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observed when applying reference date corrections to 
the models. This was shown to be essential in provid-
ing confidence in reported datasets and accuracy of 
predicted chronologies, which will better inform the 
interpretation of environmental change, e.g. sedimen-
tation rates, climate change, pollution pathways and 
land degradation. Generated chronologies from both 
the CRS and Plum methods showed good agreement 
with the established varve dates (typically < 4-year 
difference).

Keywords Pb-210 · Cs-137 · Anthropocene · 
Chronology · CRS · rPlum · Lake sediment

Introduction

Largely spearheaded by Appleby and Oldfield 
(Appleby, 2001; Appleby & Oldfield, 1978; 
Appleby et  al., 1988), Pb-210 dating presented an 
opportunity to provide a chronology for environ-
mental changes over the past 150  years (Appleby, 
2001), especially when used alongside other dat-
ing techniques, such as tephrochronology, car-
bon-14, and analytical techniques such as ICP-MS 
to track changes in sediment composition over time. 
The past 150  years incorporates a period of rapid 
acceleration in historical anthropogenic activities, 
such as construction, agriculture, mining and fos-
sil fuel consumption. With increasing awareness of 
the influence of anthropogenic activities on human, 

Abstract Chronologies generated from core profiles 
to apply dates to environmental changes commonly 
use the measurement of the activity of radionuclides 
deposited and stratified with physical environmen-
tal material. The most commonly reported nuclide 
to define chronologies covering the last 150 years is 
Pb-210, for which accepted data processing method-
ologies in the literature have focussed on the constant 
rate of supply (CRS) model and the more recently 
published Bayesian Plum model. This short com-
munication describes a validation approach using 
defined sediment layers referred to as ‘varve’ count-
ing, which provide known points of reference to 
account for uncertainty between generated dates from 
each model using published Pb-210 measurements. 
A significant improvement in the chronologies was 
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animal and ecosystem health and the possibility for 
having to address legislative restrictions, the impor-
tance of dating the chronology of events is required 
to identify past trends and timelines to inform man-
agement strategies for the legacy of past anthro-
pogenic activities and to inform the forecasting of 
future trends for environmental change and subse-
quent mitigation or adaptive strategies.

Other established methods for dating geological 
records are used to calculate ages in the range of 
hundreds to thousands of years using pollen records 
(Wang et  al., 2019), ash layers (tephrochronology) 
and carbon-14 (Pontevedra-Pombal et  al., 2018) 
and in the range of millions to billions of years 
for uranium-lead isotope ratios (Parrish, 2013). 
The extrapolation of data and information from 
such measurement techniques is unsuitable when 
attempting to model chronologies for more recently 
deposited environmental materials covering the 
acceleration of anthropogenic activities. The use 
of Pb-210 measurements to define chronologies of 
environmental deposition (e.g. sedimentation) is the 
most suitable method for the time period spanning 
the last 150  years (Appleby, 2001; Barsanti et  al., 
2020) and is particularly suited to measurement by 
gamma spectrometry (Appleby et  al., 1988). Since 
gamma spectrometry is a non-destructive technique, 
often limited sample mass can be re-used for other 
analytical measurements.

A pivotal point in attempts to refine Pb-210 dat-
ing techniques was the publication of the constant 
initial concentration (CIC) method and the constant 
rate of supply (CRS) method (Appleby & Oldfield, 
1978). The CRS method has since become the most 
widely used method for modelling Pb-210 measure-
ments to define chronologies (Aquino-López et al., 
2018; Barsanti et al., 2020). More recently, Aquino 
López et al. (2020) reported the Plum model, which 
was built upon the CRS model, creating a statisti-
cal model based on Pb-210 flux (Aquino-López 
et  al., 2018). Notwithstanding these developments, 
there have been very few ways to objectively com-
pare and contrast these methods, beyond the use 
of man-made datasets intended to replicate sedi-
ment cores (Aquino-López et  al., 2018; Tylmann 
et  al., 2016). Therefore, the validation and stand-
ardisation of methods associated with modelling 
Pb-210 measurements are essential, in particular 

when considering the variations of the CRS method 
reported in the literature (Barsanti et  al., 2020; 
Smith, 2001).

In both the Plum and CRS models, corrections can 
use defined historical occurrences such as the position 
of the maximum Cs-137 activities within the sedi-
mentary column. These are attributable to the peak of 
atomic weapons testing in 1963 (Appleby, 2001) and/
or the Chernobyl accident in 1986 (Appleby, 2001; 
Bjerregaard, Andersen and Andersen, 2015), allow-
ing calculated ages to be informed by having one or 
more sediment layers corrected to these reference 
dates. However, the presence of the Cs-137 activity 
maxima is not always detectable, particularly in areas 
unaffected by the fallout from the Chernobyl accident 
(Appleby, 2001). Techniques such as tephrochronol-
ogy or significant changes in pollen records (Blais 
et al., 1995) may be viable additions or alternatives to 
Cs-137 maxima for the purposes of providing a refer-
ence date. However, these techniques require specific 
circumstances, which will not be applicable to every 
core so cannot be used consistently.

