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Abstract 

Analysis of sediment cores and surface·waters of Bickford Pond and its 
watershed in central Massachusetts during 1982 and 1983 reveals several 
important features of the sediment deposition process and its measurement by 
lead-210 dating. The sediment inventory in this reservoir which was rebuilt 
and enlarged around 1970, is found to contain much lead-210 (and thus other 
elements) which already existed on the watershed prior to 1970. This 
material has been redistributed, and a large degree of focusing to the 
deepest locations has occurred. The watershed is, contrary to conventional 
belief, a major source of lead-210 to the reservoir, but net reservoir 
removal efficiency for lead is only about 50%. Analyses of sediment 
profiles, intended to assess lake eutrophication or acidification processes, 
must be based on analysis of many cores to avoid artifacts due to 
resuspension and focusing • 
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Introduction 

Sediments are an integral part of the aquatic ecosystem of lakes and 
reservoirs. The sediment provides a habitat for an important set of 
invertebrates, macrophytes, and microbiota, and is the site of a variety of 
chemical transformations. Either through physical settling of particles or 
through chemical and biological adsorption and incorporation, the sediment 
also functions as a net sink for chemical elements in the lake or 
reservoir. This latter role may be of considerable importance in 
influencing the quality of the overlying water or the response of the lake 
to management practices. Accumulated toxic organic compounds (such_as 
PCB's) or heavy metals can present •a threat whenever bottom disturbance is 
contemplated. Accumulations of ·phosphorous may seriously delay the recovery 
of a eutrophic water body, and accumulations of organic material may 
represent a severe continuing oxygen demand. Deposition of sulphur or 
nitrogen compounds may influence the response of the lake to acid rain. It 
has become evident that sediments must be considered in any mass balance 
study of a lake or reservoir whether nutrients, toxic materials, or 
alkalinity are of primary concern. 

Two pieces of information are needed to determine the deposition rate 
of a chemical element in sediment. These are: 1) the concentration profile 
of the element, and 2) the rate of sediment deposition. Since many of the 
current water quality problems have developed within the present century, 
dating methods such as 14c are not applicable. Fallout nuclides are 
useful, but do not give a continuous deposition rate. profile. The most 
promising isotopic dating method for the time interval of interest appears 
to be 2lOpb, a natural isotope deposited from the atmosphere at a 
relatively constant annual rate. This technique has come into use fairly 
recently in such applications as dating layers in marine sediments 
(Farrington• et al., 1977; Clinton and Hamilton, 1979), salt marshes 
(Armentano and Woodwell, 1975), and Lake Ontario sediments (Farmer, 1978). 
With a half-life of slightly over 22 years, 210pb allows dating of recent 
sediments with surprisingly good precision. 

It is the purpose of this project to investigate the theoretical basis 
for the use· of lead-210 as a dating tool, and to analyze sediment cores from 
Bickford Pond, a reservoir of the.city of Fitchburg, Massachusetts. 

The Theoretical Basis of Lead-210 Dating 

Naturally occuring radioisotopes have been used extensively to 
determine the age of earth materials. Lead-210, half-life 22.26 y, is 
useful for dating materials with ages up to 100 years before the present 
(B.P.) That age range is important for many processes taking place in lake 
sediments,. such as sediment accumulation, compaction, organic matter 
remineralization, and other early diagenetic processes, as well as possible 
recent acidification. The theory behind lead-210 sediment age 
determinations rests on four assumptions: 1) the sedimentation rate is 
constant; 2) the rat·e of supply _of lead-210 is ·constant; 3) lead is 
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immobilized in the sediments; 4) lead-210 supported by radium-226 is 
constant with depth. If these conditions are fulfilled then the age at a 
given depth in a core can be calculated from the lead-210 activity at that 
depth from: 

where: A(t) is the activity of lead-210 at time t 
A0 is the activity of lead-210 initially 
A is the decay constant 

·tis the time in years 
A' is the lead-210 activity supported by radium-226 

From this equation it is evident that a graph of ln(A(t)) vs. depth in the 
sediment column should plot as a straight line. 

This method has sometimes been called the Constant Initial (input) 
Concentration or C.I.C. method because it assumes that the concentration of 
lead-210 in the sediments at the sediment-water interface remains constant 
with time. As will be shown, that condition is not always fulfilled.· This 
method can be extended to calculate depth-age profiles for lakes whose 
sedimentation rate has changed as long as the initial concentration of 
lead-210 has remained constant over sub-sections of the core, and the change 
from one constant concentration to another has been nearly instantaneous. 

Another approach which is called the Constant Rate of Supply model or 
C.R.S. assumes that the absolute rate of lead-210 accumulation remains 
constant but allows the sedimentation rate co vary over time. If these 
conditions are fulfilled then the age at a given depth in the core can be 
determined by comparing the total lead-210 activity below that depth to the 
total activity for the entire sediment column, The age is calculated by 
integration of the radioactivity equation: 

A(t) = A e -At 
0 

from t=oo to t=O and from t=~ to whatever value oft yields the appropriate 
ratio of the total activity to the activity below depth z. This method has 
the disadvantage that the lead-210 activity must be measured to some depth 
below the depth of interest. It has the advantage that it allows age 
determination in cores whose sedimentation rate has varied over time. 

These two methods, C.I.C. and C.R.S., rest on different assumptions, in 
the first case that lead-210 activity is proportional to the quantity of 
solids reaching the bottom, and in the second that the rate of supply of 
lead-210 is fixed and independent of the sedimentation rate. Clearly each 
of these conditions may be valid at different times or for different lakes. 
In general the C ,I ,C. model yields a younger age than the C .R.S. model for a 
given depth in a core. 

6 

• 
• 



• 

•• 

It is useful to consider the geochemistry of lead-210 in order to 
determine under what circumstances each model is likely to be applicable. 

2lOpb Geochemistry 

Lead-2_10 is the product of a long decay series that begins with 
uranium-238 occuring naturally in the earth's crust. Uranium-238 decays by 
a number of steps to radium-226 (half-life 1622 y), which in turn decays to 
radon-222 (half-life 3.8 d) by alpha emission. Radon-222 is an inert gas so 
it can rapidly diffuse into the atmosphere where it decays via a series of 
short-lived intermediaries to lead-210 with daughter bismuth-210 and 
grand-daughter polonium-210. Lead-210 reacts rapidly with atmospheric 
aerosols (mainly particles smaller than 0.3 micron in diameter) and return 
to the earth's surface in rain or as dry fall-out (Fig.I). Comparison of 
the activity of lead-210 to that of its daughter or grand-daughter allows 
estimation of the residence time in the atmosphere before removal to the 
ground. The average time calculated by this method is on the order of ten 
days, estimates range from three days to a month (Turekian et al. 1977). 
Measurements indicate that most of the lead-210 that falls on land is 
immobilized in the soil column whereas lead-210 falling on lake surfaces is 
adsorbed on particulates almost immediately and reaches the lake bottom in 
about a week (Krishnaswamy et al. 1971). Comparison of lead-210 activity in 
lake sediments to the lead-210 influx to the lake's surface allows 
inferences to be made about the magnitude of the contribution of lead-210 by 
the lake's watershed. This in turn allows insights as to the extent that 
the concentration or the supply of lead-210 is constant and in turn which 
model should be considered. 

