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Abstract
137

Cs has been extensively utilised for the investigation of catchment sediment dynamics. Its

activities can be indicative of sediment derived from surface sources and its inventories in
deposited sediments are representative of local fallout, sediment accumulation rate and
sediment source.
Lakes represent ideal depositional environments for the reconstruction of historical sediment
dynamics. In the UK, 137Cs depth profiles and inventories of lake cores have been investigated
in a large number of catchments but no study has attempted to synthesise all of this data to
identify national trends. The aim of this study was therefore to determine what can be learnt
from the 137Cs inventories and profiles in UK lakes currently available.
Analysis revealed that local reference fallout, the rate of sediment deposition (cm yr-1) and the
lake – catchment area ratio, are the most important factors controlling lake 137Cs inventories.
However, mobile

137

Cs delivery to the lake shortly after fallout dissolved in runoff or in

association with mobilised sediment in transit from source towards the lake are also major
controls on the inventories and especially on the down-core profiles. In the present day, it is
suggested that dissolved 137Cs inputs remain major controls on the corresponding activities of

recently deposited sediments as they are often higher than potential contributing catchment
sediment sources.
Despite this uncertainty, 137Cs depth profiles can provide information on sediment sources and
dynamics when interpreted carefully in the context of other lakes in the UK and catchment
characteristics. Several distinctive down-core profiles and unexpected inventories evaluated by
the work reported here yielded valuable insight into catchment sediment dynamics.

Introduction
Since its creation during nuclear weapons testing and the Chernobyl accident (Cambray et al.
1989) 137Cs has been heavily utilised for the investigation of catchment sediment dynamics. As
a fallout radionuclide,

137

Cs is primarily delivered to the earth’s surface in association with

rainfall (Longmore 1982). The concept that

137

Cs is rapidly and irreversibly absorbed to

sediment is widely asserted and forms a foundation of many of its applications (Tamura and
Jacobs 1960; Lomenick and Tamura 1965). For example, rates of soil erosion have been
calculated by comparing the

137

Cs inventories of un-eroded reference sites to those from

eroding sites (Ritchie & McHenry 1990; Walling and Quine 1990). The

137

Cs activities of

sediment have been used to fingerprint its sources (Walling et al. 1993; Motha et al. 2004;
Olley et al. 2012; Walling and Foster, 2016), and 137Cs profiles of deposited lake and floodplain
sediments have been used as date markers (Appleby et al. 1990; He et al. 1996; Foster and Lees
1999; Yang and Rose 2005) for estimating medium-term deposition rates.
Either the activities or inventories of catchment soils and sediments are compared when
using 137Cs as a tracer for sediment dynamics. A difference in 137Cs activity between a range
of different sediment sources has been shown to exist. For example, low activities would be
expected in channel banks or subsurface sources as they are not exposed to direct atmospheric
fallout (Owens et al. 1997). In undisturbed grassland or woodland soils, 137Cs is concentrated
in the top few centimetres of the soil profile, producing high activities, whilst cultivated land
will have fallout mixed through the ploughed layer, resulting in lower activities than those of
undisturbed grassland soils (Walling and Woodward 1992). The 137Cs inventory is defined as
the total

137

Cs activity per unit area (Bq m-2) (Heit et al. 1984). It is expected that a site

underdoing erosion will have lost 137Cs and will have a lower inventory than the local reference

fallout, and a site undergoing deposition will have an excess inventory proportional to the
amount of sediment deposition taking place and the activity of the sediments sources.
A lake catchment with a high trap efficiency provides a depositional environment where
a chronology of catchment sediment inputs is stored within its sediments (Dearing and Foster,
1993; Foster et al. 2011). Characteristic peaks in

137

Cs activity mark the depths of high

atmospheric fallout in 1963 (the peak in weapons testing) and 1986 (the Chernobyl accident)
(Walling and He 1992). The total inventory and the activity of recently deposited sediments,
also provide information on the source of the sediment delivered to the lake (Walling and Quine
1990).
Despite the clear benefits to the use of

137

Cs in lakes a number of uncertainties are

associated with its use. Sediment focusing has been shown to concentrate catchment derived
sediment into an area smaller than the lake surface area, thereby increasing local rather than
lake-wide inventories (Owens et al. 1997). Additionally, processes of

137

Cs remobilisation

through bioturbation and dissolution have been attributed to the elongation of

137

Cs fallout

peaks in comparison to the pattern of atmospheric fallout (Klaminder et al. 2012). Such effects
have been investigated by comparing the lake profile to an estimate of that of atmospheric
fallout (Robbins et al. 1977; Olsen et al. 1981). A hydrological component of catchment
derived dissolved 137Cs may also contribute to the lake inventory close to the time of fallout.
However, this component has been shown to contribute only a small percent of the total
atmospheric deposition (Menzel 1974; Robbins 1985).
Despite the assertion that

137

Cs is largely immobile once associated with soils and

sediments, a body of literature exists on the environmental health concerns of its mobility
(Bunzl et al. 1997). 137Cs immobilisation has been shown to be a long process extending over
many years (Bunzl et al. 1995), as it moves from planar exchangeable sites to interlayer sites
within the matrix of clay minerals (Livens et al. 1996).
Sediment particle size has also been shown to cause the enrichment in the 137Cs activities
of fine sediments (Livens and Baxter 1988; He and Walling 1996) and it has been shown to
associate strongly with organic matter (Bertha and Choppin 1984; Choppin 1988). Therefore,
processes of selective sediment and organic matter transport between sediment source and sink
can cause enrichment in the activities and inventories of lake sediments. Lakes with a high
catchment – lake area ratio are likely to experience a low sediment trap efficiency meaning that

a curtailed down-core

137

Cs profile and reduced inventory will be present (e.g. Dearing and

Foster 1993).
Despite these uncertainties,

137

Cs has been utilised to investigate lake catchment

sediment dynamics. Walling and He (1993) and He et al. (1996) examined its depth distribution
to identify the influence of catchment-derived 137Cs and the post depositional redistribution of
137

Cs on the lake bed. A clear link between the 137Cs activities in catchment soils and the lake

bed profiles was established. Similarly, Walling and He (1992) compared the

137

Cs activities

of the sediment at the top of a lake core to the height of the 1963 peak to calculate contributions
of sediment from major surface sources.
In the UK, 137Cs depth profiles and inventories of lake cores have been investigated in a
large number of catchments (Foster et al. 2011; Pulley and Foster 2016). At present, however,
no study has attempted to synthesise all of this data to identify national trends and controls.
Therefore, the aim of this study was to determine what can be learnt from the 137Cs inventories
and profiles in UK lakes currently available.
To fulfil this overarching aim, the following objectives were identified:
1. To categorise the shape of down-core 137Cs profiles and determine how they relate to
catchment sediment and 137Cs dynamics.
2. To relate lake 137Cs inventories to catchment and sediment characteristics.
3. To compare the 137Cs activities of lake sediments to those of the potential sediment
sources present in the surrounding catchments, as well as the 137Cs inventories and
shapes of the depth profiles.
4. To determine if most of the excess 137Cs was delivered to the lakes shortly after the
peak in atmospheric fallout or more recently after fallout ceased.
5. To identify the upwards mixing of sediment and 137Cs within the cores as a possible
additional cause of uncertainty.

