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Abstract

Radiometric dating was a revolutionary contribution to the study of sedimentary
processes. Empirical data from varved sediments show that unsupported 2!°Pb (21°Pb,,.)
fluxes vary over time while they statistically correlate with sediment accumulation rates
(SAR). This contradicts the basic assumption of the Constant Rate of Supply (CRS)
model, which is the most widely used technique for recent sediments. This work is
aimed at assessing the CRS model-errors by quantifying the effects on chronologies of
various patterns of temporal variability of fluxes. Results are discussed through
applications with synthetic and real cores for which and independent varve chronology
or a set of reference dates are available. Periodic harmonic and random fluctuations in
fluxes tend to cancel out positive and negative deviations in CRS ages, but they produce
spurious variability in SARs. Persistent changes in fluxes lead to cumulated and
unacceptable deviations of the CRS ages, which cannot be satisfactorily compensated
by the use of a piecewise CRS model. The raw and piecewise CRS models can still be
powerful tools of widespread use when the conditions for their applicability are well
understood. The paper shows how the analysis of clusters in the 2!Pb,,. vs mass depth
profile, along with the estimation of equivalent constant fluxes pre and post-dating a
known reference date, are powerful methods to prevent misapplications of the CRS

model.

Keywords: Radiometric dating; Recent sediments; CRS model; Varying fluxes; Model

errors; Performance tests
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1. Introduction

The radiometric dating of sediments is the only technique of general applicability that
claims to provide an absolute age determination, and it has represented a revolutionary
contribution to the study of the sedimentary processes (Carroll and Lerche, 2003). For
recent sediments (< 100-150 y) the most common dating technique uses fallout >!°Pb, a
natural radionuclide. The method was first proposed for dating glacier ice (Goldberg
1963) and it was first applied to lacustrine sediments by Krishnaswamy et al. (1971),
and to marine sediments by Koide et al. (1972).

The primary object the researcher can handle after coring, sectioning and
radiometric analysis, is the specific activity of 2!°Pb found in excess (?!°Pb,,.) with
respect to its parent radionuclide (?2Ra) for each sediment slice, denoted hereafter as
A(m), with m being a mass-depth scale (mass depths are more meaningful than true
depths because of natural compaction and the shortening during coring and storage).
Although the physical fundamentals for the mass-conservation of a particle-bound
radioactive tracer in porous and accreting sediments are relatively well understood (see
the revisited diagenetic equations in Abril, 2003a), a 2!°Pb,,. vs mass depth profile, by
itself, is unable to provide any chronological information without the introduction of a
series of assumptions. Any set of assumptions which enables the construction of a
chronology from the above object is known as a radiometric dating model.

Most of the models share three assumptions: 1) continuity of the sequence (i.e.,
there is not any missing layer by erosion, neither huge episodic depositional-events); ii)
210pp,,. behaves as a particle-associated tracer and new inputs are ideally deposited at
the sediment-water interface (SWI) over the previously existing material; iii) there is not
any post-depositional redistribution. Of course, they can be broken in particular
sedimentary scenarios in the real world. Thus, mixing and diffusion have been widely
reported and modelled (e.g., Robbins and Edgington, 1975; Christensen, 1982; Smith et
al. 1986; Abril et al., 1992; Laissaoui et al. 2008). Non ideal deposition in sediments
with high porosities in their upper sections has been described by Abril and Gharbi
(2012). Erosive and/or depositional events have been described in some dynamic
sedimentary systems (e.g., Arnaud et al., 2002; Abril et al., 2018). But, even when
accomplished, the above assumptions are still unable to construct a chronology.

Figure 1 summarises the fundamental problem of a ?!°Pb-based

radiogeochronology. Given an A(m) profile, one pursuits to extract a unique
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chronology, 7(m), which can be plotted as a continuous and monotonically increasing
function in the age (7)) versus mass depth (m) space. The sediment accumulation rate
(SAR, with physical dimensions of ML-?T-!), denoted hereafter as w (w =dm/dT), is

related with the local derivative of the chronological line:

dT 1
= (1)

Thus, any chronological line provides both age and SAR at any given mass
depth, what enables decoding the 2!1°Pb,,. profile to reconstruct the history of initial
activity concentrations and the palaeofluxes onto the SWI. One can use the so obtained
time series of fluxes and SARs as inputs for solving the mass-conservation equation for
a radioactive tracer in sediments (Abril, 2003a); and the solution will be exactly the
given A(m). Obviously, without any additional restrictive assumption, there are an
infinite number of possible chronological lines being all of them mathematically exact
solutions (see Fig.1, panel 1, and a more detailed discussion in Abril, 2015).

Examples of additional assumptions enabling unique solutions are: i) 2!%Pbey,
fluxes onto the SWI are constant over time (CRS model; Appleby and Oldfield, 1978);
i1) initial activity concentrations are constant over time (CIC model; Goldberg, 1963);
ii1) fluxes onto the SWI and SAR are both constant over time (CF-CS model; Robbins,
1978) ; iv) fluxes and SARs can independently vary over time, but imposing a particular
(and non-physically justified) choice for a Fourier series expansion (SIT model; Carroll
and Lerche, 2003; Abril, 2015); v) varying '°Pb,,. fluxes and SARs, but attaining a
positive statistical correlation, as shown by Abril and Brunskill (2014) (TERESA
model; Abril, 2016). It is worth noting that the above unique solutions become a
restricted set of solutions when accounting for the analytical and propagated
uncertainties.

At a best, the accomplishment of these restrictive assumptions will be only
approximate. Consequently the model chronology may show positive and negative (but
overall compensated) deviations from the true chronology and thus, being reasonably
acceptable (Fig.1, panel 2). Nevertheless, local derivatives may be much affected,
leading to spurious local high or low SAR values which do not correspond to any
environmental change. In consequence, an acceptable model-chronology does not
necessarily imply a high-resolution high-accurate SAR history.

Each one of the above five model-assumptions represents a paradigm on the

behaviour of 21°Pb,. fluxes onto the SWI in aquatic sedimentary systems. But, what
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does the direct empirical evidence say about that? The deposition rate of atmospheric
210Pp is influenced largely by rainfall, leading to large annual variations (30-50 %) in
measured 2!°Pb,,. deposition (Turekian et al., 1977; Rangarajan et al., 1986). Inter-
annual variations more than two-fold have also been reported (Winkler and Rosner,
2000). After atmospheric deposition, 21°Pb can follow a wide diversity of pathways to
reach the SWI. These 21°Pb,,. fluxes onto the SWI are the meaningful ones for
radiometric dating.

Varved sediments allow for establishing a complete and independent
chronology, enabling the reconstruction of records of 2!°Pb.,. palacofluxes, initial
activity concentrations, and SARs (Abril and Brunskill, 2014). This provides a unique
chance for getting direct empirical evidences on the behaviour of 2!Pb,,. fluxes. Based
upon a wide and systematic survey on laminated sediments from marine, riverine and
lacustrine environments, Abril and Brunskill (2014) found that 2!°Pb,,. fluxes onto the
SWI were governed primarily by fluxes of matter, rather than by direct atmospheric
deposition, being highly variable in time and statistically correlated with SAR(see a
summary of the statistical analysis in Fig. ESM-1, in electronic supplementary
material). This result can be well understood from composite mass-flows carrying
210pp,,. inputs, both with intrinsic scatter (Abril and Brunskill, 2014). The range of
variability in weather conditions leads to varying intensities in the flows of mass and
210pb,,. from the scavenging processes and from all the potential erosional areas
contributing to the final fluxes onto the SWI at the studied site. These findings provide a
new paradigm for interpreting >!°Pb.,. fluxes onto the SWI, which replaces the old view
of fluxes dominated by direct atmospheric deposition (Binford et al., 1993).

At this point all the classical models need to be revisited under the light of this
empirical evidence. TERESA model (Abril, 2016) was developed just using this new
paradigm. Its applications till present are scarce (Abril, 2016; Botwe et al. 2017; Klubi
et al., 2017) and more experience is needed to better explore the potentials and
limitations of this model. The SIT model claims its ability for stablishing chronologies
with fluxes and SARs independently varying over time, and it contains the new
paradigm as a particular case. Nevertheless, it has been shown that this model lacks of a
sound physical basis and, in particular, it makes a misuse of the Fourier series

expansions (Abril, 2015).
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The CRS model is the most widely used ?'°Pb-based radiometric dating model
for recent sediments; it contains the CF-CS model as a particular case, and thus it is the
focus of the present study.