The measured atmospheric influx of lead-210 in the northeastern U.S.A. 
is about 1 •disintegration per minute (dpm) per cm2y with a monthly 
variation near 20%. Measurements with artificial collectors from around the 
world indicate some variability on a global scale. Values for the flux for 
stations in Japan, Australia, England, and the United States were 0.37±0.10, 
0.54±0.15, 0.51±0.08, and 0.92±0.09 dpm/cm2y respectively (Turekian et 
al. 1977). Much lower values, which are based on total lead-210 activity in 
glacial ice, are reported for the Antarctic. The total lead-210 in 
sediments in a core from Whitney Lake, CT was about three times the amount 
predicted on the basis of atmospheric flux measurements alone (Krishnaswamy 
et al .• 1980). Fayetteville Green Lake, NY, had twice the amount 
that would be expected based on the atmospheric flux (Brunskill and Ludlam 
1978), again suggesting an additional source of lead-210 in addition to 
precipitation. Erosion, a process that might be expected to vary 
considerably with time, could be supplying significant quantities of 
lead-210 to these two lakes. If .that were the case, then the C .I .c. model 
would be more appropriate than the C.R.S. model. Another explanation is 
that sediment focusing, redistribution of ·sediments from shallower to deeper 
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• parts of the lake, is taking place. This process seems to be significant in 
some lakes (Robbins and Edgington 1975; De March, 1977). 

Other evidence involves a lead-210 budget that was calculated for Long 
Island Sound. Benninger (1978) found that lead-210 in Connecticut River 
water was highly correlated with total suspended solids. The sediments 
delivered by that river have a relatively constant concentration of 
lead-210. On the other hand, only about 1% of the lead-210 falling on the 
river's watershed was carried to Long Island Sound, so that the rate of 
supply to the Sound (mainly direct precipitation from the atmosphere) was 
nearly constant. 

Appleby et al. (1979) looking at three lakes in Finland compared ages 
calculated by both the C.I.C. and C.R.S. models to true ages based on annual 
sediment laminae known as varves. They found that C.R.S. calculated ages 
agreed with the varve ages within ten years while the C.I.C. calculated ages 
often were 20 to 40 years too young. The age differences were most 
pronounced when the lead-210 depth profiles departed from straight lines 
because of kinks or bends. Similar results were found by Oldfield et al. 
(1978) for lakes in Northern Ireland and New Guinea. Again C.R.S. derived 
ages matched dates of a known ash fall layer and gave sedimentation rates 
that matched carbon-14 derived rates. C.I.C. calculated ages were in error 
by from 40 to 50 years in many cases. 

In view of the above it is difficult to endorse either method in all 
cases. Where variations in sedimentation rate result from lake 
eutrophication it seems reasonable that the rate of supply of lead-210 would 
not change and that the C.R.S. model would be more accurate than the C.I.C. 
model. On the other hand, erosion from the watershed might be expected to· 
change the total supply of lead-210 while at the same time increasing the 
sedimentation rate. In that case the C .I .c. model might yield more 
accurate ages. Unfortunately, these two processes, eutrophication and 
erosion, often occur together, as when erosion mobilizes nutrients from the 
soil and contributes to eutrophication. All the available information 
should be considered before selecting a model when determining ages for 
cores displaying kinked lead-210 vs. depth profiles. C.I.C. calculated ages 
should probably be considered minimum values in these cases. Most 
investigators continue to use the c.I.C. model. 

210pb Applications 

The lead-210 method was first successfully used to determine snow 
accumulation rates on the Antarctic ice cap in 1964 (Crozoz et al. 1964)'. 
The first lake sediment age determinations were published in 1971 and 1973 
(Koide et al. 1973, Krishnaswamy et al. 1971). Since that time the method 
has been used on a number of lakes around the world.Initially the method was 
checked by comparing lead-210 derived ages to ages determined by counting 
annual sedimentation laminae, which are analogous to tree rings. Carbon~l4 
derived sedimentation rates have been compared to lead-210 values in several 
instances and the agreement has been good. For example, Birch et al. (1980) 
found a carbon-14 sedimentation rate of 0.27 cm/y and a lead-210 rate of 
0.33 cm/y for Findley Lake,Washington. Brugam (1978) found a carbon-14 rate 
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of 0.23 cm/y and a lead-210 rate of 0.33 cm/y for Linsley Pond, CT. He also 
determined the sedimentation rate 'for the period 1700 through 1913 to be 
0.35 cm/y based on the occurence of certain discrete pollen layers in the 
sediments. Likewise a carbon-14 measured sedimentation rate of 0.09 cm/y 
(Hyne, 1972) agreed with the lead-210 determined rate of Koide et al. for 
Lake Tahoe of 0.1 cm/y (Koide et al 1973), albeit that the carbon-14 
analysis is somewhat problematical. The agreement between these two methods 
is surprising considering that carbon-14 accumulation rates are calculated 
for thicknesses of sediment laid down over the course of thousands of years, 
whereas the lead-210 rates consider only the last 100 years' accumulation. 
Even more remarkable then is that sediment accumulation rates by lead-210 
often agree approximately with values calculated by dividing the thickness 
of post-glacial sediments by the time since glaciation. That was found to 
be the case both in Lake Michigan (Robbins et al., 1975) (within a factor of 
two for most stations)· and Lake Char, N.W.T., Canada (De March, 1977) where 
the lead-210 rate was 0.05 cm/y and the thickness derived rate was 0.048 
cm/y. Apparently the sedimentation regime in many lakes has remained more 
or less constant for several thousands of years. 

Unusual 210pb Sediment Depth Profiles 

As mentioned previously, the ideal lead-210 depth profile plots as a 
straight line on a log activity vs. depth diagram. More than half of the 
profiles published to date depart from linearity. The most common variation 
observed is a profile that either has a constant value of 
lead-210 activity near the sediment-water interface or that actually 
increases slightly for a few centimeters before decreasing exponentially 
with depth. This has usually been explained either as a diffusive migration 
of aqueous lead (Brugam, 1978) or as the result of bioturbation 
(Robbins et al., 1977, Goldberg 1979), although other explanations are 
possible. · 

The theory behind the diffusion hypothesis is that lead in solution in 
the oxidized microzone diffuses down a concentration gradient to reducing 
conditions at a depth of a few centimeters. Here it precipitates as PbS. 
Diffusive flux is given by: 

J = -rffe dx 

where: Dis the diffusion coefficient 
dC/dx is the concentration gradient 

It seems unlikely that diffusion could cause an effect of the magnitude that 
is observed since the diffusion coefficient and the concentration gradient 
are so low. (D is about equal to 10-5 cm2 sec- 1 and concentration --
rarely exceeds a few micrograms per liter (Petit 1974)). Diffusive 
redistribution seems even more unlikely since lead depth profiles show the 
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• highest lead concentrations at the surface (Farmer 1978) whereas the 
diffusion argument demands lead concentration to peak at depth near the 
lead-210 maximum. 

