
Facultad
de

Ciencias

CANTABRIAN ESTUARY SEDIMENT ANALYSIS BY
GAMMA ESPECTROSCOPY OF 210Pb AND 137Cs:

SEDIMENTATION RATE, DATING AND BIODIFFUSION
EFFECTS

 (Análisis de sedimentos de estuarios del Cantábrico por
espectrometría gamma de 210Pb y 137Cs: tasa de

sedimentación, datación y efectos de biodifusión)

Trabajo de Fin de Grado
para acceder al

GRADO EN FÍSICA

Autor: Mario Alonso González

Director: Ángel Mañanes Pérez

Co-Director: Juan Remondo Tejerina

Julio - 2015



Contents i

Contents

Abstract 1

1 Introduction 2

2 Sedimentation analysis with environmental radionuclides: 210Pb and 137Cs 3

2.1 137Cs fallout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.2 210Pb cycle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.3 Mathematical models for sediment analysis with 210Pb . . . . . . . . . . . . . . 7

2.4 Sediment Mixing model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3 Gamma radiation and detection 19

3.1 Interaction of gamma radiation with matter . . . . . . . . . . . . . . . . . . . . 19

3.2 High Purity Germanium (HPGe) detector . . . . . . . . . . . . . . . . . . . . . 20

3.3 Gamma-ray spectroscopy of Ge detectors . . . . . . . . . . . . . . . . . . . . . . 22

4 Methodology 26

4.1 Sample collection and treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

4.2 Detector calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

4.3 Density and porosity measurements . . . . . . . . . . . . . . . . . . . . . . . . . 30

5 Analysis of results and discussion 32

5.1 Sediment core SV1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

5.2 Sediment core TM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

6 Conclusions 47

References 49



Contents 1

Abstract

The aim of this work is to study the sedimentation processes occurring in the San Vicente and
Tina Menor estuaries, in Cantabria (Spain), determining sedimentation rates, dating sediment
layers and studying how diffusion and bioturbation effects affect the post-depositional distri-
bution of different radioactive tracers in the sediment. For this purpose, one core from each
estuary was collected and analyzed by radiometric techniques, concretely gamma spectroscopy,
mainly of 210Pb and 137Cs. Three different models were used in order to interpret the results:
the CIC (Constant Initial Concentration) model, the CRS (Constant Rate of Supply) model
and a sediment mixing model which accounted for diffusion and bioturbation.

The results were found concordant with the geological studies, for the Tina Menor estuary
- whose river basin flows with a greater discharge - had much higher sedimentation rates (up
to 0.7 cm yr−1 at present time) than the San Vicente estuary (up to 0.3 cm yr−1 at present
time). A sediment dating was also performed to each core, while porosity and tracer mobility
(by diffusion and bioturbation) were studied in the San Vicente estuary for different isotopes.

Kew words: Cantabrian estuaries, sedimentation analysis, environmental
radionuclides,210Pb, excess 210Pb method, 137Cs, gamma-ray spectroscopy, natural radioactive
chains, diffusion equation

Resumen

El propósito de este trabajo es estudiar los procesos de sedimentación que tienen lugar en
los estuarios de San Vicente y Tina Menor en Cantabria (España), determinando las tasas de
sedimentación, datando las capas de sedimentos y estudiando cómo efectos de difusión y biotur-
bación pueden afectar a la distribución post-deposicional de diferentes trazadores radioactivos
en el sedimento. Para logarlo, un testigo de sedimentos fue tomado de cada estuario y analizado
mediante técnicas radiométricas, concretamente espectroscoṕıa gamma (principalmente 210Pb
y 137Cs). Se han comparado diferentes modelos en la interpretación de los resultados, como
son el CIC (Concentración Inicial Constante) y el CRS (Velocidad de Aporte Constante), aśı
como un modelo de mezcla en el sedimento en el cual se tiene en cuenta efectos de difusión y
bioturbación.

Los resultados concuerdan con los estudios geológicos, ya que el estuario de Tina Menor
(cuya cuenca fluvial es mayor y de mayor enerǵıa) resultó tener tasas de sedimentación mucho
más altas (hasta 0.7 cm por año en el presente) que el estuario de San Vicente (hasta 0.3 cm por
año en el presente). Además, las capas de sedimento de cada testigo fueron datadas, mientas
que la porosidad y la movilidad de diferentes isótopos debida a bioturbación y difusión fue
estudiada en el estuario de San Vicente.

Palabras clave: Estuarios cantábricos, análisis sedimentológico, radionucleidos
ambientales,210Pb, método de 210Pb en exceso, 137Cs, espectroscoṕıa gamma, cadenas radi-
activas naturales, ecuación de difusión
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1 Introduction

Sedimentation has become a growing concern not only for places where erosion and deposition
occur at high rates, but also other regions in the world where it used to be looked at as a less
important problem. This is due to the fact that fine sediment transport can cause siltation
of rivers or other water canals, which may present a trouble for sustainable water resources,
irrigation systems, hydropower production or even navigability of rivers and harbors, and it is
also an important concern because sediment transport and deposition sets water-pollutants or
nutrients transport and deposition - as pointed out by Walling (2001). Furthermore, sedimen-
tation analysis have detected an increment in sedimentation rates in estuaries due to climate
change (global warming) and human activity (Irabien et al., 2008a). Sediment control strategies
have been developed, but there is lack of data on how the actual processes of erosion, sediment
transport and deposition occur and what variables have influence on them.

For this purpose, chemical methods have been used for a long time (Muslow, 1998). Nev-
ertheless, over the last decades there has been a growing awareness of the advantages of using
radiometric techniques, enhanced by the improvements in this field. Nowadays, gamma spec-
troscopy with high purity germanium detectors or alpha spectroscopy allow radioactive studies
of samples where the radioisotopes are present in very small concentrations, due to their very
precise results. Applied to sediments, environmental radionuclides are naturally-occurring and
their distribution in time (or sediment depth) can be analyzed their according to their radioac-
tive decay rate, in order to date sediments or determine sedimentation rates, for instance.
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2 Sedimentation analysis with environmental radionu-

clides: 210Pb and 137Cs

Environmental radionuclides are radioactive isotopes which occur broadly in the environment
in high enough concentrations to be detected. Concretely, there is a group of those called fallout
radionuclides, which have their origin in the atmosphere and are deposited in the landscape
with a certain flux pattern and then strongly absorbed by the soils. This type of environmental
radionuclides can be used as tools to trace or date sediments by studying their concentrations
(or radioactivity, which is directly proportional to the concentration) profiles with sediment
depth.

Some of the most commonly used fallout radionuclides are 137Cs, 210Pb, 7Be (Walling, 2001)
or 239,240Pu (Nie, 2001). Both 137Cs and 239,249Pu were originated in the atmospheric nuclear
tests carried out mainly during the 1950’s and 60’s and, although they mostly precipitated
right away, there is still an atmospheric reservoir and fallout nowadays. Unlike these two, both
210Pb and 7Be formation is not associated with human activity. Whereas 7Be has cosmogenic
origin, 210Pb is a product of the natural 238U radioactive decay chain. They all also differ in
their half-lives, which are 53 days for 7Be, 22.3 years for 210Pb, 30 years for 137Cs and around 6
thousand years for 239,240Pu. Hence 7Be only allows very recent sediment studies, while 210Pb
can account for about 100 years. 137Cs and 239,240Pu can be used in sediment analysis for the
last 50-60 years, since they were firstly released in the early 1950’s - with a maximum deposition
peak in 1963 (see Figure 2.1). This work will be focused on the analysis of sediments based on
their excess 210Pb profile and their 137Cs profile.

2.1 137Cs fallout

137Cs is a radioactive isotope which was expelled to the atmosphere during the atmospheric
nuclear bomb experiments - as a result of the fission of U - during the 1950’s and 60’s mainly.
Atmospheric 137Cs then precipitates either by a dry or wet way to the soils and water formations.
Fallout 137Cs has been detected in the Earth’s superficial soils, with different concentrations
depending on the latitude and local rainfall regimes (Longmore, 1982), with special intensity
during the 60’s, with an specific peak in 1963. Figure 2.1 includes a record of the fallout 137Cs
flux to the Earth’s surface in Miami from 1950 to 1970 (when the highest of the atmospheric
nuclear activity took place).
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Figure 2.1: 137Cs deposition in Miami between the years 1950 and 1970. (Holmes, 1998)

Most of the fallout 137Cs deposited in the soils is absorbed within the first centimeters
by ion exchange. In soils composed by small particles - such as clay or organic matter -
absorption is intense, whereas in porous or sandy soils the fallout 137Cs does not get attached
and penetrates deeper (Soto et al., 2002). Diffusion effects are very important in the distribution
of Cs in sediments, as will be discussed later. For 137Cs half-life is 30 yr and it is known that
its deposition peak occurred in 1963, the sediment layer which has the highest 137Cs activity
can be associated with this maximum deposition date, i.e. around 1963. In consequence, an
estimation of the average sedimentation rate can be obtained from the fallout 137Cs profile,
which can be compared with the one obtained by the 210Pb methods described below (Holmes,
1998; Zapata, 2000; Walling, 2001; Irabien, 2008a).

It could be argued that the observed peak in the 137Cs profile with depth corresponds to the
Chernobyl accident in 1986, as there was actually a 137Cs emission to the atmosphere. However,
this emission has only been detected in areas closer to Chernobyl, but not in Southwestern
Europe - except in the work by Schmidt et al. (2005) in the French Biscay bay -, so 137Cs
deposition due to Chernobyl will not be considered in this work either.

