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Abstract Most 210Pb dating models assume that

atmospheric flux of excess 210Pb (210Pbexc) to the

sediment–water interface remains constant over time.

We revisited this assumption using statistical analysis

of a database of laminated sediments and evaluated the

implications for radiometric dating of recent deposits.

A bibliographic survey enabled us to create a database

with 10 annually laminated sediment cores from a

variety of aquatic systems. The database has records of
210Pbexc flux, initial 210Pbexc activity, and sediment

accumulation rate (SAR). 210Pbexc flux to sediments

varied with time, and 1/3 of the data had relative

deviations from the mean value[25 %. There was no

statistically significant correlation between activities

at the core top and SAR, whereas a statistically

significant (p \ 0.01) linear regression between
210Pbexc flux and SAR was found for nine of the ten

cores. Thus, in most of the studied aquatic systems,
210Pbexc flux to the sediment was governed primarily

by flux of matter, rather than by direct atmospheric
210Pbexc deposition. Errors in chronology and SAR,

attributable to varying 210Pbexc flux and estimated by

the constant rate of supply (CRS) model, were

evaluated from its analytical solutions, and tested

against SAR values from this database that were

derived independently from varves. We identified

several constraints for general application of the CRS

model, which must be taken into account to avoid its

misuse.

Keywords Constant rate of 210Pb supply model �
Radiometric sediment chronology � Sediment

accumulation rate � Time-dependent fluxes

Introduction

Radiometric chronologies for recent sediment cores

are thought to provide reliable estimates of sediment

accumulation rate (SAR) and deposition processes,

which are the key for inferring past environmental

conditions. The most common technique for dating

recent sediments uses fallout 210Pb, a natural radio-

nuclide. The method was proposed for dating glacier

ice (Goldberg 1963) and was first applied to lacustrine

sediments by Krishnaswamy et al. (1971), and to

marine sediments by Koide et al. (1972). Use of this

method increased rapidly and it was applied to a broad

range of environmental studies. Over time, models for
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profiles in the vicinity of the lake, where soil is not

rapidly eroded or deposited (Nozaki et al. 1978). This

soil-derived value is almost always smaller than the

inventory and average flux of 210Pbexc measured in the

sediment of deep, bowl- or cone-shaped lake basins,

because of focusing or funnelling of fine particles in

the aquatic system. Although there is wide observa-

tional support for the constancy of annually averaged
210Pb concentration in the lower atmosphere (von

Gunten and Moser 1993), the deposition rate of

atmospheric 210Pb is influenced largely by rainfall,

leading to large annual variations (30–50 %) in

measured 210Pbexc deposition (Turekian et al. 1977;

Rangarajan et al. 1986). Winkler and Rosner (2000)

reported more than two-fold inter-annual variations.

Thus, even in the simplest case of a water body for

which 210Pbexc input is limited to direct fallout, the rate

of supply is not constant over time. Catchment-derived

sediment input can provide an additional supply of
210Pbexc, which will vary from year to year in response

to rainfall and land erosion, extreme events and

changing land use, etc. Consequently, 210Pbexc flux to

the SWI is controlled by the proportion of sediment

supplied by each source, which is expected to vary

over time. The assumption of constant flux used in

many radiometric dating models needs to be applied

with care and validated. In general, we expect that
210Pbexc activity will be high at the core top, and

decline exponentially to supported 226Ra values at

sediment depths (i.e. ages) equivalent to 4–5 half lives

of 210Pb (22.26 years). Sediment depths of relatively

constant 210Pbexc activity might be interpreted as

zones of sediment and radionuclide mixing, or

episodic supply of sediment with uniform activity,

such as a turbidite, dust event or landslide.

Applying a subjectively chosen model without

independent validation may lead to misleading results

(Smith 2001). Any dataset with a 210Pbexc profile can

be explained by multiple models, leading to different

chronologies and SAR histories. Even in the case of a

well-defined exponential 210Pbexc decrease, the profile

can be explained under the hypothesis of constant flux

by models involving constant SAR (with or without

uniform and constant diffusion), or a constant increase

of SAR over time, without diffusion. Independent

validation is often accomplished by comparing 210Pb

model performance against chronology determined

using artificial fallout radionuclides such as 137Cs,
241Am or 239,240Pu (Klaminder et al. 2012), though

sediment mass accumulation rate increased in variety 
and complexity (Robbins and Edgington 1975; Rob-

bins et al. 1977; Appleby and Oldfield 1978; Chris-

tensen 1982; Abril et al. 1992; Caroll and Lerche 
2003).

These models are predicated on a set of assump-

tions about the functioning of the studied sedimentary 
system, e.g. whether inputs of 210Pbexc and/or SAR are 
constant or time-dependent, or if diffusion is or is not 
relevant. These assumptions enable specific solutions 
for the depth-distribution of particle-associated radio-

nuclides in sediments that have undergone accretion 
and compaction (Abril 2003a, 2011). To define the 
problem mathematically, initial and boundary condi-

tions must be specified. Continuous flux at the 
sediment–water-interface (SWI) is imposed as a 
typical boundary condition, although in sediment with 
very high porosity, this assumption could be unreal-

istic (Abril and Gharbi 2012).

