3C 2.84-3.78 0.90 2.9 0.0417 
4B4C 3. 7 8-4. 72 0.90 2.6 0.043S 
4BSC 4.7-5.7 0.85 0.0325 
4B6C 5.7-6.7 0.85 1. 7 0.0403 
4Bl0C 9.7-10.7 0.85 1.7 0.0384 

$ee. p.11'1 

WET SEDIMENTATION RATE, R about 0.04 cm/yr 
MASS SEDIMENTATION RATE, W= about 0.016 g/cm2/yr 

--
TOTAL 210pb 210po INGROWTH 

ACTIVITY CORRECTION 
(dpm/g) (dpm/ g) 

58.856 + 1.392 62.587 + 1.392 
S!L88S 1.709 61.107 1. 709 
63.363 1.061 63.699 1.061 
6S.378 2.337 
61.166 1.931 
49.682 1.209 
44.331 0.8S6 

5.24S 0.107 
4.252 0.152 
3.754 0.142 

210 Pb ACTIVITY: (dpm/g) 

SEDIMENT 
LAYER AGE 

(yrs) 

7.2S 
15.00 
23.2S 
46.75 
71.00 
94 .so 

118.00 
142 .so 
167.50 
267.50 

21D 2 · Pb FLUX RATE, P= about 1.0 dpm/cm /yr 
ORGANIC CARBON DEPOSITION RATE, K= about 0.00037gC/cm2/yr 

Sediment-water Interface. A0 • 62.6 
Supported Activity. As.,., about 4.0 

I-" ..... 
°' 



21 0Pb GEOCHRONOLOGY: CORE SUMMARY · CRUISE: s-78 CORE: 8 Bx 

CORRECTED % 
SAMPLE I DEPTH POROSITY ORGANIC 

NO. (cm) r/J CARBON 

8BlS 0-0.33 0.59 0.4 
8B2S 0.33-0.67 0.62 0.5 
8B3S o. 67-1.00 0.67 0.7 
8BlC 1-2 0.67 0.4 
8B2C 2-3 0.66 0.2 
8B3C 3-4 0.68 0.2 

WET SEDIMENTATION RATE, R Q,025 
HASS SEDIMENTATION RATE 1 W= 0.0218 

I 
PLATING 

EFFICIENCY 

0.0445 
0.0850 

0.0773 
0.1284 
0.0869 
0.0862 

f.fl'f 

cm/yr 
g/cm2/yr 

; 

-
TOTAL ilOpb 

ACTIVITY 
(dpm/g) 

10.737 + 0.269 
12.090 0.214 
13 .243 0.242 

3.644 0.050 
2.387 0.046 
1.814 0.039 

210po INGROWTH SEDIMENT 
CORRECTION LAYER AGE 

(dpm/g) (yrs) 

11.029 + 0.269 I 13.oo 
25.98 
39.37 
78.74 

118.11 
157.48 

210 . 
Pb ACTIVITY: (dprn/g) 

21DPb FLUX RATE, P= 0.241 
ORGANIC CARBON DEPOSITION RATE, K= 

2 dprn/cm /yr 
0.00009 

Sediment-water Interface, A0 • 11. 0 
Supported Activity 1 A5 aabout 2.1 

I-' 
I-' 
-..J 



ZlOPb GEOCHRONOLOGY: CORE SUMMARY CRUISE: S-78 CORE: 11 Bx 

CORRECTED % 
SAMPLE I DEPTH POROSITY ORGANIC 

NO. (cm) 0 CARBON 

llBlS 0-0.16 0.94 3.7 
11B2S 0.16-0.32 0.93 3.3 
11B3S 0.32-0.48 0.93 2.7 
11B4S 0.48-0.64 0.93 2.5 
llBSS 0.64-0.81 0.92 3.0 
llBlC 0.81-1.67 0.88 1.6 
11B2C 1. 67-2 .62 0.80 0.4 
11B3C 2.63-3.58 0.79 0.4 
llBSC 4.57-5.57 0.77 0.4 