Methods

Study sites

This study was based upon a review of published literature and the collection of previously
unpublished data from a variety of researchers. Whilst the bulk of this paper investigates lake
cores, the down-core profiles of some floodplain and soil cores were also examined to aid in
the interpretation of the lake core data. Lakes and floodplains sampled prior to 1986 in regions
of the country which experienced significant Chernobyl fallout were not included in the
analysis due to the lakes not having the opportunity to contain the full local fallout inventory.
Similarly, cores sampled prior to 1975 in all areas of the UK were not included as atmospheric
fallout could potentially have continued after the time of sampling. After retrieval, most cores
were sectioned into slices between 0.5 and 2cm thickness for

137

Cs analysis, in some cases

slices were up to 7cm thick, and for March Haigh slices were up to 75cm thick.
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Stream density
(km km-2)
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Table 1: The lake and reference inventories and catchment characteristics (catchment
area excludes the lake area)
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a, Yang and Rose (2005); b, He et al. (1996); c, Foster and Lees (1999); d, Foster et al.
(2008) unpublished; e, Foster et al. (1990); f, Foster and Walling (1994); g, Pittam et al.
(2009); h, Evans et al. (2016) unpublished; i, Foster et al. (2006); j, Foster et al. (2003); k,
Foster & Lees (1999); l, Pulley and Foster (2016); m, Yeloff et al. (2005).

The cores used only for the examination of the profiles without the use of inventories
were:
Slapton floodplain 1 and 2 (Foster and Walling 1994); Teviot floodplain (Owens et al. 1999);
Axe FP (Du and Walling 2012); cultivated and undisturbed soil (Walling and Quine 1992);
Llangorse (Bennion and Appleby 1999); Macclesfield forest (Stott 1986); Culm floodplain

(Walling and Bradley 1989); Start floodplain (Walling and He, 1993); Kingsthorpe, Upon,
Earls Barton, Stanwick floodplains (Pulley et al. 2015). Ouse and Tweed floodplains (Walling
et al. 1999); atmospheric fallout (Cambray et al. 1989; Owens et al. 1997).

Figure 1: The locations of lake and floodplain cores, reference inventory sites and
sediment source sampling locations (inventories decay corrected to 2011).
1: Aqualate Mere, 2: Barnes Loch, 3: Big Pool St Agnes, 4: Boltby, 5: Chard Reservoir, 6:
Chew Valley Lake, 7: Diss Mere, 8: Elleron, 9: Eyebrook Reservoir, 10: Fillingham, 11:
Fontburn, 12: Furnace Pond A, 13: Furnace Pond B, 14: Gormire, 15: Great Pool Droitwich,

16: Groby Pool, 17: Hammer Pond, 18: Inholms, 19: Kyre Pool, 20: Llangorse*, 21: Llyn Fach,
22: Lurgashall, 23: Macclesfield Forest*, 24: March Ghyll, 25: March Haigh, 26: Merevale,
27: Newburgh, 28: Old Mill, 30: Pinkworthy Pond, 31: Portmore loch, 32: Powdermill Lake,
33: Seeswood Pool, 34: Silsden Reservoir, 35: Slapton Ley, 36: Stourton Lake, 37: Sywell
Reservoir, 38: Turton and Entwhistle Reservoir, 39: Wadhurst Park Lake, 40: Widdicombe
Ley, 41: Yetholm, 42: Axe*, 43: Culm*, 44: Earls Barton*, 45: Kingsthorpe*, 46: Ouse*, 47:
Slapton 1*, 48: Slapton 2*, 49: Stanwick*,50: Start*, 51: Teviot*, 52: Tweed*, 53: Upton*.
*Cores only used for the examination of their down-core profiles.

Objective 1: Down-core profiles
The characteristics of the down-core 137Cs profiles were quantified using the following metrics:
1. The median 137Cs activity of the core since the first occurrence of fallout.
2. The maximum activity found in the core.
3. The maximum activity found in the fallout peak centred upon1963.
4. The maximum activity in the core as a percentage of the maximum activity of the 1963
peak (where Chernobyl fallout is present this value will be above 100%).
5. The activity of the upper most layer of the core as a percentage of the maximum activity
found in the core.
6. The median activity in the core as a percentage of the maximum activity found in the
core.
7. The depth of sediment accumulated per year since 1963.
8. The depth of sediment between the first occurrence of 137Cs and the 1963 peak.
The metrics were selected to represent the magnitude of local fallout (1,2,3) the presence
of Chernobyl fallout (4), the activities of catchment derived sediment inputs (5,6), the depth of
sediment accumulation (7) and down-core diffusion (8).
The metrics were included in a Principal Component Analysis (PCA) with Varimax
rotation to determine the relative importance of the various components of the profiles and how
they relate to each other. The metrics most correlated with each Principal Component (PC)
were then included in a hierarchical cluster analysis in SPSS 20 to identify groupings of
different lake and floodplain profile types. The cluster groupings were manually checked, as it
was found that some profiles were highly complex and could not be completely classified
statistically. The profiles were compared to those of atmospheric fallout, undisturbed soils and

cultivated soils and an interpretation as to the factors controlling their shapes was made. The
metrics (5,6) determined to be related to catchment sediment inputs were compared to the rate
of sediment accumulation (7) and catchment land use to determine their effects.

Objective 2: Comparing
characteristics.