Continuous, constant flux of 210Pbexc to the SWI, 
along with the absence of post-depositional redistri-

bution, constitute the basis for the constant rate of 
supply (CRS) model (Appleby and Oldfield 1978). 
When constant 210Pbexc flux persists over a century, 
the total inventory achieves steady state, i.e. flux at the 
SWI compensates for radioactive decay in the existing 
inventory. The restrictive hypothesis of steady-state 
profiles is common in most 210Pb models because it 
enables analytical solutions (Robbins 1978). Thus, the 
assumption of constant 210Pbexc flux has been widely 
applied to a variety of aquatic systems, including lakes 
(Robbins and Edgington 1975; Appleby et al. 1979; 
Abril 2003b; Trabelsi et al. 2012), estuaries (Di 
Gregorio et al. 2007; Dı́az-Asencio et al. 2009), and 
coastal areas and marine environments (Emeis et al. 
2000; Zaborska et al. 2008). A variety of models 
accommodate non-post-depositional redistribution 
(Stevenson and Battarbee 1991; Appleby 2001), 
constant diffusion (Laissaoui et al. 2008), complete 
or incomplete mixing (Robbins et al. 1977; Abril et al. 
1992; Abril 2004), translocation (Smith et al. 1986), 
and non-ideal deposition (Abril and Gharbi 2012). 
Most of these models also assume relatively constant 
SAR, which almost never happens. Some 210Pb and 
bomb fallout profiles clearly suggest large variations 
in SAR, with consequent disruptions in profiles of 
radionuclides in the core.

A time-averaged century-scale 210Pbexc inventory 
and/or flux can be obtained from carefully chosen soil



there are constraints for use of this technique (Abril

2003b, 2004).

A 210Pb-based chronology can be plotted as a curve

in the age versus depth plane, with a time marker such

as a 137Cs peak, tephra, etc., as a point in such a plane

(with associated uncertainties). Quite often a 210Pb-

based chronology is considered validated when the

age-depth curve adequately matches a single, inde-

pendent time marker. Furthermore, the single time

marker can be used to force a chronology, i.e. the

curve is forced through the point, as with the

reference-point method used to force the CRS model

(Appleby 2001). In this last case, the assumption of

constant flux is accepted implicitly rather than vali-

dated independently. Although this seems reasonable,

many times the chronological results are questionable.

Thus, in general, there is a lack of evidence about the

reliability of these methods in validating/constructing

chronologies in sediment cores for which there is an

independent, high-resolution chronology, as is true for

varved (i.e. annually laminated) sediments.

A varve-based chronology can only be established

when the structure and annual nature of the varves is

clearly understood and documented (Ojala et al.

2012). Not all laminated sediments are varved, and

some laminated sediments are produced by achrono-

logic, episodic pulses of sediment from within the lake

and/or from the watershed (Wolfe et al. 1994). Once

varve verification has been accomplished, such varved

sediments are ideal for testing the validity of radio-

metric chronology models. Koide et al. (1973) studied

a varved sediment core from Santa Barbara Basin and

provided empirical evidence that the 210Pbexc activi-

ties decreased exponentially with time, as expected

from the radioactive decay law and a constant

(averaged) SAR.

Appleby et al. (1979) studied three varved sediment

cores from lakes in east Finland and provided empir-

ical validation of the CRS model in scenarios with

varying SAR. But empirical evidence of the model’s

limitations has also been reported from the study of

varved sediments. Wan et al. (1987) studied a varved

sediment core from Greifensee Lake (Switzerland)

and found that the depth of the 1963 activity peak for

artificial fallout isotopes agreed with the varve chro-

nology, whereas dates derived from 210Pb analysis did

not. Similar results were reported by Reinikainen et al.

(1997) for varved sediments from Lakes Hankavesi

and Vesijärvi, in central Finland, that had well-

preserved 137Cs peaks. Disagreement between CRS

and varve dates was also found by Lamoureux (1998)

in varved sediments from Nicolay Lake, Cornwall

Island, Nunavut, Canada; by Chutko and Lamoureux

(2009) in a bio-laminated freshwater lake in the Colin

Archer Peninsula, Devon Island, Canada; by Finsinger

et al. (2006) in a core from Lago Grande di Avigliana

(northern Italy); and by Tylmann et al. (2013) in two

cores from Lake Łazduny, northern Poland. In other

cases, reasonable agreement was found between ages

from the CRS model and the varve chronology (Lima

et al. 2005—Pettaquamscutt River; Shanahan et al.

2008—in Lake Bosumtwi, Ghana).

These apparently contradictory results highlight the

need to further explore 210Pbexc flux into the SWI, how

flux variability limits the application of models that

assume flux constancy, and to what extent the reference

point method can be used to reliably test and correct for

this situation. To address these issues, we used published

data on laminated sediment cores taken from a variety of

aquatic systems, which enabled us to build a database of

records of SAR and 210Pbexc flux to the SWI. The

database allowed a statistical analysis of the variability

of 210Pb flux with time, and its relationship with SAR

values. The effects of such variability on CRS dates and

SAR values are discussed using analytical solutions and

case studies from this database. A lack of post-

depositional mobility of particle-bound tracers in the

varved sediments was assumed, as was continuous flux

of 210Pbexc to the SWI. The purpose of this study was to

evaluate the limitations of the constant-rate-of-supply

(of 210Pbexc) assumption, which, along with the above

ones, defines the CRS model.

Materials and methods

Creation of a database with varved sediment cores

A systematic search was conducted with the Science-

Direct database (http://www.sciencedirect.com/), using

‘‘laminated sediments ? 210-Pb’’ as the search crite-

rion. The search yielded 708 results, 200 of them with

‘‘varve’’ in the text. All the papers and the references

therein were carefully reviewed in the search for suitable

data. This literature survey was complemented with a

detailed review of *140 papers in the varved-sediment

database compiled by Ojala et al. (2012). Most of the

papers did not allow for reliable data recovery. Only

http://www.sciencedirect.com/


nine sediment cores fulfilled the requirements for this

work. Relevant data are summarized in Table 1 and

Appendix A. They contain 144 lines of data with values

for ages, SAR, and 210Pbexc concentrations.