2.2 210Pb cycle

210Pb is a naturally-occurring radioactive isotope of Pb which is present in the environment
since it is a product of the radioactive decay chain of 238U, which is present in the Earth’s crust
rocks 2.2. 238U has a much longer life than its daughters (its half-life is T1/2 = 4.5 × 109 yr).
The excess 210Pb method is based on the hypothesis that all the minerals in the sediments
are closed systems for U and its daughters, so the they are in secular equilibrium. In a closed
system the displacement of any of the U daughters from their formation place can be considered
relatively negligible. Therefore, if a secular equilibrium is established between 238U and all its
daughters, all the activities of the isotopes present in the decay chain will be equal after a
certain time.
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Figure 2.2: Decay chain of 238 U, main gamma photons and their emission probabilities (%).
(van Weers et al., 1997)

An important concept when working with 210Pb is the concept of secular equilibrium - as
said before -. Suppose a radioactive nucleus whose daughter is also radioactive. The loss of
parent nuclei (1) is

dN1

dt
= −λ1N1 (1)
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However, this loss turns into an increase of daughter nuclei (2), which is on the other hand
decaying as well.

dN2

dt
= λ1N1 − λ2N2 (2)

Assuming there is only parent nuclei at the beginning (N1=N0, N2=0), the parent nuclei
will start to decay, forming daughter nuclei. Now supposing λ1 << λ2 - i.e. the parent nuclei
decays much slower than the daughter nuclei -, an equilibrium will be achieved after certain
time, when the number of daughter nuclei formed and decaying per unit time become equal.
That implies that both the activities of the parent and the daughter nuclei are equal too:

dN2

dt
= 0→ λ1N1 = λ2N2 (3)

This can be extended for a series of radioactive parents and daughters with the only
assumption of λ1 << λ2, λ3, ..., λn, achieving after a certain time this state where all activities
are equal

λ1N1 = λ2N2 = λ3N3 = ... = λnNn (4)

which is called secular equilibrium.

However, one of the 238U daughters is 222Rn (T1/2 = 3.8 days), which is a noble gas and
consequently does not get attached to the ground particles but it rather moves upwards through
the pores. Hence a small fraction - only significant in the most superficial layers - will escape
to the atmosphere before decaying. Then, the atmospheric 222Rn decays through very short
half-life isotopes to 210Pb, which will precipitate again to the surface. 210Pb (T1/2 = 22.3 years)
gets accumulated in the water in oceans, lakes, rivers, etc., before precipitating again within
the sedimentation processes of each aquatic system. These processes are summarized in Figure
2.3.



Sedimentation analysis with environmental radionuclides: 210Pb and 137Cs 7

Figure 2.3: 210Pbxs cycle. (Oldfield, 1984)

Precipitated 210Pb is called excess 210Pb (210Pbxs), whereas the 210Pb present in the soils
- in secular equilibrium with 226Ra (for it is a intermediate daughter in the 238U decay chain)
- is called supported 210Pb (210Pbsp). Applied to sediments, 210Pb only precipitates to the
uppermost sediment layer. Once this one gets covered by a new layer, it no longer receives
210Pbxs. Therefore 210Pbxs inventory in each layer decays radioactively with sediment depth
(time). As a result, sedimentation rates can be obtained studying the 210Pbxs activity (or
concentration) profile with depth in the sediment column (Faure, 1986).

2.3 Mathematical models for sediment analysis with 210Pb

There are two models which describe the deposition of 210Pbxs with the sediment: the Constant
Initial Concentration (CIC) model (Faure, 1986) and the Constant Rate of Supply (CRS) model
(Sánchez-Cabrera, 2000). Both of them are supported by the following assumptions:

• There is a constant 210Pb flux from the atmosphere to the system.

• 210Pbxs does not redistribute once deposited in the sediment - i.e. there are no diffusion
or bioturbation effects (these will be accounted in the Sediment Mixing model below).

• The sediment is considered a closed system with no leakages to the water above.

• 210Pb concentration in water is very small, so the intermediate water cannot be considered
as a 210Pb reservoir.

• The 210Pb atmospheric residence time is relatively long compared to that in the aquatic
system, in such a way that the atmospheric 210Pb precipitated to the water is rapidly
transferred to the sediment.
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There are a few magnitudes that need to be defined in order to understand properly the
models.

The sedimentation rate s (cm yr−1) of an i sediment layer is defined by the thickness of
the layer ∆xi divided over its formation time ∆ti:

si =
∆xi
∆ti

(5)

Considering the same layer, its mass accumulation rate ri (g cm−2 yr−1) is defined by the
deposited mass ∆m in a surface S during its formation time:

ri =
∆mi

S∆ti
(6)

Finally, the average activity flux fi (Bq cm−2 yr−1) of the radionuclide to the sediment
layer i is defined as

fi = riAi,0 (7)

where Ai,0 (Bq kg−1) is the initial specific activity (activity per unit mass) of the radionu-
clide in the formation of the sediment layer i.

2.3.1 Constant Initial Concentration (CIC) model

This model (Faure, 1986) also assumes the constant initial activity (or concentration) Ai,0 of
210Pbxs of every layer to be constant, i.e. Ai(0) = A0 for every i sediment layer in the time of
its formation (ti=0). Therefore its activity decays radioactively with time for every layer in the
following way:

A(t) = A0e
−λt (8)

where λ = ln2
T1/2

= 0.0311 yr−1 is the decay constant of 210Pb and t is the time passed since

the formation of every i layer. As a result, a date can be associated with each i sediment layer
(sediment dating) by solving eq. (8) for t:

t(x) =
1

λ
ln

A0

A(x)
(9)
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Furthermore, assuming constant sedimentation rate s = x
t
, eq. (8) can now be solved for

s:

lnA(x) = lnA0 −
λx

s
(10)

Hence lnA(x) is supposed to be linearly dependent of x, where the slope a is

a = −λ
s

(11)

which will serve as an estimation of the sedimentation rate s to be compared with the
more trustworthy CRS model described below.

2.3.2 Constant Rate of Supply (CRS) model

In the previous model, the initial 210Pbxs (Bq kg−1) at the formation time of each sediment layer
was assumed to be constant, which is a rather too strict and unrealistic assumption. Instead,
this model (Sánchez-Cabrera, 2000) assumes a constant rate of 210Pbxs supply - constant 210Pb
flux fi (Bq cm−2 yr−1) - to the sediment, which means that there is the same 210Pbxs deposition
per surface and time regardless of the sedimentation rate or the mass flux. Considering this, if
one substitutes eq. (7) - activity flux - in eq. (8) - time-dependent activity -, the result is

A(x) = Ai(t) = Ai(t = 0)e−λt =
f

r(x)
e−λt (12)

where r(x) is the mass accumulation rate when the layer at depth x was formed at the
surface. Now the accumulated inventory of 210Pbxs (Bq m−2) Ac(x) from a depth x to infinite
depth is defined as

Ac(x) =

∫ ∞
x

A(x′)ρ(x′)dx′ ≈
∞∑
i

Aiρi∆xi (13)

where ρ(x) is the sediment density at depth x (the sediment density is depth-dependent due
to compaction). The approximation of the integral by the finite sum is plausible as the activity
tends to zero for infinite depth and allows to calculate this quantity out of the experimental
activity values.

If eq. (12) is now substituted in eq. (13),
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Ac(x) =

∫ ∞
x

f

r(x′)
e−λt

′
ρ(x′)dx′ (14)

A relation between depth x and time t can be found in the mass accumulation rate equation
(6) in order to write everything in terms of t in the integral and so be able to solve the integral.

r(x) =
1

S

dm

dt
=

1

S

Sρ(x)dx

dt
→ dx =

r(x)

ρ(x)
dt (15)

Substituting in (14),

Ac(x) =

∫ ∞
x

fe−λt
′
dt′ =

f

λ
e−λt (16)

where f
λ

turns to be Ac(0), which is the accumulated activity at the surface (depth x=0),
i.e. the total 210Pbxs activity inventory in the whole sediment column; the eq. (16) can be
finally rewritten as

Ac(x) = Ac(0)e−λt (17)

The above eq. (17) can also be solved for time t in order to date each i sediment layer at
depth x:

t(x) =
1

λ
ln
Ac(0)

Ac(x)
(18)

Now the time-dependent (depth-dependent) sedimentation rate has the form

s(x) =
dx

dt
=
r(x)

ρ(x)
=

fe−λt

ρ(x)A(x)
=

λAc(x)

ρ(x)A(x)
(19)

where equations (12) and (16) have been used in the last two equalities . Real sedimentation
lies somewhere between the CIC and the CRS models (Nie, 2001), as the 210Pbxs flux to the
sediment does slightly depend on the sedimentation rate. Nevertheless, CRS model has a less
strict assumption which will lead to a better interpretation of the experimental results and it
will also permit to associate a sedimentation rate to each layer, providing with a time evolution
of the sedimentation rate.
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2.4 Sediment Mixing model

Whereas the previous models (CIC and CRS) neglect diffusion effects, it becomes necessary
to deal with it seeking a more realistic approach to the tracer distribution in the sediment, as
diffusion and bioturbation are actually major processes affecting it. A model which includes
diffusion/bioturbation effects is the sediment mixing model proposed by Nie et al. (2001),
in which the tracer activity varies with time and sediment depth according to the following
differential equation:

∂
[
(1− φ)ρ0A

]
∂t

=
∂
[
(1− φ)ρ0DB

∂A
∂x

]
∂x

−
∂
[
(1− φ)ρ0sA

]
∂x

− (1− φ)ρ0λA (20)

where φ(x) is the sediment porosity (cm3 of pore water over cm3 of bulk sediment), ρ0

is the density of the sediment solid phase (averaged 2.5 g cm−3), A(x, t) is the radionuclide
specific activity (mBq g−1, equivalent to Bq kg−1), t is time (yr), x is the sediment depth (cm),
DB(x) the diffusion coefficient associated to bioturbation (cm2 yr−1), s(x, t) is the time- and
depth-dependent sedimentation rate (cm yr−1) and λ is the decay constant of the radionuclide.
From this point onward, the product ρ0(1 − φ(x)) will be considered as the effective density
ρ(x). The first term on the right-hand side of the equation corresponds to bioturbation and
diffusion effects, the second term corresponds to the sedimentation process and the third term
corresponds to the decay of the radionuclide. In the following lines, a derivation of each term of
the equation will be performed. Equation (20) is the equation which rules the distribution of the
radionuclide activity with depth in time it is the mathematical translation of the conservation
law applied to an elementary volume of the sediment.