The new paradigm on fluxes seems to contradict the basic CRS model
assumption of a constant rate of supply. But in many application cases the CRS model
has been validated against independent chronostratigraphic markers (e.g. 1*’Cs and
241 Am peaks). How conciliate these contradictory results? What level of support
actually provides a single independent date? Particularly, when varve dates are
available, allowing testing the CRS-ages over the whole range of the chronology, the
CRS model has shown good performance in some cases (e.g., Appleby et al., 1979;
Lima et al. 2005; Shanahan et al., 2008), while it failed in others (e.g., Wan et al., 1987;
Reinikainen et al., 1997; Lamoureux, 1998; Finsinger et al., 2006; Chutko and
Lamoureux; 2009; Tylmann et al., 2013).

With time, the viewpoint of researchers has evolved regarding the role of
210Pb,,. fluxes onto the SWI when applying the CRS model. Initially it was dominated
by the view of a constant atmospheric deposition. Thus, the criteria for the reliability of
the CRS assumptions included that the measured inventory should be within a range
expected from regional atmospheric fallout rate, and that multiple cores within a lake,
but from areas of different sediment accumulation rates, should have similar 2!°Pb,,,
inventories (Binford et al., 1993). As the contribution of the 21°Pb,,. associated to mass
flows from the catchment and other sedimentary areas became clearer, it resulted
evident that the application of CRS was still possible with fluxes of a composite nature
and origin, while they remained constant over time (e.g. Oldfield et al., 1995). This
paper will extend this view by proving that the raw CRS chronologies can be acceptable
even for varying rates of supply positively correlated with SAR, when such variations
are randomly sorted in time around a mean value. This is, the new paradigm always has
been there, but in a large number of study cases it has been (it is) compatible with CRS
chronologies.

The idea that the mean value of 2'°Pb,,. fluxes onto the SWI can undergo
important drifts over time is not new. Indeed, this result is evident in many cases where
the 137Cs time-marks (or other chronostratigraphic marks) allow estimating the
equivalent constant fluxes from the partial 2!°Pb,,. inventories lying within two
consecutive reference dates (see the methodology in Appleby, 2001). The piecewise

CRS model (Appleby, 2001) has been proposed as a suitable radiogeochronological tool
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for cases where the fluxes pre and post-dating a known reference date are significantly
different. This is illustrated in Fig. 2 (panel 1), where both the raw and the piecewise
CRS models are applied to a 'Pb,,. vs mass depth profile for which two 13’Cs time-
marks are known (the Chernobyl accident and the 1963 peak in bomb-derived fallout,
respectively; data from Tylmann et al., 2016). The piecewise CRS has been applied
twice: 1) using only the 1963 reference date; ii) using both '37Cs time marks. In the first
case two periods or transects of different constant 2!°Pb,,. fluxes have been defined
from the above time marks and partial inventories, namely (in the order of increasing

ages): 396 + 8, and 692 =28 Bq'm~ y!. In the second application the first transect is

divided into two new transects by the Chernobyl reference date, with fluxes of 319 + 8

and 568 = 18 Bq'm~ y-!, respectively.

As seen in Fig. 2, it is evident that chronologies depend on the number of the
included reference dates. Indeed, transects are defined by the reference dates, not
because this was physically reliable but just because it is mathematically feasible. It is
certain that the true ages and the piecewise CRS ages agree at the reference points (and
at the surface), but this is not an outcome of the model, but just an imposed condition
for its construction. It is worth noting that this imposed agreement is quite often
interpreted as the endpoint in the dating of the sediment core, without paying any more
attention to the effects of model-errors (those arising from a partial or null
accomplishment of the model assumptions). There may be two major sources of model-
errors in a piecewise CRS model: 1) the flux onto the SWI follows an stepped function,
as assumed in the model, but the true age of the discontinuity falls far from the
reference date used in the model; i1) the flux onto the SWI does not follows a stepped
function but it undergoes continuous trends of change.

It is assumed that the piecewise CRS-chronology provides a proxy to the true
one, but in most of the cases there are no means to known how good such a proxy is. In
this example there is an independent chronology from varves (Tylmann et al., 2016).
Figure 2, second panel, shows the deviations of the piecewise CRS chronologies with
respect the one from varves. Discrepancies are relevant. In the figure error bars account
for the analytical and propagated uncertainties, which could be minimized by improved
instrumental methods, but the systematic deviations obey to model-errors (this case will
be further considered in this paper, including the reconstruction of records of

palaeofluxes).
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A strong conservative criterion would reject the chronology for any transect not
ending in a well-defined independent reference date. But this does not warrant the
accuracy of the CRS ages, as seen for the first transect in both piecewise applications. A
more dense set of reference dates would certainly improve the accuracy of the piecewise
CRS ages, but this could be hardly achievable in most of the studied sites, and, when
possible, the 2!°Pb-based chronology would be rather redundant, since the one based on
simple linear interpolations or smooth fits to the reference dates could be then suitable
enough (as illustrated in Fig.2, panel 2).

For different reasons, independent chronostratigraphic marks are not always
available, or they may be not confident enough (Abril 2003b; 2004). In practice, a huge
number of scientific works involving the radiometric dating of recent sediments
continue being published only with 2!9Pb,,. data. This justify the interest in developing
strategies for identifying some patterns of varying rates of supply from the analysis of
the 219Pb,,. vs mass depth profiles. As demonstrated in the paper, this is possible in
some cases by using the new paradigm on fluxes by Abril and Brunskill (2014).

All the above issues demand a better understanding of the model-errors in the
CRS-based chronologies, being this the aim of the present work. We try to understand
and quantify the effects on CRS chronologies of various patterns of temporal variability
of fluxes (e.g., random variability versus persistent changes) and to elucidate which of
them, if any, can be compensated with a piecewise CRS model. The paper will also
propose some mathematical tests for the reliability of a CRS-chronology based upon the
analysis of the A(m) dataset, and it will suggest some practical guidance for avoiding

misuses of the CRS model.

2. Materials and Methods

2.1. The CRS model

A detailed model formulation can be seen in Appleby and Oldfield (1978), or in
Sanchez-Cabeza and Ruiz-Fernandez (2012). In brief, the model assumes that 2!°Pb,,,
fluxes onto the SWI, F, are constant over time. The 2!°Pb,,. inventory below the
sediment horizon at mass depth m, %,,,, is:

S =J Am)dm' )

7
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In practice, the integral is replaced by a discrete summation over all the sediment
slices below mass depth m. The total inventory below the SWI, 2, is given by Eq. 2 for
m = 0. When fluxes have remained constant over periods of time larger than several
210Pb half-lives, X reaches a steady state (i.e. the flux at the SWI compensates for the
radioactive decay of 2): F = A %), with A being the radioactive decay constant for >1°Pb.
The sediment horizon when at the time of sampling is at mass depth m, was the former

SWI at age ¢,,. The condition of steady state inventory implies that X, = Xpe ’“m, what
allows solving the chronology:
1 Zo
tm =710 (3 ) 3)

The SAR history can be then solved from Eq. 1 (in practice derivatives are
approached by finite differences of mass-depths and ages), what may involve large
propagated uncertainties. Alternatively, the value of SAR at age ¢,, w,,, can be estimated
by imposing the condition that the advective flux through the sediment horizon at mass

depth m, w,, A(m), compensates for the radioactive decay of X, (Appleby and Oldfield,
1978):

Im

W = A5 m (4)

This procedure involves smaller propagates uncertainties, but it introduces a new
assumption which is not really needed for the CRS model; namely that any 2, remains
steady-state, what implies that A(m) is also steady-state.

A detailed study on the involved analytical and propagated uncertainties in the
CRS model can be found in the works by Binford (1990) and MacKenzie et al. (2011).
This last work shows that the CRS ages (Eq. 3) are quite sensitive to an accurate
estimation of 2, Nevertheless, the present work is concerned with model-errors, i.e.,
those arising from a partial or null accomplishment of the model assumptions.

The work by Appleby (1998) provides a review of the CRS model, its problems
and solutions. The associated techniques for using a piecewise CRS model can be found
in the above work, and in Appleby (2001). They will be briefly presented some further,

when needed.

2.2. Assessment of model errors in a CRS-chronology

Abril and Brunskill (2014) provided an estimate of the error in the CRS ages and SARs

due to a varying rate of supply. It is not general enough, but quite intuitive for a first

8
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level of analysis. If X is the 21%Pb,,. inventory below the SWI in a sediment core at
time t = 0, the ‘‘equivalent constant flux’’ is defined as F,= A X,. During the next
elapsed time At¢, a new flux, F, which may be different from F, but assumed to be

constant during this time interval, enters the SWI. The new total inventory, X, and the

inventory below the former SWI, X, are, respectively:
F
Tp=5(1-e M) +3) ;5)=Xpe M

With both inventories, the CRS model estimates the elapsed time

1 Zp
Atcprs = iln (Z 0
b

The absolute deviations in chronology,67 = Atcrs — At, can be estimated with a

first-order expansion of the exponentials (Abril and Brunskill, 2014):

o7 = (k- DAt )
where k =F/ F,. The deviation in chronology can be positive or negative, for F higher or
lower than F,, respectively. This expression provides a first intuitive insight. If we
iterate the process for subsequent time intervals, the cumulative deviation in the
chronology may result negligible when positive and negative deviations cancel out
among them. This is expected to happen when changes in F are randomly distributed in
time around its mean value. On the contrary, if a trend of increasing/decreasing in fluxes
is maintained for a large period of time, then deviations in chronology are of the same
sign and they accumulate leading to a significant deviation from the true chronology.