The database (Electronic Supplementary Material

[ESM]—Appendix A) contains sediment cores from

Koide et al. (1973) and Wan et al. (1987) (C1 and C2,

respectively; Table 1), briefly referred to in the Intro-

duction. Two other varved cores (C4 and C5, respec-

tively) came from Lakes Hankavesi and Vesijärvi,

central Finland (Reinikainen et al. 1997). The authors

calculated 210Pbexc flux to the sediment and found large

temporal variability. Lima et al. (2005) studied a

varved sediment core (C6) from Pettaquamscutt River

(Rhode Island, Northeast USA). The 210Pbexc activity

versus depth profile displayed exponential decay, and

the CRS and CIC (Constant Initial Concentration)

models showed good agreement with the chronology

derived from varves. Kerfoot and Robbins (1999)

reported data for a varved sediment core (C3) from

Lake Portage, near Lake Superior, where mining

activities governed mass flux into the lake. The Isle

Royale Mill reduced operations in 1920 and terminated

discharges in 1947 (Kerfoot and Robbins 1999);

consequently only data after 1950 were used for the

present study. Schettler et al. (2006a) studied a varved

sediment core (C7) from Lake Sihailongwan, northeast

China, yielding a 200-year record of 210Pbexc flux.

Tylmann et al. (2013) studied two varved sediment

cores from Lake Łazduny, northeast Poland, cores C8

Table 1 Database with varved sediment cores

Core/Ref. Site and date of collection Other tracers 210Pb atmospheric fallout

(Bq m-2 year-1)

C1/[1] Santa Barbara Basin; 34�14.00N, 120�01.50W; 575 m depth. 1971.

Varves: annual designations are based on a direct correlation of

sediment thickness and rainfall for the past 100 years (Koide et al.

1972)

– –

C2/[2] Greifensee Lake (Switzerland); 47�210N, 8�400E; 24 m depth. October

1984. Varves: organic-rich ooze (dark laminae) and calcite

precipitation (light laminae) during spring/early summer

137Cs, 239,240Pu,
90Sr, 7Be

143 [2]

C3/[3] Portage Lake (Nearshore Regions of Lake Superior); 47�060N,

80�300W; 10–14 m depth. The fall of 1991. Varve-like slime clay

layers associated with mining discharges

Heavy metals *74 [7]

C4/[4] Hankavesi Lake (Central Finland), 62�360N, 26�450E; 43 m depth.

October 1995. Varve model not reported

137Cs 55 ± 19 [6]

C5/[4] Vesijärvi Lake (Central Finland), 61�310N, 24�070E; 39 m depth.

October 1995. Varve model not reported

137Cs 55 ± 19 [6]

C6/[5] Pettaquamscutt River basin (Rhode Island, Northeast USA), 41�300N,

71�260W; 19.5 m depth. April 1999 Varves: biogenic and clastic

layers

137Cs *120 [8]

C7/[9] Sihailongwan Lake (Northeast China, Jilin Province), 42�170N,

126�360W; 50 m depth. September 1999. Varves: biogenic and

clastic layers

137Cs, 241Am [250 [9]

C8-C9/[10] Lake Łazduny (northern Poland), 53�51.400N, 21�57.300E; 20–20.5 m

depth. Collected in the years 2006 (C8) and 2007 (C9). Varves:

regular succession of autochthonous calcite layers and organic-rich

layers

137Cs 110–130 [10]

C10/[11] Fayetteville Green Lake (New York, USA), 43�030N, 75�580W; below

20 m depth. 1967. Varves: calcite precipitation in summer, and

organic matter, clays and calcite deposited from fall to spring.

Separated sampling of varves and turbidites

137Cs 167 [12]

[1] Koide et al. (1973); [2] Wan et al. (1987); [3] Kerfoot and Robbins (1999); [4] Reinikainen et al. (1997); [5] Lima et al. (2005);

[6] El-Dahoushy (1988); [7] Robbins and Edgington (1975); [8] From Appleby (1998) and annual rainfall data; [9] Schettler et al.

(2006a); [10] Tylmann et al. (2013); [11] Brunskill and Ludlam (1988); [12] Graustein and Turekian (1986)



and C9 in the present compilation (Table 1). The

authors applied multiple methods to estimate age,

including varve counting, OSL, 137Cs and 210Pb dating,

and tested different 210Pb dating models against the

varve chronology. More recently, they revisited the

varve chronology for core C9 (Tylmann et al. 2014).

Cores from Fayetteville Green Lake, studied by

Brunskill (1969), Brunskill et al. (1984), Ludlam

(1974, 1984) and Brunskill and Ludlam (1988),

enabled distinguishing between contributions to SAR

and 210Pbexc flux due to regular varves and turbidites.

Core C10 (Table 1 and ESM Appendix B) serves to

complete our analysis.

Authors used different image-analysis methods for

varve counting, sometimes involving twin cores, and

for establishing age-depth relationships, which were

used to ascribe ages to either the mid-point or lower

boundary of each sediment interval. Associated

uncertainties were generally not reported. The reader

is referred to the original publications for details.

Measurement errors, however, can bias statistical

analysis (Akritas and Bershady 1996) and must be

included. Age errors associated with varve counting

are typically\2 % (Lima et al. 2005; Schettler et al.

2006a). Errors in initial activity, A0, are associated

predominantly with radiometric measurement. Error

information was available for all cores except C7,

which was measured by alpha spectrometry and for

which relative uncertainties of 5 % were assumed.