137

Cs inventories in lake cores to catchment and sediment

The total 137Cs inventory (Bq m-2) was recorded for each lake core (Figure 1; Table 1), where
values of the total inventory were not provided in the original publication they were calculated
using the 137Cs activity and dry density of each layer of the sediment cores. Each inventory was
decay corrected to 2011. The local reference inventory (corrected to 2011) was subtracted from
the lake inventory for each site. Reference inventories were derived from the original
publication where data were provided. Where no data were provided (28 lakes), they were
taken from the database of inventories produced by (Walling and Zhang, 2008), and the
inventory from the nearest sampled reference site was used for each lake catchment. Where
multiple reference values were equidistant to a lake a mean value was used. The resulting
“excess” inventory was divided by the number of years of sediment accumulation which had
taken place between the year the lake was sampled and the year of first detectable fallout,
assumed to be 1954 (Walling and Foster, 2016). This value was expressed as a percentage of
the local reference inventory accumulating as “excess” per year since fallout started. The mean
D50 absolute particle size (µm) and loss on ignition (%) was recorded from each paper for the
cores analysed. Due to the age of many of the papers included in this review and the differing
aims of the studies a complete dataset was not available for most lakes reviewed.
The following catchment characteristics were recorded for each lake using Arc Map 10.2
and compared to the annual excess 137Cs inventory (as a percentage of the reference inventory)
using a Spearman rank correlation analysis.


Lake area: Determined using a OS MasterMap® 1:1000 Topography Layer



Catchment area: Determined using the hydrology toolbox in Arc Map 10.2 with a OS
Terrain 5 1:10,000 DTM.



The lake-catchment area ratio.



The maximum and minimum altitude of the catchment: Determined using a OS Terrain
5 1:10,000 DTM.



The relative relief of the catchment calculated as maximum – minimum altitude (m).



The mean slope of the catchment (degrees): calculated using a OS Terrain 5 DTM and
the Slope tool in Arc MAP 10.2.



The length of river channels and ditches in the catchments: digitised as polylines from
an OS MasterMap® 1:1000 Topography Layer.



Catchment stream density (km of channel per km2)



The area of wetland at the inlets of the lakes: determined using a OS MasterMap®
1:1000 Topography Layer.

Objective 3: Activities in recently deposited lake sediments.

The activity in the upper most layer of sediment in each lake core (usually between 0 – 2 cm
depth) was decay corrected to 2011 and compared to published and previously unpublished
137

Cs activities in potential sediment source groups derived from source tracing studies. These

source groups included channel banks and woodland, pasture or cultivated surface soils, and
again, the 137Cs data for catchment source samples were also decay corrected to 2011.

Objective 4: Was most excess
since fallout ceased?

137

Cs delivered to the lakes shortly after fallout or in the time

In lakes where a full dataset was available, and a Chernobyl peak was not present, the
percentage of the total excess

137

Cs inventory found within the 1963 fallout peak (~1958 –

1975) and after the fallout peak ceased (post 1975) was calculated.

Objective 5: The potential for sediment redistribution.
The lake 137Cs profiles were also compared to profiles of geochemical elements to determine
if the profiles matched each other which would suggest that sediment redistribution is likely
causing the observed shapes of the 137Cs profiles.

Results

Down-core profiles

Profile types
Three PCs were identified explaining a total of 75.9% of the variance in the down-core profile
metrics, highlighting the diversity of the profiles present (Table 2). Component 1 related to the
137

Cs activity in the core and is likely controlled by the local reference fallout. The maximum

activity as a percentage of the activity of the 1963 peak loads highly on this component
indicating that the presence of Chernobyl fallout is a major control. Component 2 is controlled
by the median activity in the core as a percentage of the maximum activity, the activity at the
top of the core as a percentage of maximum and the depth of sediment accumulation since
1963. This component is therefore likely to represent catchment derived 137Cs inputs. The third
component is only controlled by the depth of sediment between the first occurrence of

137

Cs

and the 1963 peak, suggesting that it is related to the post-depositional down-core migration of
137

Cs. The lack of correlation between sediment accumulation per year beneath and above the

1963 peak suggests that the depth of

137

Cs containing sediment beneath the 1963 peak is not

controlled by sediment accumulation rate.

Table 2: Loadings on the first three Principal Components identified in the lake down-core
profiles
Component
1

2

3

Median activity

.728

-.353

-.328

Maximum activity

.972

.023

.125

Median as percentage of maximum

.324

.717

.325

Top of core as percentage of maximum

-.193

.790

-.350

Accumulation depth since 1963

-.111

.672

.069

Depth from 1963 peak to the bottom of profile

.093

.011

.881

.822

.048

.389

33.04%

57.58%

75.90%

Maximum activity in the core as a percentage
of 1963 peak activity
Cumulative variance explained in total dataset

The groups identified by the hierarchical cluster analysis, lakes falling into the groups
and examples of representative profiles are presented below. The profiles were assigned to
the group judged to be the best fit; however, many profiles contain some characteristics of
multiple groups.

Figure 2: Examples of the diagnostic 137Cs profile shapes; the identified 1963 fallout
peak is marked on each core, the atmospheric peak in 1986 is only present in areas
which experienced Chernobyl fallout.

Type 1 profiles closely mirror atmospheric fallout with the total inventory dominated by
Chernobyl fallout (e.g. Fontburn, March Ghyl and Silsden, Figure 1). It is of note that the
Chernobyl peaks of each of the sites are upwardly elongated in comparison to the pattern of
atmospheric fallout suggesting recent (1986 - 1997) inputs of sediment rich in Chernobylderived fallout. Only Fontburn has activities that return to their pre-Chernobyl levels after the
initial peak.
Type 2 lake depth profiles have high inventories and show little decrease in activity
after the 1963 peak (Brinnie, Gormire, Llyn Fach, Portmore and Seeswood, Figure 1). Some
of these lakes are likely to contain significant Chernobyl fallout; however, Llyn Fach and
Seeswood do not.
Type 3 profiles have low inventories with little decrease in activity after the 1963 peak
(Aqualate Mere, Droitwich, Elleron, Merevale, Ouse Floodplain, Middle Tweed Floodplain,
Upper Tweed Floodplain, Teviot Floodplain, Figure 1). These profiles are comparable to those
found in undisturbed or cultivated soils and are similar to type 2 profiles but with much lower
inventories, suggesting lower reference fallout. The depth of the 1963 peak in all profiles is at
a greater depth than that found in local undisturbed soils suggesting ongoing sediment
accumulation in the lakes and on the floodplains included in this group.
Type 4 profiles have a generally well-defined 1963 fallout peak with an up-core decrease
in activity and are the most commonly encountered shape (Axe floodplain, Barnes, Chard,
Chew, Culm floodplain, Diss Mere, Earls Barton Floodplain, Eyebrook, Fillingham, Furnace
pond A, Groby, Hammer Pond, Inholms, Kingsthorpe, Kyre, Llangorse, Lurgashall,
Macclesfield Forest, March Haigh, Newburgh, Old Mill, Pinkworthy, Powdermill, Slapton
floodplain 2, Stanwick Floodplain, Start Floodplain, Sywell, Turton and Entwistle, Upton
floodplain, Wadhurst and Yetholm, Figure 1).
Type 5 profiles evidence down or up core migration of the 137Cs peak (Big Pool St Agnes,
Slapton Ley and Widdecombe Ley, Figure 1) (Foster et al. 2006). They are also characterised
by the peak in 137Cs activity being located at, or close to the top of the core and the presence of
a long down-core tail which reduces in activity with depth.

