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1. Introduction

ABSTRACT

Theoretical and experimental studies have shown that activity concentrations of fallout radionuclides (such as 137Cs and excess 2'°Pb)
decrease with particles size in aqueous suspensions. This paper is aimed at reviewing the theoretical fundamentals for granulometric
speciation of radionuclides, and at exploring its practical use in the analytical context of gamma spectrometry for the radiometric
dating of recent sediments, with view to: i) im-proving the detection of '*’Cs (since its use as independent chronostratigraphic
mark is challenging in the southern hemisphere because its low fallout rate), ii) supporting refined CIC models and normalization
tech-niques in ?'°Pb-based radiogeochronologies. The work uses surface sediments sampled from the Tinto Estuary (SW Spain),
affected by mining and phosphate-fertilizer industries, and from the Ankobra Estuary (Ghana), affected by intensive artisanal gold-
mining. Granulometric classes have been separated by a sieving column with decreasing mesh sizes and the obtained cumulative
percentage of mass mathematically described by a Rosin-Rammler particle-size distribution. The target radionuclides for gamma
spectrometry were 210pp, 226Ra and'®’Cs, complemented with 40K, 2%4Th and 2?°Ra. Results revealed that, far from ideal
experiments, under actual environmental conditions the increase in activity concentrations with decreasing particle sizes is too
moderate, and in general they are affected by larger counting uncertainties due to the small available amount of mass. Indeed, there was
no correlation between grain-size and '*’Cs concentrations (p = 0.25), and similarly for excess 2'°Pb (p = 0.53). No effect of the
organic matter content was observed in '*’Cs (p = 0.58) and excess 21p}, (p = 0.85) concentrations. Present results pose some
concerns to the general use of granulometric Spe_ciation in the context of gamma spectrometry for supporting the radiometric
dating of recent sediments. A detailed discussion on the use of normalization methods is also presented.

diagenetic equations in Abril, 2003). Nevertheless, unsupported 2°Pb
versus mass depth profiles can be the result of many different sedi-

Radiometric chronologies for recent sediment cores can provide
reliable estimates of sediment accumulation rates and deposition pro-
cesses, which are the keys for inferring past environmental conditions
and for decoding anthropogenic pollution records (Carroll and Lerche,
2003). For recent sediments (< 100-150y) the most common dating
technique is based in the use of fallout >'°Pb, a natural radionuclide
(Robbins, 1978; Appleby, 2001; Mabit et al., 2014).

The physical fundamentals for the mass-conservation of a particle-
bound radioactive tracer, such as unsupported 2!°Pb, in porous and
accreting sediments are relatively well understood (see the revisited

mentological settings, involving varying boundary conditions (fluxes of
matter and radionuclides at the sediment water interface) and post-
depositional processes such as diffusion or mixing, which results in
different chronologies (Abril, 2015). Because of this, some bomb-fallout
radionuclides such as '*7Cs, 229*24%py and 2*'Am, are often used for
providing independent chronostratigraphic marks (Kim et al., 1997;
Alonso-Hernandez et al., 2006; Abril et al., 2018) to help in the selec-
tion of the most appropriate 2!°Pb chronology.

The above radiometric dating tools ultimately rely on the ability of
solid particles in the sediment for irreversibly binding some
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radionuclides and trace elements. It is well known from theoretical
studies (Abril, 1998a, 1998b) and laboratory experiments with radio-
active tracers (EI Mrabet et al., 2001; Barros and Abril, 2005) that the
uptake by suspended particulate matter in aqueous suspension is a
surface-mediated phenomenon, and, consequently, that the activity
concentrations increase with the specific surface area of particles. A
quite straightforward and well-known consequence is that the dis-
tribution coefficients (kg4, the ratio between activity concentrations in
solids and water) for these radionuclides (adsorbed at the particles
surface, but absent from their inner matrices) decrease as the particles
size increase (Abril and Fraga, 1996).

The simplest 2!°Pb-based model is the one assuming constant flux
and constant sedimentation (CF-CS), along with ideal deposition and
non-postdepositonal redistribution. Under these conditions the un-
supported or excess 2'°Pb (*'°Pb.y.) versus mass depth profile isan
exponential function. The best mathematical fit of this function to the
dataset allows for estimating the mass sedimentation rate, and then the
chronology (see Sanchez-Cabeza and Ruiz-Fernidndez, 2012). But, this
mentioned fit may be poor in non-monotonic and noisy 2 *°Pbey. pro-
files, which often appear when the granulometry of the mineral solids
in the sediment largely varies with depth.

Some authors assume that the sand content of a sediment slice is
virtually free of 2!°Pb.y. (e.g., Sanders et al., 2012), and then they re-
port and use mud-normalized concentrations for applying the CF-CS
model (Ruiz-Fernandez et al., 2009; Sanders et al., 2012). Pedersen
et al. (2007) applied a more complex normalization formula for 2!°Pby
and ¥7Cs, involving the contribution of both, Loss-On-Ignition (LOI)
and the amount of minerogenic material smaller than 30 um. It is worth
noting that other normalization methods have been proposed for im-
proving the performance of the CF-CS but involving other parameters
instead of the granulometry, such as LOI (Kim et al., 1997; Van Eaton
et al., 2010), Al;03 (Cundy and Croudace, 1996) or Al (Alvarez—lglesias
et al., 2007). Clay-normalized 2'°Pb activity concentrations have been
used for establishing geochronologies of flood events in large tropical
river systems (Aalto and Nittrouer, 2012). Recently, Sun et al. (2018)
reported results on extensive study of granulometry and >'°Pb,,. ac-
tivity concentrations involving 11 cores sampled in the coastal area of
the Yangtze River Estuary. They found a strong positive correlation
(r = 0.829) between the clay component (< 4 um) and 2'°Pb,. in all
the sediment cores. They then used clay-normalized 2°Pb.,. profiles for
the radiometric dating of the cores.