Mass thickness can be measured with typical relative

uncertainties \5 %, whereas relative errors in Dt

depend on the number of varves included in each slice

and their resolution. For simplicity sake, uniform

relative uncertainties of 10 % were assumed for

w (SAR) in this study. Exceptions were cores C8 and

C9, for which the varve chronology uncertainties were

reported, allowing for direct estimation of propagated

errors. Statistical analysis was subjected to sensitivity

testing to evaluate the effect of larger versus smaller

SAR errors. Measurement errors of A0 and w can be

treated as being independent. Because F is obtained

from the product w and Ao, its associated propagated

error depends on the errors of w and Ao.

Data processing

In radiometric dating models, 210Pb is assumed to be a

particle-associated radionuclide, with negligible dis-

solved phases in the sediment pore water. When a mass

flow, w (SAR), enters the SWI carrying 210Pbexc activity

Ao, the associated 210Pbexc flux, F, is F = wAo (they are

more properly ‘‘flux densities,’’ but we use the term

‘‘flux’’ for simplicity). The assumption of constant flux

over time necessarily implies co-variation of w and Ao.

Varved sediment cores allow reconstruction of

historical SAR, initial concentrations and fluxes,

through direct measurement in each sediment slice

of age (varve chronology), activity of unsupported
210Pb, thickness, and bulk density. Preservation of

varves supports the assumption of negligible mobility

of the particle-associated radionuclide, and activity

profiles of bomb-fallout radionuclides or other envi-

ronmental tracers with peaks at expected depths,

provide additional support.

The methods used to reconstruct records of varve

SAR and 210Pbexc flux can be found in the literature

(Brunskill et al. 1984; Brunskill and Ludlam 1988;

Ludlam 1984; Reinikainen et al. 1997; Kerfoot and

Robbins 1999; Schettler et al. 2006a). Briefly, for a

given sediment slice with mass thickness Dm (M L-2)

and an elapsed time between its lower and upper

boundaries Dt (T), the mean SAR value for this time

interval is w = Dm/Dt. If the measured 210Pbexc

concentration in the slice is A (Bq M-1), and the

age of its upper boundary is tup (T), the mean flux onto

the SWI, F (Bq L-2 T-1), assumed to be constant

during the time interval Dt, and accounting for the

radioactive decay with constant k, can be estimated as

follows:

F ¼ Aw
kDt

½1� expð�kDtÞ� expðk tupÞ ð1Þ

Initial activity, Ao, can be estimated by applying the

correction for radioactive decay to the measured value

of A; or, as the ratio F/w.

This approach allows for estimation of mean values

over Dt, over which shorter-scale fluctuations are

superimposed. But this is the operational definition for

the measurable magnitudes that one can achieve in

radiometric dating of recent sediments, and the

statistical study that follows applies to them, along

with their associated measurement errors. The effects

of a discrete resolution and fluctuations are treated in

the Discussion section.

Statgraphics Plus 5.1 and IBM SPSS software were

used for adjusting distributions and for correlation

analysis. The BCES estimator (Bivariate Correlated

Errors and intrinsic Scatter) was used for linear



regression analysis (Akritas and Bershady 1996).

BCES allows for measurement errors in both variables

(errors can be dependent), and allows the magnitude

of the measurement errors to depend on the

measurements.

Results

Figures 1, 2 and 3 show the time series of 210Pbexc

fluxes onto the SWI for the studied aquatic environ-

ments. These fluxes vary noticeably over the temporal

range of the varve chronologies, and in all cases except

cores C2 and C8 (Table 1), their values are much

higher than expected from local atmospheric deposi-

tion (Table 1).

For each core, a second panel shows the 210Pbexc

fluxes versus SAR. In all cases, a BCES linear

relationship can be established at a confidence level

(CL) of 99 %. The independent terms (ordinate at

origin) in the linear fits were compatible with zero,

considering associated uncertainties, the slopes

(Bq M-1) being related with the initial 210Pbexc

activities. Fluxes and SAR surpassed normality tests,

except fluxes in core C2, (ESM Appendix C).

For core C7 (Lake Sihailongwan, northeast China),

the time series of 210Pbexc fluxes onto the SWI

estimated in this work and that of Schettler et al.

(2006a) are shown (Fig. 3). They coincide except in

the three uppermost data points, the ones most affected

by ice extrusion during the freezing of the core after

sampling, and perhaps application of corrections not
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Fig. 1 Reconstructed time

series of 210Pbexc fluxes onto

the SWI (left panels); and
210Pbexc fluxes versus SAR

values with linear BCES

regression (right panels), for

cores C1, C2 and C3 (see

Table 1 and ESM Appendix

A). Error bars correspond to

1r. Horizontal bars in left

panel define the time

interval (from varves)

associated with each

sediment slice. In boxes ‘‘a’’

is the slope and R2 the

coefficient of determination;

* and ** denote confidence

levels greater than 95 and

99 %, respectively



fully explained in the original paper. The BCES

estimator omitted the data from slice number 5 (ESM

Appendix A), which included several thick clastic

layers, likely from episodic dust storms (Schettler

et al. 2006b). The low 210Pbexc activity in this storm

dust explains how an episodic event can cause data to

fall outside of the expected trend (Fig. 3), which

otherwise holds under most conditions.

Data on initial 210Pb activities failed the normality

test in most cases (ESM Appendix C). Thus, the

bivariate correlation test of Pearson was applied for

w and A0 after data transformation (ESM Appendix C).

Correlation was only statistically significant for core

C4. A0 was plotted versus w for all the cores (ESM Fig.

A-1), along with results from the BCES estimator,

which revealed the lack of a statistically significant

regression.