Type 6 profiles are essentially un-classified. The profiles at Boltby and Slapton
floodplain 1 (Figure 1) could not be assigned to any group or had unique features. Both cores
have a distinct 1963 peak but have periods after the peak with very low activities; Boltby also
contains a 1986 Chernobyl peak. In both cores, the points of low activity as likely to be the
result of inputs of sediment from a subsurface source low in

137

Cs. There was no increase in

sediment particle size in the Boltby core associated with the reduction in activity (Lees et al.
1997).
Exploring the profile types
Two profile metrics were identified to be of importance in the PCA with regards to catchment
derived 137Cs inputs, which were the depth of sediment accumulated since the 1963 peak and
the

137

Cs activity at the top of the core as a percentage of the maximum activity. There are

notable examples of cores with distinctive profiles reflecting their sediment dynamics in this
way. For example, the Kingsthorpe floodplain core (online supplementary material) has almost
no

137

Cs present in the 20 cm of sediment accumulated since atmospheric fallout ceased,

suggesting inputs of sediment from subsurface (e.g. channel bank sources dominate; Pulley
and Foster 2016). At the other end of the scale, many cores have profiles close to those of
Types 2 and 3, where there is little decrease in activity since the 1963 peak suggesting sustained
high inputs of catchment-derived

137

Cs. There are a range of sediment depths accumulated

since the 1963 peak with cores such as Yetholm having little sediment deposition and cores
such as Hammer Pond with very rapid rates of accumulation.
It can be seen in the Types 2, 3 and 4 profiles that the 1963 peak was elongated up-core
in comparison with the pattern of atmospheric fallout. In most cores, this elongation was in the
form of a smooth exponential – linear up-core reduction in

137

Cs activity after the end of the

peak in atmospheric fallout between 1961 and 1967. In total, 59% of the profiles examined
followed this trend. 16% of cores show an initial fallout peak with little or no subsequent
decrease in

137

Cs activity and only 25% had an initial peak and then down-core reductions

which stabilised to a steady value or did not continue to decrease throughout the entire length
of the core. It is notable that approximately half of the latter type of cores were from catchments
which are likely to deliver significant amounts of sediment from subsurface sources. These
include Hammer Pond, Inholms Copse Pond and Lurgashall reservoir in the South Downs; an
area noted to have extensive deep rill and gully erosion (Boardman et al. 2009). Similar patterns
are found for Kingsthorpe floodplain in the River Nene basin where channel banks have been

shown to be the dominant sediment source (Pulley and Foster 2016) and March Haigh
Reservoir, which has a high density of gullies eroding blanket peat (Yelloff et al. 2005).
Hammer Pond and Lurgashall also have a high catchment – lake area ratio suggesting a possible
low trap efficiency.
In catchments dominated by woodland there is a larger difference between the activities at the
top of the core and the maximum activity found in the fallout peak when compared to
catchments dominated by other land uses. This suggests a greater reduction in catchment
derived 137Cs inputs has taken place over time. There is little difference between pasture, rough
grazing and cultivated land (Figure 3).

Figure 3: The 137Cs activity at the top of the lake cores as a percentage of the maximum
activity found in any layer of the core for different dominant catchment land uses

There was a significant (<0.05) but weak relationship between sediment accumulation
rate per year and the 137Cs activity at the top of the core (Figure 4). This suggests that sediment
inputs from a 137Cs-rich source, such as topsoils, are associated with a greater rate of sediment
accumulation.

Figure 4: The relationship between annual depth of sediment accumulation since 1963
and the activity of the sediment at the top of the lake core as a percentage of maximum
(excluding outliers of March Haigh and Boltby)

Comparing 137Cs inventories in lake cores to catchment and core characteristics.
137

Cs inventories and core characteristics

Figure 5 shows the excess

137

Cs annual accumulation rate (Bq m-2 yr-1) of each lake as a

percentage of the local reference inventory. Most lakes had a

137

Cs inventory exceeding the

reference inventory as would be expected. Exceptions are the salt water lagoons at St Agnes,
Slapton and Widdecome investigated by Foster et al. (2006), where Na+ and K+ substitution
was the most likely cause of the re-mobilisation of 137Cs from the deposited sediment. Inholms
copse pond, Great Pool Droitwich, Powdermill Lake and Newburgh are the only inland lakes
which show no increase in inventory over that of the reference inventory. The catchment of
Inholms contains rare ancient woodland, which might be expected to produce low sediment
yields and accumulation rates. The catchment of Newburgh is utilised as arable land, woodland
and pasture and is steeply sloping in the upper catchment, so would be expected to have high
erosion rates. However, the catchment is unusual in comparison to the other lakes, with a large
area (1.8km length) of flat (0-2 degrees) land between the sloped upper catchment and the lake.
It is therefore likely that connectivity between the eroding upper catchment and the lake is low.
Great Pool Droitwich has a very small catchment – lake area ratio (3) with little catchment area
as a source of 137Cs for the lake. Powdermill lake is unusual as in three of the four tributaries

flowing into it enter small ponds before the main lake. Therefore, sediment is likely to be
trapped in these ponds rather than within the main lake.
Boltby lake is unusual, annually accumulating 46.3% of the local reference inventory as
excess, especially considering it is located only 12.5km from Newburgh. This lake was also
identified as having an unusual down-core 137Cs profile (Figure 2). The catchment is covered
almost entirely by woodland which has undergone periods of erosion associated with forest
harvesting and replanting activities, which likely explains this finding (Lees et al. 1997; Foster
& Lees, 1999).