In the above approach, the value of F, must be updated with each iteration, what
introduces additional mathematical complexity. A more comprehensive approach can be
achieved by adopting a time (age) scale in which the origin is fixed at the time of
sampling of the sediment core. The flux onto the SWI at age ¢ before sampling can be

written as a baseline value, F, plus a deviation from such reference: F(t) = Fy + dp(t).

It is worth noting that F) does not need to be coincident with F, nor with the arithmetic
mean of F(¢). The total inventory and the inventory below the sediment horizon at mass

depth m (with age ¢,,), are:

o= [Fo+ 8p(t)leMdt , %, = f;;[FO + 67(0)]e ~Mdt, (6)
respectively. The CRS age for the sediment horizon at mass depth m, tgs(t,,)is then
given by Eq. 3, and the deviation with respect to the true chronology, 67(t,,) = tcrs -

tom-
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Equations 6 and 3 can be numerically solved for any stated F(¢). Analytical
solutions will be provided for fluxes onto the SWI with periodic-harmonic fluctuations
around the baseline value; for fluxes with random variations, also randomly distributed
in time; for stepped changes in fluxes and for linear trends of increase/decrease. The
factors controlling the magnitude of absolute deviations with respect to the true
chronology will be studied. This will provide a suitable basis for understanding the

limits on the performance of the raw and the piecewise CRS models.

2.3. Mathematical tests for the assessment of the performance of a CRS-chronology

In electronic supplementary material it will be proved the following theorem: In absence
of restrictive assumptions on the variability of fluxes and SARs (the paradigm of the
SIT model), any Z,,, versus t,, profile can be translated into an infinite number of
different A(m) profiles. Inversely, any 4(m) profile, without restrictive assumptions else
than ideal deposition, continuity of the sequence, and non postdepositional
redistribution, can be associated to an infinite number of Z,,(t,,) profiles.

The above result invalidates any attempt for identifying fingerprints (or for
developing mathematical tests) in 4(m) (the primary object for the radiogeochronology)
to evaluate a priori the performance of the CRS model.

Nevertheless, 2!%Pb.y, are statistically correlated with SARs (Abril and Brunskill,
2014). As shown in Fig. ESM-1, this correlation arises from the combination of a
random and independent variability in the initial activity concentrations, 4y, and SARs,
w, around their respective arithmetic mean values (estimated for the whole record):

Ay=<Ag>+38, ; w=<w>+94, ; F=Aw (7
In the above expression < > denotes the arithmetic mean, and §4, §,, are the random
deviations in the values of the initial activity and SAR, respectively. In practice, a
couple of values (4, w) can be ascribed to each sediment slice sectioned for radiometric
analysis. As variabilities in 4y and SARs are independent (Fig. ESM-1),
<F>= <A4p><w> (8)
The new TERESA model (Abril, 2016) is based upon this statistical correlation, and
it is able to solve time arrangements of initial activity concentrations and SARs which

are not randomly sorted in time.
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When randomly distributed in time, the effect of such variability in 4y and SAR
when applying the CIC model is that the CIC-ages fluctuate around the trend-line which
provides the meaningful chronology. Also in these cases the CF-CS model can show
good performance. When persistent changes in environmental conditions shift the initial
concentrations and/or the SARs towards different mean values, the plot Ln[A4(m)] can
show jump discontinuities and/or changes in the slope. Examples of real cases where
these changes happen will be presented and discussed in subsection 3.6. But not all the
observed discontinuities can be linked to situations with changes in <F>. To distinguish
such changes, <4,>, <w> and <F> can be estimated from the plot by using a piecewise
CF-CS model.

Figure 3 shows an sketch for a Ln[A(m)] plot with two discontinuities and three
transects which are separately fitted to straight lines, providing (negative) slopes s; and
ordinates in origin bi. For the first transect (for simplicity the notation <> is omitted for

the mean values):

b A
Aoi=e ; wi=g 5 Fp= Ao wy )

For the second transect, with different mean values for initial activity and SAR, the

fitting parameters must be estimated for the function
| ml m'
A(m') = Agzexp [ - A5 + 5
with m'=m-my; thus,
by =Ln (4gz) — mys1; wy = 1/s,. (10)

For the third transect the fitting parameters correspond to the function

, mp mp-my m'
A(m'") = Apzexp [ - A(W—l + + —)];

w2 w3
with m'=m-m;_and
bz =1n (4g3) - s1my - 52(Mz - My) ; w3 = A/s3,. (11)
It is worth noting that the effect of using m" is a uniform translation of the origin of
coordinates, what minimizes the fitting uncertainties in b, and b;. These approaches will
provide a basis for studying real cases of 2!°Pb,,. profiles and for identifying those

situations in which the CRS model can fail (subsections 3.5 and 3.6).

2.4. Core data
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For testing the performance of the CRS model, this work uses sediment core data from
published scientific works (references are provided in each particular case) for which a
varve chronology and/or a set of reference dates are available. Reconstructions of
palaeofluxes onto the SWI are reported in some cases following the methodology
described in Abril and Brunskill (2014). Synthetic cores are also used in this work.
They have been generated following the methodology described in Abril (2016), which
involves realistic bulk density profiles and a random and independent variability in SAR
and initial activity concentrations around their respective mean values, over which
different trends of change are imposed.

The statistical software package Statgraphics Centurion XVI has been used for

linear regression analysis and for the estimation of the Durbin-Watson statistic.

3. Results

3.1.  Fluxes onto the SWI with periodic-harmonic fluctuations around the baseline

value.

For a harmonic fluctuation of amplitude B and period 7, the fluxes onto the SWI can be
mathematically written as:

F(t) = Fo + Bcos(zT—:t + o) , (12)
where ¢ describes the state of the fluctuation at the time of sampling (#=0). The
analytical solution of Eq. 6 for £, is (it is relatively straightforward when working in

the space of complex numbers):

Fo _ Be *'m 2m 2 . (2m
In=—e "M+ P [/’lcos (T—tm + (p) - 7sin (T—tm + <p)] (13)
12+ (7)2 P P P
p

For t,, = 0 we get the expression for X,; and then we can solve for the CRS
chronology (Eq. 3) and &7(t,,), the deviations from the true chronology, as a function of
the age t,,. It is worth noting that for B=0 Eq.13 gives the solution for a constant rate of
supply.

As an example, Fig. 4 plots the solutions for &7(t,,) corresponding to a baseline

of Fo =100 Bq'm?'y"!, and various values for B, T, and ¢. Deviations from the true

chronology show oscillations with the same period 7,,, with amplitudes being

12
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proportional to the amplitude of the oscillations in fluxes, B, and they growth with T},.
For ¢=0 or ¢=n, the flux is at its maximum or its minimum value at the time of

sampling (Eq. 12), and the oscillations in §7 are centred on the true chronology (Fig. 4).
For ¢=n/2 and ¢=3n/2, the flux is at is baseline level, and the oscillations in §t are

systematically displaced down or up of the true chronology, what maximizes the
absolute deviation (Fig. 4).

For T, <20y, the angular frequency of the oscillation is one order of magnitude
higher than A, what allows simplifying Eq. 13, and, in a first order expansion, one can
find that (for ¢=n/2 and ¢=3n/2)

07, max~10AT,B/Fy. (14)

3.2.  Fluxes onto the SWI with random variability.

Although not properly periodic, random oscillations around the baseline value for
fluxes, when also randomly sorted in time, depict a situation close to the above problem.
Thus, one can expect that the CRS ages will also compensate positive and negative
deviations with respect to the true chronology. This can be tested with the synthetic core
of Fig. 5, generated following the methodology described by Abril (2016). It involved a
realistic bulk density profile and normal distributions for initial activity and SARs with

mean values of 250 Bq'kg™! and 0.18 g'cm2y"!, and standardized deviations of 0.2 and

0.25, respectively. This leads to fluxes onto the SWI with random variations and
randomly distributed in time (Fig. 5), and to the 2!°Pb,,. vs mass depth profile shown in
Fig.5. Application of the raw CRS model involved the usual correction for the total
inventory based upon the extrapolation of the exponential trend prevailing at the deepest
portion of the core. The so obtained CRS ages reasonably fit the true chronology (this
last arises from the values of SAR and mass thickness for each sediment slice), as
shown in Fig.5. Finally, a comparison among CRS and true SARs is also depicted in
Fig. 5 (error estimates have been omitted - see above comments in the Introduction
section). The order of magnitude and the global trends are well reproduced, but a high
resolution and high accurate SAR history cannot be expected from any of the existing

radiometric dating models.
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3.3.  Fluxes onto the SWI with stepped variations and continuous trends of

increase/decrease.