WET SEDIMENTATION RATE, R = 0.016 
HASS SEDIMENTATION RATE, W= 0.0100 

FLUX RATE, p; 1.257 
ORGANIC CARBON DEPOSITION RATE, K= 

I 
PLATING 

EFFICIENCY 

0.0516 
0.0555 
0.0526 
0.0584 
0.0674 
0.0585 
0.0503 
0.0709 
0.0599 

1.111{ 

cm/yr 
g/cm2/yr 

--
TOTAL 210pb 210po INGROWTH SEDIMENT 

ACTIVITY CORRECTION LAYER AGE 
(dpm/g) (dpm/ g) (yrs) 

120. 965 + 1.817 125.707 + 1.817 10.00 
104.192 3.035 105.328 3.035 20.00 

90.791 2.443 30.00 
72.937 2.044 40.00 
60.462 1.806 50.63 
12 .807 0.422 104.37 

3.208 0.152 163.75 
2.945 0.070 223.75 
2 .971 0.138 348.13 

210 Pb ACTIVITY: (dpm/g) 
2 dpm/cm /yr 

0.00037 gC/cm2/yr 
Sediment-water Interface. A0 a125.7 
Supported Activity, A8 =about 3.0 

...... ...... 
CX> 



210Pb GEOCHRONOLOGY: CORE SUMMARY CRUISE: S-78 CORE: . 13 Bx 

CORRECTED % I 1'0TAL 210Pb 210po INGROWTH SEDIMENT 
SAMPLE DEPTH POROSITY ORGANIC PLATING ACTIVITY CORRECTION LAYER AGE 

NO. (cm) " CARBON EFFICIENCY (dpm/g) (dpm/g) (yrs) 

13BlS 0-0.23 0.92 3.5 0.0635 64 .377 + 1.245 87 .141 + 1.245 1.34 
13B2S 0.23-0.47 0.93 3.6 0.0561 97.805 3.040 115. 713 3.040 2.74 
13B3S 0.47-0.71 0.92 3.2 0.0525 62 .968 1.915 70.342 1.915 4.14 
13B4S 0.71-0.95 0.91 3.3 0.0537 90.347 2.906 98.063 2.906 5.55 
13BlC 0. 95-1. 92 0.91 2.6 0.0640 40.468 1.209 41.848 1. 209 11.21 
13B2C 1.92-2.90 0.90 3.1 0.0296 75.206 3.278 76.026 3.278 16.93 
13B3C 2.90-3.88 0.90 2.3 0.0500 50. 229 1.594 50.495 1. 594 22.65 
13B4C 3.88-4.86 0.90 2.6 0.0509 62.318 2.233 28.37 
13BSC 4.86-5.84 0.90 2.7 0.0348 39.332 1.601 34.09 
13B8C 7.8-8.S 2.1 0.0398 21.009 0.480 49.62 
13Bl2C 11.8-12.5 0.88 1. 7 0.0478 14.382 0.382 72.97 
13Bl6C 15.0-16.2 0.0387 7.586 0.131 94.57 
13B24C 23.8-25.2 0.0420 6.272 0.203 147 .11 

5ee , .JI"/ 

WET SEDIMENTATION RATE 1 R = 0.171 cm/yr 210 
MASS SEDIMENTATION RATE, W= 0.0534 g/cm2/yr Pb ACTIVITY: (dpm/g) 
2i1P 2 Sediment-water Interface, A0 a 87.1 Pb FLUX RATE, P= 4.653 dpm/cm /yr 
ORGANIC CARBON DEPOSITION RATE, K; 0.00186 gC/cm2/yr Supported Activity, A8 a 6.3 

.. 

...... ...... 
'° 



210Pb GEOCHRONOLOGY: CORE SUMMARY CRUISE: S-78 CORE: 15 Bx 

CORRECTED % t TOTAL 210pb 210po INGROWTH SEDIMENT 
SAMPLE I DEPTH POROSITY ORGANIC PLATING ACTIVITY CORRECTION LAYER AGE 

NO. (cm) 0 CARBON EFFICIENCY (dpm/g) (dpm/g) : (yrs) 