The above normalization procedures use the information on parti-
cles size distributions, but they do not involve the direct measurement
of 2'°Pb in the physically-separated grain-size classes (hereafter re-
ferred as granulometric speciation). Granulometric speciation has been
applied previously for identifying anthropogenic inputs of some NORM-
radionuclides in estuarine sediments (Laissaoui and Abril, 1999). The
key idea was identifying, in the small-grain-size fraction of the sedi-
ments, the singular fingerprint o f s urface-bound r adionuclides, con-
sisting in higher activity concentrations. A similar approach could be
intended for improving the detection of the bomb-fallout radionuclides
in sediment cores from the southern hemisphere. Effectively, it is well-
known that the low fallout rate at these geographical latitudes causes a
serious limitation for using these radionuclides as independent chron-
ostratigraphic markers for supporting and/or validating the 2!°Pb-
based geochronologies (e.g., Hancock et al., 2011; Klubi et al., 2017).
Thus, measuring activity concentrations of these bomb-fallout radio-
nuclides along the core in a homogeneously defined grain-size class
could provide a sound method for identifying the chronostratigraphic
mark associated to the 1963 fallout peak. Moreover, measuring 2'°Pb..
in the above homogeneously defined grain-size class is consistent with
the CIC-model assumptions (constancy of the initial activity con-
centration —-now understood for a target grain-size class), and it could
improve its performance by reducing the noise (and the age reversals)
resulting from the contribution of coarse particles in sediments with
varying granulometries.

Although the fundamentals of radionuclide uptake by suspended
particulate matter in spiked aqueous solutions are clear, the situation is
more complex within the saturated porous media of sediments, even
under ideal experimental conditions. Effectively, it has been also shown
that the direct uptake of dissolved radionuclides in the water-column by
surficial sediments is governed by physical diffusion and by the fraction
of the particles surface which is actually accessible to the pore-water
(Barros et al., 2004). On the other hand, natural conditions may be
quite different from the well-controlled laboratory experiments. Thus,
in natural sediments, radionuclide activity concentrations in different
grains are expected to be the composite result of a large diversity of
histories of varying contact-times of particle surfaces within aqueous
solutions with varying activity concentrations. It is also worth noting
that the available mass of the selected small grain size fraction in a
sediment slice may limit the potential improvement of minimum de-
tectable activities (MDA) for bomb-fallout radionuclides by granulo-
metric speciation.

This paper is aimed at reviewing the theoretical fundamentals for
granulometric speciation and for exploring its practical use in the
analytical context of gamma spectrometry for improving the detection
of ¥7Cs and for supporting refinements in the application of the CIC
model and in the normalization techniques for others 2'°Pb-based
models. In this work are used surface sediments sampled from the Tinto
Estuary (SW Spain) and the Ankobra Estuary (Ghana). The first being
historically affected by mining activities and releases from chemical
industries, including phosphate fertilizers (Guerrero-Marquez et al.,
2017), and the second nowadays seriously affected by artisanal gold-
mining activities (Klubi et al., 2018).

2. Materials and methods
2.1. Theoretical considerations on granulometric speciation

The goal of this section is deriving a quantitative estimate of the
factor by which the net number of counts in a photopeak can be higher
in a selected grain-size subsample with respect to the bulk sediment
sample, when gamma-ray spectrometry is performed.

After sieving a sediment sample, the cumulative percentages of mass
(given as a dimensionless fraction) at each diameter level, y(x) — x being
the diameter, can be fitted by a Rosin-Rammler (R-R) particle-size
distribution (Vesilind, 1980):

yE) =1-— e’(xio)n, @

where n and x, are fitted parameters. Its first derivative provides the
frequency distribution of particles with diameter x, C(x) = dy/dx, al-
lowing then the estimation of mean and modal values.

Theoretical and experimental studies with spiked aqueous suspen-
sions show that the uptake of dissolved radionuclides is governed by the
surface area of particles. Assuming that the activity of a given fallout
radionuclide bound to the sediment particles of diameter x is propor-
tional to their free surface, S(x), the activity concentration, A(x), can be
estimated as

(2

where V(x) is the volume of particles of diameter x, p is their density,
and k is the scaling factor. Under the simplifying assumption of sphe-
rical-shaped particles,
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The mean activity concentration of the sediment subsample with
diameters ranging from zero up to a certain diameter x., A,,(x.), is then
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Fig. 1. Factor of merit F(x.) estimated as a function of the cutting diameter (by
using Egs. (1)—(5)) for various Rosin-Rammler particle-size distributions y(x)
(Eq. (1)) with parameters values (xy, n) of (100, 2.2), (70, 1.8) and (100, 1.8)
for distributions R-R 1, R-R 2 and R-R 3, respectively (x, given in pm). The main
vertical axis, with decreasing lines, is for F(x.), while the corresponding y(x)
distribution, with increasing lines, are plotted with the secondary axis.
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and the activity concentration for the bulk sediment sample, A, is given
by Eq. (4) for x, > . Here we are interested in the ratio

F(xc) = Am(xc)/ Ab; (5)

because it is the factor by which the activity concentration of a sub-
sample of sediment particles with diameter lower than x, is higher than
the activity concentration measured in the bulk sample (x, will be re-
ferred as cutting diameter hereafter).