The stepped F(¢) function shown in Fig. 6a will provide a framework general enough for

the present goals. The value of Z,,, (Eq. 6) can be analytically solved for the three

regions of ages:

a) ty, >ty
Zm=%e_)“””
b) t1<t <t
Znge_ltm+§(e_’um—e_ltz) (15)
¢) tp<t;
Zm=%e_’“’"+§(e_ﬂ1—e_’“2)

The value of £ follows from the last expression for t,, = 0, what allows estimating
CRS ages after Eq. 3, and then §7(t,,).

Figure 7 plots some results for a baseline of F = 100 Bq'm2y"! and for various

values of B, t; and DT = t, — t;. When #;>0 there are three transects in Fig. 6a, and the
CRS model seems to interpret them as positive and negative deviations around a mean
value. This leads to positive and negative deviations in the chronology with a relatively
low maximum absolute-deviation (this value, for equal D7, increases as more recent is
the stepped changed, as shown in Fig. 7). For #,=0 the situation corresponds to two
periods of time with distinct but constant flows onto the SWI. In this case §7 growths
from zero at the SWI (i.e., ¢ =0) till reaching its maximum value, which remains then

constant downcore (Fig. 7). The value of 7 4 increases with the B/F ratio and with
the duration of the change, DT = t,. An analytical expression for 87 4, can be

obtained from Egs. 15a and 15b when #,=0:
87 max =0 [1 4+ 2(1 - e~ 2 (16)
T,max — ) Fo

Thus, the CRS chronologies can result unacceptable in this situation; €.g., a 87 gy
= 10 y can be achieved for B/F,= 0.8 with £,=19.5 y, B/Fy= 0.5 with t,=42 y or B/F)=
0.4 with £,=80 y.

In Fig. ESM-2 (in electronic supplementary material) this study is extended to
situations in which fluxes onto the SWI continuously increase/decrease at a constant
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rate in recent years (¢ < ¢;), as shown in the sketch of Fig. 6b. The deviations in the CRS
ages increase with both, the cumulated change in fluxes and the duration (Fig. ESM-2),
and they can surpass 10 years in a wide range of realistic situations (e.g., when fluxes

increase up to doubling their initial value during the last 32 years).
3.4.  Performance of the piecewise CRS model for F(t) with stepped variations

In this subsection we explore the capability of the CRS model to overcome the
situations described in the previous subsection 3.3 when a reference date is known
(usually the 137Cs and/or the 239*240Pu peaks in their profiles in the sediment core,
associated to the dates of their maximum atmospheric deposition).

A piecewise CRS model assumes that the whole temporal range of the
chronology can be divided into two or more periods or transects with constant 219Pb,,
fluxes, although with different values for each period. Transects are defined by the
reference dates. When only a reference date is available, #,, the first constant flux for the
interval [0, t,], F},,; , can be estimated from the measured partial inventory comprised

from the SWI to the sediment horizon at mass depth m, whose age ¢, is known, Z(O,mr)
=2o— 2Ly,
2(0,m,) = [ [Fpuwae~Mdt (17)
The flux F),, , for the second transect (#,, ), can be estimated from the
inventory below m,:
2(m,) =5, = szpW,ze “Mat (18)

The piecewise CRS age of a sediment horizon at mass depth m, of true age ¢ in

the interval [0, #,], can be estimated as
pr,l

1
tcrs = Zln[pr,l -Ax(0m)|° (19)

where 2(0,m) = Z; - X,,,. Similarly, the piecewise CRS age of a sediment horizon of

true age ¢ in the interval (z,, ) —i.e. with m > m,., is:

ZZ:] (20)

1
tCRS = tr + Zln[

Figure 8 shows results for three examples of stepped fluxes described by Fig. 6a.
Panel a) in Fig. 8 shows the case of an ideal stepped flux with three transects (with

discontinuities at ages 15 and 70 y) which is intended to be modelled by a piecewise
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CRS model using a single reference date. It is worth noting that in practice the true flux
history is unknown for the researcher, and a piecewise model with a reference date can
be a routinely approach. The model exercise has been replicated for three different
values of the reference date, namely 30, 50 and 65 y, which produce pairs of “constant
equivalent fluxes” post and pre-dating the reference date of (138.6, 171.2), (152.7,
146.3) and (157.0, 114.4), respectively (values in Bqg'm2y!). As shown in Fig. 8a,

deviations of the CRS-chronologies are quite noticeable in all the cases, although
smaller for the reference date of 65 y, close to one of the true discontinuities. It is worth
noting that the second reference date, of 50 y, leads to estimates of equivalent constant
fluxes which are similar for the two transects, what could be routinely interpreted as a
reasonable proof for constant fluxes, supporting then the application of the raw CRS
model (also depicted in Fig. 8a for the sake of comparison). Finally, Fig. 8a also shows
that a piecewise CRS model does not necessarily provide a better estimate of ages than
araw CRS model.

Panel b) in Fig. 8 shows the case of an ideal stepped flux with two transects
(with discontinuity at age 45 y) which is intended to be modelled by a piecewise CRS
model. By using the above three different reference dates of 30, 50 and 65 y, the
corresponding pairs of “constant equivalent fluxes” post and pre-dating the reference
date are of (170.0, 126.1), (166.8, 100.0) and (160.8, 100.0), respectively (values in

Bq'm=2y"). In this case all the tests based upon the reference dates indicate noticeable

long-term variations in fluxes. In this example, the piecewise CRS model provides a
better proxy to the true ages than a raw CRS model. Again the best estimate is achieved
for a reference date (50 y) close to the age of the true discontinuity (45 y).

Panel ¢) in Fig. 8 depicts a situation similar to that of Fig. 8b, but with fluxes
decreasing in recent years. Again, the best proxy to true ages is achieved when the
reference date is close to the age of the true discontinuity.

An example of a piecewise CRS model with two reference dates has been
presented in Fig. 2, involving a real case-study, and it will be further discussed in
subsection 3.6. The methodology for using a piecewise CRS model with several

reference dates can be seen in the work by Appleby (2001).

3.5. On the existence of fingerprints or statistical tests for an a priori evaluation of

the performance of the CRS model.
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Under the paradigm of fluxes and SARs independently varying over time (the one of the
SIT model), there are no means for unambiguously identifying any fingerprint of
varying fluxes in the 4(m) profile (see demonstration in Appendix ESM-A, in electronic
supplementary material). But Abril and Brunskill (2014) have shown that a positive
statistical correlation between them seems to hold in most of the cases (see details in the
above reference, in the Methods section and in Fig. ESM-1). This allows tracking those
changes in fluxes that may result in unacceptable CRS chronologies. Table 1
summarises the effects of some temporal changes (in the sense of increasing ages and
m) of 4,, and SAR in the Ln[A(m)] plot, and their implications for 2'°Pb fluxes onto the
SWI and for the applicability of the CRS model. Examples with practical applications
follow in the next subsection. On the basis of those examples the performance of the

Durbin-Watson statistic will be also studied (subsection 3.7).

3.6.  Applications to synthetic and real-case sediment cores from literature data

Core V1: Varved sediment from Pettaquamscutt River basin

Data from Lima et al. (2005). Sediment core from Pettaquamscutt River basin
(Rhode Island, Northeast USA), sampled on April 1999 at 41°30°N, 71°26’W and 19.5
m of water depth. The core showed varves with biogenic and clastic layers. Abril and
Brunskill (2014) reconstructed the palaeofluxes and SAR history for this core; the
former are shown in Fig. 9. They show large variability randomly distributed around
their mean value. It is worth noting that palaeofluxes are not generally available, and the
researcher must build the chronology only from the primary object A(m).

Figure 9 shows the Ln[A4(m)] plot for this core, with a jump discontinuity and a
change in the slope. The fitting parameters for a piecewise CF-CS model appear in
Table 2. In the sense of increasing ages and m, the initial activity shifts up to twice its
previous value, while SAR decreases by a factor about 2. This keeps the mean value for
fluxes virtually constant (Table 2), as in the case €) of Table 1. The (mean) values of the
fluxes obtained from the piecewise CF-CS model (Table 2) compare well with the
reconstructed palaeofluxes (Fig. 9). In absence of the varve chronology, and taking into
account the involved uncertainties in the estimation of parameters (Table 2), there are

no means for discarding the application of the CRS model to this core.
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The application of the raw CRS model (Fig. 9, second panel) shows a good
performance for most of the range of the chronology when compared against the ages
estimated from varves. Nevertheless, the CRS model overestimated ages in the deepest
portion of the core, although with large involved uncertainties.