13BlS-- 0- • 0.9 1 . + 3.348 133.370 + 3.348 2.91 
15B2S 0.19-0.38 0.92 3.2 0.0395 109.489 2.129 118.073 2.129 5.81 
15B3S 0.38-0.57 0.92 3.5 0.0370 126.226 4.649 131. 969 4.649 8. 72 
15BlC o. 95-1.92 0.89 2.7 0.0699 73.338 1.945 29.36 
15B2C 1. 92-2 .88 0.89 2.9 0.0423 4 6 .894 1.609 44.04 
15B3C 2.88-3.88 0.82 1.3 0.0514 36.251 0.656 
15B4C 3.88-4.85 0.89 2.6 0.0464 17.820 0.277 74.16 
15B5C 4.85-5.83 0.88 2.3 89.14 
15B6C 5.83-6.83 0.86 2.4 0.0394 8.643 0.367 104.43 
1 5B7C 6.83-9.83 0.86 2.2 0.0568 '3. 571 0.169 150.31 
15Bl0C 9.83-10.8 0.86 1.8 0.0445 3. 724 0.183 165.60 

5e,e jJ ' /I/./ 

WET SEDIMENTATION RATE 1 R == O. 065 cm/yr 
MASS SEDIMENTATION RATE, W= 0.0238 g/crn2/yr 

210 Pb ACTIVITY: (dpm/g) 

. 2iLPPb FLUX RATE 1 P= 3 .17 4 dprn/ cm2 /yr 
ORGANIC CARBON DEPOSITION RATE, K= 0.00094 gC/cm2/yr 

Sediment-water Interfacei A0 a 133.4 
Supported Activity, about 3.6 

I-' 
N 
0 



.. 
210Pb GEOCHRONOLOGY: CORE SUMMARY CRUISE: s.,.ze CORE: 2J Bx 

CORRECTED % 1 TOTAL 210pb 210po INGROWTH SEDIMENT 
SAMPLE DEPTH POROSITY ORGANIC PLATING ACTIVITY CORRECTION LAYER AGE 

NO. (cm) r/J CARBON EFFICIENCY (dpm/g) (dpm/ g) (yrs) 

.. - .. 

21RlS 0-0.25 0.89 3.4 0.0404 209.372 + 5.372 218.208 + 5.372 9.47 
21B2S 0.25-0.50 0.89 3.5 0.0652 150.019 3.042 151.654 3.042 18.94 
21B3S 0.50-0.75 0.92 3.7 0.1010 85.955 1.467 2a41 
21B4S o. 7 5-1.00 0.93 3.6 0.0411 l16 .894 3.107 37,88 
21BlC 1.0-2.0 0.88 2.8 0.0376 45.694 1. 274 75.76 
21B2C 2.0-3.0 0.89 2.0 0.0696 . 7.551 0.187 113 .64 
21B3C 3.0-4.0 0.87 1. 5 0.0675 3.393 0.071 151. 52 
21B4C 4.0-5.0 0.86 . 1.2 0.0574 4.873 0.101 189.39 
21B5C 5.0-6.0 0.88 1. 2 0.0738 3.537; 0.069 227.27 
21B6C 6.0-10.0 0.90 1.3 0.0599 4.984 0.099 378.78 

'5f!.(!_f • 11t} 

WET SEDIMENTATION RATE 1 R = 0. 026 cm/yr . 210 
MASS SEDIMENTATION RATE, W= 0.0069 g/cm2/yr Pb ACTIVITY: (dpm/g) 

. ZJ.OPb FLUX RATE I P= 1. 506 2 Sediment-water A0 • 218.2 dprn/cm /yr 
ORGANIC CARBON DEPOSITION RATE, K= 0.00024 gC/cm2/yr Supported Activity, A8 Q about 4.3 ....... 

N 
....... 



ZlOPb GEOCHRONOLOGY: CORE SUMMARY CRUISE: s,.1a CORE: 24 Bx 

CORRECTED % 
SAMPLE I DEPTH POROSITY ORGANIC 

NO. (cm) 0 CARBON 

24B1S 0-0.21 0.92 3.2 
24B2S 0.21-0.42 0.91 2.6 
24B3C 0.42-0.64 0.89. 1.8 
24B4S 0.64-0.86 0.87 l. 7 
24B1C o. 86-1. 78 0.84 0.9 
24B20 1. 78-2. 73 0.81 0.8 
24B3C 2.73-3.69 0.80 0.5 
24B5C 4.68-5.68 0.78 0.5 
24B7C 6.68-7.68 0.77 0.6 