Figure 2.4: Sediment column. Schematic description of the sedimentation process in the sedi-
ment column.
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Considering a slice of the sediment column at depth x with a thickness ∆x and surface S
- as pictured in Figure 2.4 -, the activity that will enter the slice per interval of time ∆t (left
side of the equation) is

S∆xρA

∆t

The expression is equal to the gain or loss due to diffusion/bioturbation, sedimentation
and radioactive decay in this very slice. The radioactive decay term is simply

−λS∆xρA

as A = - dN
dt

, being N = N0e
−λ the number of radioactive nuclei, so dA/dt = - λ A. The

sedimentation term corresponds to the balance of sediments getting in and out of the slice due
to the vertical sedimentation velocity s(x, t). Considering again a slice of the sediment column
of thickness ∆x and surface S, the activity that enters the slice through the upper surface at
x due to this process is

Ss(x, t)ρ(x)A(x, t)

whereas the activity that leaves the slice through the surface at x+ ∆x is given by

Ss(x+ ∆x, t)ρ(x+ ∆x)A(x+ ∆x, t)

In the limit of ∆x → 0, the activity that enters minus the activity that leaves the slices
turns into the following rate of change due to the sedimentation velocity:

−∆x
[∂sρA
∂x

]
Finally, the first term in the right-hand side of the equation considers diffusion and bio-

turbation - as said before. Bioturbation is considered as a diffusive process, since the fauna
in the sediment move indistinctly upwards or downwards, dragging particles with them and
therefore softening the radioactive tracer gradient. Considering this, the diffusion term will be
interpreted as a sum of the effects of bioturbation and regular diffusion due to particle mobility,
working in order to soften the concentration gradients.

The contribution of the diffusion term is readily obtained once the Fick’s law is assumed
for the evolution of the concentration gradients, which is
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Fx = −DB

∂
[
ρ(x)A(x, t)

]
∂x

(21)

where Fx is the vertical flux component due to diffusion (Bq cm−2 yr−1) and DB = ΛB
3Σ2

B

is the diffusion coefficient associated to bioturbation (cm2 yr−1). So the rate of change of the
activity in the slice at x due to diffusion is

SFx(x)− SFx(x+ ∆x)→ ∆xS
∂
[
ρDB

∂A
∂x

]
∂x

where Fx is the flux of tracer activity through the surface (along the x axis). There exists
two end-models concerning the diffusion process of tracer particles in porous media: intraphase
and interphase mixing - pictured in Figure 2.5 - (Muslow 1998). If pore water is called the
fluid phase and the sediment particles are called the solid phase, the interphase mixing model
suggests a mixing of both phases due to bioturbation, while in the intraphase mixing model
both phases do not intermix. No evidence has been found that one model describes reality
better than the other one (Meysman 2005), but it rather depends on the sediment core studied,
so a more plausible conclusion would be that real diffusion lies between the two end-member
models (Muslow 1998). In this work, the intraphase mixing model was chosen in order to
simulate in an easier manner the sedimentation events observed in the experimental results. In
this model, eq. (21) turns into

Fx = −DBρ
∂A(x, t)

∂x
(22)

Figure 2.5: Schematic description of the interphase and intraphase models in contrast with a
constant porosity model. The white points are the radioactive tracers, the dark ones are the
sediment particles and the void spaces are the pores, filled - or not - of water. (Muslow, 1998)
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2.4.1 Interpretation of the Fick’s Law in the sedimentary system

In this section, it is described an interpretation and motivation of the Fick’s law when the
bioturbation processes are relevant - in a analogous way as it is done for neutrons in Lamarsh
(1972).

Figure 2.6: Schematic description of the diffusion process.

Considering a volume dV of sediment - as pictured in Figure 2.6 above -, the tracer activity
which will leave the volume per unit time is AρdV multiplied by the probability per unit time
ΛB (s−1) of the tracer to leave the volume by being ingested or dragged by the surrounding
fauna or because of the particle mobility. A certain fraction of this quantity will arrive to a
surface dSx at a certain distance r -as pictured in Figure 2.6 above, the subscript x indicates
that the surface is perpendicular to the x axis. This fraction corresponds to the solid angle
dSxcosθ

4πr2
multiplied by an exponential attenuation which occurs since the tracer might find fauna

or blocked ways or get attached to other ground particles along its path. This exponential
attenuation has the form of e−ΣBr, where ΣB (cm−1) is the inverse of the ”mean free path” lB,
the distance that an average individual of the surrounding fauna moves without ingesting earth,
i.e. ΣB is the probability per unit length that the tracer might find fauna or blocked ways or
get attached to other ground particles along its path. Hence the tracer activity entering the
surface dSx per unit time is

e−ΣbrΛBρA
dSxcosθ

4πr2
dV

The expression above needs to be integrated for all solid angles in the half upper space in
order to obtain the flux from above through the surface. This can be done if ρA(r) is assumed
to vary slowly with position, it can be expanded in the Taylor series
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ρA(r) = ρ(0)A0 + x
(∂ρA
∂x

)
0

+ y
(∂ρA
∂y

)
0

+ z
(∂ρA
∂z

)
0

+ ...

When the first order Taylor expansion is integrated for the angles of the upper half space
the following contribution is obtained for Fx

F+
x =

ΛBρ(0)A0

4ΣB

+
ΛB

6Σ2
B

∂
[
ρ(x)A(x, t)

]
∂x

The same procedure applied to the lower half part of the space gives

F−x =
ΛBρ(0)A0

4ΣB

− ΛB

6Σ2
B

∂
[
ρ(x)A(x, t)

]
∂x

Subtracting the flux coming from above from the one coming from underneath the surface,
one gets to the Fick’s law of diffusion

Fx = −DB

∂
[
ρ(x)A(x, t)

]
∂x

(23)

where DB= ΛB
3Σ2

B
is the diffusion coefficient associated to bioturbation (cm2 yr−1).

Trying to understand better this bioturbation coefficient, one could think of ΛB = vB
lB

,
where vB is the average velocity of displacement of the sediment fauna. Then, the bioturbation
coefficient could be written as DB = 1

3
vBlB, i.e. a third of the velocity of the sediment fauna

multiplied by their mean free path.

2.4.2 Parameters approach and some considerations regarding the numerical so-
lution of the sediment mixing equation (20)

In this section, some parameters in the diffusion equation are described and interpreted. The
functional forms proposed are based on the expected behavior for these magnitudes, and the
corresponding parameters will be fitted to our experimental results, or optimized to obtain the
best fit to the measured activity profiles.

Porosity φ is assumed to decrease exponentially with depth as follows:

φ = (φ0 − φ∞)e−βx + φ∞ (24)
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where the subscripts 0 and ∞ correspond to zero depth (sediment surface) and infinite
depth, respectively, while β is a scale-length coefficient. Values for these three parameters are
determined by fitting eq. (24) to the porosity experimental data. Trying to find a physical
motivation for the empirical formula above, one could compare it with the density of the air
in the atmosphere (barometric equation), which also responds to an exponential function due
to a balance between the gravitational force an the thermal excitation of the particles. In our
case, the balance would involve the gravitational force and the repulsion between the particles,
which would generate a compression of the sediment with depth without collapsing.

The sedimentation rate s(x, t) is assumed to decrease exponentially with depth due to
higher compaction of deeper sediments (exponential decrease of porosity φ):

s(x, t) = s(0, t)
1− φ0

1− φ(x)
(25)

where s(0, t) is the time-dependent sedimentation rate at the surface. As said before,
the sedimentation rate is supposed to vary in time. In order to simplify the solution of the
sediment mixing equation, s(0, t) was assumed to be constant except for a small interval of time
where it was equal to a different constant, which allow us to account for episodic deposition or
erosion due to dramatic events such as specially strong storms or river floods. Moreover, the
sedimentation rate can be different after the event as an effect of high erosion in the sediment
sources or by other causes.

s(0, t) =


spre0 if t0 ≤ t < tevent
sevent0 if tevent < t ≤ tevent + δt
spost0 if tevent + δt ≤ t ≤ tc

(26)

where spre0 , sevent0 and spre0 are constant values of the sedimentation rate before, during and
after the event, respectively. t0 is the starting time of the numerical solution of the sediment
mixing equation and it has to be long ago relatively to the half-life of the radionuclide (set to
1800 A.C. in our case), tc is the time where the sediment core was collected, tevent the time
when a particular event occurred and δt the duration of the event (yr). From this point onward,
spre0 and spost0 will be set equal in order not to increase the number of parameters - which would
lead to less understandable results -, supported by the absence of evidence of a change of the
sedimentation rate after the event that we are going to consider with respect to that prior to
it. An estimation of spre0 will be taken from the result by the CRS method (19).