In this case, the origin of discrepancies cannot be resolved from the usual
difficulties found in dating sediment layers older than a century without high-resolution
and accurate data (MacKenzie et al., 2011). It is worth noting that corrections for the
total inventory were applied, as usual, by accounting for the extrapolated exponential
trend of A(m) in the deepest section of the core. This correction account for less than
0.6% of the total inventory, but it has a major effect in the older CRS ages. Thus, a
correction of 1.8% for the total inventory allows fitting the CRS and varve ages (not
shown).

Lima et al. (2005) also reported data on '3’Cs, whose 1963 time-mark was

comprised in the region of good performance of the CRS model (m=2.28 g'cm™).

Furthermore, this reference date allows estimating post and pre-dating constant

equivalent fluxes of 335 +19 and 30348 Bq'm2y-!, respectively, without statistically

significant differences at 95% confidence level.

Core V2: Varved sediment from Sihailongwan Lake

Data from Schettler et al. (2006a). Sediment core from Sihailongwan Lake
(Northeast China, Jilin Province), sampled on September 1999 at 42°17°N, 126°36’W
and at 50 m water depth. The core showed varves with biogenic and clastic layers.
Reconstructed palacofluxes for this core were provided by Schettler et al. (2006a), and
revisited by Abril and Brunskill (2014). They are shown in Fig. 10 (first panel). Fluxes
fluctuated within the range 330-660 Bq'm=2y! except for the uppermost sediment layers,

with lower values, around 250 Bq'm2y-!.

For this study the A(m) profile has been truncated by omitting data from slice
number 5, since it registered episodic high deposition likely linked to a dust storm event
(Schettler et al. 2006b).Truncation has been applied as in Arnaud et al., 2002. Also in
this case the correction to the total inventory was negligible (< 0.1%). It is worth noting
that authors provided 2!°Pb without their associated uncertainties, but measurements

were carried out by alpha spectrometry, and relative uncertainties of 5% have been
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assumed for the present estimations, following the same criteria than in Abril and
Brunskill (2014), in their study of this core.

The Ln[A(m)] plot for this core (Fig. 10) shows a jump discontinuity with
change in the slope, with the shorter transect affecting the top sediment layers. The
fitting parameters for a piecewise CF-CS model appear in Table 2. They reveal a
decrease of both, initial activity concentrations and SARs (and then in fluxes) in the
recent years (the top sediment layers). As the duration of the change is relatively short
(~20y), the effect in the CRS chronology is only moderate, with a maximum deviation
of 9 years.

Taking into account table 1, one can identify this case as a stepped change in
fluxes due to changes of the same sense in 4y and w. With the parameter values of
Table 2 and the CRS chronology, used here as a first estimate of ¢, (sketch of Fig. 6a),
from Eq. 16 we could expect a maximum negative deviation of ~ 13 y. This estimate is
of the same sign and of the order of the one above value (from a direct comparison
against the varve chronology). Depending on the final use, the researcher could consider

the CRS chronology as providing a good proxy of the true one in this particular case.

Core V3: Varved sediment from Lake Zabinskie

Data from Tylmann et al. (2016). Sediment core collected in September 2011 in
Lake Zabinskie at 54°07'54.50" N; 21°59'01.1" E and 44.4 m water depth. The core
showed biogenic varves, and authors provided several time-marks. Those from 37Cs
have been used for the present study. In the above reference, authors already studied the
performance of the CRS and the piecewise CF-CS models in this core. Within the scope
of the present work, the core provides additional insight on the reasons for the CRS
failure. A first discussion of this dataset has been presented in Fig. 2 and in the
Introduction section.

The reconstructed palaeofluxes, following the methodology by Abril and
Brunskill (2014), are shown in Fig. 11. It is possible to distinguish up to three regions,
with increasing mean values of fluxes from the upper to the deeper sediment layers.

The Ln[A(m)] plot for this core (Fig. 11) shows three transects with two jump
discontinuities; the first one virtually preserves the slope, while this last increases (SAR
decreases) after the second discontinuity. The interpretation of the fitting parameters
(Table 2) reveals an increase in the mean value of the initial activity concentration after

the two transitions. Fluxes increase downcore in the three cases (Table 2) - i.e., they
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decreased with time (chronological dates). Thus, the above piecewise CF-CS analysis is
able to capture the main features of the temporal variability in fluxes in this case, and
this model provides a good proxy to the varve chronology as shown in Tylmann et al.
(2016). Accounting for the magnitude of changes, their occurrence and duration
(subsection 3.3 and Fig. 6, with B < 0), the researcher could expect a noticeable
negative accumulated-deviation in the CRS chronology. Effectively, the raw CRS
chronology (Fig. 2,) fails to fit the one from varves and the ¥’Cs time marks. As also
shown in Fig. 2, this discrepancy in ages cannot be satisfactorily solved with a three-

transects piecewise CRS model.

Core TM4: Sediment from the Sancho Reservoir

Data from Abril et al., (2018). Sediment core sampled on late 2011 in the
Sancho Reservoir, at 6°58.972°W, 37°27.697°N and at 36 m water depth. The core
registered a series of major environmental changes. After the construction of the dam
(on late 1962), the new sediment grew over the former floodplain with continuous and
high accretion rates, interrupted by a series of depositional events, likely linked to peaks
in the rainfall records. In 1972 the dam was heightened, almost doubling the capacity of
the reservoir, and noticeably displacing upstream the major depositional area of riverine
loads; after what the conditions for depositional events were never meet again, and SAR
values progressively decreased. The reservoir has been affected by acid mine drainage,
particularly since the mining cease in 2001.

The A(m) profile has been truncated by omitting the depositional events (Abril et
al., 2018). The resulting Ln[A4(m)] plot for this core (Fig. 12) shows three transects with
two jump discontinuities, associated to a sequential increase of 4, from older to younger
sediment layers, while SAR decreased. This last effect dominates, and the resulting
fluxes onto the SWI have been decreasing with time (Table 2). As in the previous case,
the researcher could expect large cumulated deviations in the CRS ages. Indeed, the
CRS model chronology fails when compared with the reference dates for the

construction of the dam and the heightening works (Fig. 12, panel 2).

Synthetic core S5
Abril and Brunskill (2014) studied the case of a varved sediment core from
Santa Barbara Basin (data from Koide et al., 1972) for which the ?!°Pb,,. palacofluxes

had been reconstructed (Fig. 13). They showed random variations from 1930 to 1960,
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653  followed by a continuous trend of increase that peaked around 1970, shortly before the
654  coring. This roughly corresponds to the situation shown in Fig. 6b. The application of
655  the CRS model also fails in this case, with positive deviation with respect to the varve
656  chronology, as shown in Fig. 13, consistently with the theoretical analysis shown in Fig.
657 ESM-2.

658 Nevertheless, this situation is more complex to detect from the analysis of a
659  piecewise CF-CS model. First, the Ln[A(m)] does not allow any straightforward

660 identification of clusters, and those shown in Fig. 13 are only tentative. It is worth

661  noting that for the first cluster a positive linear correlation does not hold. Thus, in this
662  case the piecewise CF-CS analysis would have failed as a warning for the application of
663  the CRS model.

664 A further testing of this situation can be achieved with the synthetic core of Fig.
665  14. It has been built following the methodology by Abril (2016). It works with a

666  realistic bulk density profile and with initial activity concentrations following a normal
667  distribution with mean value of 250 Bq/kg, a relative standard deviation of 0.2, and
668  randomly sorted in depth (time). For SAR we start from the deepest slices of the core
669  with a normal distribution with mean value 0.18 g cm y! and relative standard

670  deviation of 0.15, and from midcore we linearly increase the mean value towards the
671  SWI, resulting in the pattern of increasing fluxes shown in Fig.14. Two clusters can be
672  distinguished, but the linear fit is poor for the upper one (Table 2). The piecewise CF-
673  CS analysis tries to capture the mean values of the three magnitudes (4, w and F) for
674  each cluster, and it concludes a sharp increase of fluxes in recent dates. From Tables 1
675 and 2, the researcher could conclude that the situation corresponds to a reinforced

676  stepped increase in fluxes in recent dates. The application of Eq. 16, as a first estimate,
677  could warn for a misapplication of the CRS model in this case, with high accumulated
678  positive deviations in ages. Indeed, the raw CRS chronology (Fig. 14, second panel)
679  fails to reproduce the true (synthetic) ages.