WET SEDIMENTATION RATE, R = 0.012 
MASS SEDIMENTATION RATE, W= 0.0074 

I 
PLATING 

EFFICIENCY 

0.0534 
0.0369 
0.0320 
0.0489 
0.0437 
0.0513 
0.0713 
0.0560 
0.0648 

st.e.. f • !It/ 

cm/yr 
g/cm2/yr 

TOTAL 210po INGROWTH SEDIMENT 
ACTIVITY CORRECTION LAYER AGE 

(dpm/g) (dpm/g) (yrs) 

77 .817 + 2 .119 78.665 + 2.119 17.07 
94.342 1. 735 34.15 
49.050 2.156 52.03 
16.514 0.573 69.92 

7.279 0.307 144. 72 
4.932 0.122 221.95 
3.344 0.135 300.00 
2.969 0.098 461.79 
2.220 0.104 624.39 

210 Pb ACTIVITY: (dpm/g) 
2J.0Pb FLUX RATE, P= 0.582 
ORGANIC CARBON DEPOSITION RATE, K= 

2 dpm/cm /yr 
0.00024 gC/cm2/yr 

Sediment-water Interface, A0 a 78.7 
Supported Activity, 2.6 .... 

N 
N 



-
.. 

2lOPb GEOCHRONOLOGY: CORE SUMMARY CRUISE: S-78 CORE: 26 Bx 

CORRECTED % I TOTAL 210pb 210po INGROWTH SEDIMENT 
SAMPLE DEPTH POROSITY ORGANIC PLATING ACTIVITY CORRECTION LAYER AGE 

NO. (cm) CARBON EFFICIENCY (dpm/g) (dpm/g) (yrs) 
. .. ... . . . .. . .. . . 

26BlS 0-0.125 0.93 3.1 o. 0422 . 167 .194 + 5.851 197 .807 + 5.851. 2. 77 
26B2S 0.13-0.25 0.94 3.9 0.0530 161.325 5.144 174.811 5.144 5.50 
26B3S 0.25-0.37 0.92 3.2 0.0760 134.685 3.682 141. 612 3.682 8.29 
26B4S o.31-0.50 0.92 3.9 0.0397 193.607 7.038 199.757 7.038 11.06 
26B5S 0.50-0.62 0.93 3.7 0.0519 130. 997 4.237 134 .010 4.237 13.84 
26B6S 0.62-0.75 0.93 3.7 0.0569 •110.942 3.518 113.205 3.518 . 16. 61 
26B7S 0.75-0.87 0.93 3.7 0.0280 211.824 9.170 214.193 9.170 19.38 
26BlC 0.87-1.75 0.91 3.4 0.0239 134.156 6.255 38.89 
26B2C 1. 7 5-2 .65 0.90 3.0 o. 0739 . 62".384 1.193 58.85 
26B3C 2.65-3.55 0.89 2.8 0.0869 47.181 . o. 782 78.80 
2·6B4C 3.55-4.49 0.87 2.5 0.0533 24.597 0.582 99.45 
26B5C 4.49-5 . 45 0.84 2.2 0.0318 7.121 0.207 120.82 
26B6C 5.45-6.41 0.84 2.2 0.0438 4.785 0.131 142.20 
26B7C 6.41-9.41 0.81 l. 7 0.0469 5.143 0. 0132 208.71 

f ,fll/-

WET SEDIMENTATION RATE, R ; 0.045 cm/yr : 210 . 
HASS SEDIMENTATION RATE, W= 0.0222 g/cm2/yr Pb ACTIVITY: (dpm/g) · . - . 