Fig. 1 shows a plot of F(x.) for various R-R particle-size distribu-
tions. It is worth noting that the parameters k and p cancel out in the
estimation of F(x.) when both are assumed to be constant. The factor F
(x.) could take values over 10 for cutting diameters of few um, and it
increases with parameters x, and n in the R-R distribution (Eq. (1)).

For analytical methods requiring small amounts of sample (such as
alpha spectrometry) F(x.) gives a primary figure of merit (a quantity
used to characterize the performance of a method, relative to its al-
ternatives). Nevertheless, and as also shown in Fig. 1, as higher is F(x,),
lower is the fraction in mass of the sample y(x.). For gamma spectro-
metry, the net number of counts in a photopeak, Ns, depends on the
activity concentration of the sample, A, its mass, m, the intensity of the
y-emission, I, the efficiency, €, and the counting time, t: . Thus, for the
same counting time, the factor Fy by which Ng increases when mea-
suring the subsample with particles size below x. with respect to the
bulk sample (in different sample-adapted geometries) is

= And MEE () _ . y MOE (k)
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Although F(x,) can take high values (Fig. 1) the goal for applications
involving gamma spectrometry is maximizing Fy. The mass ratio can
take the value of the unit as its upper limit, while its lower bound is the
value of y(x.) -when the whole available masses are used. In practice,
and in order to fit standardized counting geometries, m, can be an
aliquot of the total available mass of the sample, particularly for gamma
spectrometry with well-type detectors. It is worth noting that for ap-
plications oriented to the granulometric speciation, coring devices with
higher diameters could be selected. Additionally, the total available
amount of bulk mass could be increased by using twin cores (when
horizontal homogeneity can be assumed) or by thicker resolutions in

the slicing of the core. This could provide a chance for increasing m (x.).
Finally, small amount of samples could be accommodated in counting
geometries with higher efficiencies than the geometry used for the bulk
sample.

Self-absorption in the sample of low energy y-emissions must be
taken into account, particularly for 2!°Pb. It may be different for the
geometries selected for m(x.) and for m,. The same applies for the
Compton background. Consequently the potential of the granulometric
speciation will be determined by comparing the MDA of subsamples
with x < x. and the bulk sample, in their respective counting geome-
tries.

The goal of the present work is testing with environmental sediment
samples the use of the assumptions involved in the above estimation of
F(x,), and the feasibility for achieving high Fy values with some real
particle-size distributions and different counting geometries.

2.2. The studied estuaries

The Tinto River, with a length of about 100km, is located in
Southwestern Spain. Its sources are located in the Iberian Pyrite Bell
where metal mining activities date back to prehistoric times. It drains to
the Atlantic Ocean in the Huelva Estuary, where it joins the Odiel River.
Since the 1960s large industrial complexes were located in the wa-
tershed of the estuary, including five plants devoted to the production
of phosphoric acid and phosphate fertilizers. Although mining and
phosphate fertilizers activities have recently ceased, the estuarine se-
diments still preserve the effect of enhanced concentrations of some
natural radionuclides, particularly 226Ra (Hierro et al., 2012; Guerrero-
Marquez et al., 2017).

The Ankobra Estuary in Asanta, Nzema East district, Ghana, is the
lower section of River Ankobra which takes its source from the North
hills of Basindare, near Bibiani, and flows into the Atlantic Ocean at the
south. The entrance of the estuary could be described as a sand ramp
with abrupt increase in depth towards the freshwater end. The west
coastline comprises sandy beaches with coconut plantations as defence
structures. The estuary serves as fish landing site for the local com-
munity, and the riparian vegetation, mainly mangrove, provides niches
for avifauna. Its geology is associated with alluvial gold deposits in
basal rock underlying by meta-sedimentary and volcanic of the
Biriamian and Tarkwaian systems. In this rural south-western portion of
Ghana, the lack of industrial activities makes small-scale gold mining
the main source of water contamination with potentially toxic elements
(Klubi et al., 2018).

The sediment material from the Tinto Estuary was intended for
assessing the fundamentals and use of the granulometric speciation
with gamma spectrometry, whereas sediment samples from the
Ankobra Estuary were mainly intended for assessing the use of this
technique for improving the detection of **’Cs in Equatorial Africa.

2.3. Sampling, sample preparation and granulometric analysis

Surface sediment samples were collected from each of the studied
estuaries by using an Ekman grab. In the Tinto Estuary a single
~2kg d.w. sample was collected on the 8th March 2017 at 37.2117°N,
6.9303°W below 2 m water depth. In the Ankobra Estuary 8 samples of
~0.15kg d.w. were collected at the end of January 2017 covering a
representative area (see Fig. 2). Precise positioning of each sampling
location was marked using a Garmin Extrex GPS. Sampling depths
ranged from 1 to 15m.

