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Abstract—Cesium-137 derived from the explosion of the Chernobyl reactor in 1986 was preserved in anoxic
sediments from a coastal environment in southern Rhode Island. Although the radioactive plume was detected
in surface air samples at several locations in the United States, this is the first known record of a Chernobyl
137Cs peak in sediments from North America. The inventory of Chernobyl '*’Cs that was preserved in the
Pettaquamscutt River is small compared to European counterparts and should only be detectable for the next
15-20 yr. However, the presence of two '*’Cs peaks (1963 and 1987) identifies a well-dated segment of the
sediment column that could be exploited in understanding the decomposition and preservation of terrestrial
and aquatic organic matter. Different methods for calculating the 2'°Pb chronology were also evaluated in this
study and checked against independent varve counting. The end result is a detailed chronology of a site well

suited for reconstruction of historical records of environmental change.

1. INTRODUCTION

On April 26, 1986, a flaw in design and a series of operator
actions caused the Chernobyl-4 reactor to explode during a test
to determine how long the turbines would spin after a loss of
electrical power supply. The initial release of fission products
to the atmosphere was followed by a second explosion, which
allowed air to flow into the core and caused the graphite
moderator to burst into flames (Hohenemser et al., 1986;
Mould, 2000). The nine-day fire that followed was responsible
for the main release of radioactivity into the environment.
Roughly all of the xenon gas, 20% of the cesium and iodine,
and ~5% of the remaining radioactive material in the reactor
was set free by the accident, accounting for a release of more
than 8 X 10'® Bq (1 becquerel = 1 disintegration per second)
of fission products into the atmosphere (Mould, 2000) (http://
www.world.nuclear.org). While most of the released material
was deposited close to the site of the accident in northern
Ukraine, southern Belarus and Russia’s Bryansk region (Stone,
2001), strong winds carried a plume towards Finland and
Sweden (ApSimon and Wilson, 1986; Mould, 2000). By May
2, the plume had reached the UK and Japan, and by May 6,
Canada and the United States (Ayoama et al., 1986; Smith and
Clark, 1986; Mould, 2000). Even though '*’Cs was detected in
the atmosphere in several regions of the United States follow-
ing the accident (Larsen et al., 1986; Feely et al., 1988; Hol-
loway and Liu, 1988), no record of a clear Chernobyl '*"Cs
peak is observed in sediments from Florida (Robbins et al.,
2000), Massachusetts (Spliethoff and Hemond, 1996), Califor-
nia (Fuller et al., 1999) or other locations in the country (Van
Metre et al., 1997). However, a discernible Chernobyl '*’Cs
peak in varved sediments from Nicolay Lake, Cornwall Island
in the Arctic Ocean (Lamoureux, 1999) implies that insufficient
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depth resolution and/or bioturbation may explain the absence of
the Chernobyl peak in some of the aforementioned sites.
Significant levels of '*”Cs first appeared in the atmosphere in
the early 1950s as a result of above ground nuclear weapons
testing. The number of nuclear detonations reached its highest
in 1962, resulting in a maximum in '*’Cs fallout the following
year. As a consequence of the nuclear weapons Limited Test
Ban Treaty instated in 1963 (Carter and Moghissi, 1977), little
radioactive fallout was observed in the late 1960s and 1970s in
the northern hemisphere. Because '*’Cs deposition reflects the
history of nuclear tests, this artificial radionuclide is commonly
used as a chronostratigraphic marker to constrain dating
records (Anderson et al., 1988; Ritchie and McHenry, 1990;
Spliethoff and Hemond, 1996; Appleby, 2001). Following the
1986 Chernobyl accident, the atmospheric concentration of
'37Cs in Europe remained ~4-times higher than the 1963 levels
for several months (Cambray et al., 1987) and a number of
investigations reported the presence of Chernobyl-derived
'37Cs in sediment traps from the Black Sea and a lake in
Switzerland (Buesseler et al., 1987; Wieland et al., 1993) and in
surficial sediments from Denmark (Ehlers et al., 1993), Neth-
erlands (Zwolsman et al., 1993), Switzerland (Dominik and
Span, 1992; Gunten et al., 1997; Albrecht et al., 1998) and UK
(Gevao et al., 1997). At these locations, elevated activities of
137Cs imply that the 1986 peak can serve as a valuable sedi-
mentary marker for several decades ('*”Cs half-life = 30.2 yr).
As part of a study to develop historical records of combus-
tion (Lima et al., 2003), we collected sediment cores from an
estuarine anoxic basin site in southern Rhode Island and gen-
erated detailed >'°Pb, '*’Cs, and varve chronologies. The an-
oxic nature of this environment inhibits bioturbation, creating
undisturbed laminations that are ideal for sediment dating.
Here, the varve chronology is used to validate the dates gen-
erated by 2'°Pb models, and not the other way around. We
revisit the >'°Pb models used for dating recent sediments and
show that '*’Cs derived from the Chernobyl accident was


http://www.world.nuclear.org
http://www.world.nuclear.org

1804 A. L. Lima et al.

?1"?4‘1111‘

snnsmannint!

