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ABSTRACT
Burrowing and feeding activities of benthic macroinvertebrates mix

surficial sediment and cause a loss of time resolution in sediment cores.
However, recent stable isotopic analyses of organic matter in sediment cores

suggests that events that occur over as little as a season may be identifyable.
This work addresses this apparent discrepancy between historical records
derived from downcore sediment tracer concentrations with sediments that are
biologically mixed.

Simulations of a surface mixed layer of finite thickness which overlies a
sediment layer in which there is no mixing are performed to illustrate the
nature of the loss of time resolution in Lake Erie sediments caused by mixing.
Variations in the sedimentation rate, mixed depth interval, tracer half-life, and
biodiffusion coefficient are examined to determine conditions in which annual or
interannual changes can be expected to be identifyable in the sediment record.
In some areas of Lake Erie where the sedimentation rate is high it is possible to
distinguish interannual differences of 3-7 years, but it is still unclear if annual

changes can be identified.



INTRODUCTION

Nutrient and contaminant loadings to Lake Erie increased slightly after
European settlement in the last half of the 19th century and increased
considerably more in the 20th century. These historical changes in pollutant
loadings to Lake Erie resulted in well documented changes in primary
productivity and bioaccumulation of toxics. Recent management measures for
controlling phosphorus and some contaminant loadings may have reversed the
eutrophication and some bioaccumulation trends. One method to evaluate
natural excursions in water quality and the impact of past anthropogenic effects
and management controls on water quality is to examine downcore changes of
sediment proxies of lake productivity and water quality.

Usually, an increase in depth is an increase in sediment age. However,
reconstruction of the historical record from downcore chemical changes is
complicated by post-depositional processes such as diagenesis (Matisoff and
Holdren, 1995) and biological mixing (Matisoff, 1984). Paleolimnological
reconstructions of the Great Lakes are limited by a loss of time resolution
associated with biological mixing. Benthic macroinvertebrates, through their
burrowing and feeding activities redistribute sediment particles from several
depths and smear the sediment record. This sediment redistribution results in
a loss of time resolution by mixing the first appearance of microfossils or
chemical tracers down into sediments that are older than those in which the
appearance occurred and in the retention of the last appearance of microfossils
or chemical tracers in sediments that are younger than those in which the
extinction occurred (Berger and Heath, 1968). It is important to note that in
mixed sediments the age assigned to any sediment depth 1s not a unique age for
that depth interval. Rather, the sediment in any depth interval is composed of

different proportions of sediments of various ages and that the sediment is best



thought of in terms of an age frequency distribution (Davis, 1974).

The biologically mixed sediment column can be described as a surface
mixed layer of finite thickness which overlies a sediment layer in which there is
no mixing (Goldberg and Koide, 1962). If the surface layer is mixed rapidly
relative to the rate of sedimentation, then any deposition onto the sediment
surface will be uniformly redistributed throughout the mixed zone and some will
be mixed into the top of the undisturbed sediment below. Separate depositional
events cannot be resolved for times less than the residence time of sediment
within the mixed zone. This residence time is referred to as the time resolution
or intrinsic resolution and can be defined as the time between two successive
input tracer pulses which results in a profile preserved below the mixed zone in
which there are still two identifiable peaks (Robbins, 1982). However, this
definition requires instantaneously rapid mixing within the mixed layer. In
systems with finite mixing rates the time resolution is shorter than this whereas
in systems with advective feeding and tracer selective feeding the time resolution
is greater than this (Robbins, 1986).

The thickness of the mixed layer has most often been determined from
examination of 210Ph profiles (Robbins, 1978) although other radionuclide
distributions have been used also. Figure 1 shows the distributions of excess
210py, (21OPbXS) and total Kjeldahl nitrogen (TKN) from a core collected from
Station 83 in the central basin of Lake Erie (Fisher et al., 1982). It is apparent

that the 210Pb_ profile is described well by the mixing model where the

thickness of the mixed layer is determined by the zone of uniform 210ppxs
activities and the sediment accumulation rate is determined from the

exponential decrease in 210phxs activities in the undisturbed zone below.



However, the TKN profile appears transparent to mixing. Indeed, in the

absence of the 21OPbX s data, one would assume that the sediment is unmixed.