21PPb FLUX RATE, p; 4.391 
2 . Sedimen.t-water Interface, A0 • 197. 8 dpm/cm /yr 

ORGANIC CARBON DEPOSITION RATE, K= 0.00077 gC/cm2/yr Supported Activity. 5.0 I-' 
N w 



210Pb GEOCHRONOLOGY: CORE SUMMARY CRUISE: C-79 CORE: 12 Bx 

CORRECTED % I '£0TAL 210pb 210po INGROWTH SEDIMENT 
SAMPLE DEPTH POROSITY ORGANIC PLATING ACTIVITY CORRECTION LAYER AGE 

NO. (cm) </J CARBON EFFICIENCY (dpm/g) (dpm/g) : (yrs) 

12BlS 0-0.13 0.94 3.9 0.0481 90.367 + 1. 675 91.352 + 1.675 18.57 
12B2S 0.13-0.30 0.94 3.7 0.0797 84.647 1.223 42.86 
12B3S 0.30-0.43 0.93 3.6 0.1238 26.008 0.207 61.43 
12B4S 0.43-0.57 0.92 3.5 0.3026 22.660 0.118 61.43 
12B5S o. 57-0. 71 0.92 3.5 0.2062 23.453 o. 244 61.43 
12B6S 0.71-0.85 0.91 3.3 0.2609 22.287 0.208 61.43 
12B1C o. 85-1.82 0.89 3.5 0.2537 20.873 0.253 61.43 
12B2C 1.82-2. 79 0.89 3.0 0.3533 11.626 0.134 64.73 
12B3C 2.79-3.77 0.88 2.2 0.1056 5.117 0.075 87.47 
12B4C 3.77-4.75 0.88 2.8 0.1741 2.548 0.050 110. 21 
12B5C 4.75-5.75 0,86 2.5 o. 0715 3.279 0.118 133.41 
12B6C 5.75-6.75 0.87 2.3 0.1192 2.675 0.083 156.61 

See. fl · !It/ 

WET SEDIMENTATION RATE, R 0.043 cm/yr 210 MASS SEDIMENTATION RATE, W= 0.0157 g/cm2/yr Pb ACTIVITY: (dpm/g) . . 

210 2 Sediment-water Interface, A0 • 91.4 Pb FLUX RATE, P= 1.434 dpm/cm /yr 
ORGANIC CARBON DEPOSITION RATE, K= 0.00062 gC/cm2/yr Supported Activity, A8 a about 2.8 ..... 

N 



210Pb GEOCHRONOLOGY: CORE SUMMARY CRUISE: C-79 CORE: 14 Bx 

CORRECTED % I TOTAL 210pb 210po INGROWTH SEDIMENT 
SAMPLE DEPTH POROSITY ORGANIC PLATING ACTIVITY CORRECTION LAYER AGE 

NO. (cm) </J CARBON EFFICIENCY (dpm/g) (dpm/g) (yrs) · 

. . 

14B1$ 0- 0.25 . 0.92 3.8 0.0429 85.009 + 1.741 91.538 + 1.741 5.99 
14B2S 0.25-0.53 0.91 3.7 0.0422 71. 256 1.482 73.123 1.482 12.71 
14B3S 0.53-0.83 0.90 3.5 0.0939 55 .105 0.769 55.706 0.769 19.90 
14B1C 0.83-1.8 0.89 3.6 0.0817 33.650 0.371 43.17 
14B2C 1. 8-2. 77 0.89 3.7 0.1044 49.782 0.472 
14B9C 9.8-10.8 0.86 2.2 0.0170 ·22.667 0.659 258.27 
14Bl4C 14.8-15.8 0.86 3.6 0.0980 2.626 0.053 378.18 

"i(le_ f , II"/ ' 

WET SEDIMENTATION RATE, R = 0.042 cm/yr 210 
MASS SEDIMENTATION RATE, W= 0.0152 g/cm2/yr Pb ACTIVITY: (dpm/g) : 

2J.D 2 Sediment-water Interface, A0 •91 0 5 Pb FLUX RATE, P= 1.391 dpm/cm /yr 
ORGANIC CARBON DEPOSITION RATE, K= 0.00057 gC/cm2/yr Supported Activity, A5 g2.6 

.. 

.-
N 
ln 



210Pb GEOCHRONOLOGY: CORE SUMMARY CRUISE: C-79 CORE:· 15 Bx 

CORRECTED % I TOTAL 2lOpb 210po INGROWTH SEDIMENT 
SAMPLE DEPTH POROSITY ORGANIC PLATING ACTIVITY CORRECTION i LAYER AGE 

NO. (cm) (/J CARBON EFFICIENCY (dpm/g) (dpm/g) (yrs) 
• -· .. .. 