£
L

41°30' N Sampling Site

V.-uq., e

womn-| Pettoquamscutty (

River N st
; ,_,.t' { arr;ga:;ns
X
‘ L
N

41°26' N {/

Fig. 1. Map showing the boundaries of the watershed of the Petta-
quamscutt River (RI) (dotted line) and the location of the site of
sediment freeze-core collection. Modified after Lima et al. (2003).

preserved in sediments from a site in the Northeastern United
States.

2. EXPERIMENTAL
2.1. Study Area

The Pettaquamscutt River, also known as the Narrow River, is
located in Washington County, southern Rhode Island (Fig. 1). This
estuary is ~9.7 km long, ranges from 100 to 700 m in width (Boo-
throyd, 1991) and has a small (35 km?) drainage area (Orr and Gaines,
1973). The Pettaquamscutt can be morphologically divided into two
basins and a channel. The upper basin is 13.5 m deep at its maximum
and receives input of freshwater from the Gilbert Stuart Stream. The
lower basin is deeper (19.5 m), has a larger area and is confined to the
north by a shallow sill (less than 1 m deep) and to the south by a long
narrow channel that connects it to its salt-water source, Rhode Island
Sound. The bottom waters and sediments of the upper and lower basins
are permanently anoxic, mostly due to a stable salinity-dominated
stratification of the water column (Gaines and Pilson, 1972). As a
result, no bioturbation of the surficial sediments is observed and annu-
ally laminated layers are well preserved (Fig. 2).

2.2. Sampling

Freeze-cores were collected in the deepest part of the lower basin
(Fig. 1) in April 1999 (Lima et al., 2003). Unlike gravity coring, which
can disturb the surficial sediments and lead to compaction of sediment
layers, freeze coring allows for recovery of intact sediment-water
interfaces (Shapiro, 1958). Consequently, this sampling technique is
ideal for high-resolution records of aquatic sediments, and especially
those containing high amounts of siliceous tests that render sediments
flocculant (Koide et al., 1973). Before lowering into the water, the
aluminum corer (30 X 8 X 165 cm) was filled with a slurry of dry ice

and methanol. The corer was lowered to approximately 2 m above the
sediment-water interface, allowed to drop into the sediment and left
there for ~10—15 min, so that a thick slab of sediment froze onto the
metal surface of the corer. After collection, the sediment slabs were
separated from the corer, wrapped in aluminum foil, kept in dry ice, and
transported back to the laboratory where they were stored in a chest
freezer (—18°C). X-radiographs of the frozen slabs collected in 1999
showed laminated sediments and confirmed the absence of benthic
animal burrows (Fig. 2). Here, we report results from the slab that
showed the most distinct and the highest number of laminations on the
X-radiographs. It is noteworthy that the cores did not show different
number of laminations, the X-radiographs did. When we were choosing
the cores, we were not looking at thin-sections, but at X-radiographs
taken at a medical facility. Because the X-ray machine was not dedi-
cated to X-raying sediments and the cores varied in thickness, different
numbers of laminations were observable in each core. However, the
sand layers deposited by the 1954 and 1938 hurricanes were distinct in
every X-ray slide.

Before sampling the core, a 10-cm-wide subsection of the slab was
cut lengthwise to be made into thin sections for subsequent varve
counting (*'°Pb measurements and varve counting were conducted on
the same sediment slab). The frozen sediment was subsequently sliced
using a compact tile saw equipped with a diamond wafering blade,
while the slab was kept frozen by regular applications of liquid nitro-
gen. The sediment-water interface was sectioned at 1 cm, while the
remaining of the core was sliced at 0.5 cm intervals. The samples were
placed in precombusted glass-jars, air-dried, homogenized with a mor-
tar and pestle, and stored until radiometric measurements and geo-
chemical analyses were performed. The deepest portion of the lower
basin of the Pettaquamscutt River has been sampled repeatedly over the
years. In this paper we also refer to data obtained for freeze-cores
collected in 1987, 2000, and 2003.

Fig. 2. Composite image of 20" century laminations from the lower
basin of the Pettaquamscutt River. Laminae deposited by historical
hurricanes (1954, 1938) are marked with arrows and help constrain the
varve chronology. The width of the composite has been exaggerated
2X; scale bar = 1 cm.
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2.3. Varve Counting