A more likely explanation is that the activities of benthic 
macroinvertebrates remix surface sediments deeper into the sediment column. 
The evidence for this process, known as bioturbation, is of several kinds. 
In· some cases X-radiographs,of cores reveal structures that support 
the bioturbation hypothesis. Burrow structures and apparently well-mixed 
sediments are observed near the surface while X-ray dense laminations occur 
at depth in the cores (Goldberg et al. 1979, Robbins et al. 1977). In one 
case the distribution of a short-lived radioisotope, 7Be, indicated that 
bioturbation was taking place (Krishnaswamy et al. 1980). Another study 
found that the "mixed" zone was also the zone of the highest concentration 
of certain benthic macroinvertebrates in Lake Michigan sediments (Robbins et 
al. 1977). Bioturbation has been more thoroughly studied in marine than 
lacustrine sediments but it seems to be an important process in both 
environments. 

In some cases bioturbation can be ruled out on the basis of 
X-radiographs (Brugam 1978), the absence of bottom dwellers due to permanent 
anoxia (Bertine and Mendeck 1978), or other evidence (Oldfield et al. 
1978). In these cases irregularities such as constant lead-210 activity or 
even increasing lead-210 with depth often can be explained as an artifact of 
data reduction. Failure to account for remineralization of organic carbon 
or for compaction of sediments with depth can result in curves that look 
exactly like those that have been reported. That would seem to explain the 
findings of Petit (1974), Bruland et al. (1975), and Durham et al. (1980). 
Unfortunately, sufficient data are not reported by those authors to allow 
calculation of corrected profiles. It is interesting that, whenever 
investigators have explicitly corrected for compaction and remineralization, 
no irregularities have been observed (Farmer 1978, 1978b). 

Another irregularity in lead-210 depth profiles that is often reported 
is an apparent change in the sedimentation rate. The change usually takes 
the form of an increase in the sedimentation rate in the younger sediments. 
That condition usually seems to have been caused by anthropogenic eutro
phication or increased erosion. For example, Bertine and Mendeck (1978) 
found an increase in the sedimentation rate in Lake Whitney from 0.26 cm/y 
to 1.0 cm/y around 1950 and a similar increase from 0.14 cm/y to 0.39 cm/y 
around 1953 for Lake Saltonstall, CT. Increased organic carbon, CaC03, 
and SiOz in the sediments at those times supports the hypothesis that 
eutrophication was the causal factor. Likewise an increase in the 
sedimentation rate in Lake Sammamish, WA, from 1.2 to 3.5 cm/yin 1919 was 
accompanied by an increase in the amount of carbon and nitrogen in the 
sediments (Birch et al. 1980). 

Turning to some of the more unusual results that have been published, 
Brugan (1978) found an increase in sedimentation rate near the sediment 
water interface in a sediment core from Linsley Pond, CT. At the same time 
there was an apparent decrease in the absolute rate of supply of lead-210 
from 2.29 + 0.33 to 1.56 + 0.41 dpm/cm2y. Perhaps that effect can be 
explained as a decrease{;;- sediment focusing caused by changes in the 
littoral macrophyte population resulting when nutrient loading increased to 
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this small lake. Robbins et al. (1978) observed an apparent discontinuity 
in a lead-210 profile from Lake Erie. The sedimentation rate was constant 
above and below 15 cm, but the profile was offset at that depth. They 
explained the offset as the result of either a 13-year hiatus in sediment 
accumulation,· or more probably, the erosion of about 18 cm of sediments 
about 11 years before the core was taken. They also found a good 
correlation between minor discrepancies in lead-210 profiles from Lakes 
Ontario and Erie and the dates of historical storm surges. Finally, Megumi, 
working in Lake Suwa, Japan (22), found an increase in lead-210 activity 
from a depth of 15 cm to 25 cm, the bottom of his core. The lead-210 
activity was about as high at that depth as it was at the surface. Both Mn 
and surface area/g sediment increased markedly at the 
same depth. Megumi explained the lead-210 anomaly as the capture of 
remobilized lead associated with manganese hydroxides on clay surfaces at 
depth. It seems just as likely that the clay scavenged an unusually large 
quantity of lead-210 before deposition. The source of the lead-210 could be 
the landslide on the Kami River that was the source of the anomalously high 
proportion of clay found at depth in the core. Perhaps even more likely is 
that the erratic profile simply reflects gross mixing of the sediments 
either by a sediment slump or by an anchor. 

Lead-210 Analysis of Sediment Cores At Bickford 

The Bickford Pond watershed is delineated in Figure 2. Coring sites 
at Bickford Pond were located as shown in Figure 3. Sediment cores were 
taken by a diver. Coring tubes were driven into the sediment using a steel 
mallet. When resistance was encountered (usually due to the underlying 
gravel) the core tube was capped at the top to minimize possible water and 
sediment movement during removal. The tube was then tilted enough to allow 
a second stopper to be inserted at the bottom end. The tube_was then 
removed and placed in a pail for upright transport to the lab. 

Sediment cores were frozen upon return to the laboratory. The sediment 
material was then extruded and cut into segments while still frozen. 
Segments were measured for volume and length, dried, and weighed for water 
free mass determination. 

Digestions were performed in concentrated nitric acid in Teflon 
beakers. Internal standard spikes of 208po were added at this time. 
After all organic solids were digested, the digestate was evaporated to 
dryness, then dissolved in HCt. 

Plating was carried out using the procedure outlined by Flynn (1968). 
Several innovations were successfully employed. One innovation was the use 
of small rotating planchet holder (as suggested by E. Shulkevitz of WHOI) 
instead of the large holders used by Flynn (1968). A major advantage was 
the elimination of bubbles which tended to collect under the Flynn-type 
holders and insulate the planchets from the solution. A second innovation 
was the use of cold plating, in which the silver planchets were simply 
coated on one side with silicone grease and placed in vessels containing the 
plating solution. Recoveries of 210Po by this method were typically )95% 
in one week. 

12 

• 

•• 



____ .,,,,, 

•• 

PROVENCIAL 

BROOK 

I 

WEST WACHUSETT BROOK 

13 

/ 

,, ,, ,, 

BICKFORD WATERSHED 

SUBWATERSHED --
I 

I 
I 
I 
I 
I 
I 

/ 

--r - BOUNDARY 

I 
I 

I 

X SAMPLING SITE 
for Pb +'Po 
in water column 

N 

i 
X MT. WACHUSETT 

610M 

1 KM 

FIG. 2 - The Bickford Pond Watershed 



Location Core /l's 

A 1,2,3 
B 4,5.6 
C 7,8 
D 9,10 
E 11,12,13 
F 14,15,16 
G 17,18,19 
H 20,21 
J 22,23.24 

bepth 

2 m 
3 m 

5.5 m 
5.2 m 
8 m 
9 m 

4.5 m 
6 m 

11.5 m 

14 

Figure 3 - Bathymetry and Sediment 
Sampling Locations in 
Bickford Pond 

(Depth in meters) 
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• Lead-210 and Polonium-210 in.the Tributaries and Water Column 

Water samples were taken from tributary sites 1, 2 and 3 -(Figure 2) and 
from the lake at Station 4 (Figure 3). Three sampling depths (1, 5, 11 
meters) were used. Twenty liters of water were pumped through a 147 mm, 
0.45µm Durapore filter into a polyethylene carboy at each sampling. Gelman 
0.45µ cartridge filters were used to filter the occasional lake samples 
Which clogged the filter disks too rapidly. Filters were leached in ZN 
nitric acid to remove 2l0pb and 210po. The leachate was then treated as 
was sediment digestate, and plated as above. 210pb and 210po in the 
filtrate were removed by the co-precipitation method of Boyle (1980). The 
precipitate was filtered, taken up in hot nitric acid, and treated as above. 

