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Introduction

Lake Michigan developed primarily by ice flow channeling during glacial retreats
between 11.8 and 15.5 thousand years ago. With the final retreat of the glacicrs
and subsequent lowering of water levels, the lake passed through several
configurations, finally reaching its current form 4-5,000 vears ago (Colman et al.,
1994; Larson and Schaetzl, 2001). The basin continues a slow rise from the isostatic
rebound after the removal of glacial ice. Lake Michigan presently has a surface
area of 57,800 km? and volume of 4,920 km®, making it the third largest of the
North American Laurentian Great Lakes and the sixth-largest lake in the world
(Herdendorf, 1990). The lake is surrounded by a relatively small drainage basin of
only twice its surface area (EPA, 1995). 1t couples with Lake Huron at the Straits
of Mackinac in the north, and water exchanges occur in both directions (Saylor
and Sloss, 1976). Net outflow to Lake Huron, plus small diversions into the Chicago
River are the sole outlets, and only a tiny fraction (~1%) of the water volume is
lost annually by combincd outflow.
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Fig. 3. A 24-year synthesis of profiles of trap measured mass fluxes and settling velocities. Error bars
represent Lthe coefficient of variation; the number of replicates ranged from 27 to 126. The stratified
and unstratified periods are designated with an $ and US respectively.

Profiles of sediment traps were first deployed at the 100 m deep site in 1978
and, for most years, sampling has continued since then. The long-term average
mass fluxes measured from 1978 to 2002 are presented in figure 3. Throughout
2002, profiles of mass flux exhibit an exponential increase toward the bottom, a
benthic nepheloid layer (BNL) beginning within 10-20 m of the bottom {(Chambers
and Eadie, 1981; Eadie et al., 1984). In the BNL, concentrations of suspended
matter more than doubles, and mass fluxes show increases of up to a factor of
ten. There has been some speculation on the formation and dynamics of the BNL
{Chambers and Eadie, 1981; Eadie et al., 1984; Eadie and Robbins, 1987; Hawley
and Murthy, 1995) but more definitive work is needed to determine its properties
and overall importance in sediment transport. Froin late December through early
June, Lake Michigan is virtually isothermal and well mixed. Average fluxes during
this period are high throughout the water column. During the stratified period
(June-December), the upper half of the water column becomes isolated from the
large inventory of materials in the sediments, although episodic mixing does occur
during upwellings. During this period, a strong BNL is clearly evident from the
mass flux profile.

Average particle settling velocities also show substantial differences between
the two thermal periods (figure 3). During the stratified period, these calculated
settling velocities in the epilimnion (0.5-1 m d') agree with those required to model
the long-term behavior of fallout radiotracers {Robbins and Eadie, 1991). Scttling
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ol the lake und basin {Foster and Folger, 1994). An average of 12.6% dolomite
was reported (Rossmann et al.. 1986} in a grid of nearshore (<24 m depth) surface
sediments in southeastern area of the lake. The highest concentrations ot organic
carbon in the 1994-95 sediments occur in the devper portions of the lake and less
associated with the regions ol high sediment accumulation. Carbonates are
concentrated in the southeastern portion of the lake and are associated with the
depositional areas 1n the southern part of the luke. The carbonates are gencrally
lower in concentration in the northern half of the lake and not as focused into
depositional regions.

Sediments as a reservoir

Many contaminants entering Lake Michigan are rapidly removed (scavenged)
from water because of their strong affinity for a variety of settling particles. Efficient
scavenging ensures that, within a few years of introduction, morc than 90%, ol the
input has been delivered to sediments. Since the hydraulic residence time of the
LLake is so long (100 yr) compared with characteristic times of residence in water
(1-2 ycurs), cssentially the entire load of particle associated, non-degradable
anthropogenic contuminants delivercd during the past several centuries now reside
at the bottom of the lake.

While sediments act as a vast reservoir of contaminants, small amounts continue
to return to overlying water. Studies (Fadie et al., 1984; Robbins and Eadic. 1991,
have shown that this is primarily the result of an annual cycle of sediment
resuspension and redeposition releasing constituents from sediments back into the
water. The long-term, virtually exponential post-fallout decline of **Pu and (decay-
connected) '"'Cs in water has about a 20-year time constant (Wahlgren et al.,
1980}, which probably characterizes the net rate of incorporation of these tracers
into permancnt sediments { Robbins, 1982), a relatively long and inefficient process,
The exponcential eharacter of the decline indicates that amounts returned to water
originate [rom a sedimentary pool ol resuspendable sediments in which contributions
to it have been time averaged. This probably is a result ol mixing ol near-surlace
scediments by a combination of physical and biological processes.