Sediment pieces (6 cm X 4 cm) were taken from a 10-cm wide
subsection saved for varve counting, dehydrated and embedded with
Spurr (1969) resin, following the procedure of Pike and Kemp (1996).
The resulting slabs of sediment/resin were mounted on glass slides and
thin-sectioned using standard petrographic techniques. Thin sections
were scanned under cross-polarized films using a flat bed scanner with
transparency capabilities to produce tag image file (TIFF) digital im-
ages with resolutions of 1440 dpi (De Keyser, 1999). The images were
imported into Adobe Photoshop, lamination boundaries were marked
with the “path” tool and the exported paths were processed using an
algorithm that counts and measures the thickness of each lamination
(Francus et al., 2002). Paths were constructed one or two times per thin
section. In the cases where the counts were repeated, the varve numbers
remained consistent (error within ~1%). Although only two counts per
thin section limits the confidence of an individual count, we address
this by counting numerous cores from the same location. By using this
multiple core method, we can address both counting error as well as
disturbances in individual core records. The resulting data files for each
sediment piece were overlain to produce a continuous record of varve
thickness, number, and depth. Because during core recovery the sides
of the cores are broken off, the sediment close to the edge can have
slight hiatuses at the breaks. To make sure our varve chronology was
complete, we compiled data from freeze cores taken in 1999, 2000, and
2003 to produce a master varve chronology for the lower basin. Distinct
sediment marker bands were used as a primary tool for correlation
between cores. Using such laminae, the cores were divided into sec-
tions representing between 26 and 63 couplets. Sections from all cores
were compared using skeleton plots of couplet thickness (Lamoureux,
2001). This technique was used to address poorly defined couplets in
the original core. This multiple-core chronology is superior to that from
a single core because it enables the identification of laminae that may
have been disturbed in the original core (Lamoureux, 2001). In addi-
tion, we would like to emphasize that we were not using completely
different cores for varve counting and 2'°Pb measurements (although
that is not uncommon in the literature).

2.4. Gamma Spectrometry

Aliquots of dry sediment (1-2 g) were measured for 2'°Pb, *°Ra and
137Cs by direct gamma counting using a high purity germanium detec-
tor (Canberra model GCW 4023S) with a closed-end coaxial well.
219ph was measured by its emission at 46.5 keV, and **°Ra by the 351
keV emission by its daughter isotope *'“Pb (with a correction for losses
of the intermediary gaseous isotope **?Rn). Cesium-137 was measured
by its emissions at 661 keV. Detector efficiency was determined by
counting a National Institute of Standards and Technology (NIST)
traceable mixed liquid gamma standard (Isotope Products Labs) and a
certified 2'°Pb standard (Physikalisch Technische Bundesanstalt
[PTB]). The background corrected counts were then analyzed with the
GESPECOR software, which uses Monte Carlo simulations to correct
for self-absorption and coincidence-summing effects (Sima et al.,
2001). Excess 2'°Pb was calculated as the difference between the
measured total >'°Pb and the estimate of the supported >'°Pb activity as
given by *'“Pb (*'°Pb,,. = *'°Pb,,,, — >'*Pb). Counting errors for
137Cs ranged from 5.8 to 40% of the total activity (+107) and those for
219pb, .. and >'*Pb were propagated to >'°Pb,,., which ranged between
4%-20% (*10). Minimum detectable activity was calculated at 0.004
Bq for '*’Cs and 0.040 Bq for ?'°Pb

exc*

2.5. Total Organic Carbon, Radiocarbon Content and Density
Measurements

Dry sediment densities were measured at 2-cm intervals using a
2-mL specific gravity bottle (calibrated volume = 1.98-mL). Sediment
densities were measured at odd numbered depths (1 cm, 3 cm. . .). For
all other sediment layers we decided against fitting the data, interpo-
lating it or using a constant density value (which is how most calcu-
lations are done). Instead, we assumed that density did not change
dramatically between measurements. Therefore, for middepth 2.25-cm
we used the density value obtained for the layer above it (1 cm). This
procedure was used throughout the core.

A Fisons 1108 elemental analyzer was used to measure the total
organic carbon (TOC) content of the samples. To remove the inorganic
fraction, ~2 mg of dry sample was weighed into a silver capsule and
acidified with HCI under vacuum. The samples were then dried in an
oven at 50°C, folded, placed inside tin capsules (for better catalysis of
the oxidation reaction) and analyzed. Samples were run in triplicate and
all reported weight percentages represent the mean * one standard
deviation. Carbon content was determined through a five-point calibra-
tion curve of a sulfanilamide standard (0.05 to 0.50 mgC). Subsamples
of the dry sediment were submitted to the National Ocean Sciences
Accelerator Mass Spectrometry (NOSAMS) facility where they were
analyzed for radiocarbon (*C) and stable carbon isotopic composition
(8"3C") according to established procedures (McNichol et al., 1994).
14C values are expressed as A'*C>, which is the measured '“C concen-
tration normalized to preindustrial atmospheric values reported in per-
mil (%o) (Stuiver and Polach, 1977). Routine precision for 8'>C and
A'C measurements at NOSAMS are ~0.1 and 5%o, respectively.

3. 2'Pb AGE MODELLING

Since its introduction in the early 1970s, the use of ?'°Pb as a dating
technique has become established as an important means of deriving
sedimentation rates and ages of recently deposited sediments. Lead-210
enters aquatic systems by direct precipitation or by run-off from the
catchment area. The total amount of *'°Pb present in lake sediments
represents a mixture of that formed within the sediment from the decay
of ?°Ra deposited by soil erosion (supported *'°Pb), and that formed in
the atmosphere by the decay of **’Rn (unsupported or excess >'°Pb,
219pp, . .). The activity of supported 2'°Pb is estimated by measuring the
activity of either '*Pb or ??°Ra, while the activity of 2'°Pb,. is
determined by the difference between the total and the supported *'°Pb
(*'"%Pb,,. = ?'°Pb,,,, — >'*Pb). The decay of this atmospherically
derived 2'"°Pb provides a measure of the rate of deposition of the
sediment column. In the absence of sediment mixing, two models are
commonly used to derive age-depth correlations in sedimentary pro-
files. The constant rate of supply (CRS) model (Appleby and Oldfield,
1978) assumes that sedimentation rate and sediment compaction
change throughout the core and automatically corrects for these param-
eters, while the constant initial concentration (CIC) model (Goldberg,
1962; Krishnaswamy et al., 1971) assumes that sedimentation rate is
constant in the area under study and requires that the depth of the
sediment column be corrected for compaction before the method be
applied. Both models assume no postdepositional migration of 2'°Pb
and a constant flux of 2'°Pb,__. at the sediment-water interface.