For each core, the arithmetic mean of 210Pbexc

fluxes ( �F), 210Pbexc initial activities ( �A0) and SAR ( �w)

were derived from their respective time series, cover-

ing the range of the varve chronology, as shown for

SAR values (ESM Appendix A). These arithmetic

means were then used to create the corresponding

normalized variables: e.g. for fluxes, FnormðiÞ ¼
FðiÞ= �F, where index (i) denotes the sediment slice.

This way, it is possible to run a global statistical

evaluation of the data. Figure A-2 (ESM) shows the

corresponding histograms with the frequency distri-

butions of normalized values, and normality tests are

reported in ESM Appendix C.

Normalized 210Pbexc fluxes versus normalized SAR

display a linear relationship (99 % CL, R2 = 0.744)

with a slope of 1.00 ± 0.06 and the ordinate at the

origin, 0.00 ± 0.06 (Fig. 4). Normalized 210Pbexc
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Fig. 2 As for Fig. 1, but for

cores C4, C5 and C6 (see

Table 1 and ESM Appendix

A). Open circles in core C5

(right panel) were not

included in BCES estimator



Data from Core C10 (Fig. 5 and ESM Appendix B)

required a different treatment because they came from a

different method that allowed distinguishing between

contributions to SAR and 210Pbexc fluxes from varves and

turbidites (Brunskill et al. 1984; Brunskill and Ludlam

1988). They are treated in the Discussion section.

Discussion

Initial 210Pbexc activities (A0) versus SAR

Neither the bivariate test of Pearson nor the BCES

estimator revealed any statistically significant rela-

tionships between A0 and SAR, except for core C4
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Fig. 3 As for Fig. 1, but for

cores C7, C8 and C9 (see

Table 1 and ESM Appendix

A). For core C7 open

squares are fluxes estimated

by Schettler et al. (2006a)—

see the text for the origin of

discrepancies in the three

uppermost data points, and

the open circle corresponds

to slice number 5, most

likely affected by a dust

storm event (open circle in

right panel, not included in

BCES)

fluxes were also linearly related with normalized 
concentrations (not shown) at 95 % CL (R2 = 0.23, 
slope 0.98 ± 0.36, ordinate at the origin, 0.02 ± 0.36; 
results from BCES estimator). When the residual 
values of normalized fluxes (i.e. their deviations from 
the BCES linear fit in Fig. 4) are plotted against the 
normalized concentrations, as done in the last panel of 
Fig. 4, a BCES linear regression explains 92 % of 
their variability. The BCES regression for F and w was 
re-evaluated using relative uncertainties of 5 and 15 %
for w for cores C1 to C7, but maintaining values for 
cores C8-C9, and updating the propagated errors in 
F. Results remained essentially unchanged within the 
associated uncertainties in the regression parameters, 
and changes in slope were \1 %.



(Fig. A-1 and ESM Appendix C). This suggests that

initial concentrations were governed mainly by the
210Pbexc fraction that particulate matter carries from

the catchment and/or from other sites in the aquatic

environment, through resuspension and re-deposition.

Variability in values for initial activity could be driven

principally by changes in the intensity of inputs from

different erosional areas under varying meteorological

conditions and/or human activities, along with natural

variability in atmospheric deposition (Winkler and

Rosner 2000) and the mineralogical composition and

particle size distribution of the deposited matter (Abril

and Fraga 1996). The expected outcome from the

hypothesis of constant rate of supply of 210Pbexc is

constant flux, and initial activity decreasing with

increasing SAR. For core C4, changes in SAR

explained 1/3 of the variability in A0, the increasing

trend likely a consequence of the contribution to the

mass flow of particulate matter with relatively higher

activity. In Fig. 5, initial activity of 210Pb declines

with increasing SAR, because nearly all the varve

sediment is created within the lake water column

(Brunskill 1969; Brunskill and Ludlam 1988), and

variation in measured 210Pb flux at the deep-water

SWI is small.

210Pbexc fluxes to the SWI versus SAR

In summary, in most of the studied aquatic environ-

ments the 210Pbexc fluxes were time-dependent, with

one third of the data showing relative deviations with

respect to the mean value[25 %. The BCES method

revealed a statistically significant (at 99 % CL) linear

regression between F and w for all the cores and for the

whole set of normalized data. Approximately 2/3 of

the variability in 210Pbexc flux is linked to variability in

SAR, and 1/3 to variability in initial activity, these last

two being uncorrelated variables. This result is clearly

opposite to the assumption of constant 210Pbexc flux.

Taking into account seasonal variability and the

time scales involved in radiometric dating of recent

sediments, meaningful definitions of F and w require

averaging over time intervals on the order of several

years to decades. It is worth noting that the relation-

ships in Figs. 1, 2, 3 and 4 apply to values of F and

w averaged over the varying time intervals DtS (on the

order of several years) associated with each sediment

slice. By definition, the averaged value over DtS of any

meaningful shorter-scale fluctuations of these magni-

tudes around their respective mean values (over DtS),

must be zero.