This apparent discrepancy is caused by differences in the relative magnitudes of
the time-varying TKN depositional flux, the sedimentation rate, the rate and
depth of bioturbation, and the rate of post-depositional decomposition of TKN. If
the rate of TKN decomposition is slow relative to the rate of mixing (i.e., long half

life) and the depositional flux of TKN is constant in time, then the TKN profile
will look like that of 210Ph. However, if the rate of TKN decomposition is rapid

relative to the rate of mixing (i.e., short half life) and/or if the depositional flux
increases with time then TKN will undergo a considerable downcore decrease
and will appear transparent to mixing as in Figure 1. Failure to recognize post-
depositional TKN degradation can lead to considerable error in interpretation of

historical depositional fluxes and lake loadings (Fisher, et al., 1982).
Recently, stable isotopic analyses of organic matter in sediments have been

used to reconstruct historical eutrophication and lake productivity of Lake Erie

and Lake Ontrario (Schelske and Hodell, 1991,1995; Henry et al., 1995; Eadie et

al., 1995). These authors interpret downcore changes in the $13C and §'°N and

various phosphorus forms as evidence of past changes in the trophic status of
the lakes. They report changes associated with forest clearing and early
settlement, the eutrophication of the lakes from the 1940’s-1970’s, and improved
water quality after the 1970’s in response to phosphorus abatement programs.
Their data suggest that events that occur over several years or longer can be
resolved, and they indicate that there may be evidence that some events that
occur over time periods of as little as a season may be identifyable. However,

recent work has also shown that the infaunal benthic community in the lake is



capable of thoroughly mixing the sediment on a time-scale that is rapid with
respect to the sedimentation rate (McCall and Fisher, 1980; Robbins, 1986;
Robbins et al., 1989). This would imply that sediment profiles should be well
mixed and not show evidence of short-term variations in the depositional flux of
contaminants. This work addresses this apparent discrepancy between high
resolution historical records derived from downcore sediment contaminant

concentrations with sediments that are biologically mixed.

SEDIMENTATION RATES
Most of the earliest measurements of sedimentation rates in Lake Erie
were based on palynology. Kemp et al. (1972; 1977) and Robbins et al. (1978)
determined the depth of rapid increase in the abundance of Ambrosia pollen and
calculated a sedimentation rate by assuming that the increase occurred due to
clear cutting of the forests in about 1850 (Table 1). The linear sedimentation rate
is calculated as the depth of the pollen change divided by the years since 1850

(cm/yr). The mass sedimentation rate is calculated as the cumulative mass of

sediment above the depth of the pollen change (g/cmz) divided by the years since

1850 (g/cm 2/yr). The linear sedimentation rate is related to the mass

sedimentation rate by

oW = I
p(1—-9) (1)

where wis the linear sedimentation rate (cm/yr), ry is the mass sedimentation

rate (g/cmz/yr), Pg is the sediment bulk dry density =2.5 g/cm3, and ¢ is the



porosity. The mass sedimentation approach accounts for sediment compaction,
but neither method permits an evaluation of the time resolution.

Downcore measurements of radionuclides has become the most important

method for determining sedimentation rates. Of particular interest is 21OPb,

because its 22.26 yr half life is ideally suited for establishing a geochronology for

the past 100 yrs, mixing depths and time resolution can be inferred from its
downcore distribution, and analysis by beta spectroscopy of its 210p; daughter
(Jaworowski, 1969; Matsumoto, 1975), direct gamma spectroscopy (Cutshall et
al., 1983; Schelske, et al., 1994), or alpha spectroscopy of its 210p, granddaughter

(Jaworowski, 1969; Turekian et al., 1973) are relatively routine. Although the

alpha spectroscopic method has traditionally produced the most accurate

results, the most popular method today is measurement of the 46.5 keV vy ray of
210py, decay because sample preparation is simple and non-destructive and total

210ph and 226Ra (an estimate of supported 210ph) and 137¢Cs (an independent
time marker) are all determined simultaneously. However, as will be discussed
below, different models for the interpretation of 210pp, data result in different
interpretations of the sedimentation rates and mixing depths.

Krishnaswami et al. (1971) applied the 210Ph method to lake sediments
and Robbins (1978) discusses in detail the application and interpretation of 210py,
data in mixed sediments. However, a brief summary of the 210py, dating

methodologies is useful for this work. 210Pb is a natural decay product of the

238y decay series. Its precursor, 226Ra (1622 yr half-life) is distributed in rocks



and decays to gaseous 222Rn (3.8 d half-life). Some of the 222Rn escapes into the

atmosphere, where it undergoes a series of very short-lived decays to 210py,

210py, sorbes onto fine particulates and is scrubbed from the atmosphere in
rainfall. Eventually these particles are incorporated into the sediments where

the 210Ph remains strongly sorbed to the particlates and is redistributed only by
physical mixing. Because some 226Ra is present in the sediment its decay
produces some 210py i situ. This portion of 210py, is called ‘supported 210pyy
while the atmospherically-derived 210pp, is called ‘unsupported’ or ‘excess

210Pp’ and their sum is the ‘total 210Pb’, Upon burial the 210py undergoes

decay; with uniform, continuous burial and no compaction 210py,

< g activity
decreases exponentially downcore where it asymptotically approaches a constant

supported 210Pp, value.