Concentration and flux relate to each other by the equation

C=— (D)

where r is the mass accumulation rate. By assuming a constant flux of
210pp, . at the sediment-water interface and constant sedimentation
rate, the CIC model fixes the concentration of >'°Pb, . at the surface. If
no physical processes alter the amount of ?'°Pb,,. in the surface
sediments, the activity of '°Pb,,. declines down the sedimentary
profile according to its natural radioactive decay:

Ciy = Cexp(— A1) 2)

where C is the >'°Pb,,. concentration per mass of dry sediment (Bq
kg~!) at the sediment-water interface (C(0)) and at depth x (C(,)), A is
the decay constant of 2'°Pb (0.03114 yr '), and ¢ is the age of the
sediment at depth x. Because the age of the sediment is a function of
sedimentation rate (R) (cm yr~ ') and depth (x) (cm), Eqn. 2 takes the
form:

A
Ciy=C)* exp(—]—e * X) 3)

' B38C(%o) = {L(PC / 2C) e (*C / 2C)pps] — 11X 1000; where PDB
= Pee Dee Belemnite carbonate standard.

2BAC(%o) = (%modernxe™ — 1)X1000, where A\ = '“C decay
constant and ¢t = calendar age.



1806 A. L. Lima et al.

From this point, there are at least three different ways of calculating
sedimentation rate using the CIC model. Graphically, the semilogarith-
mic plot of 2'°Pb, . concentration against depth is predominantly linear
and the mean sedimentation rate is taken from the ratio of the decay
constant of 2'°Pb to the slope of the line (CIC with no compaction
correction and constant sedimentation rate). If compaction plays an
important role in the study site, such as in the Pettaquamscutt River
sediments, the slope of this line decreases towards the top of the core
as a result of reduced compaction at surface, assuming no physical
mixing and no change in accumulation rate has taken place. The effects
of compaction can be eliminated from the CIC model by expressing
depth in terms of cumulative dry mass of sediment (m) (g cm™?):

Dry bulk density (DBD), = (1 = ¢)Psea “
m =2, (DBD, X T, 5)

where ¢, is the porosity at depth x; p,,, is the density of the sediment
at depth x and 7 is the thickness of the sediment layer. Eqn. 3 now takes
the form (Hughen et al., 1996):

A
Coy=Cp* exp(—; m) (6)

r, the mass accumulation rate (g cm ™2 y~!), is calculated by the ratio
of the decay constant of 2'°Pb to the slope of the line of the semiloga-
rithmic plot of 2'°Pb,, . concentration against cumulative dry mass, and
sedimentation rate (R) as a function of depth is calculated by (Hughen
et al., 1996) (CIC with compaction correction):

r

R=—— 7

(1= d)pya @
A third way of calculating sedimentation rate with the CIC model is by
simply applying Eqn. 2 to the data (CIC with no compaction correction
and variable sedimentation rate). Since Cy, is the >'°Pb,, . concentra-
tion per mass of dry sediment (Bq kg~') at the sediment-water interface
and C,, is the *'°Pb,,. concentration of the layer under investigation,
then ¢, the age of the sediment at depth x, can be calculated for each
depth. Because this method does not fit a regression line through the
data, calculated sedimentation rates vary with depth and yield scattered
results.

In the CRS model, the initial concentration of >'°Pb,,. and the
sediment accumulation rate vary with time, but their product remains
constant and equals the flux of 2!°Pb, . that reaches the sediment-water
interface. The constant flux assumption implies a constant residue of
219pp__ . within the sediment column. Eqn. 2 then takes the form:

Ay =Apexp(—Ar) (8)

where A, is the residual >'°Pb,,. in the core below depth x (Bq m™?),
and A, is the entire *'°Pb,,. inventory below the sediment-water
interface. Because measurements are rarely made on every sample from
a core, the midpoint procedure is applied in most cases. The residual
210pp, . for each sediment layer is calculated by multiplying 2'°Pb,.
concentration (C,,) by cumulative dry mass (m), using the trapezium
rule described by Appleby (2001). The age of each sediment layer can
be calculated by rearranging Eqn. 8,

L Ag
t=—1In(— 9
N (Am) (©))

and the mass accumulation rate at time ¢ from (Appleby, 2001)
r=— (10)

For a more extensive discussion of applications of CIC and CRS
models and derivation of mathematical equations, refer to Appleby
(2001), Turner and Delorme (1996), and Eakins (1983).