Figure 5: Annual excess 137Cs accumulation as a percentage of the local reference
inventory in lake catchments

Examining the percentile distribution of the annual excess

137

Cs lake inventories as a

percentage of local reference fallout (Figure 6) shows a gentle increase between the 20th and
70th percentiles with a large increase between the 80th and 100th percentiles, suggesting two
basic groupings of catchments. The lakes with the high excess inventories were predominantly
those which experienced Chernobyl fallout.

Figure 6: Percentile values for the annual excess 137Cs inventory as a percentage of the
local reference inventory in all lake cores

Examining the total excess inventories over the entire period of sediment deposition
shows that in 43% of the lakes examined, the excess inventory was at least as large as the
reference inventory and in 31% of lakes, it was at least double the reference inventory (Table
3). This suggests that in these lakes either most of the 137Cs originates from catchment sources,
was enhanced by sediment focusing within the lake. The local reference inventory was not
significantly correlated (P = >0.05) with the total excess inventory in the cores or with the
average annual excess inventory suggesting that the amount of local fallout has little effect on
the amount of

137

Cs delivered to the lakes from catchment sources. There was no significant

difference between the excess inventories of cores classified as Type 4 and 5 (137Cs profiles

decreasing in an up-core direction) and the Type 2 and 3 (remained elevated after the fallout
peak). Many of the sites with the highest excess inventories experienced Chernobyl fallout.
There was no significant relationship between the total lake inventory and the 137Cs activity at
the top of the core (p>0.05) when the outlier of Boltby with its very high inventory was
removed.

Table 3: Total excess inventory as a percentage of reference, lakes marked with a *
experienced Chernobyl fallout.

Name

Total excess
inventory as
percentage of
reference

Year
sampled

Name

Total excess
inventory as
percentage of
reference

Year
sampled

Slapton Ley

-64

1987

Llyn Fach

55

2000

Widdicombe Ley

-42

1990

Gormire*

58

1990

Big Pool St Agnes

-31

2003

Turton & Entwistle Reservoir

75

2000

Great Pool Droitwich

-24

2000

Chew Valley Lake

75

2009

Newburgh Priory Pond

-18

1997

Furnace pond

109

2014

Inholms Copse Pond

-11

2014

Sywell reservoir

139

2011

Powdermill Lake

-7

2000

Fillingham Lake*

147

1995

Portmore Loch

3

2000

Old Mill Reservoir

179

1992

Groby Pool

4

2000

Lurgashall Reservoir

201

2014

Barnes Loch

5

1996

Elleron Lake*

211

1995

Aqualate lake

6

2008

Hammer Pond

217

2014

Yetholm Loch

13

1997

Wadhurst Park Lake

227

1990

Diss Mere*

21

1990

March Haigh Reservoir

316

1999

Furnace pond B

25

1991

Seeswood Pool

368

1985

Merevale Lake

34

1982

Stourton Lake

409

1991

Eyebrook Reservoir

35

2008

Silsden Reservoir*

488

1997

Chard Reservoir

37

1990

March Ghyl Reservoir*

507

1997

Kyre Pool*

43

1999

Fontburn Reservoir*

544

1996

Pinkworthy Pool

49

2000

Boltby Reservoir*

1525

1995

There was a significant relationship between the depth of sediment accumulation after
1963 and excess annual

137

Cs inventory with several outliers (Figure 7). This relationship

indicates that with a greater depth of sediment accumulation there is a greater excess inventory,
as would be expected with a larger quantity of catchment-derived

137

Cs-labelled sediment

contributing to the lake inventory. March Haigh was an extreme outlier with a high depth of
sediment accumulation but low excess

137

Cs inventory. This result can be explained by large

quantities of sediment entering the lake from a subsurface source such as channel banks. This

catchment has a very high stream / gully density in its peatland catchment of 8.19 km km-2
compared to a mean of 1596 m km-2 (standard deviation 1409) for the entire dataset, potentially
explaining the dominance of subsurface material (Yeloff et al. 2005). March Ghyl, Seeswood,
Fontburn, Silsden and Wadhurst park show the opposite trend with a high inventory for the
depth of sediment accumulated, suggesting that sediment originates from a

137

Cs-rich source

such as topsoils. These are distributed across the entire UK suggesting no spatial trend in their
location, however, all experienced Chernobyl fallout, providing an alternative explanation for
the high 137Cs accumulation.

Figure 7: The relationship between the depth of sediment accumulation per year since
1963 and excess annual 137Cs inventory

There is no significant correlation between mean lake D50 particle size (P >0.05, n =
14) or loss on ignition (P >0.05, n = 24) and the excess inventories. The mean D50 of the lakes
examined is 20.2 µm (standard deviation 7.5) and the mean LOI is 18.2% (standard deviation
7.2) suggesting that most lakes do not have an exceptionally fine particle size or high amount

of organic matter when considering that suspended sediments in the Tweed and Ouse basins
were shown to have a median particle size of 4.1 - 13.5 µm (Walling et al. 2000).

137

Cs inventories and catchment characteristics

The annual excess

137

Cs inventories (% of reference) were compared to catchment

characteristics to determine potential controlling factors. The outliers of Boltby, with its
unusually high inventory, and St Agnes, Slapton and Widdecome with their loss of 137Cs in salt
water, were removed from the analysis. The catchment-lake area ratio was found to be
correlated with the excess 137Cs inventories. This result would be expected when a larger area
of erosion was contributing to a smaller area of deposition on a lake bed, or alternatively a
small catchment was contributing to a large lake area. This effect accounts for 13% of the
variance in the dataset.
There are five lakes notable for their large catchment – lake area ratios yet low excess
inventories. Newburgh is one such catchment which was earlier suggested to have poor
connectivity between the upper catchment and pond. The other lakes are in South East England,
and especially in the South Downs (Lurgashall, Furnace pond and Hammer pond). It is likely
that a major controlling factor on the South Downs lakes is a poor trap efficiency and much of
the sediment entering the lakes is lost resulting in a lower inventory than would be expected.
As previously indicated, this is also an area frequently prone to rill and gully erosion
(Boardman et al. 2009), suggesting that sediment inputs from subsurface sources low in 137Cs
dominate the sedimentary record. The moderate depths of sediment accumulated in these
catchments after the 1963 peaks, however (Figure 6: Percentile values for the annual excess
137