Precipitation samples were collected on a monthly basis using a 
USGS-type bulk sampler with a 15 cm collection funnel. The water was then 
treated as was sediment core digestate. 

Determination of 210pb and 210po Activity 

Planchets were counted using an a-spectrometry system consisting of 
vacuum chambers with silicon surface barrier detectors of 450 mm2 area 
(one 150 mm detector was also used). Ortec two-chamber integrated detector 
preamp-amplifier units were used for two channels; discrete Ortec 101 
preamplifiers and amplifiers were used for two other channels. A Canberra 
multichannel analyzer and mixer-router were used to analyze and store the 
pulse data. Use of internal 208po standards assured that counting was 
equivalent from one channel to the next. 

In sediment samples the usual assumption that 2l0pb and ZlOpo were 
in secular equilibrium was followed. For water column and precipitation 
samples this assumption could not be made. For these samples, a second 
plating was carried out to remove any residual ZlOpo and Z08po 
activity. A period of time (typically 3 months) was allowed for ingrowth of 
210po, and the solutions were replaced with new spikes of ZlOpo as 
internal standard. ZlOpb activity was then computed using the decay 
constant for the grand-daughter isotope ZlOPo. 
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Analysis for major elements in sediments 

Subsamples of digestate, after plating, were diluted and analyzed for 
magnesium by flame atomic absorption spectrophotometry using standard 
conditions (Perkin-Elmer, 1974). Blanks, consisting of the digestion 
reagents plus plating reagents but containing no original sediment sample, 
were also analyzed. Sodium and potassium were determined by flame 
emissionspectrophotometry, again following standard analytical conditions •. 

Phosphate was determined on digestates using the molybdate blue method 
of Standard Methods, fourteenth edition (1975). 

Sulfur was determined by analysis of digestate by ion chromatography on 
a Dionex Model 10 ion chromatograph. 

Nitrogen was determined by a combustion furnace technique using a 
Perkin-Elmer model 240 C!IN analyzer, 

Dry weights were determined by drying sediment samples to constant 
weight at 95°C. Loss on ignition (LOI) was determined by combusting 
sediment subsamples at 500°C. 

Results 

Raw lead-210 activity data for six stations in Bickford Pond which were 
analyzed with particularly high spatial resolution are shown in Table l; 
Appendix l contains the raw data from the other cores, Interpretation of 
these data is aided by reference to graphics of activity versus cumulative 
depth, shown in Figs. 4-8, For several of these stations replicate cores 
are also presented, 

All cores show a consistent level:" of unsupported lead-210 activity at 
depth, This is expected and reflects the radium-226 content of the tills 
which cover the Bickford watershed and underlie the lake sediments, 

Cores 10, 12, 13, and 17 appear to exhibit the straight-line log 
activity plots of the classical CIC model for sediment deposition, Sediment 
deposition rates calculated from the slopes are: 

Core 10 
Core 12 and 13. 
Core 17 

17 mg/year 
- 36 mg/year 
- 81 mg/year 

These values are reasonable, and the differences between cores may 
reflect real differences in sediment deposition regime, 

Cores 22 and 24, both from the deep hole east of the main dam, exhibit a 
plateau in activity for the upper 1.5 grams of sediment, followed by a 
linear decrease to the 2.5 dpm/g level of unsupported activity typical of 
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Cumulative sediment mass plotted against log sediment lead-2l0 activity 

for cores 12 and 13 in Bickford Pond. See Figure 3 for location map 
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for core 17 in Bickford Pond. See Figure 3 for location map. 
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Table 1 - Lead-210 and bulk sediment parameters for selected 
Bickford-Pond sediment cores 

CORE DEPTH WET BULK %LO! MASS OF 210Ph • NUMBER INTERVAL DENSI3Y _ DENSITY (%) ACCUMULATED ACTIVITY 
(cm) (g/cm3) SEDIMENT (dpm/g) (g/cm) (g) . 

10 0 - 1.2 · l:..11 0.26 15.l 0.16 24.95 
1.2 - 1.8 1.39 0.31 10.1 0.47 16.36 
1.8 - 2.4 1.37 0.70 8.6 0.83 7.64 
2.4 - 2.9 1.92 1.17 8.7 1.35 3.48 
2.9 - 3.7 1.68 1.07 7.8 2.05 2.70 
3.7 - 4.6 1.71 1.09 2.97 

'4.6 - 5.6 1. 73 1.22 4.07 

13 0 - 1.0 0.92 0.19 23.1 0.10 16.94 
1.0 - 2.0 1.17 0.42 16.9 0.40 12.33 
2.0 - 3.0 1.30 0.59 17.1 0.90 8.69 
3.0 - 4.0 1.60 0.62 
4.0 - 5.0 1.31 0.50 
5.0 - 6.0 (1.3) (0.50) 
6.0 - 7.0 (1. 3) (0.57) 

17 0 - 1.0 1.44 0.44 ·0.22 10.62 
1.0 - 2.0 1.26 0.52 0.70 10.16 
2.0 - 3.0 1.21 0.59 1.26 7.11 
3.0 - 4.0 1.30 0.66 1.88 6.32 
4.0 - 5.0 1.43 1.01 2.71 2.10 
5.0 - 6.0 1. 70 1.20 3.82 '1.89 
6.0 - 7.0 .1.60 1.13 4.92 2.06 
7.0 - 8.0 1.74 1.22 6.15 2.03 

20 0 - 1.5 1.16 0.28 20.4 0.21 20.42 
1.5 - 3.0 1.20 0.35 19.1 0.68 19.01 
3.0 - 4.0 1.29 0.42 19.1 1.16 17.30 
4.0 - 5.0 1.19 o.43 16.3 1.55 12.59 
5.0 - 6.0 1.45 0.65 10.29 2.12 6.92 
6.0 - 7.0 1.48 0.82 7.18 2.85 
7.0 - 9.0 1.34 0.73 3.63 
9.0 - 11.0 1.49 0.83 4.41 