Samples from the Ankobra were transferred into pre-labelled
Ziplock™ bags, sealed and placed in a cooler and further stored frozen in
the Marine and Fisheries’ laboratory in the University of Ghana. These
samples were latter thawed, dried at 50 °C using a Gallen Kamp Plus II
oven to a constant weight, and re-packaged and transported to the la-
boratory of environmental radioactivity of the University of Seville
(US), Spain. The sample from the Tinto Estuary was immediately
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Fig. 2. Sampling sites for surficial sediments in the Ankobra Estuary (Ghana), Abi samples were processed as bulk samples, while ASi samples (i = 1,2,3,4) were
sieved for estimating their Rosin-Rammler particle-size distributions and for granulometric speciation.

transported to the US laboratory and oven-dried at 80 °C till constant
weight.

Particle size distributions have been studied for the Tinto sediment
and for four samples distributed along the Ankobra Estuary. Oven-dried
samples were gently disaggregated using an agate mortar and then
passed through a sieving column with mesh sizes of 2500, 1000, 100,
80, 63, 52, 45, 32 and 25um (dry sieved without removing organic
matter). The cumulative percentages (given as a fraction) at each dia-
meter level, y(x), were then fitted by a Rosin-Rammler particle-size
distribution.

It is worth noting that standard procedures for grain size analysis
usually involve small amount of sample and may include gentle ultra-
sonic and/or the use of some dispersing agents such as metaphosphate
(e.g. Gammon et al., 2016). Other methodologies involve pretreatments
with HCI (Sun et al., 2018). This is unpractical for granulometric spe-
ciation due to the large amount of sample to be processed, and because
dispersing agents and/or acids may release a fraction of the studied
radionuclides. On the other hand, high resolution grain-size analysis
(e.g. using laser diffraction techniques) often show multimodal spectra
which can be interpreted as the superposition of several log-normal
distributions (Gammon et al., 2016). Nevertheless, the Rosin-Rammler
approach seems reasonable enough for data on grain size distributions
obtained from the sieving method.

Results could be mediated by poor mechanical disaggregation and
low sieving yields. In this work both processes were repeated several
times for the > 100 um fraction till negligible changes in the final
masses of different sizes were observed. Although it cannot be abso-
lutely discarded that some small particles could be retained in meshes
of larger sizes, those passing the mesh necessarily have smaller dia-
meters. Thus, the activity concentration in the smallest grain-size class
provides the estimation of the maximum achievable F(x.) ratio, when
compared with the activity concentration of the bulk sample.

For the Tinto sediment, subsamples from all the grain sizes classes
were homogenized and sealed in pre-defined vials (see Table S1 in
electronic supplementary material, ESM) to prevent escape of 2*?Rn,
and stored for at least 21 days to establish secular equilibrium among
226Ra, 2'*Bi and >'“Pb. An original composite (non-sieved) aliquot was
homogenized and sealed in Petri geometry for standard gamma spec-
trometry analysis. The same procedure was applied for the four non-

sieved samples from the Ankobra Estuary, while for the four sieved
samples only the smallest grain-size class was submitted for gamma
measurements.

Organic matter content was determined by the Loss-On-Ignition
(LOI) method. Prior to ignition, sediment samples and empty ceramic
crucibles were preconditioned by oven-drying at 105°C overnight.
Ignition of ~2 g of sample material was undertaken in a muffle furnace
at 440 °C for 3.5h.

2.4. Gamma spectrometry analysis

Samples were measured in an extended range Germanium coaxial
detector (XtRa) HPGe of 42.1% relative efficiency with 1.95 keV FWHM
for ®°Co 1332keV emission and 1.03keV FWHM for >’Co 0.122keV
emission. Passive shielding is composed of 10 cm lead (65 + 3 Bq/kg
of 2'°Pb) internally lined with a 5mm electrolytic copper layer.
Calibration processes in energy (range 46.5-2615 keV) and resolution
were performed with point sources while efficiency assessment was
carried out according to the different cylindrical geometries employed
during this work (see Table S1 in ESM). Three different sizes of Petri
dishes (namely, 5.10 = 0.02mL, 8.65 = 0.13mLand 76.0 = 0.5mL)
were used according to the existing amount of sample. Each Petri dish
was filled without void volumes to avoid systematic errors due to radon
accumulation at the upmost empty layer (Mauring and Géafvert, 2013).

For low energy emissions (mainly 2'°Pb and ***Th), self-absorption
corrections were applied according to Mantero et al. (2013). The sealed
samples were counted for about 48 h assessing the MDA values (Currie,
1968; Hartwell, 1975) shown in Table S1 (in ESM) for the different
radionuclides. The matrices used to prepare the experimental efficiency
setup were IAEA-RGU-1 (Uranium ore with secular equilibrium in 2®U
series) and IAEA-RGTh-1 (Thorium ore with secular equilibrium in
232TY series) reference materials.

Regarding 2°8U series radionuclides, >'°Pb was determined from its
46.5 KeV gamma emission, 2>*Th from its 63.3 peak (crosschecked with
92.3KeV peaks). Activity concentrations of 2?°Ra were estimated
through its progeny radionuclides (***Bi and 2'“Pb), reported as the
averaged values for their emissions of 609.3 and 1764 keV for 2!*Bi,
and 295 and 351.9keV for *'*Pb. Concerning radionuclides from the
232Th series, 2?°Ra was estimated through 228Ac (assessed as the



average values from its 338 and 911 keV emissions), while #*3Th was
evaluated as an average of 2'?Pb (from its 238.6 KeV peak), *'?Bi (at
727.3keV) and 2°%T1 (583.2 and 2614.5 keV). Finally 40K was measured
via 1460.8keV, and the anthropogenic '*’Cs by using its 661.3 keV
gamma line. For 2-days measurements counting uncertainties ranged
from 9% to 40%, and from 3% to 40% for **’Cs and NORM radio-
nuclides respectively (with the lowest values being associated to the
75 mL geometry and the highest values to the 5 mL geometry).