Appleby (2001) reported a statistically significant

negative correlation between surficial 210Pbexc activity

and mean SAR during the past 75 years in a large set
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of sediment cores from lakes in England, Ireland,

Scotland, Cumbria and Wales. Activity decreased

with SAR, which seems to contradict our results. In the

study of Appleby (2001), different lacustrine environ-

ments that receive similar fallout 210Pbexc, showed

different abilities to capture the radioisotope and

transfer it to the sediments. In this inter-lake compar-

ison, the greater the flow of matter (i.e. sedimentation),

the lower the activity of the particulate matter. This

provided valuable insights into the behavior of 210Pb

in the environment. Within a particular sedimentary

basin, however, we found temporal variability in SAR

(around the mean value), and independent variability

in initial 210Pb activity, which suggests time-depen-

dent changes in 210Pbexc fluxes. This provided infor-

mation about the behavior of 210Pbexc flux onto the

SWI in a particular aquatic environment, the question

that is relevant for sediment core chronological

models. Normalization to the local mean values

enabled comparison of different aquatic systems, and

we found a significant positive correlation between
210Pbexc flux and SAR in cores C1 to C9. A few data,

for instance slice 5 in core C7, showed an atypical

departure from the linear relationship between
210Pbexc flux and SAR that holds under most environ-

laminated sediment cores from Fayetteville Green

Lake (Table 1). They showed thin, light and dark

colored lamina couplets (varves) that were linked to

inorganic calcite precipitation in summer, and to

organic matter, clay and calcite deposition in winter,

respectively. Varve sedimentation was irregularly

supplemented with nearshore sediments, spread by

turbidity currents that formed coarse-grained sediment

layers referred to as turbidites by the authors. The

method used by Brunskill and Ludlam (1988) and

Brunskill et al. (1984) allowed separate sampling and

radionuclide analysis (210Pb and 137Cs) of varve layers

and turbidites. They quantified the contribution to

mass accumulation (SAR) associated with varves,

with variations largely a consequence of differences in

the thickness of the summer calcite lamina. Using the

varve chronology, the authors were able to estimate

the initial 210Pbexc activity for each varve. The data

show a trend of decreasing 210Pbexc activity with

increasing varve SAR (Fig. 5). Furthermore, recon-

structed 210Pbexc flux onto the SWI inferred from

varves was almost constant, with a mean value of

296 Bq m-2 year-1 and a standard deviation of 12 %

(Fig. 5). This is in good agreement with the assump-

tion of constant 210Pbexc flux in the CRS model, and

seems to contradict our present results. Nevertheless,

this method only accounted for 210Pbexc scavenged by

processes associated with varve formation, and

excluded the contribution to flux onto the SWI from

excess 210Pb associated with turbidites. Distinguishing

these two sources can improve insights into 210Pbexc

flux and its relationship with SAR.

200

300

400

500

600

700

800

900

1000

0.03 0.04 0.05 0.06 0.07 0.08

21
0
P

b
ex

c 
[B

q
 k

g
-1

]

w [g cm-2 y-1]

200.0

250.0

300.0

350.0

400.0

0.03 0.04 0.05 0.06 0.07 0.08

21
0
P

b
ex

c 
[B

q
 m

-2
y

-1
]

w [g cm-2 y-1]

Fig. 5 Initial 210Pbexc activities and fluxes versus SAR for the

Fayetteville Green Lake core (data from Brunskill and Ludlam

1988) with 1-r error bars. Data correspond to the contribution

of the varve material, which was sampled separately from

turbidites. Trend lines are also depicted

mental conditions, and this was attributed to an 
extreme, episodic event.

Fayetteville Green Lake varves and turbidites

Brunskill (1969), Ludlam (1969, 1981), Brunskill 
et al. (1984) and Brunskill and Ludlam (1988) studied



A two-component mass flow model with intrinsic

scatter

The empirical results from cores C1 to C10 can be

understood using a simple two-component mass flow

model (and associated 210Pbexc inputs), with intrinsic

scatter. Let wV and FV be the fluxes of matter and
210Pbexc, respectively, linked to the ‘‘vertical scav-

enging’’ in the water column of 210Pbexc coming

primarily from fresh meteoric fallout. These are

averaged values over the varying time intervals DtS
(on the order of several years) associated with typical

sediment slices. These magnitudes show natural and,

at a first, independent variability (dFV, dwV) around

their mean values ( �FV ; �wV ) over decadal time scales.

Atmospheric deposition primarily governs the
210Pbexc in the water column, where it is scavenged

by organic matter and settling inorganic particles

under a low-energy regimen. Nyffeler et al. (1984) and

Honeyman and Santschi (1989) describe the process of

radionuclide sorption by particulate matter and its

scavenging, mediated by the coagulation of colloids.

The 210Pb activity in scavenged material, AV , will be

AV ¼
FV

wV

¼
�FV

wV

1þ dFV

�FV

� �
: ð2Þ

Figure 6 shows a numerical exercise that includes

random variations in normalized wV and FV . One

hundred values were generated using the Microsoft

Excel random number generator, achieving a normal-

ity distribution and standard deviation of 0.25 and

0.125, respectively. The corresponding initial concen-

trations estimated from Eq. 2 follow a pattern of

decrease with wV, as observed in core C10. Other

contributions to the mass flow and 210Pbexc fluxes

include catchment-derived sediments, which are gen-

erally delivered to the SWI by slow sedimentation,

sediment redeposition within the lake basin from

focusing or other processes, and sediment deposits

associated with turbidity currents. Such sediments are
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Fig. 6 The two-component mass flow model with intrinsic

scatter. Random variations around mean values of fluxes of

scavenged 210Pbexc, FV, and the associated mass flows, wV, lead

to initial activities, AV, that decrease with increasing wV.

Horizontal inputs from the catchment and other areas within the

lake are characterized by initial activities, AH, and mass flows,

wH, with random variations around their mean values, which

lead to fluxes, FH, increasing with wH. Superposition of both

signals, which are simultaneous in terms of typical time-scales,

but with different relative intensities, P = FH/FV, results in the

relationships between global initial activity and global flux

versus global SAR depicted in the lower panels
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simply referred to here as ‘‘horizontal inputs,’’ and are

characterized by their mean values, �wH and �AH (over

the same Dt as the vertical inputs), and random and

independent variability (dwH ; dAH). A set of 100

normalized values were randomly generated, as in the

previous case, with equal standard deviations of 0.25

for both magnitudes. The associated 210Pbexc inputs

can be estimated as FH ¼ AHwH , and then renormal-

ized. This leads to a trend of increasing FH with

increasing wH (Fig. 6).