Cs inventory as a percentage of the local reference inventory in all lake cores

Examining the total excess inventories over the entire period of sediment deposition
shows that in 43% of the lakes examined, the excess inventory was at least as large as the
reference inventory and in 31% of lakes, it was at least double the reference inventory (Table
3). This suggests that in these lakes either most of the 137Cs originates from catchment sources,
was enhanced by sediment focusing within the lake. The local reference inventory was not
significantly correlated (P = >0.05) with the total excess inventory in the cores or with the
average annual excess inventory suggesting that the amount of local fallout has little effect on

the amount of

137

Cs delivered to the lakes from catchment sources. There was no significant

difference between the excess inventories of cores classified as Type 4 and 5 (137Cs profiles
decreasing in an up-core direction) and the Type 2 and 3 (remained elevated after the fallout
peak). Many of the sites with the highest excess inventories experienced Chernobyl fallout.
There was no significant relationship between the total lake inventory and the 137Cs activity at
the top of the core (p>0.05) when the outlier of Boltby with its very high inventory was
removed.

Table 3: Total excess inventory as a percentage of reference, lakes marked with a *
experienced Chernobyl fallout.

Name

Total excess
inventory as
percentage of
reference

Year
sampled

Slapton Ley

-64

1987

Name

Total excess
inventory as
percentage of
reference

Year
sampled

Llyn Fach

55

2000

Widdicombe Ley

-42

1990

Gormire*

58

1990

Big Pool St Agnes

-31

2003

Turton & Entwistle Reservoir

75

2000

Great Pool Droitwich

-24

2000

Chew Valley Lake

75

2009

Newburgh Priory Pond

-18

1997

Furnace pond

109

2014

Inholms Copse Pond

-11

2014

Sywell reservoir

139

2011

Powdermill Lake

-7

2000

Fillingham Lake*

147

1995

Portmore Loch

3

2000

Old Mill Reservoir

179

1992

Groby Pool

4

2000

Lurgashall Reservoir

201

2014

Barnes Loch

5

1996

Elleron Lake*

211

1995

Aqualate lake

6

2008

Hammer Pond

217

2014

Yetholm Loch

13

1997

Wadhurst Park Lake

227

1990

Diss Mere*

21

1990

March Haigh Reservoir

316

1999

Furnace pond B

25

1991

Seeswood Pool

368

1985

Merevale Lake

34

1982

Stourton Lake

409

1991

Eyebrook Reservoir

35

2008

Silsden Reservoir*

488

1997

Chard Reservoir

37

1990

March Ghyl Reservoir*

507

1997

Kyre Pool*

43

1999

Fontburn Reservoir*

544

1996

Pinkworthy Pool

49

2000

Boltby Reservoir*

1525

1995

), suggest that the rate of sediment accumulation is not exceptionally high.
Weak but significant positive correlations were found between the number of tributary inlet
channels r2 = 0.15, catchment stream density r2 = 0.13 and the excess annual 137Cs inventory
as percentage of reference. Negative correlations were found between the area of wetland
between the inlet tributaries and the lakes r2= -0.14, the lake width / length r2 = -0.17 and the
excess inventory. It is therefore apparent that the greater connectivity provided by stream

channels and reduced connectivity caused by wetlands are contributing factors to the
observed inventories. A longer lake likely results in more sediment deposition close to a
stream inlet resulting in a lower inventory in the deepest part where cores are most often
retrieved from.

Figure 8: The relationship between annual excess 137Cs inventory and the lake –
catchment area ratio

There was no significant difference between the excess

137

Cs activities of the lakes

dominated by different land uses, however, the average excess inventory of cultivated land was
less than half that of pasture and woodland, suggesting some small effect of land use may be
present in the data (Figure 9). Such a finding is in contrast to the high erosion rates which
would be expected on cultivated land when compared to other sources.

Figure 9: Mean annual excess 137Cs inventory as percentage of the reference inventory
for catchments with different dominant land uses, with +/- 1 standard deviation error
bars

Activities in recently deposited lake sediments.
In 75% of the reviewed lake catchments, the

137

Cs activity at the top of the core was

significantly higher than that found in soils collected from the dominant catchment land use
(Table 4). Catchments with a large Chernobyl peak in their profiles often have especially high
activities. It is of note that the uppermost layers of each core generally contain the lowest
activates post-1963. Therefore, at earlier dates of sediment deposition an even greater
proportion of the lakes had activities greater than their potential catchment sources. It should,
however, be acknowledged that the source data present at the time of writing is limited in
quantity.

Table 4: 137Cs activities in the top-most layer of the cores and sediment sources present
within the catchment (A Collins, unpublished 137Cs data for catchment sediment
sources), (*experienced Chernobyl fallout).

Lake

Activity at
the top of
the core
-1

(mBq g )

Dominant land
use

Activity
(mBq g-1)

Highest
activity
source

Activity
(mBq g-1)

Catchment
source data is
derived from

Aqualate mere

9.2

Pasture

8.0

-

-

Tern

Barnes Loch

34.0

Rough
Grassland

7.97

-

-

Esk

Boltby reservoir*

46.3

Woodland

46.2

-

-

Boltby

Chard reservoir

20.8

Cultivated

5.3

-

Chew Valley lake

3.5

Cultivated and
Pasture

4.9

-

-

Chew

Diss mere*

0.1

Urban

0.9

-

-

Nene

Elleron lake*

34.4

Pasture

10.7

Woodland
(11%)

44.3

Elleron

Eyebrook
reservoir

2.8

Cultivated

2.4

-

-

Eyebrook

Fillingham lake*

5.6

Cultivated

17.8

Aire

Fontburn
reservoir*

74.2

Woodland

7.95

Esk

Furnace pond A

5.2

Cultivated

5.5

Pasture

7.3

Itchen

Gormire *

158.5

Woodland

46.2

-

-

Boltby

Great Pool
Droitwich

21.6

Cultivated

7.18

-

-

Tern

Groby pool

0.7

Pasture

2.4

-

-

Eyebrook

Hammer pond

9.3

Cultivated

5.5

Pasture

7.3

Itchen

Inholms copse
pond

3.9

Woodland

11.9

-

-

Itchen

Kyre pool*

10.3

Pasture

8.0

-

-

Tern

Llangorse lake

9.1

Cultivated and
Pasture

4.9

-

-

Chew

Lurgashall
reservoir

2.1

Cultivated

5.5

-

-

Itchen

Macclesfield
forest reservoir

18.0

Woodland

40.3

March Ghyl
reservoir*

91.1

Rough
Grassland

39.9

-

-

Ribble

March Haigh
reservoir

2.4

Rough
Grassland

11.9

-

-

Aire

Merevale lake

48.4

Woodland

2.4

-

-

Eyebrook

Newburgh priory
pond

10.9

Cultivated and
Pasture

10.2

Grassland
(37%)