Quality Control checks were performed through routine participa-
tion in National (Spanish Nuclear Safety Council, CSN) and
International (IA EA and European Commission at JRC) Proficiency
Tests (IAEA,2018). A brief summary of the last two participations
where soil matrices were involved is presented in Table S2 in ESM.
These Quality Controls served for identifying eventual weaknesses in
the methodology and for applying the necessary improvements.

3. Results and discussion
3.1. Rosin-Rammiler distributions

The measured cumulative percentages of mass (given as a fraction)
at each diameter level for the Tinto and Ankobra sediment samples are
presented in Fig. 3, along with the fitted R-R particle size distributions.
The fitted p arameter values are reported in Table 1, along with the
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Fig. 3. Cumulative percentages at each diameter level and the fitted Rosin-
Rammler particle-size distributions for the sediment samples from the Tinto
Estuary (Spain) —panel 1, and the ASi samples of the Ankobra Estuary (see
Fig. 2) — panel 2. The fitting parameters are reported in Table 1.

Table 1

Parameter values for the Rosin-Rammler particle-size distribution (n and x, in
Eq. (1)) along with modal and mean values of particles diameter (¢) for sedi-
ment samples from the Tinto and Ankobra estuaries.

Sample n Xo (um)  Pearson'sr  Mean ¢ (um)  Modal ¢ (um)
Tinto Estuary 1.982 128.7 0.986 113.7 90.3
Ankobra AS1 3.108 63.7 0.993 57.0 56.2
Ankobra AS2  1.859 749 0.987 66.4 49.5
Ankobra AS3 6.501 98.1 0.967 91.4 95.6
Ankobra AS4  3.013 87.3 0.991 77.9 76.3

Parameters n and x, after a least squares fit to the empirical cumulative per-
centages shown in Fig. 3, with the reported Pearson's r. See Fig. 2 for the sample
codes in the Ankobra Estuary.

estimated median and modal diameters. The Tinto sediment is the
coarsest sample, with a mean diameter of ~114 um. In the Ankobra
Estuary, the two sediments sampled upstream showed higher mean and
modal diameter values.

The obtained R-R distributions allow estimating the minimum
amount of dry bulk sediment sample to be processed for getting enough
amount of mass of certain grain-size class for a standardized counting
geometry. Thus, for the Tinto Estuary, from Eq. (1) and the parameter
values of Table 1, y(25) = 0.038; so it was necessary to process about
200 g of dry bulk sediment to get enough mass of the < 25 um grain-
size class to fill the smallest counting geometry, P 5 mL. This approach
may be useful in exploratory field studies preceding the main sampling
campaign, since information obtained may contribute for making de-
cisions on the coring diameter, core sectioning resolution, etc.

In radiometric dating, the available dry bulk mass for each sediment
slice is given by the diameter of the coring device, the selected re-
solution (thickness) and the bulk density (which usually increases
downcore). In these cases the R-R distributions allow selecting the
cutting diameter for defining a homogenous grain-size class for the
whole core length with enough mass for a feasible counting geometry.
The set of R-R distributions for the Ankobra sediments (Table 1) can
serve for illustrating this point. In the hypothetical case of that about
5g of sample were needed for a given counting geometry, and the
available masses of bulk samples were over 100 g, the cutting diameter
must satisfy that y(x.) > 0.05. From Table 1 and panel 2 in Fig. 3, the
worst case is for AS3. Solving for x, from Eq. (1) and parameters from
AS3, the cutting diameter is 62 pm.

In practice, for the Ankobra sediment samples, with an initial
amount of bulk dry mass of 150 g the x < 25pm fraction was mea-
surable in P 9 mL geometry (a Petri dish of 33 mm diameter) for AS1
and AS4 samples. For AS2 and AS3 it was only possible measuring the
X < 45um fraction in P 5mL geometry (a Petri dish of 9.8 mm dia-
meter).

3.2. LOI and radionuclide activity concentrations

The measured activity concentrations of the target radionuclides
(K, 137Cs, 210Pb, 226Ra, 2?%Ra, 22Th and 2**Th) in the different grain-
size classes of the Tinto sediment are reported in Table 2. Table 3 re-
ports the results for the composite (non-sieved) and the smallest grain-
size classes in the sieved sediment samples from the Ankobra Estuary.
The above tables also report the organic matter content in all the
measured samples, given as the LOl44o percentage.

Sediments from the Tinto Estuary show strong disequilibria in the
radioisotopes from the 2*U decay chain. In fact, the **Th (>*®U)/?**Ra
ratio is of 2.75 * 0.13 in the non-sieved sample, being far from the
secular equilibrium. Despite the large involved uncertainties, >*Th
activity concentrations show a pattern of increase with decreasing
particle diameter (Table 2). It is known that effluents from the acid
mining drainage occurring upstream carry high concentrations of 238U
(villa et al., 2011; Hierro et al., 2013) and its decay product, 2>*Th,



Table 2

LOI and specific activities” of radionuclides in different grain-size classes of sediments from the Tinto Estuary.