4. RESULTS AND DISCUSSION
4.1. Sediment Properties

Water content, density and porosity are some of the basic
parameters necessary for dating sediments. Most studies as-
sume a sediment dry density between 2.3 and 2.7 g cm >
throughout a core. However, measured dry densities for the
Pettaquamscutt River sediments ranged from 1.58 to 2.29 g
cm > (Table 1), well below the commonly assumed values.
These low values reflect the composition of the sediments,
which are dominated by diatom frustules (45 to 65%) and
organic matter, with small amounts of pyrite and clastic mate-
rial and no carbonates (Orr and Gaines, 1973). The organic
carbon content varied from an average of 8.1 * 0.7% in surface
layers to 9.8 = 0.8% below 30 cm, and increases in organic
carbon content were frequently associated with declines in
sediment density.

Porosity (¢p) was calculated from the weight percent of water
in the sediments, following the equation by Berner et al.
1971):

WX Psed
WX Psed + (1 - W)pwawr

where W is the weight percent water, p,,, is the dry density of
the sediment, and p,,,., iS the density of the pore water
(Proarer= 0.9997; assuming a salinity of 27 %o and temperature
of 10°C for the pore water (O’Sullivan et al., 1997). The
porosity in the Pettaquamscutt River sediments ranged from
0.965 at the surface to an average of 0.883 below 30 cm (Table
1). Although this is only a 8.5% decrease over 30 cm, the ratio
of solid to pore-water volume [(1 — ¢)/¢}] increases by almost
a factor of 3. This variation indicates that the bottom layers of
the core are undergoing continuous compaction due to the
weight of overlying sediments, so that the thickness of a 1-yr
increment is larger at the surface than in deeper layers (Fig. 2).

¢ (11)

4.2. Varve Counting and *'°Pb Chronology

A key assumption in varve counting chronologies is that two
seasonally controlled laminae are deposited annually and sed-
iment ages can be calculated by counting each couplet. A
predominantly biogenic layer forms as phytoplankton remains
from the spring/summer bloom settle out of the water column.
This biogenic layer appears dark under cross-polarized light
due to the small amounts of birefringent minerals. During the
fall/winter productivity is much lower and clastic material from
the watershed dominates the input to the sediment surface. This
clastic layer appears bright under cross-polarized light. Exam-
ination of the thin sections from the upper sediment column of
the lower basin of the Pettaquamscutt River showed that this
pattern of deposition was present in the sediments, allowing a
precise varve chronology. Additional constraints to the varve
chronology come from occasional coarse-grained (fine sand)
winter laminae. These layers are deposited as large hurricanes
rework the material from the surrounding watershed. The good
correlation between coarse-grained layers and the two largest
hurricanes to hit Rhode Island in the twentieth century (1954,
1938, Fig. 2, Table 2) supports the accuracy of this varve
chronology.
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Table 1. Values obtained for selected sediment properties, radiometric determinations, 2'°Pb chronology calculation using the CRS model and varve

chronology are listed below.

Midpoint Psed DBD m 2P 137Cs CRS model Varve
depth (cm) (g cm ™) W (%) Porosity ¢ (g ecm™?) (g cm™?) (Bq kg™ ") (Bq kg™ date date
0.5 2.3 93 0.9668 0.076 0.04 551 = 23 = DL* 1999 = 0 1998
2.25 2.3 92 0.9607 0.090 0.18 440 = 29 = DL 1995 = 1 1996
4.25 2.2 91 0.9551 0.099 0.37 371 £ 22 = DL 1992 = 1 1993
5.25 1.9 90 0.9434 0.109 0.48 473 + 28 = DL 1990 = 1 1991
6.25 1.9 89 0.9386 0.118 0.59 282 + 13 3+1 1988 = 1 1989
7.25 2.0 88 0.9325 0.135 0.72 375 £ 27 6+ 1 1987 = 1 1987
8.25 2.0 87 0.9429 0.114 0.84 310 £ 25 52 1985 = 2 1985
10.25 2.1 88 0.9350 0.135 1.09 302 + 30 = DL 1981 = 2 1981
12.25 1.9 88 0.9243 0.148 1.37 217 £ 15 = DL 1977 = 2 1976
14.25 1.9 87 0.9222 0.152 1.67 220 = 23 11 =2 1972 = 2 1972
16.25 1.9 87 0.9263 0.143 1.97 179 = 12 16 = 2 1968 = 2 1968
17.25 1.9 86 0.9222 0.150 2.11 195 = 11 21 =2 1966 = 2 1965
18.25 1.9 86 0.9120 0.170 2.27 158 = 15 25 £ 2 1963 = 2 1962
19.25 1.9 85 0.9119 0.169 2.44 135 = 9 14 =2 1961 = 3 1960
20.25 1.9 85 0.8984 0.195 2.63 149 = 10 11 =1 1958 = 3 1957
22.25 2.0 84 0.9132 0.174 2.99 112 = 11 4+ 1 1953 = 3 1950
24.25 2.0 85 0.9155 0.166 3.33 125 = 8 = DL 1947 = 3 1944
26.25 2.0 84 0.9095 0.177 3.68 93 + 11 = DL 1941 = 4 1937
30.25 1.7 84 0.8953 0.183 4.40 96 + 16 = DL 1926 = 4 1920
34.25 1.8 83 0.8930 0.194 5.15 47 =9 = DL 1904 = 5 1904
38.25 1.7 82 0.8841 0.195 5.93 23 + 17 = DL 1882 = 5 1988
42.25 1.8 82 0.8744 0.221 6.76 8 *+3 = DL 1863 = 6 1871
44.25 1.7 81 0.8827 0.199 7.18 7+3 = DL 1855 = 7 1863
46.25 1.6 82 0.8785 0.193 7.58 -3 = DL 1856
48.25 1.6 81 0.8715 0.203 7.97 -5 = DL 1845
49.25 1841

DL = detection limit = 0.004 Bq.