Haltia et  al. (2021) recently published the use of 
cores from Lake Kevojarvi with clearly defined layers 
(varves) attributed to annual snowmelt cycles (Haltia 
et al., 2021), with lighter layers denoting the sediment 
washed into the lake by the annual snowmelt and dark 
layers representing sediment formed, while the snow 
is frozen (Fig. 1). This provides a rare opportunity for 
method validation (Sanchez-Cabeza & Ruiz Fernán-
dez, 2012; Tylmann et  al., 2016). By relating these 
cycles to calendar dates, as illustrated in Fig. 1, and 
then comparing to the acquired Pb-210 and Cs-137 
data presented in Haltia et  al. (2021), both the CRS 
and Plum methods of Pb-210 dating can be applied to 
provide an independent validation of the results pro-
duced by the two techniques.

Pb‑210 dating calculations

Haltia et  al. (2021) reported core data from the 
KEVO-1 freeze core for which nuclide activity and 
physical data are summarised (Haltia et  al., 2021; 
Tables 1 and 2). For the purpose of this short com-
munication, data published by Haltia et  al. (2021) 
have been reprocessed using four approaches: two 
making use of the CRS method and two making use 
of the Plum method. The CIC method was originally 
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intended to be included in the analysis, but was omit-
ted from the comparison due to the unsupported 
Pb-210 data not following a simple logarithmic pat-
tern with depth (Fig.  2). For each method, age cal-
culation was initially carried out using only Pb-210 
(for total supported and unsupported Pb-210 activ-
ity) and Ra-226 (to determine the supported Pb-210 
activity) data, and then, a second age calculation was 
completed using Pb-210, Ra-226 and Cs-137 activ-
ity data (Fig. 2) to refine the models. For the purpose 
of method comparison, the ages given by the varves 
within the sediment were assumed to be definitive.

The data provided in Tables  1 and 2 of Haltia 
et al. (2021) were first processed to calculate inven-
tories and ages with associated uncertainties by 
applying the equations listed in Appleby (2001), 
specifically Eqs.  18, 28, 29, 36, 42 and 45, in 
Microsoft Excel™. This was then cross-referenced 
against the data provided in Table 3 of Haltia et al. 
(2021) to ensure the consistency of the method. 
The same data were subsequently processed using 

the freely available rBacon (v 2.5.5) and rPlum (v 
0.2.1) packages for RStudio (RStudio 2021), fol-
lowing the guide provided by Aquino-López (2020) 
and Blaauw and Christen (2021), from which the 
raw data output was transferred from RStudio into 
Microsoft Excel for clear presentation. Figures  3 
through 6 are created using the output from these 
two methods and the two datasets. In Plum, the 
maximum and minimum values calculated by the 
Bayesian process for each depth were used to create 
an uncertainty range.

Models using simply Pb-210 and Ra-226 activity 
showed appreciable deviation from the varve ages, 
which may be explained by the core being too short 
to represent the full unsupported Pb-210 profile 
(Haltia et al., 2021). Models that included a Cs-137 
correction were more closely matched the actual 
age of sediment layers (Figs.  3 and 4). Appleby 
(2001) noted that the accuracy of Pb-210 ages could 
be verified by comparison to, or improved by, incor-
poration of the Cs-137 activity profile that may be 
applied to determine the age of a sediment layer 
(Blais et  al., 1995), which may explain why ages 
derived using such methods were relatively more 
accurate, allowing those models to operate as if a 
full Pb-210 profile had been measured.

The uncorrected models follow the same pat-
tern as their corrected counterparts, but with a 
bias towards older ages that increases with depth, 
particularly when looking at samples deeper than 
400  mm for the Plum model and 500  mm for the 
CRS model. The deviation with depth is largely due 
to the way the age is calculated, as indicated using 
the CRS model, which assumes that the unsup-
ported Pb-210 activity reaches zero immediately 
past the last given activity, which is in this case the 
lowest measured sample depth. Due to the Pb-210 
profile being incomplete in this dataset, this is a 
false assumption within the calculation, and the 
Cs-137 corrected models can be used to predict the 
unsupported Pb-210 remaining beneath the point at 
which the core data ends (Appleby, 2001).