15R1$ Q.,.0,19 0.95 3.6 0.0939 98.176 + 0.753 105.009 + 0.753 6.64 15B2S 0.19-0.34 0.94 3.8 0.0316 77 .539 1.035 79.850 1.035 11.89 15B3S 0.34-0.49 0.93 3.7 0.0154 99.156 3.394 100.237 3.394 17 .13 15B4S 0.49-0.66 0.93 2.2 0.0639 08.016 1.485 88.482 1.485 23.08 15B5S 0.66-0.84 0.92 3.6 0.0179 83.057 2.601 29.37 15B6S o. 84-1.04 0.91 3.3 0.0523 75.040 1.379 36.36 15BlC 1. 04-1. 76 0.89 2.6 0.0694 59.457 0.959 61.54 15B2C 1. 76-2.57 0.79 1.4 0.0756 16.221 0.284 89.86 15B3C 2.57-3.53 0.67 0.5 0.0707 1.397 0.042 123.43 15B4C 3.53-4.53 0.64 0.6 0.0897 1.855 0.044 158.39 15B5C 4.53-5.53 0.65 0.6 0.0622 1.871 0.042 193.36 15B6C 5.53-6.53 0.71 0.6 0.0580 1.877 0.043 228.32 
. f · J!'I 

WET SEDIMENTATION RATE, R 0.029 cm/yr . 210 ! MASS SEDIMENTATION RATE, W= 0.0268 g/cm2/yr Pb ACTIVITY: (dpm/g) 

laDPb FLUX RATE, P= 2.814 2 Sediment-water A0 • 105.0 dpm/cm /yr 
2 Supported Activity, A5 g about 1.8 ORGANIC CARBON DEPOSITION RATE, K=0.00097 gC/cm /yr ....... 

N 

°' 



210Pb GEOCHRONOLOGY: CORE SUMMARY CRUISE: C-79 CORE: 20 Bx 

CORRECTED % I TOTAL 210pb 210po INGROWTH SEDIMENT 
SAMPLE DEPTH POROSITY ORGANIC PLATING ACTIVITY CORRECTION LAYER AGE 

NO. (cm) 0 CARBON EFFICIENCY (dpm/g) (dpm/g) (yrs) 

20BlS o-o.1a o.aa 2.6 0.0932 52.708 + 1.288 75.114 + 1.28a 1.09 
20B2S 0.18-0.37 0.86 2.4 0.0864 65.105 1.639 79.708 1.639 2.22 
20B3S 0.37-0.56 0.85 2.2 0.1035 43.315 1.006 49.747 1.006 3.36 
20B4S 0.56-0.78 o.a4 2.2 0.0910 63.857 1.557 70.42a 1.557 4.62 
20B5S o. 78-1.01 0.84 2.3 0.0620 53.070 1. .613 57 .146 1.613 5.99 
20B6S 1. 01-1. 25 0.85 2.6 0.0830 50.285 1.324 53.201 1.324 7.47 
20B7S 1.25-1.49 0.84 2.5 o.o8a2 ' 46.899 1.166 49.033 1.166 a.as 
20B8S 1.49-1. 70 0.84 2.5 0.1597 49.651 0.916 51.597 0.916 10.11 
20BlC 1.70-2.66 0.84 2.1 0.0687 52.250 0.750 53.376 . o. 750 15.86 
20B2C 2.66-3.63 0.84 2.2 0.0371 60.433 1.175 21.60 
20B3C 3.63-4.60 0.83 2.2 o. 0453 47.610 0.967 27.42 
20B4C 4.60-5.57 0.84 2.3 0.0951 27.834 0.617 
20BSC 5.57-a.42 a.as 2.3 0.0557 21.232 0.40a 50.20 
20B8C 8.42-11.28 0.85 2.3 0.1347 16.157 0.209 67.24 
20BllC 11.28-14.14 0.85 2.2 0.0524 24.232 0.484 84.28 
20Bl9C 19.14-20.11 0.84 2.2 o. 0914 13.231 0.207 119.82 
20B30C 30.11-31.11 0.81 2.1 0.1225 3 .073 0.056 laS.38 

<;tie 1,Jf t/ 

WET SEDIMENTATION RATE, R = 0.168 cm/yr · 210 . 
MASS SEDIMENTATION RATE, W= 0.0829 g/cm2/yr Pb ACTIVITY: (dpm/g) · ... 