Radiometric results obtained for the Pettaquamscutt River
sediments are shown in Figure 3 to 6 and Table 1. The down-
core profile of 2'*Pb activities is nearly uniform with depth,
while total >'°Pb activities decrease exponentially until *'*Pb-
supported levels are reached at ~42 cm (Fig. 3a). The resulting
210pp, . profile (Fig. 3b) follows closely the exponential shape
of 2'°Pb,.,, attesting to the good preservation of these sedi-
ments. Indeed, if the surficial sediments were physically dis-
turbed (either during recovery of the core or due to rapid
bioturbation), the 2'°Pb_.. distribution would be uniform
within the mixed layer.

Discrepancies among the three different methods for CIC
calculation and the CRS model were checked against indepen-
dent varve counting (Fig. 4, Table 2). The different ways of
determining age-depth correlations using the CIC model yield
contrasting results. Compaction is an important process in the
sediments of the Pettaquamscutt River, consequently the CIC

exc

chronologies generated by neglecting compaction (e.g., calcu-
lating age from the slope of the plot of *'°Pb,, . concentration
against depth and from Eqn. 2 did not agree well with the varve
counts. The constant sedimentation rate calculated using the
slope of the plot of >'°Pb_, . concentration against depth over-
estimated sedimentation rates for layers above 30 cm resulting
in ages older than the varve chronology (Table 2), while the
CIC model with no compaction correction and variable sedi-
mentation rate resulted in scattered values. The CIC model that
corrects for compaction of the sediment layers (e.g., from the
slope of the plot of *'°Pb,_. concentration against cumulative
dry mass) yielded ages slightly older than those from the CRS
(Table 2), probably because this CIC model does not account
for the possibility of small changes in mass accumulation rate.
For instance, sediments deposited at the peak of '*’Cs deposi-
tion (18.25 cm) were assigned a date of 1958 by this CIC model
and 1963 by the CRS model (Table 2), the latter date being in

Table 2. Date of deposition obtained for key horizons using the three variations of the CIC model, the CRS model and varve counting.

CIC CIC CIC
Depth no compaction no compaction compaction
(cm) constant R* variable R* correction CRS Varves Comment
7.25 1979 = 1 1986 = 1 1986 *= 1 1987 = 1 1987 Chernobyl peak
18.25 1948 £ 3 1958 £ 3 1958 £ 2 1963 = 2 1962 Maximum fallout
21.0° 1940 * 4° 1953 * 4° 1949 + 3° 1956 * 3° 1954 1954 Hurricane—sand layer
25.8° 1926 + 4° 1943 + 4° 1935 + 4° 1943 + 4° 1938 1938 Hurricane—sand layer

# Sedimentation rate.
® Interpolated date of deposition.
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Fig. 3. (a) Downcore profile of ?'*Pb activities is nearly uniform with depth, while total 2'°Pb activities decrease
exponentially until supported levels are reached at 42 cm. (b) Resulting >'°Pb,, . profile (exponential fit) is consistent with

the lack of rapid bioturbation of the sediments.

good agreement with the historical fallout of '’Cs. If the
sedimentation rate at the Pettaquamscutt River were constant,
then both '°Pb models would have produced identical results.
Instead, the results obtained by the CRS model followed the
varve chronology more closely than the CIC model that cor-
rects for compaction of the sediment layers, as expected for an
environment that has undergone changes in sedimentation rate.

Land use changes within a watershed tend to modify the rate of
sediment transport to nearby lakes and rivers. In 1995, only
22.7% of the watershed of the Pettaquamscutt River was com-
prised of residential land (Hubeny and King, 2003). Even
though there are no recent estimates available for land use for
residential purpose, this percentage is likely to have increased
in the past decade due to new urban developments in the region.
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Fig. 4. Chronology results obtained by the CRS model and by three different forms of applying the CIC model were

checked against the independent varve counting.
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Fig. 5. Radioactivity released by nuclear bomb testing in the 1960s was preserved in the Pettaquamscutt River
sedimentary record in the form of a sharp '*’Cs peak and increased amounts of radiocarbon in the total organic carbon (A'*C
TOC). A smaller and more surficial peak in '*’Cs activity dated of 1987 is consistent with fallout resulting from the

Chernobyl accident.