The bioturbation-diffusion coefficient DB is also assumed to vary smoothly with depth
according to the following distribution:

DB =
DB,0

2
erfc

(
x− x∗

σ

)
(27)
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where DB,0 (cm2 yr−1) is the coefficient at the surface (zero depth), erfc is the comple-

mentary error function, x∗ (cm) is the so-called mixing depth - defined as DB(x∗)
DB,0

= 0.5 -, and σ

(cm) is a parameter that controls how sharp or smooth (low or high σ, respectively) the change
of DB is around x∗.

In order to solve numerically the sediment mixing equation (20), boundary and initial
conditions are needed. The initial condition at time t0 is that the sediment column is void of
radioactive tracer, which is a plausible assumption if a very old t0 is picked (more than 100 years
ago), since almost all the tracer that could be present in the sediment at that time has already
decayed, for the half-lives of both 210Pb and 137Cs are ∼ 20-30 years. The lower-boundary
condition (x→∞) is that for a very deep sediment layer (200 cm in our case), there will be no
tracer left, so the activity at this point is zero. The upper-boundary condition (x = 0) will be
estimated by performing an inventory of the total activity present in the sediment, corrected
by the radioactive decay in time, from the initial time t0 until the actual collecting time tc:

∫ tc

t0

F0(t)e−λ(tc−t)dt =

∫ ∞
0

ρ(x)A(x, t)dx (28)

where F0(t) (mBq cm−2yr−1 is the radioactive tracer influx to the sediment surface (upper-
boundary) at time t, defined as

F0(t) = ρ0s(0, t)A(0, t)− ρ0DB,0

(∂A
∂x

)
0

(29)

Furthermore, to account for episodic deposition, the time dependence of F t
0 is described as

F t
0 =


F pre

0 if t0 ≤ t < tevent

F pre
0

[
P + (1− P )

sevent0

spre0

]
if tevent < t ≤ tevent + δt

F pre
0 if tevent + δt ≤ t ≤ tc

(30)

where F pre
0 is the tracer influx prior to the event - which will be obtained applying eq. (28)

to our experimental data - and P is the transfer function parameter during the event, which
establish the dependence of the tracer influx to the sediment with the sedimentation rate. P=1
means that the tracer influx is independent of the sedimentation rate and P=0 means that the
tracer influx is directly proportional to the sedimentation rate, while all the values in between
stand for intermediate cases. Unlike the article by Nie et al. (2011), in this work we will also
include cases where P <0, in order to describe some events of intense precipitation, such as
strong storms in which the rain would drag down intensely the atmospheric radionuclides so
as to increase the concentration in the aquatic systems and therefore producing a noticeable
increment in the influx to the sediment.

Finally, in order to compute numerically eq. (20), three functions f(x) = ρDB, g(x) = −ρs
and l(x) = −λρ are defined, so that the equation (20) can be rewritten as
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∂A

∂t
=
f(x)

ρ

∂2A

∂x2
+

df
dx

+ g(x)

ρ

∂A

∂x
+

dg
dx

+ l(x)

ρ
A (31)

In this way, a simpler PDE is obtained. As f(x), g(x), l(x) and their derivatives do not vary
with time, the equation can be numerically solved in a matrix form by the Cranck-Nicholson
finite-element method (Giordano and Nakanishi, 2006; Ambjörnsson, 2011).
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3 Gamma radiation and detection

3.1 Interaction of gamma radiation with matter

The nuclei have discrete energy levels, where the state with lower energy is called ground
level. The nuclei can be excited to higher levels, where the energy excess is present in form of
rotational or vibrational states or excitations of one or more nucleons to higher energy orbits.
The excitation energy is released by the emission of one or several gamma photons, which have
energies in the range of 10 keV to 10 MeV. Gamma photons are high energy particles which
interact with their surroundings much less than other particles emitted in nuclear processes,
such as beta and alpha particles, so their absorption and scattering with air are negligible and
therefore they are relatively easy to study without perturbations. In condensed matter, they
can interact mainly in three ways: by photoelectric effect, by Compton scattering or by pair
production.

3.1.1 Photoelectric effect

When a photon hits an electron bound to an atom, it can transfer all its energy to the electron,
so that the electron is knocked out of the atom. Note that this process is not possible for free
electrons as it is impossible to satisfy both energy and momentum conservation at the same
time. In addition, the probability of the photoelectric effect to happen increases the higher the
electron binding energies is and also with the atomic number as Z4.5, while it decreases the
higher the photon energy is as E−3.5

γ , so that for energies beyond a few MeV the probability is
quite small.

3.1.2 Compton scattering

When the photon hits a barely bound electron, it can transfer part of its energy and momentum
to the electron, so that it changes its motion direction by an angle θ and its wavelength -which
becomes longer as it looses energy-, while the electron is knocked out from the atom with
the rest of the energy and momentum, regarding energy and momentum conservation. This
process is called Compton scattering and its cross section (and therefore its probability to
happen) approximately increases linearly with Z, while it gets quite smaller for photon energies
beyond a few tens of MeV.

3.1.3 Pair production

Another process that can occur when a photon pass through matter is that the photon is
absorbed and a electron-positron pair is created. This process can only happen nearby a
nucleus, as it has to absorb some of the photon momentum in order to fulfill with the momentum
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conservation. Moreover, the photon needs to have an energy of at least 2 me c
2 = 1.02 MeV (in

order to create the pair). In addition, the cross section of pair production increases both with
photon energy and with the atomic mass in a quadratic way. The positron is then decelerated
in the nuclei media and normally it hits a electron so that they annihilate each other creating
a pair of photons with opposite directions and same energy Eγ = me c

2 = 0.511 MeV.

3.2 High Purity Germanium (HPGe) detector

The germanium detector is included among the semiconductor detectors. Semiconductors are
materials such as silicone (Si) or germanium (Ge) with a crystalline structure in which the
atoms are bound to each other by covalent bonds, where the energy levels form energy bands:
the valence band and the conduction band, which are separated by an energy gap. At zero
temperature, the valence band is fully occupied, while the conduction band is completely void.
At higher temperature some of the valence electrons will jump to occupy states in the conduction
band by thermal excitation. This is possible due to the fact in semiconductors the band gap is
small, of the order of only a few eV, whereas in isolators it is larger so thermal promotion of
electrons barely occurs.

Semiconductors can be doped, which means that impurities (other atoms) are added so
that new energy levels are now available within the band gap. There are two types of im-
purities: acceptor impurities and donant impurities. Acceptor impurities have energy levels
which are just slightly above the semiconductor valence band, allowing the promotion of va-
lence electrons to them and so generating mobile holes (absence of electrons) in the valence
band. Donor impurities have energy levels slightly below the semiconductor conduction band
(in which they will move freely), promoting electrons from these levels to the conduction band
and so generating fixed holes at the energy levels of their impurities. The first case (acceptor
impurities) will lead to the so-called p-type doping and the second case (donor impurities) will
lead to n-type doping.

When a p-type and a n-type semiconductors are joined (the so-called p-n junction), the
electrons in the n-type conduction band start to recombine with the holes in the p-type valence
band in the closest zones to the junction. Therefore an electric field is created between the
p and n regions (negatively and positively charged, respectively) due to the fixed charges in
the impurities after recombination of the charges. Nevertheless, due to this field which opposes
recombination, the later does only occur in the nearest zones to the junction. This intermediate
region with recombined charges is called depletion zone.

The depletion zone allows to use a semiconductor as a detector. When radiation penetrates
a semiconductor’s depletion zone, it transfers energy to the atoms by photoelectric or Compton
effect, creating electron-hole pairs. This pairs tend to recombine and that is the reason why
the semiconductor detector must be connected to a reverse bias voltage (negative in the p
region and positive in the n region), which allows to collect the charge and so measure the
energy deposited in the electron by the incident radiation. In fact, when detecting penetrating
radiation such as gamma rays, the major limitation of semiconductor detectors is the thickness
d of the depletion, which increases with the bias voltage but decreases with the net impurity
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concentration in the bulk material. This means that for a given bias voltage, the depletion
zone thickness depends on the impurity concentration. Therefore, one approach to increase the
depletion zone thickness is to improve semiconductor fabrication techniques in order to reduce
the impurity concentration. Techniques have been developed to reduce it to 1 part in 1012 in
germanium, becoming the depletion zone thickness > 1 cm (Knoll, 1989). This germanium
detectors are called high-purity germanium (HPGe) detectors.

HPGe detectors have highly refined fabrication techniques. Starting from already high-
purity bulk germanium, the material is locally heated and the melted zone is slowly passed
through the material until its end, for impurities tend to move to the melted zone. Iterating
this process a number of times, impurity levels can be largely reduced.

The detector that will be used in this work is a HPGe coaxial detector. In the coaxial
configuration, a long cylindrical Ge crystal is fabricated. One of the electrodes is placed in the
outer surface of the crystal, while another one is placed in the inner surface - prior removing
of the crystal core. In this way, large active volumes (depletion zone where the radiation can
be detected) can be created, since the crystal can be easily grown along its axial axis. Also,
coaxial detectors are normally closed-ended - i.e. the central core is not removed until the very
end of the crystal and the outer electrode covers the closed-ended part of the crystal -, in order
to avoid current leakages. Furthermore, the close-ended part provides a front surface which can
enhance detection of weakly penetrating radiations.