22 0 - 1.4 1.05 0.24 0.17 28. 71 
1.4 - 2. 7 1.10 0.31 0.53 25.94 
2.7 - 4.0 1.20 o.36 0.97 25.70 
4.0 - 5.0 1.14 0.36 1.38 29.44 
5.0 - 6.0 1.14 0,36 1. 74 20.84 
6.0 - 7.0 1.15 o.45 2.15 9.86 
7.0 - 8.0 1.20 0.47 0.61 5.13 

•• 
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the underlying mineral material. Such a profile is classically interpreted 
as due to bioturbation, the mixing of the upper sediment layer by benthic 
organisms. Seasonal·anoxia at this station typically from mid-August to 
fall overturn argues against bioturbation as a major factor, however. 
Moreover, no benthic invertebrates have been seen in these deep sediment 
samples. The known history of the present impoundment alsoputs constraints 
on the interpretation of this profile, because the removal of soil 
accompanying dam construction occurred 13 years before the core samplings. 
Natural radioactive decay in this time interval is unable to account for the 
almost order-of-magnitude drop in lead-210 activity observed between 1.5 and 
3 grams cumulative sediment deposition. Rather, the decrease in activity 
below the 1.5 gram level is believed to be the result of mixing of 
high-activity post-dam-construction deposition with low~activity material 
existing on the bottom when the reservoir was filled. The rise in bulk 
density from 0.24 g/cm3 to 0.47 g/cm 3 along the core argues in support 
of the latter argument. 

Core 20 exhibits a profile intermediate between the plateau-type 
profile of core 22 and the straight-line profiles of cores 10, 12, 13, and 
17. The "plateau" of core 20 has a measurable slope, corresponding, 1f 
interpreted by the CIC model, to 160 mg/year of sediment depositi'on. The 
observation that a straight-line lead-210 activity profile may arise from 
physical mixing suggests that all "straight-line" profiles in Bickford, 
including those of cores 10, 12, 13, and 17, should be examined for the 
possibility that they result from mixing of sediments. The bulk density 
profiles for cores 10, 13, and 17 do in fact show a substantial increase 
with depth, suggestive of a mixing-generated profile. 

It is also of interest to compare total lead-210 inventories both 
between cores and with the theoretical inventory resulting from several 
plausible d~positional regimes (see also lead-210 budget discussion below). 
Atmospheric deposition of lead-210 in the Northeast is of the order of l 
dpm•cm•-2.y-l. For the period October 1982 - August 1983, a deposition 
rate of 0.69 dpm•cm-2.y-l was measured. Asssuming an input rate to the 
sediments of 0.8 dpm•cm-2 -y-l, the theoretical steady-state sediment 
inventory, A, is given by: 

A A= deposition rate 

-2 -1 
A= O.Sdpm/cm • yr 

0.031/y ~ 22 dpm/cm2 

For 13 years of deposition, the expected activity is 

A = 22[1-e-l 3(0.0 3 l)] = 7.3 dpm/cm2 
13 

23 



The actual inventory for several sites is plotted in Figure 9 against 
depth. Several features of this plot are evident. In particular, the basin 
contains much more lead-210 than would be expected on the basis of 
atmospheric input over 1.5 decades, if the assumptions of zero watershed 
contribution and quantitative removal from the water column are invoked. 
Also, the activity appears to be systematically distributed with depth, 
Strong evidence of sediment focussing is seen. In Figure 10, the total 
basin sediment inventory is plotted against depth; the greatest inventory is 
at the mid-depths, where most of the lake bottom area is located, The deep 
sediments, although they contain a higher lead-210 inventory per unit area, 
represent a lesser fraction of the lake area, 

The average inventory of sedimentary in Bickford Pond lead-210 is about 
20 dpm/cm2 , quite close to the value expected at steady state, This fact 
strongly implies that either the assumptions about the lead-210 depositional 
regime are greatly in error, or that the lead-210 inventory in the basin 
prior to the construction of the new dam has remained in the basin, but has 
been redistributed., The following section on the budget addresses the 
former possibility, and leads to the conclusion that the existing lead-210 
inventory in Bickford Pond is near its steady-state magnitude, is strongly 
influenced by remobilization and focussing, and includes much lead-210 that 
was deposited prior to dam construction, 

Deposition of major elements 

Concentrations of sodium in the sediment digests corresponded to 0.55% 
sodium content (mean of 37 samples) in the dry sediment, Potassium 
concentrations averaged 1,7%, and magnesium content averaged 0,6%, in the 
same samples, Sample to sample variability for each corresponded to 
standard devia.tions about 30% of the means. 

Sulfur content of the sediment· digestate corresponded to an average 
concentration of 1,5% of dry weight with a standard deviation of O ,7% for 
seven samples. Total phosphate was below the detection limit of the 
standard molybdenum blue method for the sample size used (1 gram), Nitrogen 
content averaged 0,39% with a standard deviation of 0.17% for 12 samples, 
and the C/N ratio averaged 18%, The nitrogen and carbon content data are of 
particular intrinsic interest, since the relatively high C/N ratios of these 
sediments may be diagnostic of nitrogen limitation on the watershed, The 
raw nitrogen data are those presented in Appendix C. 

Deposition rate of elements is equal to the product of elemental 
concentration in the depositing sediment multiplied by the rate of 
deposition of the sediment, The latter quantity is determined from the 
lead-210 analyses, Recognizing that the foregoing evidence from the 
lead-210 profile shows a majority of the sediment in Bickford to be 
resuspended material, the calculated rates of major element deposition to. 
Bickford Pond sediments are nonetheless of interest. Using 50 mg 
cm-2yr-l as a typical apparent deposition rate, the calculated sulfur 
deposition rate, is 7.5g/m 2-y or nearly ten times the bulk atmospheric 
sulfur deposition rate. The corresponding nitrogen deposition rate is 1,9 
g/m2-y, or 5 times the bulk atmospheric nitrate deposition rate, The 
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Total lead-210 inventory per unit area as a function of depth in Bickford Pond. 
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total reservoir sink strength as calculated from input-output considerations 
(Hemond and Eshleman unpublished data) is of the order of the bulk 
atmospheric nitrate deposition rate (Hemond and Eshleman, 1984). Thus both 
the nitrogen and sulfur deposition rates as calculated from lead-210 
profiles and sediment composition data support the argument that much of the 
present sediment inventory of Bickford results from resuspension and 

·redeposition during reservoir construction. These data also confirm 
that alternative methods are necessary to determine present-day elemental 
deposition rates in the reservoir. In the following section, the net 
hydrologic fluxes of lead-210 and polonium-210 are examined for further 
insight into the deposition process in Bickford Pond. 

The Lead-210 budget 

Lead-210 in most lake sediments is largely of exogenous origin. The 
source is traditionally assumed to be atmospheric. All profiles from 
Bickford Pond show consistently low supported lead-210 activity. 
Consequently, the observed lead-210 profiles in Bickford must be 
reconcilable with the present and historic regime of lead-210 deposition by 
the water column. 