680

681  3.7. Durbin-Watson statistic

682

683 Ife; is the residual at sediment layer i (the difference between the observed and the

684  predicted — from the fitting curve, value of Ln(4;); i=1,...N), then the Durbin-Watson
685 (DW) statistic, d, is given by

21



686

687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704

705
706

707
708
709
710
711
712
713
714
715
716
717

=Y (ei-eio1)?
d= T e e (22)

The value of d always lies between 0 and 4. Small values of d indicate that
successive error terms are positively correlated. If d > 2, successive error terms are
negatively correlated (d = 2 indicates no autocorrelation). It could be though that this
statistic could be a potential indicator for the existence of distinct clusters in the whole
Ln[A4(m)] plot. Its value, along with its statistical significance, p, for the above studied
cores is shown in Table 2. It takes the lowest value for core TM4, which shows three
distinct clusters and the CRS chronology noticeable deviate from the reference dates. It
is also below 1.0 for cores V1 and V2, where the CRS chronology is roughly
acceptable. The value of d indicates weak positive autocorrelation for core V3 despite
there are three distinct clusters and the CRS chronology clearly fails. Finally, no
statistically significant autocorrelation is detected for core S5 for which the CRS

chronology also fails. Similarly, d= 1.86 (p=0.277) for the core from Santa Barbara

Basin (Fig. 13), also affected by a trend of increasing fluxes in recent dates.

4. Discussion

Results from subsection 3.1 (fluxes onto the SWI with periodic-harmonic

fluctuations around the baseline value), and particularly the estimation of 67 ;4 by Eq.

14, reveal that for relatively short periods, such as the average period length of the El

Nifio climatic oscillation (7}, ~5 years), 67 mqy 18 less than one year for changes in

fluxes onto the SWI up to 60%. It is worth noting that a large period, of the order of
several decades, makes that the oscillation in fluxes onto the SWI roughly approaches to
a succession of persistent changes in environmental conditions, in such a way that
decades of high fluxes follow after decades of low fluxes, and vice versa. Even in this
situation, the CRS model has the ability of at least partially compensating for positive
and negative deviations, and thus providing a relatively reasonable proxy to the true
chronology.

Results from subsection 3.2 (fluxes onto the SWI with random variability) are
promising, since this can be the type of variability in the flows of matter and activities
onto the SWI which can be expected in non-perturbed sedimentary systems, likely

linked to natural oscillations in climatic conditions. Consequently, the CRS
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chronologies are expected to show good performance in these situations, although their
associated SAR histories must be handled with care, since only mean values over
relative large time lapses have some physical meaning.

Results from subsection 3.3 reveal that deviations of the CRS chronologies can be
unacceptable in situations in which fluxes onto the SWI show stepped variations and/or
continuous trends of increase/decrease (as expected for some sedimentary systems
under anthropogenic impacts). As the history of 21°Pb,,. fluxes onto the SWI of each
studied core is not generally available, the question arises of how identifying the above
unaffordable scenarios for the CRS model, whether possible, from the primary object of
the chronology, namely 4(m). But this could be a spurious question if a piecewise CRS
model could sufficiently compensate for any deviation from the true chronology.
Nevertheless, this possibility has been discarded in subsection 3.4. It is worth noting
that field data only can provide 4(m) and, when the case, the reference dates. Then, and
at a first, in a piecewise CRS model there is no means to know when fluxes changed
(the value of ¢, or £, in Fig. 6). The use of multiple reference dates likely would improve
the performance of a piecewise CRS model, but there are not warranties for completely
cleaning unacceptable deviations from the true chronology, as shown in the study case
of Figs. 2 and 11.

In absence of any restrictive assumption for the variation of fluxes and SARs, the
above persistent changes in fluxes may result untraceable in the 2!°Pb,,. profiles, but
this is possible when both magnitudes follow the statistical positive correlation found by
Abril and Brunskill (2014). Thus, the analysis of clusters, along with the piecewise CF-
CS model, as summarized in Table 1, has shown its use in the study of synthetic and
real cores for which palaeofluxes and/or an independent chronology were available
(subsections 3.5 and 3.6).

The estimation of significantly different values for the equivalent constant fluxes pre
and post-dating a known reference date can serve for unambiguously identifying long-
term trends of change in fluxes, as illustrated with the examples in Fig. 8. Nevertheless,
the reverse is not true, and similar values for the equivalent constant fluxes may mask
situations of long-term changes in fluxes, as also shown in the example of Fig. 8a (for
t,=50y). These examples also served to illustrate how deviations from the true
chronology in a piecewise CRS model decrease as the reference date approaches to the

true date at which takes place the discontinuity in fluxes. Thus, it can be helpful
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comparing the position of the known reference dates with the discontinuities observed
from a cluster analysis in the Ln[A(m)] plot.

The identification of distinct clusters in the Ln[A4(m)] plot seems to be quite
straightforward in some cases, but not so in others (e.g., Fig. 13). There are some
mathematical tools for piecewise linear regressions, or they always can be programmed
in computer codes. Nevertheless, they are subject to certain criteria (e.g., the
quantification of jump discontinuities, and the threshold level for identifying a change
in the slope) which also may fail in some cases.

Although the DW statistic applied to the Ln[A4(m)] plot can detect some
situations where the CRS model is not applicable, it fails to do so in other cases, and
thus, it cannot be considered as a test of general applicability. But the same is true for
the above piecewise CF-CS analysis, as shown for the case-study of Fig. 13.

In the example of Fig. 13 the application of a raw CF-CS model produces a
chronology in close agreement with the one from a raw CRS model (as shown for this
core in Abril and Brunskill, 2014). It is worth noting that this agreement has often been
considered as a proof of consistence of the chronology, but this example well illustrates
the failure of such criterion. Although '*’Cs data were not available for this core, as it is
a varved sediment, one can use the varve-age of 1963 as a reference date to estimate the
pre and post-dating constant equivalent fluxes, resulting of 662 + 24 and 1460 + 30

Bq'm2y, respectively. Consequently, situations in which not more than one cluster can

be distinguished in the Ln[A4(m)] plot can mask continuous trends of change in fluxes.
Such trends of change can be revealed by the estimation of pre and post-dating constant
equivalent fluxes from a known reference date. Exceptions appear in cases with long-
term changes in fluxes when the used reference date is close to the age for which the
two equivalent constant fluxes are equal. These ages are just those with a raw CRS 67
~0.

Some practical guidance can be provided after this study for continuous A4(m)
records and for properly truncated profiles:

1) Direct empirical evidence from varved sediments depicts a new paradigm of
varying rates of supply (Fig. ESM-1). This contradicts the fundamentals of the CRS
model. Nevertheless, the raw CRS model can still be a powerful tool of widespread use
when the conditions for its applicability are well understood. Warnings can be linked to

situations with long-term changes in 2!Pb,,. fluxes onto the SWI, and their proper
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identification becomes of capital importance. The items below assume that the studied
case verifies the basic assumptions of continuity of the sequence, ideal deposition and
non-posdetpositional redistribution.

i1) Independently of the adopted paradigm on fluxes, statistically-significant
different values for the equivalent constant fluxes pre and post-dating a known reference
date can unambiguously detect situations of long-term trends of change in fluxes.

111) Under the paradigm of fluxes varying over time while being positively
correlated with SAR (summarized in Fig. ESM-1), jump and/or slope discontinuities in
the Ln[A(m)] plot can identify some long-term trends of change in fluxes.

iv) In the above two cases the application of a raw CRS model is not
recommended, and there is not warranty that a piecewise CRS model could provide a
good proxy to the true chronology. This last still can be a model choice, but being aware
on the constraints shown in this study. It is possible to take some advantage from the
above analysis of clusters. For instance, discrepancies in the piecewise CRS-ages are
expected to reduce when the reference date is close to the observed discontinuity in the
Ln[A4(m)] plot.

v) Criteria i1) and iii) can separately fail (with false negatives) to detect some
situations of long-term change in fluxes, as illustrated with examples in Fig. 8a and Fig.
13. At our present understanding, a simultaneous failure of both criteria seems to have a
low probability of occurrence.

vi) A high-resolution slicing of the core and high-precision radiometric
measurements can contribute to a better performance of the above tests.

vii) It can be helpful testing the consistence of the CRS outputs with the new
paradigm on fluxes (Fig. ESM-1). Thus, if the computed SAR values show long-term
trends of change, then results must be taken with caution, since after Fig. ESM-1, fluxes
should also change according to SAR. Thus, one should be well confident that the
paradigm of Abril and Brunskill (2014) does not apply in the studied case. This could
be reliable in those sedimentary systems where the horizontal inputs (as defined in the
above reference) are expected to be negligible.

viii) The agreement between raw CF-CS and CRS models does not prove the
reliability of the chronology.

ix) In case of doubt, other models explicitly handling varying fluxes can be
tested. The use of the present version of the SIT model is not recommended since it

lacks of a sound physical basis. TERESA model can be a suitable option since it can
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solve some continuous trends of change in fluxes (e.g., it is able to produce a good
proxy to the known varve-chronology in the case-study of Fig. 13, as shown in Abril,
2016).

x) Researchers should intend to extract as much information as possible from the
studied core. Reference dates are of capital importance, but many other physical
magnitudes can provide some insight on how the studied system behaves. Thus, among
others, anomalous trends in granulometry, magnetic susceptibility, bulk density and/or
the normalized profiles of activity concentrations vs mass depth of other natural
radionuclides, can identify some major changes in the sedimentary conditions (e.g., see
Abril et al., 2018).

x1) The radiometric dating of recent sediments is not a complete and closed body
of theory. Some situations may fall beyond the present capabilities of models, and
further developments may be necessary, conducted by the collective efforts of the
international scientific community. Delimiting constraints and posing properly-defined
problems is a logical step for this task. This thought by John A. Robbins results
particularly encouraging: “When 2!°Pb can provide chronological information it's nice

but if not, it still may tell us something interesting about how a system works”.