When examining the distribution of concentrations in “surface” sediments, one
must acknowledge that they are conceptually integrating through time, The “age”
of the “surface™ samples spans a range [rom 0 to 100 years in southern l.ake
Michigan (Edgington and Robbins. 1976¢: Robbins and Edgington, 1975) and from
0 to B0 years in Green Bay (Manchester-Neesvig ¢t al. 1996). This valuc can be
estimated by dividing the thickness of the sampling interval by the estimate of
scdiment accumulation rate. Thus, our exercise ol mcasuring coneentrations of
various constituents in the upper | cm of sediment slices through a spectrum of
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time, and the resultant patterns may include all or only a portion of a transient load
{e.g. '*'C's, PCB). Various locations have undergone different levels of diagenesis.
During the years that these materials are part of the resuspendablc pool. they
constitute the major non-point source of nutrients and contaminants to the pelagic
system. This material scrves as a food source for surface deposit feeders and is
consequently mixed during their feeding activities. a process tenmed bioturbation
(Robbins, 1982: Robbins, 1986; Robbins et al., 1989). This pool also is probably
the source tor some ot the material that makes up the benthic nephcloid layer
(Chambers and Eadic, 1981; Eadie and Robbins, 1987) which plays a major role in
coupling the inventory of constituents n surface sediments with overlying lake
water throughout the ycar. The materials in these transient reservoirs are
biogeochemically transtormed within the lake. then redistributed throughout the
year by a spectrum of energetic events.

Sediment particles {and their associated nutrients). radionuclides, and exotic
organic compounds are predominantly translerred within the coastal zone of large
lakes and enclosed seas in episodic pulses (storms, spring nunoff). The resuspension
of surface sediments in the Great Lakes, containing the large inventories of nutrients
and contaminants deposited over the past few decades. presently results in greater
fluxes to the water column than from external inputs (Brooks and Edgington, 1994:
Eadie et al.. 19%4; Fadie and Robbins, 1987; Eadie et al., 1990; Robbins and Eadic,
1991). The trap profiles, along with satetlite imagery (Eadic et al.. 1996) and other
evidence show that particle transport is concentrated in the unstratified period and
appears to be episodic. The most energetic currents and waves occur during
storms. One major event, which appears to vccur annually in southern Lake
Michigan, is the formation of a coastal turbidity plume in late winter-early spring.
These cvents were first documented (Morimer, 1988) from satetlite images
obtained during the late 1970s and carly 1980s. For the past several years,
intermittent satellite coverage has revealed the presence of the plume in the visible
wavelengths with a clear offshore projection that coincides with the region of
maximum scdiment accumulation in the lake, In the southern basin of Lake
Michigan, alongshore currents are initially driven by pulses of wind. but can
subscquently reverse direction as the characteristic two gyre wind-driven eirculation
pattern rotates around the basin as a two cell vorticity wave (Beletsky and Schwab,
2001; Belctsky ct al., 1999; Saylor et al., 1980; Schwab, 1983). The relaxation
time of this response is in the order of several days. Because the predominant
winds are trom the west, circulation in the southernmost part of the southern hasin
is more frequently counterelockwise (cyclonic) than clockwise, Because of the
orientation of Lake Michigan, northerly winds generate the largest wavces (in the
southern basin), and, therefore, the greatest energy available for resuspension of
nearshore sedimentary material, and would also contribute to southward transport
very near the shore in the southwestern part of the lake (Lou et al.. 2000).
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2002). Concentration patterns for the three studies are generally similar, appear to
be declining, and generally conform to bathymetry, with some elevation in the
southeastcrn depositional region. Concentrations in the 118 lecations collected
from 1994-96 ranged from 2-260 ng g and avcraged 78 ng g!. The estimated
flux inte the depositional basins was 7.2 ng cm™ y'. Higher concentrations and
fluxes were found in Green Bay (Rossmann and Edgington, 2000}, with con-
centrations up to 1100 ng g and the average flux to the sediment was 20 ng g

The lake sediments thus represent a major transient reservoir for the particle-
associated materials delivered to the lake. In-lake mixing processes and local
bioturbation combine to create a reservoir representing decades of inputs available
for exchange through resuspension and biclogical pathways. Large cpisadic events
resuspend, sort, and transport these materials from temporary sinks 1o more
permanent sinks with a small fraction becoming incorporated annually into the
sediments of the depositional basins. The lake average time constant for this
removal is estimated to be 20 years. During these resuspension events, there is an
opportunity for the lake to re-equilibrate with the constituents in the resuspendable
pool of the sediments representing years to decades of constituent loading,

Summary

Lake Michigan sediments arc a dynamic reservoir of materials. In-lake mixing
processes and local bioturbation combine to create a reservoir representing decades
of inputs available for exchange through resuspension and biological pathways.
Bluff erosion is the main external source (ca. 66%) of new particulate material to
Lake Michigan with tributary and aeolian particulate matter contributing about
12% each. These materials acquire signatures characteristic of the lake and migrate
loward depositional basins, primarily along the eastcm slope of the lake. The majority
of this transport occurs within a few years, although the migration continues for
over a decade, Transient internal sources of particulate matter, biogenic silica,
organic matter, and carbonates, eventually average about 15-20% of sediments in
the depositional basins of the lake. Over 50% of the bottom of the lake does not
permanently accumulate sediments, and this pattern has remained consistent for
thousands of years, At the present time these depositional basins contain vast
guantities of excess nutrients and contaminants delivered over the past century.
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