Germanium has a small band gap (0.7 eV) which means that at normal temperatures (∼
300 K) the thermal excitation of electrons will be great, with many electrons promoting from
the valence band to the conduction band, which generates a large noise in the detection. To
avoid this, the germanium detector must be cooled down to ∼ 77 K by being in thermal contact
with a liquid nitrogen deposit. The detector also has to be placed in a high-vacuum cryostat
to avoid thermal conductivity between the crystal and the surrounding air.An sketch of the
detector is showed in Figure 3.1
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Figure 3.1: Scheme of a Ge detector with the liquid nitrogen dewar. The internal diameter of
our detector is 48 mm, while the external is 75 mm, and its length 34 mm.

3.3 Gamma-ray spectroscopy of Ge detectors

3.3.1 Energy resolution and detection efficiency

The energy resolution R of a detector is defined for every peak of energy Eγ as R(Eγ) = FWHM
Eγ

,

where FWHM is the full width at half maximum of the peak. However, for Ge detectors it is
usual to give only the values of FWHM as a function of energy as the actual resolution of the
equipment. On the other hand, the total detection efficiency ε of a peak of energy Eγ is

ε(Eγ) =
cps(Eγ)

A · p(Eγ) ·m
(32)

where cps(Eγ) are the counts per second recorded in the detector for a peak of energy
Eγ, A (Bq kg−1) is the specific activity of the radionuclide, m the sample mass and p(Eγ) the
probability of emission of a certain peak Eγ.

A highlighted characteristic of germanium detectors is their high energy resolution in
gamma-ray spectroscopy - FWHM values of the order of 1-2 keV. There are three factors which
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contribute to the overall energy resolution: statistical fluctuations, variation in the charge
collection (incomplete) and noise due to the electronic circuit and signal. At low energies,
the first (statistical) and third (electronic) will be the most significant, whereas only at high
energies the carrier collection variations will play an important role. Besides, small detectors
will have better energy resolution - less electronic error since they have larger capacitance and
less incomplete carrier collection due to their small volume. On the other hand, larger detectors
have higher efficiencies.

Ge detectors have relatively low efficiency compared to others such as scintillator detectors,
which are available in larger sizes and have a higher density, resulting in higher interaction
probabilities for the gamma rays. However, energy resolution in scintillator detectors is very
poor and that is why Ge detectors - with much higher energy resolution - are most commonly
used when analyzing complex spectra with many peaks.

3.3.2 Response Function

Full-energy transfer from the radiation to the detector can occur by photoelectric effect. How-
ever, this process is relatively unlikely, whereas the most probable happening is that the energy
is transferred by multiple interactions such as Compton scattering, which could happen several
times and the photon might even escape the detector before it is fully absorbed forming a
so-called photopeak. Therefore, the spectrum of a certain radiation will not only consist on
the full-energy peak but also the so-called Compton continuum - see Figure 3.2. In case of
several radiations with different energies - which is the most common case - all the photopeaks
and the Compton continuum will add up to a complex spectrum, whose analysis will need of
a good energy resolution. The peak-to-Compton ratio is therefore defined as the count in the
top of the photopeak divided over an average Compton continuum count and it is a relevant
characteristic of this type of detectors.

Figure 3.2: Spectrum of a single radiation energy consisting on its photopeak and the associated
Compton continuum. [2]

Pair production is only possible for high-energy gamma rays (Eγ > 1.022 MeV). In these
cases, it could happened that the annihilation radiation escapes from the detector. For the two



Gamma radiation and detection 24

annihilation photons are emitted in opposite directions, the most common case is that one of
them escapes from the detector and then the energy of the radiation peak (called single escape
peak) will be 511 keV lower than it should be. If both of the annihilation photons escape, a
double escape peak will appear at an energy of 1.022 MeV lower instead.

3.3.3 Peak area measurements

In order to improve the peak area calculation provided by the detector software, a new peak
area measurement was performed manually (by means of a MATLAB program, see Appendix
I, sections 2 and 3) based on Gilmore (2008). The peak limits (L, lower, and U , upper) were
defined manually for every peak of interest - the same limits were established for every peak in
all the spectra - and the gross (total) peak area G was calculated simply by summing the counts
C of every channel within the limits. In order to calculate the background B that should be
subtracted to the gross measurement, a certain number of channels m = 10 to the left and to
the right of the peak limits were averaged to obtain the background, estimated as a constant
value. So the net peak area (N = G - B) was calculated as

N = G−B =
U∑
i=L

Ci −
w

2m

( L−1∑
i=L−m

Ci +
U+m∑
i=U+1

Ci

)
(33)

where w is the peak width U - L. The error of the peak area measurement is then

var(N) =
U∑
i=L

Ci +
w2

4m2

( L−1∑
i=L−m

Ci +
U+m∑
i=U+1

Ci

)
(34)

and the Minimum Detectable Activity (MDA) of the peak is calculated as

MDA =
2k

t

√
2B =

2k

t

√√√√w

m

( L−1∑
i=L−m

Ci +
U+m∑
i=U+1

Ci

)
(35)

where k=1.645 is a constant which gives the desired confidence interval and t is the counting
time. The MDA sets the activity limit to establish whether a detected peak in the spectrum is
actually due to radiation or just to statistical fluctuations of the background. Therefore, only
measured activities above the MDA are statistically significant.

3.3.4 Detector calibration

An energy calibration is needed to associate an energy E to every channel Ch. The expected
energy calibration curve has the form (Gilmore, 2008):
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E =
5∑

n=0

anCh
n (36)

where an are constant and most likely a0 and a1 will play the main role.

Furthermore, an efficiency calibration is needed in order to associate a real activity (Bq
kg−1) to the detected counts. The expected calibration curve (Gilmore, 2008) can be described
as

lnε =
3∑

n=0

an(lnE)n (37)

Typical energy and efficiency calibration curves are showed in Figure 3.3. The results of
our calibration will be discussed in section 4.2.

(a) Typical energy calibration curve. (Knoll, 1989)

(b) Typical efficiency calibration curve. (Knoll,
1989)

Figure 3.3
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4 Methodology

4.1 Sample collection and treatment

The sediment cores were collected in two estuaries in the Northern Spanish coast, concretely
in the region of Cantabria: San Vicente and Tina Menor - see location in Figure 4.1 - . Two
sediment cores were extracted in the San Vicente estuary (SV1 and SV2 cores) and one in the
Tina Menor estuary (TM core).

Figure 4.1: Geolocation of the San Vicente and Tina Menor estuaries, pointing where the
sediment cores were collected.

Approximately 50 cm of sediment was collected in each core. The core holders (tubes)
were made of PVC and had different diameters: 15 cm and 30 cm. The core holders were
introduced in the sediment with the help of a hammer and extracted with the help of a shovel
- see Figure 4.2.
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Figure 4.2: Sediment core collection process.

The SV2 core was not treated because there was no need of it. The SV1 and TM cores
were sectioned in 1.5 cm layers, except for the first and last ones, which were less uniform and
so 2 cm were taken. Every layer was put in a different box, where it was left to dry. Once
dried, the layers were smashed and crushed with a mallet and a mortar and pestle. Finally, a
50 g sample was taken from every layer into a cylindrical container (diameter = 60 mm, height
= 45 mm), in order to measure them in the HPGe detector.

Figure 4.3: Some pictures of the sample treatment described above.

The samples containers rested unmeasured for at least two weeks after the enclosing in
order to reestablish the secular equilibrium - previously broken due to the fact that 222Rn is a
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noble gas and escapes from the samples in open air. Then, the spectrum of every sample was
recorded for at least 24 h, measured by a HPGe detector.

4.2 Detector calibration

Prior to the measurements, the detector had been calibrated for both energy and efficiency.

4.2.1 Energy calibration

An energy calibration provided in the detector software was performed with the isotopes in-
cluded in the table below.

Isotope Energy / keV

569.702
207Bi 1063.501

1173.237
60Co 1332.501
137Cs 661.66

241Am 59.537
22Na 1274.53
40K 1460.85

138.326
116m1In 416.86

818.7
1097.3
1293.54
1507.4
2112.1

Table 1: Isotopes and their peak energies (keV) with which the energy calibration was per-
formed.

Afterwards, the spectra of a U bearing mineral and of a sample with high concentration of
Th were recorded in order to check that the energy calibration was performed correctly. The
resulting energy calibration curve is showed in Figure 4.4.
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Figure 4.4: Energy calibration curve of the detector.

4.2.2 Efficiency calibration

An efficiency calibration was performed with two 50 g calibrated samples: IAEA-RGU1 (activ-
ities: 238U=4940 Bq/kg, 235U = 228 Bq/kg and 232Th<4 Bq/kg) and IAEA-RGTh1 (activities:
232Th=3250 Bq/kg, 238U = 78 Bq/kg and 235U=3.6 Bq/kg), which are U and Th ores respec-
tively. The results are showed in Figure 4.5.

Figure 4.5: Energy calibration curve of the detector.