5. Conclusions

There is a wide empirical evidence in the scientific literature of that 2!Pb,,. fluxes onto
the SWI vary with time while they are statistically correlated with SAR. This is in
contradiction with the basic assumption of the most widely applied ?'°Pb-based
radiometric dating model, namely the CRS model.

For fluxes onto the SWI with periodic-harmonic or random fluctuations around
the baseline value, positive and negative deviations of the CRS chronology tend to
cancel out, resulting in overall acceptable chronologies. This can apply to a wide set of
real cases where the short-term climatic oscillations are the major source of variability.
Thus, the CRS model can still be a powerful tool of widespread use when the conditions
for its applicability are well understood. Nevertheless, an acceptable model-chronology
does not necessarily imply a high-resolution high-accurate SAR history, since local
derivatives in the age vs mass depth curve (related with SARs) are much affected by the

above fluctuations.
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Persistent changes in environmental conditions resulting in a shift of the mean
value of 210Pb,,. fluxes onto the SWI, lead to cumulated deviations of the CRS
chronology with respect to the true ages, as proved for stepped and linearly increasing
F(t) functions . The magnitude of the maximum absolute deviation of the chronology
depends on the magnitude of changes in the fluxes, the duration and age of occurrence.
In these cases, the raw CRS chronology may result unacceptable.

In general, the use of a piecewise CRS model with a reference date may not
satisfactorily compensate for the above deviations in chronology resulting from long-
term changes in fluxes.

The new paradigm of fluxes (Abril and Brunskill, 2014), allows tracking some
long-term changes in fluxes. They appear as jump and slope discontinuities in the
In[A(m)] plot when they consist in stepped changes in the mean value of SAR and/or the
initial activity (Table 3.1). This has been shown with the application of a piecewise CF-
CS model to some synthetic and real cases for which an independent chronology (or a
set of reference dates) was available.

The analysis of clusters in the Ln[A4(m)] plot, along with the estimation of
equivalent constant fluxes pre and post-dating a known reference date, are powerful
tools for preventing misapplications of the CRS model.

The understanding of the properties of model-errors in CRS chronologies,
supported by several idealized situations and real case-studies, allows suggesting some
practical guidance to prevent misapplications of the CRS model, as summarized at the
end of the Discussion section.

The piecewise CRS model still can be a model choice, but being aware on the

constraints shown in this study.
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FIGURE CAPTIONS

Figure 1. Sketch of the 2!°Pb-based radiometric dating problem (upper panel): In
absence of restrictive assumptions else than ideal deposition, continuity of the sequence
and non-postdepositional redistribution, any 2!1°Pb.,. vs mass depth (m) profile is
compatible with an infinite number of chronological lines (three are depicted), each one
defining a particular history for SARs and palaeofluxes onto the SWI. The second panel
shows a detail of the true and model chronological lines, illustrating spurious SARs
(related with the local derivative) associated to a partial or approximate accomplishment

of the model assumptions.

Figure 2. First panel: 2!°Pb,,. vs. mass depth profile for a varved sediment from Lake
Zabinskie (data from Tylmann et al., 2016), along with the chronologies obtained from
a raw CRS model, and from the piecewise CRS model when using one and two
reference dates (1963 and 1986, from '37Cs data). The second panel shows the
deviations of the above piecewise-CRS chronologies from the known chronology from
varves (after Tylmann et al., 2016). Error-bars are 1o propagated uncertainties. For the
sake of comparison, this panel also depicts the deviation of a chronology built as a

linear interpolation among the origin and the two known reference dates.

Figure 3. Sketch of a piecewise CF-CS model applied to a Ln[A(m)] plot with three
clusters delimited by jump discontinuities with changes in the slope. Mean values for
SARs and the initial activity concentrations can be estimated from the slopes and the
ordinates in the origin (Egs. 9 to 11). Dispersion in data arises from random variations

around the mean values of 4, and w.

Figure 4. Analytical solutions for the deviation in the CRS chronology under fluxes
onto the SWI with periodic-harmonic fluctuations around a baseline value (Eq. 12, with

Fy= 100 Bq'm2y!). They are depicted for different values of the amplitude of the

oscillation (B, in Bq'm2y!), its period (7}, in years), and the phase (¢, in radians).

Figure 5. Synthetic 2!°Pb,,. vs mass depth (m) profile (first panel) generated with
210pp,,. fluxes and SARs with a random variability (second panel). The CRS
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chronology (first panel) and SARs (second panel) are depicted along with the

corresponding true (synthetic) values.

Figure 6. Sketch with two types of temporal variability of 2!°Pb,,. fluxes onto the SWI,
F(o).

Figure 7. Analytical solutions for the deviation in the CRS chronology under fluxes
with stepped variations (Fig. 6a). They are depicted for different values of the jump
discontinuity (B, in Bq'm=2y!), the duration (DT= ¢,-¢;) and the age #;, both given in

years. In all the cases F;= 100 Bq'm2y-!.

Figure 8. Computed deviations of the piecewise CRS chronologies for three cases of
F(¢) given by Fig. 6a (parameter values are given at each panel). A single reference date,
t, is used in all the cases, but the modelling exercise is repeated for three different

values of ¢,, as indicated in each panel.

Figure 9. Ln[A(m)] plot (first panel) for Core V1, a varved sediment from
Pettaquamscutt River basin (data from Lima et al., 2005). The fitting parameters for
lines ; and 7, are shown in Table 2. The reconstructed records of palacofluxes are also
plotted. The raw CRS chronology is depicted along with the one derived from varves

(second panel).

Figure 10. Ln[A(m)] plot (first panel) for Core V2, a varved sediment from
Sihailongwan Lake (data from Schettler et al., 2006a, and truncated by the depositional
event registered in its slice number 5). The fitting parameters for lines r; and 7, are
shown in Table 2. The reconstructed records of palacofluxes are also plotted. The CRS

chronology is depicted along with the one derived from varves (second panel).

Figure 11. Ln[A(m)] plot (first panel) for Core V3, a varved sediment from Lake
Zabinskie (data from Tylmann et al., 2016). The fitting parameters for lines »; r, and r;
are shown in Table 2. The reconstructed records of palaecofluxes are also plotted.

Several CRS-based chronologies are shown in Fig. 2.
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Figure 12. Ln[A4(m)] plot (first panel) for Core TM4, a sediment from the Sancho
Reservoir (data from Abril et al., 2018). The fitting parameters for lines »; r, and r; are
shown in Table 2.The CRS chronology is depicted along with two time marks (second

panel).

Figure 13. Ln[A4(m)] plot (first panel) for a varved sediment from Santa Barbara Basin
(data from Koide et al., 1972), along with palaeofluxes reconstructed by Abril and

Brunskill (2014). The separation of several clusters is not justified in this case, and the
selected ones are only for illustration purposes. The CRS chronology is depicted along

with the varve ages (second panel).

Figure 14. Ln[A4(m)] plot (first panel) for Core S5, a synthetic core generated with
random values of initial activity concentration (normal distribution with mean value 250
Bg/kg and relative standard deviation of 0.20), and SAR with random variations and
increasing mean value towards the SWI, resulting in the varying fluxes shown in the
first panel. The fitting parameters for lines 7; and r, are shown in Table 2.The CRS

chronology is depicted along with the synthetic ages (second panel).
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FIGURE CAPTIONS FOR ELECTRONIC SUPPLEMENTARY MATERIAL

Figure ESM-1 Frequency distributions (left panels) for normalized (to the arithmetic
mean of each core) initial activities, and SAR with data from 149 slices from 9 varved
sediment cores from marine, riverine a wide diversity of lacustrine environments (Abril
and Brunskill, 2014). The continuous line plots the normal distribution for the sake of
comparison. Panels on the right show normalized 2!°Pb,,. fluxes and initial activity
concentrations versus normalized SAR, and linear BCES ((Bivariate Correlated Errors
and intrinsic Scatter) regression. Normalization refers to the arithmetic mean value of
the magnitude in each sediment core. These statistical features also hold for each single

core (Abril and Brunskill, 2014).