210Pb 226Ra 228Ra 228Th 234Th

137CS

40K

Geom. LOI (%)

Diameter, x (um)

(Bg/kg)

170 = 50
126 = 21

21 = 18
30
39
29
53
31

39 + 16
26 + 8
41

60 + 23

57
60
37
49
52
49
44

128 + 50
115 = 20

149 + 18

58 = 1.6

5.1

440 * 370
433 + 130
570 + 130
400 * 100
440 = 110

440 = 90

8.08
9.51

P 5mL
P 9mL
P 9mL
P 9mL
P 9mL
P 9mL
P 9mL

x < 25

+

+

0.4
2.9

+

25<x < 36

141 = 19
137 = 15

10

+l

+

+l

+

3.6

9.03

36 <x < 45

+

+

32

+

101 = 14
143 = 16

41 + 1.4
55 * 04
27 £ 1.4
3.6 £ 1.1
3.6 £ 2.0
3.1 £ 0.3
3.3 £ 05

9.08
8.84
8.46
8.68
7.81

45 < x < 53

162 = 17

+

36 =3
33

+

53<x < 63

145 = 15

+

+

+l

124 = 13

63 <x < 80

112 = 16
124 = 15

38 + 10

31

24 + 10

23
28

+l

141 = 15
107 = 13

119 = 4

370 = 100
410 += 100
448 + 26
370

80 < x < 100

+

+

+

100 = x < 1000 P 9mL

x < 2500

128 = 5

325 £ 1.3
30 £ 3

+

46.4 + 1.1
42 + 4

P75mL 7.38

113 = 7

24 =+ 3

105 + 8

60

+

7.31

Est. x < 1000

Geometries: P 5mL P 9mL and P 75 mL are Petri dishes of 19.6 mm 32.8 mm and 86.6 mm of internal diameter, respectively (see Table S1 in ESM).

x < 2500 is the composite (non-sieved) sediment sample. and “Est. x < 1000” is the value calculated from the specific activity concentration and the relative abundance of each grain-size class (in Fig. 2).

? Mean and 1o counting uncertainties.

shows strong affinity for suspended particulate matter and surficial
sediments, what explains the observed enrichment and the congruent
particle-size effect.

The *?°Ra/?*®Ra ratio is close to unity in the earth crust, but the
value of 1.66 + 0.24 (non-sieved sediment) found in this work reveals
an enrichment in ?°Ra, what can be explained by the impacts of the
226Ra-reach phosphogypsum released in the past decades by the phos-
phate-fertilizer industries (Garcia-Tenorio et al., 2015).

Lead-210 activity concentrations (Table 2) are contributed by their
supported (from the in situ radioactive decay of ?*°Ra) and unsupported
(®'®Pbey., from the radioactive decay of ?*?Rn in the atmosphere)
fractions. The value of its activity concentration in the non-sieved
sample, 119 + 4 Bq/kg, compares well with other reported values for
surficial sediments in this geographical area (e.g. San Miguel et al.,
2004; Abril et al., 2018).

Caesium-137 was measured in the non-sieved sample of sediments
from the Tinto Estuary, with a value (3.1 = 0.3 Bq/kg) which com-
pares well with those reported by San Miguel et al. (2004) for surficial
sediments sampled in this estuary. Potasium-40 shows typical values
without noticeable particle-size effects (Table 2), likely owing to det-
rital mineral composition.

Sediments from the Ankobra Estuary (non-sieved samples) show
overall lower concentrations for the radioisotopes from the ***U and
232 Th decay series. The >**Th (?*®U)/??°Ra ratio is 1.03 + 0.19 (mean
and 1-o standard deviation), indicative of secular equilibrium. The
226Ra/??8Ra ratio is 1.34 + 0.06, close to the reference value for the
earth crust. The same is true for the 23*Th/??Th ratio. In addition,
210ph is found in excess with respect to 2?°Ra, with values which
compares well with those reported by Klubi et al. (2017) for sediment
cores from the Pra and Volta estuaries, also in Ghana. *’Cs was under
the detection limit in all the samples. “°K was found in concentrations
similar to those from the Tinto Estuary, exception of the sample Abl,
with an anomalous low value of 114 *= 9 Bq/kg.

The LOI percentage in the different grain-size classes of sediments
from the Tinto Estuary was relatively uniform, within the range from
7.8% to 9.5%, and with slightly lower values associated to the larger
grain sizes (Table 2). In the Ankobra Estuary the LOI values were
overall lower than in the Tinto (range from 1.4% to 4.8%), with the
sieved samples having similar or lower values than their respective
paired reference samples, with the exception of AS1. Consequently, the
potential effect of granulometry in the organic matter content cannot be
distinguished from the spatial variability. The used methodology does
not provide information on whether organic matter is present as par-
ticle-coatings and/or as fragments of different sizes.

3.3. Grain size effect in **”Cs and *'°Pb activity concentrations

Fig. 4 shows the measured '*’Cs activity concentrations in the se-
diment samples from the Tinto Estuary as a function of the central
diameter of each grain-size class, along with the concentrations re-
ported by Alonso Hernandez et al. (2006) as a function of the mean
grain size for surficial sediments from the Cienfuegos Bay (Cuba) —their
Table 1. Fig. 4 also plots, for the sake of comparison, the expected
decrease of *”Cs activity concentrations with particle diameter given
by Eq. (3) with the k value solved from Eq. (4) (with the R-R dis-
tribution of Fig. 3) and the measured value of A, in the non-sieved
sample (Table 2).