Varve counting results were also used as an independent
chronology that helped us evaluate the different *'°Pb models.
The good age agreement obtained between the varve counts
and 2'°Pb dates calculated by the CRS model (e.g., within 1 yr
at 1960 and within 8 yr at 1860, Fig. 4, Table 2) validated this
dating technique for the upper 35-cm of the Pettaquamscutt
River sedimentary column. We could have used the varve
chronology alone to date the sediments of the Pettaquamscutt
River, however our goal was to apply the 2'°Pb technique to
date recent sediments and use varve counting to extend the
chronology beyond the limit of the 2'°Pb method (100-150 yr).
Therefore, CRS model ages were used to date the uppermost
34-cm of the sediment column, while the varve chronology was
applied for sediment horizons between 35 and 70 cm. The use
of varve counts instead of the CRS model in the top 34-cm of
the core would not have changed the age estimates significantly
(Table 1).

4.3. ¥Cs and '*C Profiles

The sedimentary profile of '*’Cs (Fig. 5) in the Pettaquam-
scutt River shows good correlation with the history of atmo-
spheric deposition of radionuclides derived from nuclear weap-
ons testing. The first detection of '*’Cs in the sediment core
(22.25 cm) corresponds to 1953, which closely matches the
early 1950s increase in total fission yields from the explosions
(Carter and Moghissi, 1977). The yield and number of nuclear
detonations per year peaked in 1962, resulting in extensive
deposition of radionuclides in the Northern Hemisphere in
1963, the year the nuclear weapons Limited Test Ban Treaty
was signed (Carter and Moghissi, 1977; Appleby, 2001). The
elevated amounts of radioactivity released in the 1960s were

preserved in the Pettaquamscutt River sedimentary record in
the form of a sharp '*’Cs subsurface maximum with highest
activity in sediments with an assigned deposition age of 1963,
as well as increased amounts of radiocarbon ('*C) in the total
organic carbon (TOC) (Fig. 5). Nuclear weapons tests roughly
doubled the levels of '*C in the atmosphere (Levin and Kromer,
1997), raising the A'*C of CO, to values greater than + 900
permil (%o) (Levin et al., 1985), the so-called “bomb spike.”
The incorporation of bomb-'*C into terrestrial and aquatic plant
biomass through photosynthetic carbon fixation is manifested
in the sedimentary record as an increase in A'C in the TOC
(Fig. 5). The relative timing of the '*’Cs peak and the rapid
A'C rise is primarily determined by the pathways by which
these radionuclides are incorporated into the sediments. Cesi-
um-137 deposited on aquatic systems by direct dry and wet
fallout quickly sorbs onto settling particles, reaching the sedi-
ments in a matter of months (depending on the water column
depth) (Santschi et al., 1988; Wieland et al., 1993). The rate at
which atmospheric 'C signals propagate into sedimentary
TOC depends on the relative contributions from different or-
ganic carbon sources (e.g., terrestrial vs. marine) and the resi-
dence times for carbon in each reservoir. The similar timing in
the rise in A'*C and '*’Cs (Fig. 5), together with the relatively
depleted stable carbon isotopic composition (8'*C) of the TOC
throughout the core (—24.1 ® 0.5%¢, n = 37) suggests that
terrestrial OC plays a significant role in the amount of “pre-
aged” organic carbon deposited in the Pettaquamscutt River
sediments. However, the fact that the A'*C profile of TOC does
not exceed 0%o, typical of atmospheric “bomb '*C” (Levin and
Hesshaimer, 2000), implies that recent material is being diluted
by relict terrestrial OC from sedimentary and fossil sources.
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Fig. 6. The '*’Cs profile obtained for a core collected in 1987 in the
Pettaquamscutt River (Appleby, 1993) showed a rise in activity that
correlates extremely well with the Chernobyl '*’Cs maximum observed
in this study.

The downcore profile of '3’Cs also reveals a smaller peak in
activity closer to the surface '°Pb-dated at 1987. The timing of
this peak is consistent with fallout resulting from the release of
radioactivity that followed the 1986 Chernobyl reactor fire in
Ukraine. Elevated surface air concentrations and ground dep-
osition of radionuclides due to the Chernobyl accident were
reported throughout the Northern Hemisphere, in locations as
far apart as Japan (Ayoama et al., 1986), Switzerland (Santschi
et al., 1988), and Sweden (Devell et al., 1986). At some
European sites, the deposition of Chernobyl '*’Cs provided
another datable horizon in the sediments, characterized in some
cases by an even greater inventory than that resulting from the
bomb tests (Dominik and Span, 1992; Ehlers et al., 1993;
Callway et al., 1996; Gevao et al., 1997). Several studies
reported the passage of the Chernobyl plume over the United
States (Bondietti and Brantley, 1986; Larsen et al., 1986; Dibb
and Rice, 1988; Feely et al., 1988). Surface air measurements
conducted by the Environmental Measurements Laboratory
(EML) following the announcement of the reactor explosion
revealed simultaneous appearance of elevated radioactivity in
both the eastern and western United States (Larsen et al., 1986).
Monitoring of '*’Cs concentrations from 6 May to 29 May
showed comparable surface air concentrations at 8 sites (Larsen
et al., 1986), suggesting that the portion of the Chernobyl
plume that arrived in the United States was homogeneous in
composition. The closest EML monitoring sites to the Petta-
quamscutt River were New York City (NY) and Chester (NJ).
The total fallout of '*’Cs at these locations in May 1986 was
~41 Bqgm ™ ? and ~68.5 Bq m™ 2, respectively and rainfall was
responsible for ~90% of the deposition (Larsen et al., 1986).
The higher efficiency of rain events in removing '*’Cs from the
atmosphere relative to dry fallout was also demonstrated by
137Cs accumulation rate measurements in Switzerland (70%—
80% efficiency for rain vs. 20%—-25% for dry fallout) (Santschi