Table 2 presents the results of analysis of the water column and 
tributaries for 210pb and ZlOpo in both particulate and filterable water 
fractions. Several features of these data are notable. In particular, the 
constancy of the concentrations in the tributaries is remarkable, varying by 
no more than a factor of 2 over the year despite orders of magnitude change 
in streamflow. Dissolved lead-210 and Polonium-210 dominate in the 
tributaries, and particulate levels are remarkably low. It is believed that 
organic ligands may be partly responsible for the high filterable fraction 
of these isotopes in the upland tributaries, 

Conversely, the particulate fraction takes on much more importance in 
the pond itself, Particulate levels lead-210 and Polonium-210 were 
especially high near the bottom in late summer and early fall, Evidence of 
high particle concentrations, in the form of rapid filter clogging, are 
consistent with the increased importance of the particulate fraction in the 
water column of the pond. A fairly consistent disequilibrium is suggested 
between lead-210 and polonium-210 in the particulate fraction, This might 
be expected due to differential sorption of lead and polonium onto 
particles. · 

Figure 11 shows the total lead-210 input to Bickford Pond calculated 
from the tributary lead-210 data and measured streamflows, The role of 
surface inflows is remarkable, showing surface inflows of lead-210 to be as 
important to the budget as precipitation input, The loading of lead-210 to 
the pond is thus about twice what wou.ld be conventionally estimated, 
Surface inflows are dominant during spring runoff, but remain important 
throughout the study period, Surface inputs of polonium-210 dominate 
year-round, since precipitation contains rather low levels of this isotope • 
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Table 2 - Lead-210 and Polonium 210 Activit1·es in Bickford Watershed Surface Waters 

(dpm/100 kg) 

7 October 23 October 18 November 13 December 25 January 18 February 7 March 17 March 

210Pb 210Pa 210Pb 210Po 210Pb 210Po 210Pb 210Pa 210Pb 210Pa 210Pb 210Po 210Pb 210Pa 210Pb 210Po 

BICKFORD - lm DISSOLVED 2.79 6.55 2.75 3.06 2.85 3.06 4.25 5.21 13.13 5.66 10.63 8.07 10.22 10.27 

PARTICULATE 6.27 5.74 8.03 5.61 3.37 4.28 6.84 4.08 6.84 3.39 7.56 3.76 5.54 3.62 2. 52 2.81 

6.84 5.45 
8.97 5.39 

BICKFORD - 6m DISSOLVED 1.10 5.36 6.79 6.31 lu.62 8.34 9.39 

PARTICULATE 6.64 5.93 4.31 2.34 9.05 3.22 ).67 5. 71 4.20 
4.24 

BICKFORD - llm DISSOLVED 13.18 27.63 6.92 4.14 2.46 ).01 5.64 5.47 4.81 6.43 6.66 8.59 6.34 

PARTICULATE 53.8 52.00 6.24 3.42 8.45 5.48 10.03 ).78 7.76 3.5) 7.80 5.83 4.92 

~RE MEADOW DISSOLVED 8.79 10.63 10. 73 6.36 9.96 6.33 10.92 7.49 11.50 5.86 

PARTICULATE 4.53 5.63 10.18 7.66 11.59 5.87 11.63 5.39 4.19 

PROVINCIAl BK OISSOLV[O 9.90 11.80 9.87 9.84 
(7. 35) 15.63 5.22 11.78 7.28 11.62 
(9.16 

PARTICULATE 0.77 1.38 ·2.23 3.69 1.72 1.63 1.11 1.20 0. 78 1.89 

W, WACIIUSETT BK DISSOLVED 3. 72 6.52 12. 77 9.40 10.73 9.07 7.08 8.51 8.74 

PARTICULATE 0.81 1.37 1. 79 1.50 1.83 2.01 1.83 l.39 2.15 

11 March 
13 March 

RAIN TOTAL 437 92 606 18 271 5).5 (1 567) 40.2 4 77 102 193 55.4 

3 March 
ICE 

459 114 
77 .3 
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DISSOLVED 

PARTICULATE 

DISSOLVED 

PARTICULATE 

DISSOLVED 

PARTICULATE 

DISSOLVED 

PARTICULATE 

DISSOLVED 

PARTICULATE 

DISSOLVED 

PARTICULATE 

TOTAL 

• 
Lead-210 and Polonium 210 Activities in Bickford Watershed Surface Waters 

(dpm/100 kg) 

8 April . 3 ~tay 25 May_ 14 June 12 July 16 August 

' 210Pb 210Pa 210Pb 210Pa 210}-t, 210 ' 
Ro 210Pb 210Pn" 210Ph 2lQPo 210Pb 210P~ 

6.91 5.34 6. 33 5.89 4.59 3.48 
5.90 5.94 3.95. 4.40 4.62 3.39 

5.93 5.67 5.97 5.4 3.64 • 3.42 
6.68 7.01 4.96 5.13 6.43 4.09 

··3.85 6.04 S.96 6.38 6.28 
5.91 7.57 8.49 6. 72 5.26 6.00 

5.67 6.72 4.47 4.34 3.97 
6. 70 10. 53 4.70 4.12 2.59 

10.15 :17.29) 13.62 14.32 14.91 
1.44 2.11 2.57 2.99 4.05 

5.96 12.25 7.97 11.44 13.47 
1.46 1.41 3.82 10.69 
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Outputs of lead-210 from the pond are shown in Fig. 12. Again, 
conventional wisdom is seen to be quite in error, and outflow accounts for 
nearly half of the lead-210 removal from the water column. The inventory in 
the water column is surprisingly constant. Surface outflow is especially 
important in the spring months. 

Table 3 summarizes the lead-210 budget of Bickford Pond from October 
1982 through March 1983. The budget is characterized by retention in the 
reservoir of typically around 50%. 

It appears to be fortuitous that half of the input of lead-210 is due to 
surface inflow, and that half of the removal is due to outflow. The net 
result is that the usual assumption that atmospheric input= sediment 
deposition rate is approximately correct at Bickford. However the assumption 
works for the wrong reasons. The surface flow fluxes, usually ignored, are 
in fact a major part of the 210pb budget. The approximate equality of 
annual inflow and outflow seems unlikely to occur in general. The constancy 
of the lead-210 concentrations at Bickford suggest an as-yet-unknown 
mechanism for the regulation of the lead-210 chemistry of surface waters. 
Such a mechanism would also control total lead and hence would be of much 
interest in understanding the fate of man's enormous lead releases into the 
environment. 

The Bickford lead-210 budget, and particulate plus dissolved isotope 
data, undoubtedly contain further information. This will become more 
evident as the grow-in of polonium-210 proceeds and the samples are counted 
in the coming months. However, even in its present form, the budget data 
confirm that the large sediment inventories of lead-210 are not due to 
unusually high deposition rates. They must be due to pre-existing lead-210, 
present in the basin of the time it was filled. Thus, the hypothesis of 
sediment resuspension, and its implications for the inference of present 
deposition rates, is supported. 