There are two models for calculating dates from 210py core data (Robbins,
1978). One model, the constant activity (CA) or constant initial concentration
(CIC) model assumes that the activity of 210p}, in sediments accumulating at the
sediment-water-interface is a constant (Krishnaswami et al., 1971). As the
sedimentation rate increases, scavenging of 210ph, from the water column
increases. The constant flux (CF) or constant rate of supply (CRS) model
assumes that the flux of 210PD to the sediment surface is constant and is
independent of the sedimentation rate (Appleby and Oldfield, 1978;1983). If the

sedimentation rate increases the activity of 210py, in sediment delivered to the



sediment-water interface decreases but the flux remains constant.

Downcore ages are calculated from the CIC model by

_1,. C0)
=5'ln =2/
t=2"In C(Z) 2)

where t=time (yr), A = decay constant of 210pp (= 0.03114 yr'l),C(O) is the specific
activity of excess 210pp at the sediment-water interface (decays per min per

gram dry sediment (dpm/g)), andC(Z) is the specific activity of excess 210py, at
depth Z (dpm/g)(Binford, 1990).
The CIC model fails if the 210Pb activity-depth curve deviates from an

exponential. Two examples of cases from Lake Erie where the model fails are
shown in Figures 1 and 2. The profile in Figure 1 shows a surface, mixed zone
in which the 210Ph activity is constant. The CIC model can be modified to apply
to these data, by assuming a two layer system in which mixing is expressed as

an eddy diffusive process (Robbins, 1978). Ignoring compaction, assuming

constant sedimentation, and assuming constant biodiffusion in the mixed layer,

the 210pp activity, A, as a function of depth Z (cm) and time t (yr) is given by

0A _ n 0°A  0A
2> = Dbaz2 oS> — 1A 0<Z<7,
0A _ _ . O0A
% S W= LA Z>7,
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where Db 1s the biodiffusion coefficient (cmz/yr), w1is the sedimentation rate

(positive downward) (cm/sec), A is the decay coefficient for 210py (= 0.03114 yr'l),

and Z_, is the depth at the base of the mixed layer (cm). The time resolution can
be approximated as the thickness of the mixed layer divided by the sedimentation

rate

Ctop) = Enem) 7, (gem)
T T wlm/yr)  o(g/em? yr) (4)

where tis the time resolution. In Table 1, estimates of the loss of time resolution

range from 4-34 yrs, although some authors report that there is no mixed layer
evident in their cores.

A second example where the CIC model fails is given in Figure 2, where
the 210py, activity in a core from Cleveland Harbor has a constant value from 0-6

cm and from 8-14 cm. One interpretation is that the deeper constant activity

sediment layer accumulated as a single episode, perhaps as a storm deposit or

deposition associated with harbor channel dredging. Recently, discontinuous

210py, profiles have been interpreted as storm deposits in Lake Michigan

(Hermanson and Christensen, 1991) and Lake Erie (Lick et al., 1994). The CIC
model can be applied to these data for the intervals between deposition events, or,
it can include them if a long time interval is considered.

Downcore ages of sediments calculated using the CRS model can be

determined from the relationship



A0)

t =A""'In
A(Z) (5)

where A is the total, integrated 210py, activity (dpm/cmz) below depth Z, or

AZ) = [ pC@)dx
JU (6

Nt

and p is the amount of dry-phase sediment per unit volume of wet sediment
(gds/cm3 wet sediment)(Binford, 1990). Both compaction and changes in the

sedimentation rate are accounted for by this formulation. One problem with this
model is that the sedimentation rate is adjusted at every depth interval, so
independent evidence is needed to verify the results. Although mixing can be
included in the model, the lower boundary of the mixing zone must be set
subjectively.

It appears that both models work in different systems. The CIC model has
been applied successfully in large lakes and reservoirs while the CRS model
works best in medium-sized or small lakes (Binford, 1984). Large lakes may
have a large, excess supply of 210p}, in the water column that can supply 210py,
when additional sediment is input and still maintain a constant activity at the
sediment surface. Conversely, in a smaller lake the total pool of 210py, may be

smaller and easily scavenged from the water column leading to a continuous

deficiency of 210p} in the water column. As a result, a greater input of sediment
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to a smaller lake does not result in a greater depositional flux of 210py,,

Considerably more effort has been made to devélop these general models
in an effort to ‘unmix’ bioturbation and improve the time resolution for

paleolimnological interpretation of Lake Michigan than for Lake Erie. Robbins
and Edgington (1975) measured 210py and 137Cs profiles and found that some of
the cores indicated no mixing while other cores showed evidence of surface
mixing. They also demonstrated that the 1963 13705 activity peak had moved
downward a greater distance than it should have by burial alone, and
interpreted this to mean that 137Cs had been mixed downward by bioturbation.