Notice that the measured efficiencies are total efficiencies adapted to the geometry of the
samples, so problems such as change of the solid angle or loss by self-absorption in the sample
are included in the efficiency by locating the samples always in the same place, with the same
containers and the same sample mass (50 g).
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4.3 Density and porosity measurements

Density measurements are needed in order to calculate the accumulated activity in the CRS
model. For this purpose, the height of the samples in the containers was measured. The mass
inside each container is known (50 g), while a volume-height calibration was performed to a
standard container by injecting different (known) volumes of water. The density measurements
results of both the SV1 core and the TM core are showed in Figure 4.6.

(a) Density profile of the SV1 core. (b) Density profile of the TM core.

Figure 4.6

Porosity measurements were only performed with the SV1 core. The procedure for the
measurements was to add a certain amount of crushed sediment - of every sample - to a test
tube. The mass and the volume of the dry sediment (which was set approximately equal for all
the samples) were measured. The crushed sediment was pressed in order to increase compaction
- seeking a more realistic result - and then a certain volume of water was added to the sediment
- the water mass should be enough to saturate the pores of the sediment in the tube. For
diffusion of water in the sediment is a slow process, the samples were left to rest for 24 hours.
Then, the mass of the combined system as well as the volume of the wet sediment and the
overlying water were measured.

Figure 4.7: Porosity measurement process.
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This method was applied to all measured samples of the SV1 core. The results are showed
in Figure 4.8.

Figure 4.8: Porosity (cm3 of water per cm3 of wet sediment) dependence with depth.

The porosity measurements - which will be used in the Sediment Mixing model - have a
high uncertainty. However, equivalent porosity values were found in other similar works like
Dvorking et al. (1999) or Nie et al. (2001).
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5 Analysis of results and discussion

5.1 Sediment core SV1

The activities of 137Cs and of different isotopes of interest from the 238U decay chain were
measured out the samples’ spectrum recorded with the HPGe detector (see Tab.2). Several
examples of the actual spectra of the sediments and of the background are showed in Appendix
II.

Isotope Energy / keV Probability / %
210Pb 46.54 4.25

295.2 18.5
214Pb 352.0 35.8
214Bi 609.3 44.8
234Th 63.3 4.84
137Cs 661.66 85.1
40K 1460.85 10.67

Table 2: Isotopes analyzed in this section, their peak energies (keV) and the associated peak
probabilities.

Results of the specific activities as a function of the depth are showed in Figures 5.1 and
5.2, respectively.

Figure 5.1: 137Cs activity (Bq kg−1) versus sediment depth (cm). All of the results are plotted
regardless that some of them are below or in the edge of the Minimum Detectable Activity
(MDA). Sediment core SV1.
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Figure 5.2: Activities (Bq kg−1) of isotopes of interest from the 238U decay chain: total 210Pb,
214Pb and 234Th. Sediment core SV1.

In the 137Cs profile (Figure 5.1), a peak appears around 9 cm. As we know it corresponds
to the year 1963 - when most 137Cs was deposited -, we calculate a first approximation of
the sedimentation rate as s = 9 cm

52 years
= 0.17 cm yr−1, assuming constant sedimentation rate.

However, this is only a rough estimation, as the peak is not very well defined, but is rather
broad, which leads to a high uncertainty. Also, post-depositional 137Cs displacement associated
to diffusion has been detected in many studies such as Nie et al. (2001) or Joshi (1989), so
it becomes necessary to perform a more complete analysis of the 137Cs distribution, including
diffusion, to obtain reliable dating results.

Regarding Figure 5.2, the activities of the 214Pb and 214Bi peaks are equal, due to the
fact that they are in secular equilibrium. 234Th and supported 210Pb should also be in secular
equilibrium with them, as they both belong to the 238U decay chain. In fact, 234Th has only
slightly higher activity in the most shallow layers, while in the deeper ones it is approximately
equal. The reason is that in the uppermost layers there is a small 222Rn leakage and, as 222Rn
is a later daughter of 234Th but prior to 214Pb and 214Bi, these two isotopes will have a lower
activity than that of 234Th in these uppermost layers. On the other hand, as we know, the
210Pb profile has two components: the excess (precipitated) and the supported (present in the
soils). The later one will be in secular equilibrium with 214Pb and 214Bi - which are selected
because they have the most intense peaks, which reduces the errors, and they appear after
222Rn in the decay chain, so the leakage problem is avoided. So supported 210Pb activity will
be calculated as the average of the activities derivated from the two peaks of 214Pb and the one
of 214Bi, while 210Pbxs will be obtained just by subtracting the supported to the total. 210Pbxs
is plotted in Figure 5.3 in semi-log scale.
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Figure 5.3: Natural logarithm of the 210Pbxs activity (Bq kg−1) is plotted versus depth (cm).
Sediment core SV1.

Notice that the profile showed in Figure 5.3 presents a clear activity increase - superposed
to the general decreasing tendency - around 10 cm, as also did 210Pb in Figure 5.2, which
cannot be explained by either the CIC or the CRS models - where profiles are supposed to be
monotonously decreasing -, but it will be explained in the Sediment Mixing model. Anyway,
even omitting this fact, the general profile in the log-scale is not exactly linear, in contradiction
with the CIC model prediction. However, if we fit to a straight line we can get another
approximation of the sedimentation rate out of the line’s slope a by eq. (11)

a = −λ
s

= −0.14± 0.04 cm−1 → s = (0.23± 0.07) cm yr−1

The last point in Figure 5.3 was not taken into account as it has an almost total uncertainty.
The previous result is compatible with the one obtained by the first analysis with the the
137Cs profile. Nevertheless, the agreement between both estimations does not mean that they
are correct, as the the uncertainties are high and the assumptions of both methods are only
approximately fulfilled, as discussed before.

The CIC model also permits dating the sediment layers by applying eq. (9). The results
are given in Figure 5.4, and are somehow contradictory in the sense that in some cases (e.g.
between 5 and 10 cm depth) they predict more recent formation times for layers of deeper
sediments, instead of the logical monotonous behavior.
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Figure 5.4: Formation time (yr) of each sediment layer according to the CIC model. Sediment
core SV1.

Furthermore, the errors become huge after just 50 years. These observations lead us to
think once again that the assumptions of the CIC model were probably incorrect and that this
method is not useful in dating sediments - at least not for this core.

5.1.1 CRS model

Figure 5.5 includes the results of the 210Pbxs accumulated activity - by applying eq. (13) - in
a semi-log scale versus depth.

Figure 5.5: Natural logarithm of 210Pbxs accumulated activity (Bq m−1) versus sediment depth
(cm) for the SV1 core.

A linear tendency can be observed in Figure 5.5, which would mean an exponential decrease
tendency in the variation of the accumulated activity with depth. However, it should be pointed
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out that it is only a tendency, for the CRS model only describes as exponential the behavior
of the accumulated activity in time, but not in depth - as can be showed analyzing eq. (16)
and (18). Whereas in the previous CIC model both time and space were equivalent because
the sedimentation rate was assumed to be constant, it is not the case for the CRS, where the
sedimentation rate changes in time - as we shall discuss later related with the results of Figure
5.7. Also, it can be noticed that the activity increase around 10 cm - observed in Figures 5.3
and 5.2 - does no longer appear. Nevertheless, this is only a direct implication of eq. (13) -
which is always monotonously decreasing -, so the problem has not been ”corrected”, but just
”avoided”.

The sediment dating results according to the CRS model - by applying eq. (18) - are
showed in Figure 5.6 below.

Figure 5.6: Sediment dating of SV1 core by the CRS model: formation time (yr) of each
sediment layer at a depth (cm). The scale is linear, although some ticks have been added at
the most recent times for a better interpretation of the figure. Notice also that the depth is
now in the vertical axis, in order to provide an easier look to the time evolution (x-axis).

The sediment dating has been more successful in this case - unlike with the CIC model
(Figure 5.4) -, as the profile presents a more logical pattern, with a clear and progressive increase
of formation time with depth, while a higher precision is achieved for deeper sediment layers.
Obviously, most of the dates are not concordant if we compare both models (CIC and CRS),
but it comes clear, as said before, that the CIC is not an appropriate way for dating sediments,
while more confidence should be put in the CRS model.

Sedimentation rates were also calculated for each sediment layer by eq. (19) according to
the CRS model. As each sediment layer has an associated time (Figure 5.6), a time evolution
of the sedimentation rate is plotted in Figure 5.7 below.
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Figure 5.7: Time evolution of the sedimentation rate (cm yr−1) in sediment core SV1, according
to the CRS model. Error bars are needed in both the vertical and the horizontal axis, since
there is uncertainty in both time and sedimentation rate for each sediment layer.

A first noticeable effect is that the sedimentation rate has increased rather exponentially
over the last 50 years, starting from a value of ∼ 0.1 cm yr−1 and triplicating it beyond 0.3 cm
yr−1. This exponential increase in the sedimentation rate has also been detected in cores by
different authors and has been associated with anthropogenic causes, i.e. due to human activity,
as point out works by Irabien et al. (2008a, 2008b). The sedimentation rates estimations based
on the first analysis with the 137Cs profile and the CIC model were respectively s = 0.17 and
0.23 cm yr−1. Direct comparison between these results and the ones from the CRS mode cannot
be made, since the former ones assume constant sedimentation rate, while this rate is assumed
variable in the CRS model. Nevertheless, the 137Cs and CIC estimations are within the interval
of variation (0.1 to 0.3 cm yr−1) of the CRS model, approximately in the average, which makes
the results somehow coherent.