Figure ESM-2. Analytical solutions for the deviation in the CRS chronology under
fluxes with a continuous trend of increase/decrease (Fig. 6b). They are depicted for

different values of B (in Bq'm=2y!) and #; (in years). In all the cases F;= 100 Bq'm2y-'.

F
Deviations of the CRS chronology, d7(t,,), have been estimated by Eq. 3, with Z,,, = 70

B+ F,
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Table 1. Effects of temporal changes in initial activity concentrations, 4,, and SARs (in the sense of growing ages —i.e., increasing m) in the Ln[A(m)] plot, and
their implications for 2'°Pb fluxes onto the SWI and on the applicability of the CRS model.

Changes in 4,

Changes in SAR

Effect in the Ln[A(m)] plot

Fluxes

CRS applicability

Random variations

Negative (a)/positive
(b) shift in mean value

Random variations

Negative/positive shift
in mean value

Positive (e)/negative (f)
shift in mean value

Random variations
Random variations

Negative (c)/ positive (d)
shift in mean value

Negative/positive shift in
mean value

Negative (e)/positive (f)
shift in mean value

Dispersion around trend-line

Negative(a)/positive(b) jump
discontinuity without change in slope

Discontinuity in slope:
increase ( ¢)/decrease (d)

Negative/positive jump discontinuity
and the slope increases /decreases.

Positive (e)/negative (f) jump
discontinuity and the slope increases
(e) / decreases (f)

Random variation

Negative (a)/positive (b)
shift in mean value

Negative (c)/ positive (d)
shift in mean value

Reinforced negative/ positive
shifts in mean value

Depending on the magnitude
of each change, fluxes could
remain unchanged

Possible

Cumulated deviation in ages

Cumulated deviation in ages

Cumulated deviation in ages

Quantify fluxes from CF-CS
model before applying CRS

Ln[A(m)]

. . - b)

...... - a)

Ln[A(m)]

Ln[A(m)]

...... - e)

m

Letters in brackes refer to the reference plots, which are shown as examples. They have been built with 4, =100 Bg/kg and w =0.30 g'cm2y"! for the reference (blue) line, both

with 15% of relative standard deviation. Clusters a) and b) keep the same w but with half and double value of 4, respectively. clusters c¢) and d) keeps the value of 4, with half
and double value of w, respectively; clusters e) and f) keep the flux constant with double and half values for 4, and w, and viceversa, respectively.



Table 2. Fitting parameters for a piecewise CF-CS model, and estimation of 2!Pb,,. fluxes for the studied set of
sediment cores.

Parameter Core V1 [1] Core V2 [2] Core V3 [3] Core TM4 [4] Core S5 [5]
-8 0401 =+ 0.027 40 <+ 0.8 0.273 + 0.016 0.79 + 0.14 0.060 + 0.024
by 6.16 + 0.05 791 + 0.08 571 + 0.04 476 £ 0.06 547 + 0.11
my 3.91 0.26 4.89 0.75 8.28

-5 0.99 £+ 0.06 1.58 =+ 0.03 0.232 + 0.017 0.322 + 0.012 0.165 + 0.017
b, 5.08 + 0.13 7.07 £ 0.06 498 =+ 0.07 399 + 0.03 592 + 023
m; 11.94 5.55

-S3 0.32 + 0.08 0.066 = 0.027

bs 398 + 0.15 291 + 0.18

Ao, 474 £+ 25 2720 + 220 301 £ 12 117 £ 7 240 + 25
w; 0.068 + 0.004 0.0077 =+ 0.0015 0.114 £+ 0.007 0.039 + 0.007 0.51 £ 0.20
Ao, 950 =+ 160 3400 + 700 550 + 60 98 + 11 160 + 40
) 0.031 + 0.002 0.0198 =+ 0.0003 0.134 £+ 0.010 0.096 £ 0.004 0.189 + 0.019
Ao,; 2000 £ 400 46 =+ 10

) 0.096 =+ 0.025 0.47 + 0.20

F, 323 £ 26 210 + 40 343 £ 25 46 + 8 1200 + 500
F, 300 £ 50 670 + 140 740 £+ 90 95 + 11 300 £ 70
F; 1900 =+ 600 220 + 100

DW 0.98 (0.0017) 0.84 (0.0007) 1.44 (0.019) 0.41 (0.000) 1.67 (0.13)

In the Ln[A(m)] plots, A(m) is given in Bq'kg™!' and m in g'em™. A4,,; and w; (i=1,2,3 —it refers to transects or clusters) have units of Bq'kg!

and g'ecm2y!, respectively, and F; are given in Bq'm2y-!; s; are slopes, and b, the independent terms in the linear fit. Values and errors in

A,,; for i>1have been estimated from Ln[A4(m )] plots with a translation to the origin (m’ = m-m, for i=2; m’ = m-m, for i=3).

DW: Durbin-Watson statistic for the whole Ln[A(m)] plots (in parentheses the p value)

[1] Plot in Fig. 9, data from Lima et al. (2005); [2] Plot in Fig. 10, data from Schettler et al. (2006) by excluding slice number 5; [3] Plot in
Fig. 11, data from Tylmann et al. (2016); [4] Plot in Fig. 12, data from Abril et al. (2018); [5] Plot in Fig. 14, synthetic core (see text).
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Radiometric dating of recent sediments: On the performance of 2!Pb-based CRS

chronologies under varying rates of supply

Appendix ESM-A

Theorem: In absence of restrictive assumptions on the variability of fluxes and SARs

(the paradigm of the SIT model), any %, versus t,, profile can be translated into an
infinite number of different A(m) profiles (and then X,, versus m profiles). Inversely,

any A(m) profile, without restrictive assumptions else than ideal deposition, continuity
of the sequence, and non postdepositional redistribution, can be associated to an infinite

number of X,,,(t,,) profiles.

Demonstration: The available data for establishing a 2!°Pb-based chronology is the
210Pb,.. versus mass depth profile, A(m). These data allow for the construction of X, vs
m profiles (by Eq. 2). The situations for which the CRS model fails (Section 3.4) can be
characterised by discontinuities in the slope of the plot X, versus age, as shown in the
example of Fig. ESM-A1. As fluxes onto the SWI are related with the initial activity
concentration and SAR by its product (F'= 4, w), there is an infinite number of possible
combinations of 4, and w dealing with the same value of F. That is, there is an infinite
number of A(m) profiles associated to the same F(¢) or 2,,(¢) history, each one with its
own mass depth scale, and then resulting in different 2, vs m profiles, as illustrated in
Fig. ESM-AL1. In particular, it is always possible to build a mass depth scale (and then a
210Pb,,. vs m profile) for which X, vs m follows a pure exponential decay (Z,,, = Zg

e~ F™), namely

Z(6)
T(t+do))

dm = %ln[

where f can take a wide range of realistic values.

Consequently, discontinuities in the 2, versus age may not be preserved in the
2., vs m plot, and some positive cases of warning would not be detected.

On the other hand, for any given 2!°Pb,,. vs m profile there are an infinite
number of possible chronological lines being mathematically exact solutions (see Fig. 1
and Abril, 2015), and then an infinity number of possibilities for the plot of 2, vs 7. In
particular, there is a chronology for which X, vs ¢ follows an exact exponential, namely

the one provided by the raw CRS model.



Although the above arguments apply for discontinuities in the slope of the 2, vs
m curve, they also hold for any attempt for building an statistical estimator based on

A(m).

Figure ESM-A1: Inventory below the sediment horizon at mass depth m (with age ¢,,),
2, plotted versus age, for fluxes with a stepped variation (Fig. 6a, with parameter
values given in the panel). As fluxes relate with SAR and 4, by their product (F'= 4y w),
there is an infinite number of possible A4(m) and X, (m) profiles sharing the same F{(t)
history (second panel, with three examples generated for constant w, constant 4, and

random A, respectively).
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Figure ESM-1 Frequency distributions (left panels) for normalized (to the arithmetic mean of each

core) initial activities, and SAR with data from 149 slices from 9 varved sediment cores from marine,

riverine a wide diversity of lacustrine environments (Abril and Brunskill, 2014). The continuous line

plots the normal distribution for the sake of comparison. Panels on the right show normalized 2!°Pbey,

fluxes and initial activity concentrations versus normalized SAR, and linear BCES ((Bivariate

Correlated Errors and intrinsic Scatter) regression. Normalization refers to the arithmetic mean value

of the magnitude in each sediment core. These statistical features also hold for each single core (Abril

and Brunskill, 2014).
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Figure ESM-2. Analytical solutions for the deviation in the CRS chronology under fluxes with a

continuous trend of increase/decrease (Fig. 5b). They are depicted for different values of B (in Bq'm-
2y"1) and ¢; (in years). In all the cases Fj= 100 Bq'm2y!. Deviations of the CRS chronology, 87(t,,),

have been estimated by Eq. 3, with
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