et al., 1988), where the amount of '*’Cs deposited varied by at
least one order of magnitude depending on the volume of
precipitation (Dominik and Span, 1992). Because rain removes
137Cs efficiently from the atmosphere, the ratio of '*’Cs de-
posited by wet fallout to the amount of precipitation that fell in
May 1986 is fairly similar in both New York City (12,440 Bq
m™?) and Chester (13,880 Bq m—>). To our knowledge there is
no data on the surface air concentration or deposition of '*’Cs
available for the state of Rhode Island following the Chernobyl
accident. However, it is possible to estimate the total amount of
'37Cs deposited in the Pettaquamscutt River using the volumet-
ric concentrations of '*’Cs calculated for New York and
Chester and the amount of rain that fell in the Kingston area
(RD) in May (4.77 cm; NOAA, 1986). While this exercise gives
a range in '*’Cs accumulation between 59.4 Bq m~ 2 and 66.2
Bq m 2, the decay-corrected Chernobyl '*’Cs inventory in the
Pettaquamscutt River sediments is only 22.5 Bq m~2. There-
fore, even if only a third of the Chernobyl '*’Cs washed out by
local rain reached the sediments of the lower basin of the
Pettaquamscutt River, the undisturbed nature of this deposi-
tional environment was able to record it.

Another line of evidence in support for the Chernobyl origin
of the surficial '*’Cs peak derives from a freeze-core collected
in 1987 in the lower basin of the Pettaquamscutt River (Fig. 6).
After slicing the sediment at 2 cm intervals, '*’Cs, 2'°Pb and
214pPb were measured by direct gamma assay and chronology
was calculated at the Liverpool University Environmental Ra-
dioactivity Research Center (Appleby, 1993). The down core
profile of '*’Cs obtained for the 1987 core shows an increase in
activity at 1 cm that correlates well with the Chernobyl '*’Cs
maximum that we observed in this study. Deposition of '*’Cs
derived from Chernobyl was not yet complete when the 1987
core was collected, which is reasonable considering that set-
tling particles can reside in the water column for months before
reaching the sediments (Santschi et al., 1988). However, the
good agreement between cores collected 11 yr apart strength-
ens our belief that the elevated '*’Cs activities observed in the
Pettaquamscutt River sediments at depths dated ~1987 record
the deposition of Chernobyl '*’Cs in North American sedi-
ments. This peak in '*’Cs may not be recognizable in other
locations of the United States possibly due to insufficient depth
resolution of the cores, bioturbation of sediment layers or to the
strong dependency of the fallout on local rainfall. The similar-
ity of profile shapes for the 1987 and 1998 cores also indicates
that diffusion and resuspension of '*’Cs are not significant in
this system. If resuspension were a substantial process in the
Pettaquamscutt River, higher '*’Cs activities would be ob-
served at sediment layers younger than the maximum deposi-
tion (1963 and 1987). Furthermore, if diffusion were an active
process, '*’Cs deposited in 1963 would have diffused into
adjacent layers of lower activity and Figure 6 shows that this is
not the case. Moreover, our density and porosity measurements
show no evidence of a change in sediment morphology that
could be connected with an interruption of the 1960s '’Cs
peak by a turbidite or other sandy layer. The presence of two
'37Cs marker points (1963 and 1987) in the Pettaquamscutt
River segregates a portion of the sediment column that could
prove valuable in the understanding of processes of decompo-
sition and preservation of terrestrial and aquatic organic matter.
This information is often lacking and can be useful in deter-
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mining long-term diagenetic processes. Although the 1987
'37Cs peak has low activity, it should still be detectable in this
environment for the next few decades.

5. CONCLUSIONS

The anoxic and laminated sediments of the Pettaquamscutt
River display the first known record of a Chernobyl '*’Cs peak
in sediments from North America. The Chernobyl '*’Cs activ-
ities measured in the sediments are three-times lower than the
calculated wet deposition for this area, demonstrating that
rainfall alone could have produced the observed peak in '*”Cs.
Although this peak may only be detectable for the next few
decades, the presence of two '*’Cs marker points (1963 and
1987) identifies a segment of the sediment column that can
potentially be used to evaluate the importance of compaction
and decomposition and preservation of organic matter. Differ-
ent methods for calculating the 2'°Pb chronology were also
evaluated in this study and checked against independent varve
counting. In the case of the Pettaquamscutt River system, the
CRS model provided results that matched the varve counting
more closely and was applied for the most recent portion (100
yr) of the core. The absence of sediment mixing by benthic
organisms was consistent with the exponentially decreasing
trend of the 2'°Pb_,. profile, making this site well suited for
reconstruction of historical records.
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