Although '*’Cs activity concentrations for x < 25um were higher
than those for the bulk sample (statistically significant at 95% con-
fidence level), there was an overall lack of correlation between **”Cs
concentrations and the mean diameters (r= —0.46, p = 0.25).
Furthermore, the pattern is far from the one expected from con-
centrations governed by the surface area of the sediment particles and
the R-R distribution of Fig. 3 ( )(Uz = 19.8, far from the target value of
1.0; -see definition and statistical significance in Bevington and
Robinson, 2003).



Table 3

LOI and specific activities” of radionuclides in sediment samples from the Ankobra Estuary.

234Th

228Th

228Ra

226Ra

210Pb

137CS

40K

LOI (%)

Geom.

Sample

(Bq/kg)

14.6 = 3.3
20 = 14

10.1 + 0.5
26 = 11

31

9.6 £ 1.5
28 =11

12.1 = 0.3
41.7 = 1.0

20.7 = 1.3

<04
< 6.7
<0.8
<10
<1.0
<18
<1.0
< 6.4
<19

P75mL 1.40 114 £ 9
4.75

P 9mL

Abl

87 = 14
53

380 + 100
430 = 20

AS1 x < 25pum

Ab2

30.2 = 25
50 +

1.1

+l

21.5 = 0.6
37 =+ 20
23

29.3 = 1.2

+

P75mL 4.50

30

<18

29 + 10

32

65 + 25

63

350 = 120
513 = 23
420 = 190

3.64
498 + 22

P 5mL
P75mL 4.80
P 5mL

AS2 x < 45um

Ab3

36 + 4

34.5 + 1.2
< 30

+

+

+

< 200
24 + 7

26 = 10

103 = 35

60 = 3

4.80

AS3 x < 45um

Ab4

23 + 4 288 = 1.1

40 = 26

312 = 2.3
28 = 14

P75mL 4.60

<110
< 250

24 = 13

76 * 24
41 = 36

470 * 110

3.27
2.59

P 5mL
P 5mL

AS4 x < 25um

< 54

< 467

AS425 < x-

< 36 um

Geometries: P 5mL, P 9mL and P 75 mL are Petri dishes of 19.6 mm, 32.8 mm and 86.6 mm of internal diameter, respectively (see Table S1, in ESM).

Abi are composite (non-sieved) sediment samples while ASi are subsamples from sieving (see Method's section and Fig. 2 for sample identification).

@ Mean and 1o counting uncertainties; for non-detected radionuclides the activities are reported as < AMD; x refers to particles diameter.

To avoid any artefact from the continuous R-R distribution (which
provides a poor fit for small diameters — see Fig. 3), the stepped func-
tion defined by empirical data (the points in Fig. 3 with the diameter
intervals given in Table 2) can be alternatively used for estimating '*”Cs
concentrations in the different grain-size classes. This leads to a value of
27 Bq/kg for x < 25um, consistently higher than the value estimated
from the continuous R-R distribution (Fig. 4). For this function ){3
= 68.

The organic matter (LOI in Table 2) did not play any effect on the
137Cs concentration, as inferred from the lack of statistical correlation
between both variables (r = 0.23; p = 0.58).

Despite the poor counting statistics, in particular in the small dia-
meter fractions, the small grain-size particles show lower concentra-
tions than expected from our theoretical estimations (Egs. (3) and (4) in
Fig. 4), what can be explained by the fact that natural conditions are far
from the ideal ones occurring in spiked aqueous suspensions. The
measured activity concentration in these grain-size fractions is the
composite result of many different histories of varying contact times
among particles and the aqueous phase with an also varying range of
concentrations of dissolved radionuclides. Thus, some of the particles
may have low or null activity concentrations because of their peculiar
environmental history. On the other hand, the largest grain size shows a
concentration higher than expected, which can be at least partially
explained by a poor sieving yield, despite the efforts applied in the
methodology (Section 2). Nevertheless, it is worth noting that particle
coating and aggregation (both increasing the mean diameter) also occur
in natural systems. Additionally non-spherical shapes also contribute to
larger specific surface area (SSA). Surficial sediments also can uptake
dissolved fallout radionuclides from the overlaying water column, but
the process is governed by physical diffusion and for the fraction of the
particles surface which is actually accessible to the pore-water, instead
of their total SSA (Barros et al., 2004).

The representative history of the particles of different sizes is ex-
pected to vary with time. The freshly deposited *’Cs around the 1963
peak in atmospheric fallout is expected to have been present mostly in
dissolved form in the water column, from where it would have been
uptaken by particulate matter according to their SSA, and by surficial
sediments. Contrarily, in recent times most of the '3’Cs reaches the
sediment already bound to particulate matter, according to their pro-
venance and environmental histories. These histories are also expected
to be different from site to site.

Data from Cienfuegos Bay are not directly comparable since they
refer to mean grain-sizes in the whole sample. Nevertheless, they are
congruent with present results, and they reveal noticeable particle-size
effects for very small particles diameters only. But in practice, and as
above commented, the smallest useful fraction for granulometric spe-
ciation and gamma measurements in the scope of radiometric dating is
limited by the corer diameter, depth resolution, bulk density and the
particle size distribution itself. Thus, in the Ankobra sediments, despite
the efforts for selecting the smallest manageable grain-size fraction,
137Cs was below the detection limit in all the cases.