Within the time resolution DtS, both signals over-

lap. Their relative contribution can be characterized by

the ratio P ¼ �FH= �FV . For the sake of simplicity, in this

conceptual model we adopt �AH ¼ �AV . Global or

composited magnitudes, without separation of solid

particles by origin, are commonly used in radiometric

dating of recent sediments: FG ¼ FH þ FV ; wG ¼
wT þ wV , and the mass-averaged initial concentration,

AG ¼
AT wT þ AV wV

wT þ wV

: ð3Þ

Results for normalized global AG and FG versus wG

were plotted for P values of 0.5, 1 and 3 (Fig. 6). As

the P ratio becomes larger, horizontal inputs become

dominant, leading to a lack of correlation between AG

and SAR and a trend of increasing FG with increasing

SAR.

Combined contributions from water-column pro-

cesses and catchment and/or other areas within the

aquatic ecosystem to the mass (SAR) and 210Pbexc flux

to the SWI are common in both varved and non-varved

sediments. When contributions from the watershed

catchment area and/or turbidites become dominant,
210Pbexc fluxes increase with SAR. This was the

increase with SAR when P is large, as found in most of

the cases, but in some particular environments they

can be less variable and decrease with SAR (when P is

small).

Effect of varying flux on SAR and chronology

estimated using the CRS model

If R0 is the unsupported 210Pb inventory below the

SWI in a sediment core at time t = 0, the ‘‘equivalent

steady-state flux’’ is defined as Fe = k R0. During the

elapsed time Dt, a new flux, F, assumed to be constant

during this time interval, will enter the SWI. The SAR

during Dt, w, is assumed to be equally constant, i.e. Dt

will be the maximum time interval during which F and

w remain constant. We define the ratio k as k = F/Fe.

Taking into account radioactive decay, the new total

inventory R�0 and the inventory below the former SWI,

R�b, are, respectively:

R�0¼
F

k
½1� expð�kDtÞ� þ R�b; R�b¼ R0expð�kDtÞ

From these two inventories, the CRS model (Ap-

pleby and Oldfield 1978) estimates an elapsed time

DtCRS ¼
1

k
ln

R�0
R�b
¼ Dt þ 1

k
ln k þ ð1� kÞ expð�kDtÞ½ �

When k = 1, the basic assumption of the CRS

model is met and then DtCRS ¼ Dt. The mass thickness

accumulated during the elapsed time is wDt, and from

that value, the CRS model estimates the following

value for SAR:

wCRS ¼
wDt

DtCRS

:

Absolute deviations in chronology and sediment

accumulation rates are

dt ¼ DtCRS � Dt; dw ¼ wCRS � w

Taking into account that for time intervals on the

order of 1–2 years, kDt is a small number, and first-

order expansion allows estimation of the relative

errors:

er;t ¼
dt

Dt
ffi k � 1

er;w ¼
dw

w
ffi 1� k

k

ð4Þ

situation for most of the studied cores, as deduced 
from 210Pbexc fluxes to SWI (Figs. 1, 2, 3), when 
compared to corresponding values of local atmo-

spheric deposition (Table 1). Cores C2 and C8 are 
exceptions, with global flux being similar to or even 
lower than atmospheric deposition, but still linearly 
correlated with SAR. This situation can be interpreted 
as reflecting low efficiency of scavenging by meteoric 
fallout when compared to the contribution of horizon-

tal inputs. Cores included in this work cover a variety 
of lacustrine environments from different regions of 
the world, a marine sediment core and a core from a 
river basin (Table 1). This provides support for the 
conclusion that 210Pbexc fluxes vary with time and



These relative errors in the chronological parame-

ters ascribed to any given sediment slice are preserved

in time. Thus, from Eq. 4, a variation of 30 % in flux,

with respect to ‘‘equivalent steady-state values,’’ leads

to relative errors of 30 % in the elapsed time, and

23 % and 43 % in SAR when fluxes increase (k = 1.3)

or decrease (k = 0.7), respectively. We refer here to

‘‘model errors’’ (the model does not appropriately

reproduce the real scenario), which are different from

measurement errors. The whole sediment core can be

scanned from bottom to top using this method.

Cumulative deviations in the chronology and in the

averaged SAR tend to cancel out when they are purely

random, but the situation can be different under

persisting trends of increase or decrease in 210Pbexc

fluxes, as discussed in the next section.

Constraints for the CRS model

In this section, we explore the cumulative error in

chronology and SAR from the CRS model, when the

time series of 210Pbexc flux (and SAR) follows a

continuous trend of decrease or increase, as observed

in core C1 from Santa Barbara Basin (Fig. 1).

Alternative dating models are applied to the
210Pbexc profile for core C1 (Fig. 7a):

1. The common approach neglects the uppermost

part of the sediment, until the 210Pb maximum is

attained, and uses an exponential fit—continuous

line (Fig. 7a). This is the constant flux-constant

sedimentation rate (CF-CSR) model, which pro-

vides a SAR value of w = 0.068 ± 0.007 g cm-2

year-1.

2. Application of the stand-alone CRS model. As the

measured inventory (23.7 kBq m-2) is incomplete,

i.e. there is still measured 210Pbexc activity, this

value was corrected by extrapolation of the expo-

nential pattern found in the deepest layers, leading

to an inventory correction of 3.6 kBq m-2. Model

results produce a varying SAR, with a depth-

averaged value of 0.069 g cm-2 year-1 and stan-

dard deviation 0.010 g cm-2 year-1.