14.3

Newburgh

Old Mill reservoir

24.7

Cultivated and
Pasture

10.4

Woodland
(14%)

12.8

Dart

Pinkworthy pool

24.1

Rough
Grassland

4.0

-

-

Chew

Portmore loch

59.4

Rough
Grassland

30.5

Woodland
(27%)

66.0

Dee

Chew

Aire

Seeswood pool

7.35

Pasture

2.4

-

-

Eyebrook

Silsden reservoir*

133.2

Pasture

11.9

-

-

Aire

Sywell reservoir

15.9

Cultivated

1.41

Grassland
(22%)

3.74

Nene

Turton &
Entwistle
reservoir

99.0

Cultivated and
Pasture

14.8

Grassland

11.9

Aire

Wadhurst park
lake

9.89

Cultivated and
Pasture

6.4

Itchen

Yetholm loch

32.7

Cultivated

8.0

Esk

Was most excess 137Cs delivered to the lakes shortly after fallout or in the time since fallout
ceased?
In lakes where a clearly defined fallout peak is observed, and Chernobyl fallout was not present,
the percentage of the total excess 137Cs inventory found within the fallout peak (~1958 – 1975)
and after the fallout peak ceased (post 1975) was calculated. It was found that in Chew, Barnes,
Eyebrook and Fillingham, most of the excess

137

Cs was found within the fallout peak. In

Lurgashall and Hammer pond, there is a more even distribution but also with more excess 137Cs
within the peak, and in Furnace pond, there is a greater amount of the excess inventory after
fallout ceased. It is of note that the latter three lakes are those which are in catchments where
extensive gully erosion takes place and there is likely a low lake trap efficiency. It is therefore
apparent that during the seven years of peak fallout most of the excess inventory is contributed
to the lake cores.

Table 5: The percentage of the local reference inventory above and within the 137Cs
fallout peak

Percentage above
the 1963 peak
Percentage within
the 1963 peak

Chew

Eyebrook

Fillingham

Barnes

Furnace

Lurgashall

Hammer

26.45

31.94

59.68

39.85

149.47

140.21

113.82

171.70

112.34

209.09

76.95

53.76

157.71

168.13

Upwards mixing of sediment and 137Cs

To investigate the potential for sediment redistribution by bioturbation within the cores
to elongate the

137

Cs fallout peaks, down-core plots of several geochemical properties were

plotted alongside the 137Cs data. Two peaks in Mn concentration in the Barnes Loch core show
a gradual up-core decrease in concentration over a ~5 cm depth. In contrast, the

137

Cs peak

decreases over a greater depth of ~10 cm. Similarly, peaks in geochemical elements in
Fillingham, Fontburn, Newburgh, and Silsden all gradually decrease within approximately 5cm
of the top of the peak. Bioturbation presents the most likely explanation for this mixing (Solan
and Herringshaw, 2008). The 137Cs peak in most cores examined, however, continues upwards
for well over 5cm suggesting that bioturbation of sediment on the lake bed is not the cause of
the elongated profiles. In most lakes examined

210

Pb dating has also been successfully

employed without showing evidence of significant upwards sediment redistribution.

Figure 10: Down-core plots of 137Cs and selected geochemical elements

Discussion
The magnitude of local

137

Cs fallout and especially the presence of Chernobyl fallout was

shown to be the major controlling factor on the inventories and profile shapes. In a significant
number of the cores most of the 137Cs inventory originated from catchment sources or sediment

focusing, rather than reaching the lake as direct fallout. Excluding local fallout, the annual rate
of sediment accumulation after 1963 (cm) was the factor most strongly correlated with the
137

Cs inventory. Therefore, the amount of sediment accumulating in the lake is an important

factor controlling the inventories, indicated that catchment erosion and sediment delivery are
reflected by the 137Cs in the lakes.
The lake – catchment area ratio was significantly correlated with the excess inventory, which
would be expected with a larger catchment contributing

137

Cs to a smaller depositional lake

area. Outliers of this trend were identified as likely having a poor trap efficiency in possible
combination with poor connectivity between the catchment and lake or dominant subsurface
sediment sources such as gullies.
It was notable that the catchment characteristics such as slope, stream density and land use
were generally uncorrelated or poorly correlated with the 137Cs activities and inventories. There
were however significant correlations which indicated that a greater catchment stream density
increased 137Cs inventories and wetlands at the inlets of the lakes reduced them. However, these
factors only accounted for 13 – 15% of the variance in the total dataset meaning that their
effects may be hard to identify outside of extreme examples such as Powdermill Lake, which
has small ponds on three of its four tributaries.
It was also of note that the 137Cs activities in the cores were often much higher than the potential
sediment sources in the catchment and followed a smooth exponential – linear decrease
upwards from the fallout peaks. This finding suggests that there is

137

Cs enrichment taking

place in the lake sediments compared to their sources, and that the rate of

137

Cs delivery is

decreasing over time (Walling and He 1992).
Walling and He (1992) modelled the

137

Cs activities of the top layers of cultivated and

undisturbed soils over time. In grassland soils, the 137Cs would be expected to be concentrated
in the top layers of the soil profile. Therefore, assuming the uniform erosion of the top most
soil layers there would be decrease in the activity of this source over time, explaining the
profiles shapes observed in most of the lakes. The downward diffusion of