Christensen and Klein (1991) found similarly that mixing causes the record to be
shifted downward and features, such as the onset of pollution, can mistakenly be

interpreted as occurring earlier than they actually did. Christensen and co-
workers have unmixed the Lake Michigan sediment record of 137Cs, Pb, Zn, Cd,

and PAHs by a matrix method (Christensen and Goetz, 1987; Fukumori et al.,
1992), by frequency domain deconvolution (Christensen and Osuna, 1989), by the
inverse Berger-Heath model (Christensen and Klein, 1991; Christensen and
Zhang, 1993), and by polynomial curve fitting of the depositional flux of the tracer
(Christensen and Karls, 1996). They found that some of these methods (matrix
and frequency domain methods) are difficult to implement and may have certain
other limitations such as limited time resolution (Christensen and Goetz, 1987;
Fukumori et al., 1992), while other methods (inverse Berger-Heath method) were
relatively easy to implement and provided reasonalby accurate results
(Christensen and Klein, 1991; Christensen and Zhang, 1993). Christensen and
Karls (1996) recently improved the inverse Berger-Heath calculation

methodology and found that for small mixing depths the curve-fitting correction
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calculation methods were not needed, but for larger mixing depths time
resolution can be improved by the technique. They report that for a conservative

tracer the two methods yield similar results when the Peclet number, Pe =
zm2/(DbAt) is the same.

Variables that control the time resolution include the mixed depth, the
biodiffusion coefficient, the sedimentation rate, and the time resolution and
magnitude of the depositional signal. Good time resolution would be expected
when the sedimentation rate is high, biodiffusion coefficient low, small mixed
depth interval, and a large change in the magnitude of the depositional signal.
Conversely, a small rate of sediment accumulation, large biodiffusion
coefficient, large mixing zone, and a small change in the magnitude of the

depositional signal will lead to poor time resolution. An example of a case with
excellent time resolution is given in Figure 3. The 13705 data from a 2 m core

from Oahe Reservoir (Callender and Robbins, 1993) shows clearly identifyable
annual signals. Also shown are monthly atmospheric fluxes recorded in
Vermillion, South Dakota (Health and Safety Laboratory, 1977 ) for comparison
with the core data. The annual signal is well preserved in the sediment because
the sedimentation rates are so high (~10 cm/yr). In the Great Lakes few
environments are likely to exhibit such high sedimentation rates (Table 1),

although some nearshore, river mouths (estuaries), or harbor areas might.

Shelske and Hodell (1995) interpreted downcore oscillations of 813Corg C

as annual or interannual changes in the depositional signal of organic carbon
(Figure 4). They attributed the sawtooth pattern in the isotopic signature to
changes in primary production and inorganic carbonate precipitation brought
about by changes in climate and/or major ecosystem changes. Others have also

claimed to have resolved events that occur over several years or longer, and
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indicate that there may be evidence of some events that occur over time periods of
as little as a season may be identifyable (Henry et al., 1995; Eadie et al., 1995).
These recent claims of time resolutions from seasonal to several years are
significantly shorter than those given by workers who report mixing depths
(Table 1). The simulations below are designed to establish the time resolution
possible in Lake Erie sediments under different mixing and chemical loading

conditions.

SIMULATIONS

The time resolutions reported in Table 1 coupled with observations by
several authors that some 219Pb activity profiles decrease exponentially from the

surface with no evidence of mixing, demonstrate that reported time resolutions
range from <1 yr to several decades.  Here some simulations of the simple 2-
layer model (Eq. 3) are performed to illustrate the nature of the loss of time
resolution caused by mixing, and how variations in the mixed depth interval, the
biodiffusion coefficient, sedimentation rate, and tracer half life affect the
recorded signal. The purpose of these simulations is not to present an improved
method for calculating the time resolution, but rather to identify conditions in
which annual or interannual changes in lake productivity or water quality can
be expected to be identifyable in the sediment record.

Based on the data in Table 1 the parameter ranges considered in the
simulations are 0.03-1 g/cmz/yr sedimentation rate, 0.1-200 cmz/yr biodiffusion

coefficient, 1-8 cm mixed depth, 1-5 yr time varying depositional cycle, and 10 -
100% difference in the magnitude of the depositional signal. The numerical
simulations were solved using a fully implicit finite difference approximation

with Az=0.005 cm, At=0.01 yr, total depth interval simulated = 50 cm, and total
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time of simulation = 50 yr. These equations, when solved by this technique are
well known to cause significant numerical dispersion, so the ‘no mixing’ (i.e.,
Dy=0) situation is shown in each case to permit visualization of the numerical
dispersion in each instance. The value of the numerical dispersion coefficient

was calculated from the rate of change of the square of the peak broadening in
the ‘no mixing’ simulations and found to be 1.250 x 102 cm2/yr - too large to

permit interpretation of some data, but small relative to coefficients determined
from most Lake Erie settings. In all 176 simulations were conducted. Shown
here are selected results in which the mixed depth, biodiffusion coefficient,

sediment accumulation rate, and duration and magnitude of the signal are
varied, and how those parameters will be manifested in the 210pp and 137Cs
profiles. Figures 5-7 illustrate the effects of mixing depth, mixing rate, and
tracer half-life on excess 210Ph profiles and Figures 8-11 illustrate the effects of a

time varying input and the magnitude of the input on tracer profiles.