3. The reference-point method (1). Provided that the

date of the deepest layer, Td, is known (e.g. from

varves in this case), it is possible to estimate the

constant flux, F, required to produce the measured

inventory Rm (from the SWI to the deepest layer):

Rm ¼ F
R Td

0
e�ktdt. Assuming that this flux also

holds for ages older than Td, one can estimate the

correction, Rc, which must be added to complete

the inventory: Rc ¼ F
R1

Td
e�ktdt. Application to

Core C1 leads to Rc = 7.27 kBq m-2 (30.7 % of
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Fig. 7 a 210Pbexc versus mass depth profile for core C1 (Table 1

and ESM Appendix A, data from Koide et al. 1973) and the best
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CSR model). b Chronologies obtained from varves, and from
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Rm). After this correction, the CRS age of the

deepest layer is 1=k ln½ðRm þ RcÞ=RcÞ ¼ Td. This

way, the CRS chronology is ‘‘tied’’ to the true

chronology from varves at two points, the SWI

and the deepest layer. This method corresponds to

the one used by Appleby et al. (1979).

4. The reference-point method (2). The CRS

chronology is forced to match a reference time

marker within the time scale, in this example

the year 1963, in the layer 6.1–7.1 cm (ESM

Appendix A). The partial inventory contained in

this top layer requires a constant flux of

1,363 Bq m-2 year-1.

Lerche (2003) using synthetic 210Pbexc profiles, a

single time marker in some cases (e.g. at shallow depth

in a core) does not yield a reliable solution. Other

assumptions of the SIT model, for instance absence of

post-depositional redistribution, need independent

validation (Abril 2004).

Conclusions

The compiled database of laminated sediment cores

enabled reconstruction of a suitable set of historical

records of 210Pbexc flux to the SWI, SAR and initial
210Pbexc activity. These three variables showed large

temporal fluctuations, and there was no statistically

significant correlation between initial activity and

SAR, violating an assumption of most 210Pb-based

radiometric dating models. Furthermore, for 210Pbexc

flux, the BCES method established a linear regression

with SAR (99 % CL) that explained *2/3 of the

observed variability in 210Pbexc flux for cores C1 to C9.

Analysis of the Fayetteville Green Lake cores distin-

guished between contributions to SAR and 210Pbexc

fluxes from water-column processes and fluxes of

matter from the catchment and/or other areas within

the system. When these latter sources dominate, a

positive linear regression between 210Pbexc flux and

SAR naturally arises. In the case of negligible

horizontal inputs, as defined in this paper, such as in

Fayetteville Green Lake, water-column processes

dominate the scavenging of atmospherically derived
210Pbexc and variation in 210Pbexc flux is greatly

reduced and 210Pbexc activities are inversely related

to SAR. The number and diversity of aquatic systems

studied here provides support for the claim that it is

most common for 210Pbexc flux to vary and increase

with SAR.

One third of the 210Pbexc flux data showed devia-

tions from the mean value [25 %, which limits the

value of chronologies and SARs obtained with the

CRS model. From the analytical evaluation of asso-

ciated errors and their cumulative effect, the following

constraints on use of the model include:

(1) Similarities between chronologies and SAR

histories produced by stand-alone CRS and CF-CSR

models cannot be considered independent validation.

(2) Non-monotonic 210Pbexc profiles have often been

linked to conditions of varying SAR; because of the

proved correlation between 210Pbexc flux and SAR,

Chronologies derived from these models can be 
compared with the chronology obtained from Santa 
Barbara basin varves (Fig. 7b). The stand-alone CRS 
and the CF-CSR models produce concordant chronol-

ogies and SAR histories (Fig. 7c), often considered 
sufficient support for establishing a radiochronology. 
Nevertheless, in this case the models do not pass the 
varve chronology test, and their SAR histories differ 
substantially from the one derived from varves 
(Fig. 7c). The CRS model with the reference-point 
method (1) produces a chronology that closely follows 
the one obtained from varves, and its SAR history 
reproduces roughly the main features registered by the 
SAR history from varves (Fig. 7c). Nevertheless, a 
significant disagreement between true and modeled 
ages is found in the lower part of the profile, where the 
reference point is the year 1963. We note that this 
version of the reference point method is the one used 
most commonly in radiometric dating of recent 
sediments.

As the authors demonstrated in their respective 
papers (Table 1), the CRS model failed to reproduce 
the varve chronologies of cores C2, C4, C8 and C9, 
yielded poor results for C7, and reasonable results for 
cores C6 and C5, the latter through the reference point 
method. The Sediment Isotope Tomography (SIT) 
model (Caroll and Lerche 2003) can be applied to 
situations with variable SAR and 210Pbexc flux, and 
seems to be a powerful tool. Tylmann et al. (2013) 
reported SIT chronologies consistent with varve dates 
for cores C8 and C9. It is worth, however, noting some 
limitations of the method. To constrain the infinite 
number of mathematical solutions, the SIT model 
requires the use of known time markers within the core 
(e.g. 137Cs peaks), and, as demonstrated by Caroll and



application of the CRS model to this kind of profile

should be undertaken with caution. (3) Use of

reference points to constrain the CRS model can

improve its performance, but such time markers

constitute a unique dating tool, and results still require

independent validation. These constraints do not apply

to lakes with negligible horizontal sediment inputs,

which appear to abide by the assumptions of the CRS

model.

These constraints should be understood as a

positive contribution to practical application of the

CRS model, which will help avoid its inappropriate

use. It remains a useful method for determining SAR

and rough horizon ages, and without these dating

tools, we would have no way to determine sediment

accumulation rates or the history of deposition of

microfossils, contaminants, and climate over the last

century.
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