Errors in the sedimentation rate (Figure 5.7) increase enormously for layers dated around
100 years ago - which is logical, since it is around 4-5 times the half-life of 210Pb profile, so most
of the excess 210Pb from those times have already decayed. However, a peak in sedimentation
rate is observed around the 1930’s - from 1920 to 1940, approximately. Errors in sedimentation
rates are specially high for these points, which is due to the fact that the detected 210Pb is
abnormally low in this layers (see Figure 5.2). Although errors cannot be underestimated and
so there is not a clear conclusion which can be driven out, this observed anomaly is supported
by an analysis of the presence of molluscs in every layer of the core. The analysis shows a clear
peak in the content of fragments of molluscs (bivalves and gastropods) around these sediment
layers (Figure 5.8)
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Figure 5.8: Qualitative proportion of molluscs (gastropods and bivalves) fragments in SV1 core.

This could mean that an unusual event occurred at some time during this interval, within
the river basin or the estuary, such as the construction of a dam, forest fires, an extreme
meteorological event, etc. However, none of those potential causes have been identified, mainly
because the basin of the river El Escudo is very small (72 km2) and scarcely populated and
therefore its effects are limited and of little concern.

5.1.2 Sediment Mixing model

A numerical simulation was carried out for 210Pbxs according to the Sediment Mixing model,
as described in section 2. Starting from the initial condition of the sediment column being
void of tracer at the initial time (1800 A.C.), a temporal evolution of the 210Pbxs was simulated
including sedimentation, diffusion and radioactive decay until the collecting time tc (2015). The
210Pbxs influx at the surface F pre

0 was assumed constant, except for a dramatic sedimentation
event in 1983 - when there was an intense ”cold drop” event in the Spanish northern coast -
with an associated increment in the sedimentation rate, which we assume to be of the order of
10 times the normal rate. The results of the simulation are showed in Figure 5.9 together with
the experimental results.
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Figure 5.9: Numerical simulation of the 210Pbxs activity vs. depth (blue line), together with
the experimental results (red dots with error bars), for the sediment core SV1.

The following parameters were fixed before the simulation:

• Decay constant λ = 0.0311 yr−1

• Solid phase density: ρ0 = 2.5 g cm−3 (Muslow, 1998)

• Time interval: t0 = 1800, tc = 2015

• Event: tevent = 1983, yr−1, δt = 0.5 yr

• Time step: 0.05 yr. Spatial (depth) step: 0.25 cm.

Both porosity parameters (φ0 = 0.6353, φinf = 0.4891, β = 0.0714) and the 210Pbxs influx
at the surface F pre

0 were calculated out of the porosity measurements and 210Pbxs total inventory
(time-corrected) - as explained in sections 4.4 and 2.4.2, respectively. The rest of the physically
relevant parameters have been fitted to obtain the best matching of the experimental profile,
starting from reasonable assumptions (Nie, 2001; Muslow, 1998). The results are the following:

• Bioturbation/diffusion coefficient (at surface): DB,0 = 0.3 cm2 yr−1

• Mixing depth: x∗ = 3 cm, σ = 3 cm

• Sedimentation rate (at surface): s(0, t) = 0.26 cm yr−1

• Sedimentation rate during the event: sevent0 = 2.6 cm yr−1

• Transfer function parameter during the event: P = -10
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The simulation fits quite nicely the experimental results within the error intervals - as can
be seen in Figure 5.9 - including the peak in the 210Pbxs at 10 cm depth.

The numerical solution of the SM (Sediment Mixing) equation has been also successfully
applied to the 137Cs profile, and the results are given in Figure 5.10 below.

Figure 5.10: Numerical simulation of the 137Cs activity vs. depth (blue line), together with the
experimental results (pink dots with error bars), for the sediment core SV1.

In the case of 137Cs, the most relevant point is that we have included the fallout events,
described in Figure 2.1, using a Lorentzian shape centered in 1963. The intensity of the fallout
(Bq cm−2 yr−1) and the temporal width have been adjusted to obtain the best fit of the 137Cs
profile. The rest of the simulation parameters were the same as for the 210Pbxs profile, except
for the bioturbation/diffusion parameters, as the mobility of 137Cs is much higher than that of
210Pb, so it gets diffused faster and reaching much deeper regions. Concretely, the parameters
were: DB,0 = 0.5 cm2 yr−1, x∗ = 15.5 cm, σ = 3. This different diffusion is due to the fact that
137Cs has different chemistry properties than 210Pb, is lighter and gets attached to small clay
particles which have more mobility, whereas 210Pb gets attached to larger particles.

The 137Cs profile is quite well predicted - considering the large uncertainty in the mea-
surements - until almost 15 cm, where discrepancies begin to arise. This could be associated
to the fact that these points are below or at the very edge of the MDA frontier and so our
measurements actually give no information.

Besides, 40K can be looked further, as it appears very intensely in the spectrum - the soils
have large K concentrations, and 40K is a naturally occurring isotope. Also, the main reason
why we want to study the 40K profile is because it is an alkaline element just as 137Cs and so
they have similar chemical properties. Hence their diffusion behavior could be assumed to be
similar too. For that purpose, a new numerical simulation is performed for the 40K profile,
assuming a constant 40K activity (presence) in the soils, which is increased by a relatively low
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40K constant precipitation from the water - also rich in K -, which is diffused afterwards. This
constant rate of 40K precipitation, substitutes the fallout event considered in the case of 137Cs
in order to study the diffusion properties. Except for the different influx, the rest simulation
parameters for 40K are exactly the same than as the 137Cs ones. The results are showed in
Figure 5.11.

Figure 5.11: Numerical simulation of the 40K activity vs. depth (blue line), together with the
experimental results (green dots with error bars), for the sediment core SV1.

Qualitatively, the 40K profile obtained in the simulation fits quite well the experimental
results, for there are two approximately constant activity zones in the most shallow and deep
layers, connected by a progressively decreasing intermediate zone around 10-15 cm. Quantita-
tively it also fits well the experimental data, except for a small region around the intermediate
zone, for the activity is unusually high right before it and unusually low right after it. Also,
the activity change in the intermediate zone appears to be sharper in the experimental results
than that of the simulation. However, our aim when analyzing 40K is to check the quality of
the diffusion pattern of 137Cs which was obtained with the numerical solution. This aim is
fulfilled since the diffusion pattern of 40K obtained with the same parameters is quite realistic
(Figure 5.11). Therefore the obtained diffusion parameters for the case of 137Cs are probably
quite approximate to the real ones. The lack of a more accurate fit of the 40K profile might be
due to the constant rate supply hypothesis used for 40K - which might not be exact - and to a
lower extent to the differences in the diffusion process between Cs and K.

The values obtained in the simulations for the bioturbation/diffusion coefficient DB could
not be measured experimentally in a direct way. However, the diffusion similarity found in
the simulation of 137Cs and 40K stands as a good indicator in these cases. While for 210Pb no
comparison was made, as there was a lack of alpha spectroscopy measurements of 239,240Pu - as
performed in Nie et al. (2001) - which could be assumed to have a similar diffusion pattern to
210Pb. In the bibliography, the values of DB vary quite much among the results obtained by
different authors or even for the same author but for different cores (Nie et al., 2001). However,
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our values DB,0 = 0.3 and 0.5 cm2 yr−1 are within the interval of several authors like Muslow
et al. (1998), Boving et al. (2001) or even some of the cores of Nie et al. (2001), which also
stands as a good indicator of the quality of our results.

The sedimentation rate values obtained in the numerical simulations are reasonable, for
they are within the intervals of the first estimations from 137Cs profile and the CIC model, as
well as the CRS results. Nevertheless, it is interesting the contrast between the CRS (Figure
5.7) and the SM (Sediment Mixing) interpretation of the evolution of the sedimentation rate
with depth, which is given by equation (25) in terms of the porosity. While in the CRS
model the exponential increase (from the past) of the sedimentation rates is associated with
anthropogenic causes (human activity), in the SM model this exponential increase for shallow
layers is associated to sediment compaction, as sediments are less compacted in the shallow
layers than in the deeper ones.

Figure 5.12: Sediment rate profile with depth: comparison between the CRS (blue) and the
Sediment Mixing (SM, red) models. The blue dots are the experimental results for the sedi-
mentation rates of every layer according to the CRS model. The red line is the sediment rate
function with the form assumed in the SM model - eq. (25) -, according to the porosity and
fitted to the 210Pb and 137Cs activity profiles (Figures 5.9 and 5.10 respectively).

Compaction is undoubtedly a fact that leads to an exponential - porosity-like - behavior
of the sedimentation rate with depth. Nevertheless, compaction on its own cannot predict the
huge change in sedimentation rate showed in the CRS results (see Figure 5.12), so probably the
compaction effect is enhanced by anthropogenic causes, for it is also logical that human activity
can affect the sedimentation processes. Therefore both models appear to be complementary.
A good exercise seeking a better description of the causes of the changes in sedimentation rate
and how much human activity affects would be mixing both models, i.e. applying the diffusive
SM model with anthropogenic time-dependent sedimentation rates. This combination could
be achieved by a suitable modification of equation (26) in order to include the anthropogenic
activity in a realistic way.
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5.2 Sediment core TM

The same procedure has been followed for the sediment core TM. The Sediment Mixing model
has not been applied due to the lack of porosity measurements for this core at the conclusion
of this present work.

Firstly, the activity of 137Cs and of different isotopes of interest from the 238U decay chain
was measured out the samples’ spectrum recorded with the HPGe detector. Results are showed
in Figures 5.13 and 5.14, respectively.