The effect of mixing depth is illustrated in Figure 5, in which profiles of
the relative activity of excess 210p} are shown for mixing depths from 1-8 cm.

Compared to the non-mixing case, mixing causes activities to be higher within
the mixed zone as well as everywhere below the mixed zone. In addition, this
effect is greater with deeper mixing. This occurs because mixing removes some
higher activity material from the surface and places it at the base of the mixed
interval. This material is new and has not undergone decay while sediment
from the same depth in the non-mixing case has slowly been buried to that depth
and has experienced some decay. Also, rapid, shallow mixing (i.e., 1 cm)
cannot be readily distinguished from the non-mixing case, although deep

mixing should be readily identifyable in sampled cores.
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The effect of the biogenic diffusion coefficient, Dy, is illustrated in Figure 6.

For small values of Dy, (D1 cm2/yr) the effect of mixing on excess 210py, profiles

is negligible. Larger values of Dy, (D210 cmz/yr) yield a well-defined mixed

layer overlying sediment undergoing burial and decay. Larger biodiffusion
coefficients result in higher activities in the sediment. This occurs because
larger biodiffusion coefficients result in greater downward mixing of higher

activity surface sediment. ‘Typical’ values for Dy, estimated from oceanic,

coastal marine and Great Lakes sediments range from 0.01-10 cm2/yr. In the

Great Lakes values for Dy average about 0.1 cmz/yr, significantly less than that

required to create a uniformly mixed surface layer. Consequently, the time
resolution of a signal as it is transported through the mixed layer by burial is
less than that calculated from Eqn. (4).

In the discussion of Fig. 1 the question was posed why some parameters

such as TKN appear to be transparent to mixing while other parameters, such
as 210Pb, show a mixed surface layer. Insight to this phenomenon can be seen

in Figure 7, where downcore profiles are calculated for tracers of varying half
lives. Tracers with very long half-lives undergo little decay, so that their
downcore profiles exhibit conservative behavior and do not appear mixed if the
surface concentration remains constant. Tracers with short half-lives undergo
significant decay during residence in the mixed layer, so that their
concentrations decrease rapidly downcore and their profiles show no evidence of

mixing. Variations in the tracer half-life result in significant differences in
their downcore profiles. For 210py, or 1375 dating of sediment this effect 1s

irrelevent because the tracer half-life is known precisely. However, organic

contaminants exhibit a wide range of half-lives. Their downcore profiles would
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be expected to vary widely and are controlled not only by their historical loadings,
but also by their degradation rates.

The effect of mixing depth is illustrated in Figures 8 and 9. Mixing causes
peaks to be mixed downward and appear lower in the sediment column than in
the absence of mixing. This causes events to be interpreted as occurring earlier
than they actually did. It also results in prolonged retention of ‘buried’ sediment
in the surface zone so that events appear to persist longer than they actually did.
The greater the mixing depth or the greater the biodiffusion coefficient the
greater the downward shift of the peaks and the greater the retention in the
mixed zone, but the greater the destruction of the signal. When there is a large
difference in the depositional signal, very rapid deep mixing leads to
homogenization of the signal, but it is still identifyable. A 10% change in the
signal is barely perceptible even in the absece of mixing and with mixing the
sediment is completely homogenized to the long-term mean value. The effect of
the diffusion coefficient makes little difference to the mixing profiles. The
mixing depth and sedimentation rates are more important variables for the
range of parameter coefficients typical of Lake Erie.