This deviation can be demonstrated by the 
CRS model equation (Eq.  1), which shows as A 
approaches zero, t increases at an increasing rate 
and hence the age becomes increasingly biased.

Equation  1. Calculation of sediment age using 
the CRS model (Appleby & Oldfield, 1978, Eq. 9)

Fig. 1  An image of the KEVO-1 and KEVO-3 freeze cores 
from Lake Kevojärvi. (Haltia et al., 2021, Fig. 4) © A.-P. Lep-
pänen
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Fig. 2  Activity of unsupported Pb-210, Cs-137 and Ra-226 in dry weight for each varve plotted against depth (data from E. Haltia 
et al., 2021). Error bars represent 1σ uncertainty
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wheret is the age of the sediment layer in years;λ is 
the Pb-210 decay constant,A(0) is the total unsup-
ported Pb-210 inventory of the core; and.

A is the unsupported Pb-210 inventory below the 
sediment layer.

The correction using the position of the maximum 
Cs-137 activity can be illustrated by considering the 
CRS equation being modified by inclusion of a coef-
ficient estimated from the known age and Pb-210 
inventory of the layer with the maximum Cs-137 
activity (Eq. 2).

Equation 2. Illustrative adaptation of the CRS cal-
culation (after Appleby & Oldfield, 1978, Eq. 9)

As the values of A(0) and A are increased by an 
equal amount (c), the logarithmic term decreases and 
by extension so does the calculated age and the bias 
on that age. This has a more significant effect on sedi-
ment layers closer to the bottom of the core, where A 
is very small, leading to the differences illustrated in 
Figs. 3 and 4. This clearly demonstrates the need to 
have a core which extends far enough to capture the 

t =
1

λ
× ln

A(0)

A

t =
1

λ
× ln

(A(0) + c)

(A + c)

entire unsupported Pb-210 inventory, or a measured 
maximum Cs-137 activity (or other independent age 
indicator) to avoid the appreciable bias.

In this instance, the core was incomplete (610 mm) 
and the full Pb-210 profile was not included within 
the data. Consequently, the methods that did not 
include the Cs-137 correction deviated from the 
established profile and can be disregarded (Smith, 
2001).

It should be noted that when provided with an 
accurate measure of the core’s sedimentation rate, 
the uncorrected Plum model considerably outper-
formed the uncorrected CRS model in the lower sec-
tions of the core. This would have produced a set of 
ages, which closely resembled the Cs-137-corrected 
chronology with an average negative bias of 9% 
below 400 mm, where it previously deviated far more 
significantly (bias of 44–176% from depths 410 to 
610  mm) (Fig.  5). However, as this would require 
an existing chronology to calculate the sedimenta-
tion rate, which would not typically be available, the 
data have been omitted, and the default sedimenta-
tion rate within the Plum model’s settings was used 
instead. Furthermore, reliance on an existing chronol-
ogy would introduce bias favouring results similar to 
the previous calculations, which may have concerning 
implications should there be an unseen error in the 
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previous chronology used to calculate the sedimenta-
tion rate.

Discussion

The calculated ages using both the CRS and Plum 
models align closely to each other and differ from 
the definitive varve ages by less than 4 years down to 
the 90-year boundary, beyond which the difference 
increases to a maximum of 8 years (CRS) and 7 years 
(Plum). Both models provide accurate estimates of 
the deposition dates when compared to the definitive 
varve dates.

The Plum model tends to generate ages with a 
greater uncertainty than the CRS model (e.g. + 10, 
-12 years (Plum), ± 4 years (CRS) at 580 mm depth), 
particularly towards the end of the core (Fig.  6). 
Though this can be presented as a detrimental feature, 
it may be more realistic in certain situations (Aquino-
López et  al., 2020), despite this example having a 
low degree of sediment mixing, illustrated by clearly 
visible and well-defined varves (Fig. 1), demonstrat-
ing that the sedimentary layers are undisturbed, this 
is not always the case. Without a clear indicator, 

it is difficult to determine the degree to which two 
sediment layers may have mixed, especially in a core 
with a low sedimentation rate, for example, where 
a 10-mm section may contain several years-worth 
of compacted sediment. In cases such as the above, 
uncertainty may be regarded in a similar manner to a 
confidence interval showing the range of years of sed-
imentation, which make up a core section. It is also 
notable that at the bottom of the core the varve dates 
are within the Plum model’s uncertainty range but not 
that of the CRS model, uncertainty for which was cal-
culated following equations of Appleby (2001).