2iLO 2 Sedimen·t-water Interface,- A0 • 75 .1 Pb FLUX RATE, P= 6.227 dpm/cm /yr 
ORGANIC CARBON_ DEPOSITION RATE, K= 0.00216 . gC/cm2/yr Supported Activity, A9 .,. 3.1 ....... 

N 
-..J 



-
210Pb GEOCHRONOLOGY: CORE SUMMARY CRUISE: c..-12 CORE: 23 Bx 

CORRECTED % I TOTAL 210pb 210po INGROWTH SEDIMENT 
SAMPLE DEPTH POROSITY ORGANIC PLATING ACTIVITY CORRECTION LAYER AGE 

NO. (cm) 0 (dpm/g) (dpm/g) 
i (yrs) CARBON EFFICIENCY 

23BlS 0..,..0,22 0.94 4.3 0.0428 148.269 + 5.258 162.799 + 5.258 4.86 
23D2S 0.22-0.51 0.93 4.4 0.0615 141.376 4.194 146 .401 4.194 11.26 
23B3S 0.51-0.75 0.92 4.1 0.1135 69.306 1.092 70. 720 1.092 16.56 
23B4S o. 75-1.08 0.91 4. 2. 0.0946 100.071 1. 710 23.84 
23B5S 1. 08-1.41 0.91 3.9 0.0827 84.330 2 .176 31.13 
23B6S 1. 41-1. 74 0.90 3.6 0.0505 101.851 3.357 38.41 
23B7S 1. 74-2 .12 0.90 3.5 0.0885 40.491 0.738 46.80 
23B8S 2.12-2.48 0.91 3.5 0.0620 S4.976 0.767 54.75 
23BlC 2.48-3.46 0.90 .. 3.6 14.437 0.270 76.18 
23B2C 3.46-4.43 0.91 3.7 0.0458 12.128 0.329 97.79 
23B3C 4_.li-5.4 0.91 3.6 0.0811 5.055 0.101 119 .21 
23B4C 5.4-6.4 0.90 3.7 0.0454 4.402 0.094 140.84 
23B5C 6.4-7.4 0.90 3.6 0.0566 4.399 0 . 109 162 .47 
23B6C 7.4-8.3 0.90 3.6 0.0533 3 .115 0.067 184.11 
23B7C 8.3-12.3 0.89 3.5 0.0408 5.989 0.249 272.19 

5<Ze 1,Jltf 

. . 
WET SEDIMENTATION RATE, R = 0.045 cm/yr 210 HASS SEDIMENTATION RATE, W= 0.0141 g/cm2/yr Pb ACTIVITY: (dpm/g) -
2iLPPb FLUX RATE, P= 2. 296 2 Sediment-water Interface, A0 = 162 ,8 dpm/cm /yr 
ORGANIC CARBON DEPOSITION RATE, K= 0.00060 gC/cm2/yr Supported Activity, A5 =about 4.6 I-' 

N 
00 



2lOPb GEOCHRONOLOGY: CORE SUMMARY CRUISE: C-79 CORE: 26 Bx 

CORRECTED % I TOTAL 2lOpb 210po INGROWTH SEDIMENT 
SAMPLE DEPTH POROSITY ORGANIC PLATING ACTIVITY CORRECTION LAYER AGE 

NO. (cm) ¢ CARBON EFFICIENCY (dpm/g) (dpm/ g) (yrs) 

.. - -.. . . 

26B.1S 0-0.44 0.94 4.4 0.0857 122.347 + 1.712 138.399 + 1.712 3,79 
26B2S 0.44-0.88 0.93 4.3 0.0788 113. 690 1.662 120.284 1.662 7. 59 
26B3S 0.88-1.32 0.93 4.3 0.0719 112. 230 2.525 115.799 2.525 11.38 
26B4S 1.32-1.77 0.92 . 4.3 0.0487 98.888 2. 713 100.905 2.713 15.26 
26B5S 1. 77-2. 22 0.92 3.9 0.0473 82.569 1.964 83.469 1.964 19.14 
t26B6S 2.22-2.58 0.92 3.9 0.0686 76.627 1.518 22.24 
t26B7S 2.58-2.96 0.92 3.8 Q0803 74.150 0.794 25.52 
t26B8S 2.96-3.40 0.91 3.9 0.0761 61.800 0.683 29.31 
l26B2C 3.4-4.4 0.91 3.8 0.0201 51.180 1.519 37.76 
2 6B3C 4.4-5.4 0.91 3.9 0.1015 41.129 0.552 46.21 