The effect of the rate of sediment accumulation is illustrated in Figures 10
and 11 for variations of 1-5 years in the input signal. Rapid rates of sediment
accumulation favor preservation of the input signal, even with rapid, deep
mixing. Annual signals are readily identified when sedimentation rates are as
high as 3 cm/yr. However, when sedimentation rates are much less (~0.1 cm/yr)
there is total loss of signal resolution and the tracer concentrations equal the

long-term mean. However, even with significant loss of signal resolution

sedimentation rates determined from 210Pb and 137Cs can be readily

determined. The atmospheric flux of 137C5 to the Great Lakes is slightly
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different than the flux recorded in South Dakota (Figure 3), but the essential
features remain the same: interannual fallout maxima occurred in 1958, 1963,
1970, and 1974. These interannual peaks separated by 4-7 years can be readily
identified when the sedimentation rate is high and the mixing is not too deep or

vigorous. However, deep, vigorous mixing and low sedimentation rates result in
the homgenization of the 137¢s flux and permit the identification of only a single

peak. This peak is usually assigned a date of 1963 and sedimentation rates are

calculated based on its depth in the sediment. As noted above, mixing results in
a downward shift of the peaks, causing the 137¢s peak to appear up to several

cm deeper than in the absence of mixing. This results in overestimating recent

sedimentation rates and assigns an older date to the sediment than it is.

CONCLUSIONS

Several general conclusions about the resolution of downcore sediment
profiles can be reached from this survey of existing data sets and computer
simulations of sediment mixing. Mixing causes tracer concentrations to be
higher in the sediment because of downward transport from the surface layers
to the base of the mixing zone. This effect is greater with deeper mixing. Mixing
also causes a downward shift of the sediment, so that a time tracer will appear
deeper in the sediment in the presence of mixing than in its absence. For an
instantaneously, homogeneously mixed layer, this downward shift is equal to
the thickness of the mixed layer and the loss of time resolution is given by
Equation (4). Using ‘typical’ values for the sedimentation rate in Lake Erie (0.1-1
cm/yr) and the mixed depth (1-8 ¢cm) this yields a loss in time resolution ranging
from 1-80 years, with most estimates falling in the 10-30 year range. However,

the assumptions used in Equation (4) overestimate the loss in time resolution
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because the surface sediment layer is not uniformly and instantaneously mixed
so that tracer profiles are not completly homogenized and the preservation of
even a portion of a time varying signal can be used to distinguish sediment of
different ages. Identification of small, temporal variations in the magnitude of a
sediment input signal in deep, actively mixed sediments is impossible.

However, in some areas where the sedimentation rate is high and bioturbation is
not too deep or vigorous, it is possible to distinguish between sediments tagged
with small differences in the input signal. In Lake Erie, interannual

differences of 3-7 years can be readily identified in some locations, but it is still
unclear if annual changes can be identified.

The downward transport of sediment because of mixing leads to
inaccurate sediment dating. If mixing moves sediment downward by only 2 cm,
at a sedimentation rate of 0.1 cm/yr this amounts to a 20 year error in the date of
that layer and represets a 10% error in the sedimentation rate determined over a
20 cm sediment column.

The profiles of some substances are transparent to mixing while other
parameters display well-mixed profiles. If the residence time of a sediment
parameter in the mixed layer is long relative to the rate of decay or
decomposition of the parameter, then the parameter will decrease throughout
the mixed layer and its profile will not indicate that there is mixing. On the
other hand, if the residence time of the parameter in the mixed layer is short
relative to its rate of decay then a well defined mixed layer will appear. In
addition, the depth of the deepest mixing will be apparent, so that less frequent,
deep mixing events will only be identifiable from tracer profiles with longer half-
lives. If the half-life is long relative to the rate of burial, the parameter will
exhibit conservative behavior and there will be little change in its downcore

profile regardless of mixing.
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FIGURE CAPTIONS

Figure 1. Downcore concentrations of total Kjeldahl nitrogen (TKN) and excess

210y from station 83 in the central basin of Laké Erie. Note that the

21OPbXS activity is constant over the top 4.5 cm mixed layer whereas the
TKN concentration decreases rapidly throughout that zone.

Figure 2. Downcore activities of total 210}, in a core from Cleveland Harbor.

The 210pp activity decreases exponentially from 6-8 cm and at depths

greater than 14 cm. The constant value from 8-14 ¢cm may be interpreted
as sediment accumulation from a single episode, perhaps as a storm

deposit.
Figure 3. Downcore activities of 1370 in a core from Oahe Reservoir, S.D. (data

from Callender and Robbins, 1993) correlated with monthly averaged
atmospheric fallout monitoring data from Vermillion, S.D. (data from

Health and Safety Laboratory, 1977). The relatively large and small

seasonal atmospheric fluxes of 137¢s can be correlated with annual

signals of 137¢g activity in the sediment. The large 137¢s fallout during

the early 1960’s caused by nuclear weapons testing are well defined in the
sediment as annual events even though the radionuclide 1s subject to some

watershed retention.
Figure 4. Downcore concentrations of 813C in a core from the eastern basin of

Lake Erie (data from Schelske and Hodell, 1995). Schelske and Hodell
interpret the general trend of heavier carbon until 1970 and then lighter
carbon after 1970 as changes caused by eutrophication and later by

decreased phosphorus loading. They also attribute the oscillations in the
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upper part of the column as interannual changes in productivity.