Figure 5.13: 137Cs activity (Bq kg−1) versus sediment depth (cm). All of the results are plotted
regardless that some of them are below or in the edge of the Minimum Detectable Activity
(MDA). Sediment core TM.

Figure 5.14: Activities (Bq kg−1) of isotopes of interest from the 238U decay chain: total 210Pb,
214Pb and 234Th. Sediment core TM.

The 137Cs profile (Figure 5.13) appears to be approximately constant with lower values
than in the previous core SV1 - around 3 Bq kg−1 - which are only slightly over the MDA.
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Although at low values, 137Cs is still present in much deeper layers than in the SV1 core, as
deep as 50 cm. This means that the 137Cs fallout peak of 1963 has been quickly diffused and
distributed until very deep layers in the sediment. This result probably indicates that the
sediment core TM is very porous and has larger sand composition, while fewer clay, so the
137Cs gets less attached than in the SV1 core. It was not possible to obtain an estimation of
the sedimentation rate with the 137Cs profile due to the lack of the 137Cs fallout peak in Figure
5.13.

Regarding Figure 5.14, once again the presence of 210Pbxs can be observed, as the total
210Pb activity decreases with depth until it reaches the supported 210Pb activity - which cor-
responds to the activity of the decay chain daughters 214Pb and 214Bi, which are in secular
equilibrium. In this case, the 234Th activity is also a bit higher than that of 214Pb or 214Bi due
to the 222Rn leakage - as stated before -, but also an unusual peak around 7 cm is observed for
234Th. This peak coincides with a 210Pb peak. In a first analysis, no explanation was found for
this effect. Another evident observation is that the 210Pbxs does not decay to the supported
210Pb until 45 cm, a much deeper layer than in the previous SV1 core. This is due to a more
intense diffusion - as observed for 137Cs - as well as a more intense sedimentation rate - as
predicted in the geological observations of the Tina Menor river basin, which is more energetic
than the San Vicente one. The fact that the river basin is more energetic and sedimentation is
higher also explains that the 210Pb activity is lower at the surface in the TM core than in the
SV1 core, as a higher sedimentation means that there will be less 210Pb concentration in the
sediment, according to the constant flux assumption of the CRS model.

In Figure 5.15, the results of the 210Pbxs - calculated in an analogous way as for core SV1
- are plotted versus depth in a semi-log scale.

Figure 5.15: Natural logarithm of the 210Pbxs activity (Bq kg−1) is plotted versus depth (cm).
Sediment core TM.

Once again, just as in core SV1, the tendency observed in the logarithm of 210Pbxs with
depth is not fully linear, as the CIC model states, which means that the sedimentation rate is
not constant, but it varies. However, a linear fit can provide us with a first estimation of the
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sedimentation rate in this TM core. The result of the slope a corresponding to a linear fit in
Figure 5.15 is

a = −λ
s

= −0.033± 0.005 cm−1 → s = (0.93± 0.14)cm yr−1

On the other hand, the CIC model dating was of no help for this core, as it can be observed
in Figure 5.16 below, where the results show for several depths a non monotonous decrease in
time. Furthermore, the errors become huge after just 50 years. This leads us to think once
again that the assumptions of the CIC model is not useful to date sediments.

Figure 5.16: Formation time (yr) of each sediment layer according to the CIC model. Sediment
core TM.

5.2.1 CRS model

Figure 5.17 includes the results of the 210Pbxs accumulated activity, according to equation (13).

Figure 5.17: Natural logarithm of 210Pbxs accumulated activity (Bq m−1) versus sediment depth
(cm) for the TM core.
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Once again, the tendency of the 210Pbxs accumulated activity is linear in the logarithmic
scale with depth, although it gets curved and sloppier for deeper layers. This means that
the sedimentation rate is not constant in time, which is coherent with the time-dependent
sedimentation rate assumed in the CRS model, but not with the CIC model.

Now let us look to the sediment dating according to the CRS model (eq. (18)).

Figure 5.18: Sediment dating by the CRS model: formation time (yr) of each sediment layer
at a certain depth (cm). Sediment core TM. Notice that the depth is now in the vertical axis.

The sediment dating was found to follow a very nice profile (see Figure 5.18 above) with
a monotonously decreasing formation time for deeper samples, as can be expected by physical
reasons. The errors are quite reasonable, at least until reaching 100 years ago, when they start
to become larger as natural consequence of the little 210Pbxs left, for it has passed 4-5 times
its half-life. The sediment dating (Figure 5.18) has been more successful in this case than it
was with the CIC model (Figure 5.16), as the profile presents a more logical pattern with a
clear and progressive decrease of formation time with depth - deeper sediment layers are older
-, while a higher precision is achieved for deeper sediment layers. It comes clear, once again,
that the CIC dating is not an appropriate way to date sediments, while more confidence should
be put in the CRS model.

Finally, the sedimentation rate was calculated for each sediment layer according to the
CRS model (eq. (5)) and plotted versus the formation time of each layer in Figure 5.19 below,
in order to have a time evolution of the sedimentation rate over the past > 100 years.
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Figure 5.19: Time evolution of the sedimentation rate (cm yr−1) in sediment core TM, according
to the CRS model. Error bars are needed in both the vertical and the horizontal axis, since
there is uncertainty in both time and sedimentation rate for each sediment layer.

Just as in the SV1 core, the first noticeable effect is a rather exponential increase in
sedimentation rate to present time, specially intense over the last ∼ 50 years, starting from 0.1
cm yr−1 to end up beyond 0.7 cm yr−1. The causes are again - as discussed in the SV1 core -
human activity and compaction. However, unlike the SV1 core, this time a good precision was
achieved in the sedimentation rates determination even for layers dated > 100 years ago - with
the lack, in this case, of the peak found in the SV1 core (Figure 5.7). In this case, the initial
CIC estimation of the sediment rate s= (0.93 ± 0.14) cm yr−1 was found to be outside the
interval of the sedimentation rates calculated according to the CRS model, even higher than
the highest one. However, it is still very close and even compatible within the error intervals -
at least with the more recent sedimentation rates.

Besides, the sedimentation rates found are around 2-3 times larger in the TM core than in
the SV1 core. The fact that the sedimentation rate had to be much higher in the TM core was
already predicted when looking at the activity profile with depth, for 210Pbxs was found much
deeper in the TM core (Figure 5.14) than in the SV1 core (Figure 5.2).

6 Conclusions

Two sediment cores SV1 and TM - from the San Vicente and Tina Menor estuaries respectively
- were collected and measured by gamma spectroscopy in order to drive out some conclusions
about their dating, sediment rates and the diffusion effects present on them, using radioactive
tracers.

Three models were applied to analyze the results and to extract the relevant physical
magnitudes. Firstly, the CIC (Constant Initial Concentration) model, which was not of much
help but to obtain initial estimations of the sedimentation rates, due to its very crude hypothesis
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about the initial deposition of radioactive tracers. The two other models considered - the
CRS (Constant Rate of Supply) and SM (Sediment Mixing) - give a better understanding of
the experimental results and of the sedimentation and diffusion processes involved. However,
the CRS model has the drawback of the lack of diffusion effects, while in the SM model the
sedimentation rate at the surface was assumed to be constant except for an episodic event. In
fact, both models result to be complementary. On the one hand, the SM model permitted us
to study the diffusion and bioturbation) of the tracer in the sediment column and it describes
the actual tracer activity profile for all the considered tracers (210Pb, 137Cs and even 40K) by
a historical (time-dependent) simulation. On the other hand, CRS permitted us to detect an
enhanced increase in sedimentation rates, specially over the last 50 years, which was associated
to anthropogenic causes. These anthropogenic effects, which are superposed to the porosity
ones, could be included in the SM model allowing for the sedimentation rate increment over
the last 50 years, by the modification of the boundary conditions in equation (26).

The sediment mixing model (SM), which is based on the diffusion equation (with a decay
term and a sedimentation term), has been solved in a numerical way to describe accurately
the time evolution of the concentration profiles of different tracers, using realistic boundary
conditions. Specially, we have characterized the presence of a singular event in the 210Pb
profile, associated with a ”cold drop” phenomenon dated on 1983 in the northern Spanish coast.
Our numerical solution of the SM model has also allowed the analysis of the 137Cs injection
from the atmospheric reservoir to the sediments and its subsequent diffusion to deeper layers.

The SV1 core was found to have lower sedimentation rates (which have changed over time
from 0.1 cm yr−1 to beyond 0.3 cm yr−1) than the TM core (for which the sedimentation rates
varied in time from 0.1 in the past to 0.8 cm yr−1 at present time). This is in agreement with
the geological studies, as the Tina Menor river basin is much more energetic than the San
Vicente one.

Furthermore, the TM core was found to have more intense diffusion effects than the SV1
core, specially noticeable in the 137Cs activity profile, where the expected peak associated with
the nuclear tests in the 1950’s and 1960’s was not found, but the corresponding activity was
nearly constant for all depths, meaning a high 137Cs mobility and diffusion.

Finally, sediment dating was performed for both cores with acceptable uncertainties, re-
sulting in a reliable description of the ages of the analyzed layers of sediments, extended over
the last 100 years.

A further step in the present analysis would be the application of the SM model also to
the TM core, in order to obtain a better insight of the diffusion effects in the sedimentation
processes. Porosity measurements of this core should be performed in order to fulfill this
purpose.

The main part of the results of this work has been presented at the XIV Reunión Nacional
de Cuaternario, AEQUA 2015 (Granada), as an oral presentation and an article (Alonso et al.,
2015; attached in Appendix III).
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