Data from Mare Meadow Reservoir 

In addition to cores from Bickford, a set of three sediment cores was 
obtained from Mare Meadow Reservoir located upstream from Bickford. This 
body of water is more biologically productive than Bickford, judged on the 
basis of transparency and on the observations of sulfide in the hypolimnion 
in mid-summer. Mare Meadow Reservoir was put into service by the city of 
Fitchburg in the mid-1950's following construction of a new dam. Prior to 
this, it was operated as a smaller impoundment by the MDC. Mare Meadow was 
not "cleaned out" so extensively as Bickford during its reconstruction in 
the 1950's. (A. Provencial, personal communication). 

Tables 4 presents the sediment analysis data for the Mare Meadow core.s; 
plots of these data appear in Figs. 13, 14, and 15. Further data appear in 
Appendix B • 

Mare Meadow Core B appears to fit the CIC model for the upper 0.7 grams 
of sediment. Below that depth, the core has the appearance of possible 
disturbance, although the nature of the disturbance is unusual; lead-210 

31 



>-
<! 
0 

' ~ 
a. 
0 

w .., 
U) 

0 

• 

30 -

-

20 ,-

10 ~ 

I I 

OCT NOV DEC 
19 8 2 

, 

I I 
JAN FEB 

I 9 8 3 
Figure 12 

~ 

~ 

MAR 

.....-

.....-

.....-

-

I 

}SEDIMENTS 

) 6 STORAGE 

}auTFLOW 

Fate of lead-210 inputs to Bickford Pond. Of special importance is the large magnitude 

of the outflow, which is as large as the sediment deposition term. • 



• Table 3 - Bickford Pond: 
210 

Pb Budget 

DATE 
, INPUTS OUTPUTS . % RETEN-

(1982 - 1983) INFLOWS RAIN t:, STORAGE OUTFLOW TION 

24 Oct. - 18 Nov. 1.50 10.07 0.39 2.49 75 

13% 

18 Nov. - 13. riec. 2; 36"' 4.04 -0.10 2.44 63 

3'Z% 

13 Dec. - 30 Dec. 3.63 6.58 4.07 2.69 34 
36% 

30 Dec. - 24 Jan. 7 .16 5.79 4.07 8.52 3 

55% 

24 Jan. - 18 Feb. 9.26 25.43 2.16 10.34 64 

27% 

18 Feb. - 3 Mar. 6.29 6.86 7.40 44 

48% 

3 Mar, - 11 Mar. 15.66 16.87 16.05 51 

48% 

11 Mar. - 13 Mar. 28.05 27.10 31.05 44 

51% 

Units= 106 DPM/DAY 

• 
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Table 4 - Lead-210 Activities in Mare Meaclow Core Sediment Cores 

DryWt Activity/g Activity • Core Section Depth 2 (dpm/g) (dpm) (cm) (g/2cm ) 

A Al 0 - 2 0.357 42.93 15.33 
A2 2 - 4 0.300 36.96 11.09 
A3 4 - 6 0.618 35.14 21. 72 
A4 6 - 8 0.804 24.58 19.76 
A5 8 - 10 0.811 28.98 23.50 
A6 10 - 12 1.481 17 .70 26.21 

B Bl 0 - 2 0.187 43.4 8.12 
B2 2 - 4 0.256 30.2 7.73 
B3 4 - 6 0.268 19.2 5.15 
B4 6 - 8 0.356 5.69 2.03 
B5 8 - 10 0.408 0.75 0.306 
B6 10 - 12 0.372 6.36 2.367 
B7 12 - 14 0.434 3.21 1.39 
BS 14 - 16 0.442 3.87 (4.19) 1.71 
B9 16 - 18 0.442 0.561 0.248 
Bl0 18 - 20 0.386 0 .544 0.210 

C Cl 0 - 2 0.369 25.5 9.41 
C2 2 - 4 0.709 13.8 9.78 
C3 4 - 6 2.186 4.48 9.79 
C4 6 - 8 1.897 1.85 3.51 
cs 8 - 10 (1. 724)* 
C6 10 - 12 2.061 2.30 4.74 
C7 12 - 14 1.848 
CB 14 - 16 1. 736 2.10 3.65 
C9 16 - 18 2.298 
Cl0 18 - 20 2.024 1.035 

* w/o "rocks" 

• 
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Cumulative sediment mass plotted against log sediment lead-210 activity 

for core A in Mare Meadow Reservoir on the Bickford Watershed. 
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Cumulative sediment .mass plotted against log sediment lead-210 activity 
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levels in several segments are extremely low, while these low-activity 
segments are interspersed with material having activity of about 4, dpm/g, • 
only slightly above the typical unsupported level seen in deep core segments 
elsewhere. Reasonable slopes which may be fitted to the data yield recent 
sedimentation rates of 16 to 22 mg•cm-2 .year-l. 

Core "C" from Mare Meadow appears to have a classical CIC profile, with 
typical unsupported activities of Z dpm/g below the 3 gram layer. The 
deposition rate at the site of core C is calculated to be 33 
mg•cm-2•year-l. The unsupported lead-210 inventory at site C is about 
27 dpm/cm2 , which is consistent at least with the steady-state profile 
suggested by the graph. 

The core B unsupported inventory is of similar magnitude (23 dpm/cm2 
for the first four segments). Cores Band C thus have the appearance of 
long-term sedimentation records under reasonable lead-210 deposition 
regimes. 

Core A in Mare Meadow is similar to cores 22 and 24 in Bickford, in the 
sense that it is a deep location near the dam. The core A site overlies a 
gravelly substrate which was probably scraped off during construction of the 
present dam. Mare Meadow core A also seems to fit the CIC model, but has a 
very much greater inferred sedimentation rate of 90 mg•cm-2 .year-l, and 
the calculated date at the interface with the underlying gravel (which was 
not retained in the core but is probably of typically low supported 
activity) is around 1940. Core A is interpreted as another example of 
strong sediment focussing on the basis of the high lead-210 inventory and 
the high calculated deposition rate. Its location at a deep hole site is 
consistent with this finding. 

Conclusions 

Analysis of sediment cores in Bickford Pond and its watershed leads to 
a number of conclusions. 

1) Methodologically, the procedure of digesting sediment cores in nitric 
acid, and plating using the procedure of Flynn (1968), appears quite 
satisfactory. It _is recommended that the modification of cold plating be 
considered also, as it yields quite satisfactory recoveries. It is also 
adequate for complete stripping of placing solutions prior to a period of 
2l0po ingrowth. 

2) In-line filtering using a peristaltic pump, and APDC precipitation of 
metals from the filtrate, appears to be a very satisfactory technique for 
the recovery of lead and polonium from the water. 

3) Lead-210 inventory in the Bickford basin is about double what would be 
expected on the basis of atmospheric deposition since construction. 
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4) Lead-210 budget considerations show that surface inflows are a major 
lead-210 source. This has major implications for the interpretation of 
sediment profiles. 

5) Removal of lead-210 by water column processes is far from quantitative. 
Removal efficiency in Bickford is only 50%. 

6) The lead-210 geochemical budget indicates that the high inventory of 
lead-210 in Bickford sediments is not due to anomalously high deposition 
rates, but to retention of lead-210 in the basin despite major disturbances 
to the substrate. 