Figure 5. Simulated downcore activities of excess 210pp, for 1, 3, and 8 cm
mixing. Active mixing ( Dp=10 cm2/yr), a constant sedimentation rate
(rg=0.3 gds/crn2/yr ~ 1 cm/yr), a constant activity of tracer at the sediment-

water interface and a half-life equal to that of 210py, (22.6 yr) assumed in

all simulations. Note that deeper mixing results in higher tracer

activities all all depths below the mixed zone.

Figure 6. Simulated downcore activities of excess 210py, for biogenic diffusion
coefficients Dy, from 0.1-200 cm2/yr. A mixing depth = 8 cm, a constant
sedimentation rate (rg=0.3 gds/ch/yr = 1 cm/yr), a constant activity of the

tracer at the sediment-water interface and a half-life equal to that of 210py,
(22.6 yr) assumed in all simulations. Note that very active mixing (Db=10

cmz/yr) is needed to generate a sediment profile that exhibits an obvious
mixed layer. More typical mixing rates of Dy=0.1-1 cm2/yr create excess

210py, profiles in which mixing appears small and may go undetected.
Figure 7.Simulated downcore activities of particle bound tracers with half-lives

ranging from 0.1-100 yr. Active mixing ( Dy=10 cmz/yr), a mixing depth =

8 cm, a constant sedimentation rate (r =0.3 gds/cm2/yr = 1 cm/yr), and a

constant activity of the tracer at the sediment-water interface assumed in
all simulations. Note that a tracer with a very long half-life will exhibit
behavior like that of a conservative component, and since its concentration

at the sediment surface does not vary in time its concentration will not
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decrease with depth in the sediment. A tracer with a very short half-life
will undergo significant decay within the mixed zone and will appear

transparent to mixing.

Figure 8. Effect of mixing depth on tracer preservation. Db=0.1 cmz/yr and

rg=0.3 gds/cmz/yr =~ 1 cm/yr used in all simulations. Upper left:
numerical dispersion of a conservative tracer undergoing a 3 year

oscillatory input signal; upper center: 210p} with 1 em mixed layer; upper

right: 13705 with 1 em mixed layer; lower left: 3 yr oscillatory signal with

1 cm mixed layer; lower center: 3 yr oscillatory signal with 3 ¢cm mixed

layer; lower right: 3 yr oscillatory signal with 8 cm mixed layer.

Figure 9. Effect of mixing depth on tracer preservation. Db=1.0 cmz/yr and

rg=0.3 gds/cmz/yr ~ 1 cm/yr used in all simulations. Upper left:
numerical dispersion of a conservative tracer undergoing a 10% 5 year

variation in the magnitude of the input signal; upper center: 210py, with 8

cm mixed layer; upper right: 137Cs with 8 em mixed layer; lower left: 5 yr

oscillatory signal with 1 cm mixed layer; lower center: 5 yr oscillatory
signal with 3 cm mixed layer; lower right: 5 yr oscillatory signal with 8
cm mixed layer.

Figure 10. Effect of variations of the input signal time on tracer preservation.
Db=0.1, rg=1.0 gds/cm2/yr = 3 cm/yr, and mixing depth = 3 ¢cm used in all
simulations. Upper left: numerical dispersion of a conservative tracer

undergoing a 3 year oscillatory input signal; upper center: 21OPb; upper

right: 137Cs; lower left: 1 yr oscillatory signal; lower center: 3 yr
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oscillatory signal; lower right: 5 yr oscillatory signal.

Figure 11. Effect of variations of the input signal time on tracer preservation.
Db=0.1, r,=0.03 gds/cmz/yr = 0.1 cm/yr, and mixing depth = 3 ¢cm used in

all simulations. Upper left: numerical dispersion of a conservative tracer

undergoing a 10% 3 year variation in the magnitude of the input signal;
upper center: 210Pb; upper right: 137Cs; lower left: 1 yr oscillatory signal;

lower center: 3 yr oscillatory signal; lower right: 5 yr oscillatory signal.
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Table 1. Summary of Measur 1ents of Present-Day Sediment A amulation Rates (ry), Mixing

Depths (Z_,), and Time Resolutions (1) in cores from Lake Erie.