l26MC 5.4-6.5 0.91 3.8 0.0857 28.002 0.366 54.66 
6.5-7.3 0.91 3.8 63.10 
7.3-8.3 0.91 3.8 o. 0721 16.976 0.258 71.55 
8.3-9.3 0.91 3.8 0.0786 12.733 0.192 80.00 
11. 2-12 .2 0.91 3.8 0.0457 12 .646 0.394 80.00 

t26Bl5C 16.2-17.2 0.90 3.8 0.0814 4 .4'•2 0.064 148.10 
t26B24C 25.1-26.1 0.89 3.3 0.0943 2.497 0.040 225.00 

see f'' n¥ 

WET SEDIMENTATION RATE• R = 0.116 cm/yr 210 
MASS SEDIMENTATION RATE, W= 0.0332 g/cm2/yr Pb ACTIVITY: (dpm/g) -· .. 

Zil.OPb FLUX RATE t P=- 4. 595 dpm/cm2/yr Sediment-water Interface, A0 a 138.4 
ORGANIC CARBON DEPOSITION RATE, K= 0.00145 gC/cm2/yr Supported Activity, A8 a afiout 3.5 

. 

...... 
N 

'° 



.. 

210Pb GEOCHRONOLOGY: CORE SUMMARY CRUISE: CORE: 29 Bx 

CORRECTED % I TOTAL 210pb 210pa INGROWTH SEDIMENT 
SAMPLE DEPTH POROSITY ORGANIC PLATING ACTIVITY CORRECTION LAYER AGE 

NO. (cm) 0 CARBON EFFICIENCY (dpm/g) (dpm/g) : (yrs) 
.. .. . . 

29BlS 0-0.09 0.84 1.2 0.0981 49.428 ± 0.914 51.860 + 0.914 8.57 
29B2S 0.09-0.18 0.84 1.3 o. 0725 40.995 0.893 41. 449 0.893 17.14 
29B3S 0.18-0.27 0.80 1.4 0.0866 31.499 0.673 25.71 
29B4S 0.27-0.37 o. 76 1.2 0.0812 24.813 0.562 35.24 
29B5S 0.37-0.50 o. 74 1. 2 0.0906 18.181 0.359 47.62 
29B6S 0.50-0.65 0.66 0.7 0.098}. 7.703 0 . 172 61.90 
29B7S 0.65-0.78 0.62 0.7 0.0890 2.755 0.057 74.29 
29B8S 0.78-0.92 0.56 0.5 0.0801 1.183 0.036 74.29 
29BlC 0.92-1.90 a.so 0.3 0.0851 0.531 0.017 74.29 
29B2C 1. 9-2. 9 0.49 0.4 
29B3C 2.9-3.9 o. 71 0.4 0.0799 1.674 0.034 74.29 
29B4C 3.9-4.9 0.76 0.9 
29B5C 4.9-5.9 0.73 0.7 0.0933 2. 058 0.050 466.67 
29B6C 5.9-6 . 9 0.75 0.7 
29B7C 6.9-9.9 o. 7 5 0.5 0.1006 2.179 0.050 91.2. 86 
29B14C 13.9-14.9 o. 78 0.3 o. 0725 2. 64'• 0.043 1419.05 
29B24C 23.9-24.9 0.76 0.3 0.0770 2.628 0.042 2371.43 

<7e.e f I I It/ . 
WET SEDIMENTATION RATE 1 R = 0.011 cm/yr 210 
MASS SEDIMENTATION RATE, W= 0.0139 g/cm2/yr Pb ACTIVITY: (dpm/g) · 
2ilPPb FLUX RATE I P= o. 721 2 Sediment-water Interface, A0 a51.9 dpm/cm /yr 
ORGANIC CARBON DEPOSITION RATE, K=0.00017 gC/cm2/yr Supported Activity, As= about 2 .4 ..... 
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