7) Much of the lead-210 in the Bickford basin was redistributed following 
construction. By inference, much of the sedimentary sulfur, nitrogen, and 
metal content was also redistributed. The resulting core profiles do not 
yield accurate present deposition rates of major elements. 

8) Strong focussing phenomena have resulted in both unusually high 
deposition rates and high lead-210 inventories at the deepest locations in 
both Bickford Pond and Mare Meadow Reservoir. 

9) Under a regime of less severe disturbance the Mare Meadow cores other 
than the deep hole core appear to fit the CIC model of sediment deposition. 
Further investigation of the history of Mare Meadow would help put this 
result into a context of past management practices. 

10) Lead-210 is a valuable tool for sediment analysis; however, two major 
potential sources of error exist in its application as a management tool. 
First, lake alterations, which are common in New England, can significantly 
alter sediment profiles and yield erroneous apparent sedimentation rates. 
Second, the common limnological practice of making inferences about a lake 
on the basis of one or a few "deep hole" measurements may also yield large 
errors even in undisturbed lakes due to the sediment focusing effect. Firm 
conclusions about the sediment record are best based on an examination of a 
number of sites at varying depths throughout the lake • 
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Af'PEN:::JIX A 

Lead-210 activity for Bickford cores 

not described in text 
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Bickford Cores - Activit}'. • BULK 
CORE DEPTH DENSITY ACTIVITY/G 

(cm) (g/cm3) {dpm/g) 

1-0RG 0 - 4.5 o. 206/0. 134 3.94 
1-MIN 4.5 - 9.0 1.379/0.900 18.83 

2-0RG 0 - 4.5 0.212/0.138 20.76 
2-0RG 4.5 - 8.5 0.819/0.534 12.20 
2-MIN. 8.5 - 11.0 2. 55/1. 666 1.34 

3-0RG 0 - 9.5 0.211 20,85 
3-MIN 9.5 - 13 1.072 4.10 

4-0RG 0 - 2.5 0.612/Q.599 14.41 
4-MIN 2.5-8.75 0.471/0.307 1.98 

5-0RG 0 - 4.5 0.254 21. 76 
5-MIN 4.5 - 6.0 1.401 3.44 

6-0RG 0 - 5.0 0.187/0.122 18.79 
6-MIN 5.0 - 10.0 1. 314/0. 857 2.66 

7-0RG 0 - 5.0 42.8 

8-0RG 0 - 5.0 8.35 
8-MIN 5.0 - 5.0 56.9 

9-0RG 0 - 4.5 15.84 
9-MIN A 4.5 - 9.5 5. 37 
9-MIN B 6.37 

12-0RG.A 0 - 2.0 8.41 
12-0RG B 2.0 - 5.0 3.12 
12-0RG C 5.0 - 5.0 2.26 
12-0RG D 5.0 - 11.0 2.84 

16-0RG 0 - 2.5 20.33 
16-MIN A 2.5 - 6.0 10.18 
16-MIN B 6.0 - 8.5 6.05 
16-MIN C 8.5 - 12.0 3.12 
16-MIN D 12 .o - 16 ,o 3.09 

18-0RG A.• 0 - 4.0 5.19 
18-0RG B. 4.0 - 8.0 .29 
18-MIN A 8.0 - 12.0 2.86 

21-0RG A ,· o - 4.o 15.63 
21-0RG B 4.0- 7.0 3.21 

•• 21-MIN A 7 .o - 11. 0 1.80 
21-MIN B 11. 0 - 15.0 2.39 

24-0RG A 0 - 2.0 25.91 
24-0RG B 2.0 - 4.0 21.00 
24-MIN A 4.0 - 7.0 2.58 
24-MIN B 7.0 - 9.0 2.64 
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• 
Mare Meadow: Core A 

Sam- Crucible wt wt wt % 
ple II Empty Full Ashed L.O.I 

(g) (g) (g) 

6 29 9.0269 10.7363 10.5564 10.52 

5 25 9.1685 10.9433 10.6953 13.97 

4 32 · 9.5030 11.0134 10.7215 19.33 

3 11 9.6005 10.9529 10.6948 19.08 

2 15 8. 7718 9. 4436 9. 3045 20. 71 

1 23 7.2888 7. 4260 7.3927 24.727 

• 
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• Mare Meadow: Core B 

Sec- % Depth Cruci- wt * wt w/sed. , wt** Color 
tion: LOI (cm) ble empty 105°C ashed 

10 31.0 0 - 2 cm 30 9: •. 3591 9.7470 9.6266 orange 

9 30.3 2 - 4 26 8,8658 9.3789 9.2233 tan 

8 50.2 4 - 6 16 9.1472 9.8504 9.4973 pale tan 

7 59.3 6 - 8 8 8. 7346 9. 7119 9.1328 very pale 
tan 

6 55.8 8 - 10 22 9.2066 10.5603 9.8050 ivory 

5 55.7 10 - 12 27 8.6201 9.5852 9.0473 ivory 

4 59. 9 12 - 14 18 9.1736 10.0760 8.5353 ivory 

3 70.3 14 - 16 32 9.5029 10.3937 9.67675 ivory 

2 72.7 16 - 18 3 9.0718 9 .5872 9.2124 ivory 

1 79.8 18 - 20 24 9. 3694 9.8733 9.4962 black 

• 
* dried 24 hrs@ 150°c 

** 500°C for 23 hrs. 
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• Mare Meadow: Core C 

* Color Crucible Wt. Wt Wt. % Sample 
II Empty Full .Ashed LOI 

Gray 4 8.5787 9.6092 9.3595 24.23 C/1 

Dark 7 9,4220 11.1030 10.5644 32.04 C/2 Gray 

Light 20 9.0273 12.4573 12.1341 9.42 C/3 Gray 

Tan 31 8.8021 12.2248 11.9663 7.55 C/4 

Tan 17 8.5014 11. 6959 11.4190 8.67 C/5 

Tan 2 9.6289 12.5300 12.2278 10.42 C/6 

Tan 21 8.7456 11.5531 11.1944 12.78 C/7 

Tan 19 9.7055 12.7144 12.3590 11 .81 C/8 

Tan 6 8.6059 12.3836 12.0049 10.02 C/9 
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APPENDIX C 

Elemental Analyses of Sediment cores 

from Bickford Pond 
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Sample Depth(Cm) % N % C %H 

Core 10 1-1.2 0.34 4.38 0 .83 

Core 10 1 .2 - 1.8 0.29 3.94 0.83 

Core 10 1.8 - 2.4 0 .21 3.02 0.64 

Core lu 2.4 - 2.9 0 .13 2.54 0.52 

Core 10 2.9 - 3 .7 0.13 3.42 0.64 
• 

Core 13 0 - 1 0 .69 10 .6 1.45 

Core 13 1 - 2 0 .55 · 11.5 1.53 

Core 13 2 - 3 0.44 8.43 l .16 

Core 13 3 - 4 0.55 9.56 1.40 

Core 13 4 - 5 0.52 9 .24 1 .27 

Core 13 5 - 6 o.39 7 .21 1.02 

Core 13 6 - 7 0.42 8.00 1.14 

•• 
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