re 1D Location™ Dating Method¥ rg (mg/cm?yr) (cm/yr)" Z (em)MN 1(yrs)¥ Ref
K30 EB . Ambrosia 8  "To03 T e
K-31 EB Ambrosia 8 0.03 2
K-32 EB Ambrosia 14 0.05 2
1-28 EB Ambrosia 150 0.38 2
1-29 EB Ambrosia 314 041 2
L-30 EB Ambrosia 93-124 0.25-0.34 2
1-31 EB Ambrosia 30-42 0.10-0.13 2
M-30 EB Ambrosia >73 >0.22 2
M-31 EB Ambrosia 278 0.66 2
M-32 EB Ambrosia 269-379 0.65-0.85 2
M-32 EB Ambrosia 270 0.85 3
M-32 EB 210py CIC 440 1.40 3
M-32 EB 137Cs 350 1.20 3
M-33 EB Ambrosia 164 0.43 2
M-34 EB Ambrosia 314-350 0.41-0.45 2
N-30 EB Ambrosia 162-175 0.42-0.45 2
N-32 EB Ambrosia 431 0.95 2
N-34 EB Ambrosia 215.5 0.33 2
N-35 EB Ambrosia 18 0.05 2
0-30 EB Ambrosia 0.0 0.0 2
0-31 EB Ambrosia 36 0.12 2
32 EB Ambrosia 4 0.02 2
0-33 EB Ambrosia 0.0 0.0 2
1A EB 210pp, CIC 128 0.48 4
1B EB 210py CIC 204 0.85 4
1C EB 210py, CIC 161 0.67 4
EB Ambrosia 0.205 5
33(1976) EB 210py, CIC, 137Cs 10 0.34M A4 6
38(1976) EB 210py CIC, 137Cs 570 3.811 7 6
38(1978) EB 210pp CIC, 137Cs 860 5.20 M 6 6
42(1976) EB 210pp CIC, 187Cs 450 1.84 1 4 6
42(1978) EB 210pp CIC, 187Cs 330 2.181 7 6
LE-42-87 EB 210pp CRS 300-800 7
LE-42-87 EB 137¢s 555 7
47(1976) EB 210pp CIC, 187Cs 140 0.86 M 6 6
LE-47 (1987) EB 210php CRS 250-440 7
LE-47 (1987) EB 137¢Cs 369 7
LE-47 (1993) EB 137Cs 420 7
52(1976) EB 210py CIC, 187Cs 240 0.92 1 4 6
55(1976) EB 20pp CIC, ¥7Cs & 0.491 6 6
"3(1976) EB 210py CIC, 137Cs 40 0.66 1 17 6
L1S(1982) EB 210pp CIC, 1¥7Cs 590 3.23M 5 6
1.S(1982) EB 20pp CIC, B7Cs 340 1.54 M 4 6
MS (1982) EB 210pp CIC, B7Cs 620 2.96 5 6
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Ambrosia
Ambrosia
Ambrosia
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Ambrosia
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Ambrosia
Ambrosia
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Ambrosia
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Ambrosia
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0.05
0.08

0.05
0.05
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0.02
0.06
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0.12
0.15
0.25
0.16
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0.15
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1.20M

4.5/1.20
0.0
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20(1976) CB 20ph ¢ 3, ¥7Cs &0 0.71 M 12 6
6

28(1976) CB 210ph CIC, 137Cs 30 0.631 21

F-4 WB Ambrosia 213 0.35 2
741 WB Ambrosia 434-484 0.66-0.71 2
u-42(1971) WB Ambrosia 160 0.30 2
U-42 (1975) WB Ambrosia 59-93 0.11-0.17 2
V-43 WB Ambrosia 24-44 0.05-0.10 2
W-41 WB Ambrosia >645 >0.74 2
W-44 WB Ambrosia >151 >0.26 2
U-42 WB 210pp CIC % 0.20 3
U-42 WB 137Cg 47 0.10 3
U-42 WB Ambrosia 59 0.12 3
TA WB 210py CIC 76 0.27 4
7B WB 210pp CIC R 0.33 4
7C WB 210pp CIC 109 0.39 4
6 (1976) WB 210pp CIC, ¥7Cs 120 1.450 12 6
C-5 Islands Ambrosia 135 0.26

T-44 Islands Ambrosia &4 0.11 2
Cleveland Harbor  219Pb CIC 180/3007 0.19/0.337 5.0 15/26 9

“ EB = Eastern Basin; CB = Central Basin; WB = Western Basin

I CIC = Constant Initial Concentration Model (Robbins and Edgington, 1975); CRS = Constant Rat
of Supply Model (Appleby and Oldfield, 1978)

o =rg / (1-0)pg where ¢ is the porosity and pg is the sediment bulk dry density = 2.6 g/cm3
N g/cm? for data from Robbins et al., 1989 (Ref#6)
#Fr=Z /o
8 g/cm?

¥ Sedimentation rates also calculated including 6 cm depositional event from 8 cm - 14 cm
1 Kemp et al., 1972

2 Kemp et al., 1977

3 Robbins et al., 1978

4 Nriagu et al., 1979

5 Frederick, 1981

6 Robbins et al., 1989

7 Schelske and Hodell, 1995
8 Robbins, unpublished data
9 This work
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