137

Cs through the

soil profile over time would also reduce source group activities, contributing to the observed
profile shapes. This explanation is not fully satisfactory, however, given that 137Cs activities in
the lake sediments were often very much higher than in potential sediment sources.
Additionally, uniform erosion is unlikely to take place across a catchment; instead, different
fields have been shown to erode in different years making sediment source areas variable on

an inter-annual basis (Evans et al. 2015). Given that in most cores a 1cm analysed slice of
sediment represents 0.5 – 2 years of sediment accumulation (Figure 4), it is likely with this
widely observed pattern of erosion that there would be variable activities in each slice of core
since different fields or sources eroded in each year, rather than the smooth upwards decrease
in activity generally observed. For example, the peaks and troughs observed in Boltby and
Slapton floodplain 2 suggest highly variable sediment sources in contrast to the other cores.
It is also notable that a similar enrichment in activities is very rarely encountered in sediment
source tracing studies examining suspended and bed sediment using the range test before
selecting parameters for use in un-mixing models (Collins et al.1997; Walling et al. 1993;
Walling and Woodward 1995; Walling et al. 1999; Gruszowski et al. 2003; Mizugaki et al
2008; Devereux et al. 2010; Pulley et al. 2015). For example, Pulley and Foster (2016) found
very low

137

Cs activities in suspended sediment in the Nene basin as a whole, yet very high

activities in a sub-catchment of the basin at Sywell reservoir. It is therefore likely that this
effect is specific to lake sediments which have accumulated over the period of bomb and
Chernobyl fallout. The lake dataset as a whole examined here indicates no significant particle
size effects on

137

Cs inventories suggesting that particle size increases or decreases are not

significant drivers of the lake profiles observed.
If sediment inputs are discounted as the primary source of catchment-derived

137

Cs, an

alternative source could be ongoing small amounts of 137Cs delivered to the lake as part of the
dissolved load. Several studies have examined the 137Cs concentrations of river water over time.
Camplin et al. (1989), for example, published post-Chernobyl dissolved

137

Cs and

134

Cs data

for up to 2 years after peak fallout in three UK lake district lakes showing significant activities
in the water column. Highest activities in filtered water exceeded 300 mBq l-1 but declined to
levels below ~20 mBq l-1 by the middle of 1988, two years after the reactor accident. Tolstykh
et al. (2011) show a decrease in 137Cs and 90Sr activity over time in the river water of the Techa
River. A similar trend was found in the rivers of Eastern Fennoscandia, which showed a
reduction in dissolved load over time with a half-life of 6.5 to 10 years (Bol’shiyanov et al.
2016). Again, a similar trend was found for 90Sr measurements in New York tap water, which
was used to correct radionuclide depth profiles by Olsen et al. (1981). These trends in changing
dissolved

137

Cs inputs to the lakes follow the same general shape of the Type 1 and 4

profiles as observed in this paper.

137

Cs

The partitioning of

137

Cs between dissolved and immobile forms has been shown to change

over time, as sorption reactions have been shown to be relatively slow. Over time, 137Cs slowly
becomes entrapped in the interlayer spaces of clay mineral platelets where it is no longer
exchangeable (Bunzel et al. 1995; Livens et al. 1996). Before this takes place, 137Cs is adsorbed
to surface sites or wedge sites where cation exchange is possible. This aging process provides
a partial explanation as to why the 137Cs delivery to the lakes sediments might decrease over
time and the higher activities observed within the lake sediment profile relative to catchment
sources.
If the excess lake inventory for the entire lake area is calculated and expressed as a percentage
of the total inventory estimated for the entire catchment, an average of 3.0% (standard deviation
4.1%) of the137Cs found in the catchment has been deposited into the lake sediments. As the
lake inventory contains 137Cs contributed from both mobilised sediment and in dissolved form,
only a small amount of

137

Cs dissolution from the catchment would be required to create the

observed inventories.
Dalgleish and Foster (1996) attributed high lake activities in Seeswood Pool to the loss of 137Cs
in runoff during transfer from the atmosphere to the ground, further explaining why most of
the excess inventory occurs close to the period of fallout rather than after fallout ceased.
However, they also ran laboratory experiments that showed dissolved CsCl delivered in a
rainfall simulator could sorb to sediment already in transit across an artificial hillslope plot and
account for the very high activities observed in suspended sediment collected at the downslope
plot boundary. This process could also account for the higher activities in the lake sediments
of Seeswood Pool and other lakes than in contemporary sources (Table 4).
Despite the clear signal of dissolved 137Cs inputs in most lakes, this study identified numerous
examples where information on catchment sediment dynamics could be gained using 137Cs. At
Newbrugh, there was a very low total inventory likely reflecting dis-connectivity between the
catchment and lake; at Boltby there was a high excess inventory and irregular down-core
profile reflecting periods of forestry activity; at March Haigh there was a large depth of
sediment accumulation with a low inventory which could be linked to the high stream density
in the catchment and subsurface erosion; in the South Downs there was a large catchment –
lake area ratio and low total inventory suggesting subsurface sediment inputs from gully
erosion and the dis-connectivity of much of the catchment area. At Kingsthorpe floodplain,
there was almost no 137Cs above the fallout peak suggesting channel bank sources dominate. It

is, however, of note that such an interpretation would be difficult in a lake, as it would be
masked by dissolved inputs. Where a Chernobyl peak is present, the total excess lake
inventories are generally very high; this can be explained by the two periods of

137

Cs fallout

giving greater opportunity for mobile 137Cs to be transported to the lakes.

Conclusions
The results of this study suggest that the presence of Chernobyl fallout, the rate of sediment
accumulation, and lake – catchment area ratio causing sediment focusing or poor sediment trap
efficiency are the most important controlling factors on lake 137Cs inventories and profiles. An
increased catchment stream density and the absence of depositional ponds and wetlands
upstream of lakes are also likely to affect the inventories. However, mobile

137

Cs delivery to

the lake shortly after fallout dissolved in runoff or in association with mobilised sediment are
also major controls on the lake inventories and especially on the down-core profiles. In the
present day, it is suggested that dissolved

137

Cs inputs remain a major control on the

137

Cs

activities of recently deposited sediments as they are often higher than those measured for
potential catchment sediment sources. Further research is needed into methods to remove the
signal of dissolved 137Cs inputs in lake sediments. Using records from river and drinking water
monitoring over time represents a possibility, however, catchment soil type and land use are
likely to be major factors influencing dissolved inputs meaning that local records are likely to
be required for a meaningful correction to be produced. Despite this uncertainty, 137Cs profiles
can provide useful information on sediment sources and dynamics when interpreted in the
context of corresponding information for multiple lakes in the UK and their associated
catchment characteristics. A number of distinctive down-core profiles and unexpected
inventories in the dataset analysed herein yielded valuable insight into catchment sediment
dynamics.
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