Though based on the same principles as the CRS 
model (Aquino-López et al., 2018), the Plum model’s 
age/depth profile does not follow a logarithmic curve 
to the same degree, indicating that it is more reliant 
on the Pb-210 activity of the individual samples taken 
from the core. Notably at 570 mm one sample, meas-
ured with an unexpectedly low activity, was omitted 
due to significantly older ages being calculated in the 
core preceding the 570 mm depth, whereas the CRS 
model was unaffected by the sample inclusion or 
omission. It is notable that the two models compare 
more favourably to each other than the varve ages 
which, though close, appear to follow a more linear 
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path. Considering the similarity of the two models, it 
is likely that this is largely due to the limitations of 
the data provided to the models as opposed to error 
within the models themselves.

The use of the positions of the layers with maxi-
mum Cs-137 activities (or other reference dates) is 
critical in ensuring valid results are calculated from 
an incomplete Pb-210 profile (Barsanti et  al., 2020; 
Sanchez-Cabeza & Ruiz Fernández, 2012; Smith, 
2001; Tylmann et al., 2016). However, care must be 
taken not to rely on this method. Haltia et al. (2021) 
observed that the maximum Cs-137 activity, which 
would be associated with the 1963 nuclear weapons 
testing, was within the varve assigned to 1964, sug-
gesting that although 1963 was identified as the year 
when atmospheric levels of Cs-137 were at their 
highest, the material did not settle out (at least in this 
region) until 1964. This small difference in date may 
introduce error when using the maximum Cs-137 as 
an estimate to compensate for not having a complete 
Pb-210 inventory in other cores, even though in this 
case it could be accounted for.

Another factor to be considered is that nuclides 
can be mobile between sediment layers (Haltia et al., 

2021). Even in the core used by Haltia et al. (2021), 
where sediment layers appeared pristine, Cs-137 was 
observed in sediments deposited prior to the first 
nuclear tests conducted in 1945 (Fig. 2, where depths 
below approx. 460  mm are pre-1945). This has no 
effect on the use of Cs-137 maximum activities to 
determine reference dates as the maximum activi-
ties will remain the same. However, as described by 
Haltia et al. (2021), in this core Cs-137 was observed 
to be more mobile in the sediment than other nuclides 
such as Pb-210 (Alonso González, 2015; Appleby 
et al., 1988). Therefore, Cs-137 should only be used 
to identify maximum activities associated with the 
1963 nuclear weapons and 1986 Chernobyl accident.

Conclusions

While both the CRS and Plum models were able to 
produce chronologies, which convincingly follow 
the varve ages of the sediment layers, without refer-
ence dates they deviate with unacceptable bias chro-
nologies at depths further down the core. It has been 
demonstrated that, in cores under similar conditions 
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to the KEVO-1 freeze core, chronologies will expe-
rience bias without the application of independent 
reference dates and if possible the use of a dataset 
containing samples from all depths up to the end of 
unsupported Pb-210 within the sediment. Barsanti 
et al. (2020) observed “it is essential to compare the 
Pb-210 chronology with some independent temporal 
markers to validate the age model”. Though correct, 
due to the inconsistency of such markers’ availability, 
it is important that future Pb-210 dating models are 
not reliant on such data to be able to produce accurate 
chronologies. Ideally reference ages would only be 
required to confirm chronologies produced by Pb-210 
data. In future, considering the ease of use of each of 
the CRS and Plum methods, there would be an advan-
tage in making use of both methods as agreement 
between multiple chronologies can increase the confi-
dence in the interpretation of measured data.

As the Plum method and the technology behind 
it were relatively new compared to the CRS method, 
it is likely that capabilities will develop further, and 
models like Plum will be able to process information 
specific to each core. When paired with advance-
ments in equipment such as improved detectors for 
gamma spectrometers, future chronologies will be 
more detailed than those currently available. As 
Pb-210 dating models and gamma spectrometers are 
developed further and improved, methods of compar-
ison, such as the use of the cores described in Haltia 
et  al. (2021), Sanchez-Cabeza and Ruiz Fernández 
(2012) and Tylmann et  al. (2016) as reference data-
sets, should be encouraged and developed alongside 
new developments in Pb-210 dating procedures in 
order to demonstrate confidence and traceability in 
the measurements and the subsequent interpretation 
of the data.

Overall, the similarity between the CRS and Plum 
models is clear, and therefore, it is likely, with the 
data provided and the assumption of a constant rate 
of supply required by both models (Appleby, 2001; 
Aquino-López et al., 2018), that in this instance any 
deviation between the calculated Pb-210 chronologies 
and the definitive varve dates is due to the limitations 
of the data acquired rather than the models them-
selves. Though it has been demonstrated that using 
reference dates as a correction does not fully elimi-
nate the difference between the Pb-210 chronologies 
and the definitive varve dates. Chronologies gener-
ated by the Plum and CRS models are acceptably 

accurate to be applied when informing the tracking of 
environmental change.
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