Fig. 5 shows the measured activity concentrations of 2*°Pb and
226Ra in the sediment samples from the Tinto Estuary as a function of
the central diameter of each grain-size class. The involved analytical
uncertainties do not allow identifying any clear pattern of variation
with particle sizes. Properly, such a pattern of variation was expected
for the excess 2'°Pb, which is attached to the particles surface. Never-
theless, this was not the case for the present dataset (Fig. 5; r = —0.26,
p = 0.53). There was also a lack of correlation between 2'°Pb,,. and
LOI (r = 0.08, p = 0.85).

For the sake of comparison Fig. 5 also plots the results reported by
Aalto and Nittrouer (2012) for floodplain sediments, with >'°Pb mea-
sured by a-spectrometry after total acid digestion of the samples. These
authors were able to capture a general trend of increasing in the total
210ph activity concentrations with decreasing particles sizes. This pat-
tern is also observed with statistical significance in some of the samples
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Fig. 4. '®7Cs activity concentrations in the sediment samples from the Tinto
Estuary as a function of the central diameter of each grain-size class. Vertical
bars are 1-o0 analytical uncertainties, while horizontal bars define the grain-size
interval of each sample. For the sake of comparison, the figure also plots data
reported by Alonso Hernandez et al. (2006) as a function of the mean grain size
for surficial sediments from the Cienfuegos Bay (Cuba) —their Table 1. The
stepped and dotted lines plot the activity concentration estimated by Egs. (3)
and (4) and the Rosin-Rammler particle size distribution for this sediment
(Fig. 3, panel 1), with p = 2.5 g'em ™2 and k solved from Eq. (4) by imposing as
Ap the measured value of 3.1 Bq/kg in the non-sieved sample (Table 2). The
stepped line gives the theoretically estimated values for the same grain-size
intervals than the experimental values.

of the Ankobra Estuary, when compared with their respective non-
sieved pairs (Table 3).

3.4. On the use of granulometric speciation for assisting radiometric dating

Coming back to Eq. (5), present results show that the assumptions
involved in the theoretical estimation of the factor F(x.) do not ne-
cessarily hold for environmental conditions. With the manageable
amount of mass used in this work, the maximum empirical value for F
(xc) was 1.9 = 0.6 for '*’Cs in the x < 25um grain-size fraction
(Table 2), while it was 0.9 = 0.7 for 2!°Pb,,.. But the ratio of masses
used in geometries P 9 mL and P 75 mL was about 1/8, with little im-
provement in the counting efficiency (a factor 1.5 for *’Cs and 2.1 for
210p}; gee Table S1 in ESM). Thus, the overall balance gives Fy values
below 1.

In our experimental settings, the poor counting statistics for **’Cs
and ?'°Pb measurements, in particular in the small diameter fractions,
might mask a possible trend of increasing activity concentrations with
decreasing particle diameters (Table 2 and Figs. 4 and 5). Nevertheless,
from Fig. 4 it is also clear that such a trend would be considerably
weaker than the one expected from our theoretical estimations (Egs. (3)
and (4)). As it was commented previously, the empirical estimation of F
(x.) is not mediated by any sieving artefacts. Its maximum achievable
value is limited by the R-R particle size distribution of the sediments
and for the minimum amount of mass manageable for gamma spec-
trometry. But the major result from this work is that under actual en-
vironmental conditions this ratio does not necessarily follow the ex-
pected increase with SSA, and this failure cannot be compensated in our
study by any strategy for increasing the mass of the bulk sample or the
counting efficiency. This provides caution on granulometric speciation
as a tool of general use for improving the quantification of fallout *3’Cs
for assisting the dating of recent sediments from the south hemisphere.

Table S1 (in ESM) shows that the major contributor to the im-
provement of MDA values is the mass of the sample. Thus, instead of
granulometric speciation, the above commented strategies for in-
creasing the available amount of mass of bulk sample (e.g., increasing

«+ @+ 210-Pb (this work) --®-- 226-Ra (this work)

200 -
—+— 210-Pb, Aalto and Nittrouer (2012) --f-+ Unsupported 210-Pb (this work)
150 -
o
x 4
=
=3
a2
o 100 -
[-%
o
]
B —
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—_
0 T
6 60 600

Grain size (um)

Fig. 5. Activity concentrations of >'°Pb, ?2°Ra, and 2'°Pb.,. in the sediment
samples from the Tinto Estuary as a function of the central diameter of each
grain-size class. Vertical bars are 1-0 analytical uncertainties, while horizontal
bars define the grain-size interval of each sample. For the sake of comparison
Fig. 5 also plots the results reported by Aalto and Nittrouer (2012) for flood-
plain sediments, with 2!°Pb measured by a-spectrometry after total acid di-
gestion of the samples.

the corer diameter, twin cores, thicker slicing resolution ...) could be
used in combination with geometries allowing for large masses along
with good counting efficiencies (such as Marinelli 250 mL).

3.5. On the use of granulometric normalization in radiometric dating

Concerning normalization in 2!°Pb-based radiochronologies, it is
worth noting that it is not necessary for the application of the Constant
Rate of Supply (CRS) model. More properly, the CRS model does not
work with normalized concentrations. The CF-CS model arises as a
particular case of the CRS model; nevertheless, using normalized
210pp_, . values with the CF-CS model is at least justified in cases of
incomplete recovery of inventories. On the other hand, normalization is
consistent with the fundamentals of the CIC model.

The fundamentals of normalization by particle size rely on distin-
guishing two grain-size classes separated by the cutting diameter x,; the
fine-size has a mass fraction y(x.) and an average activity concentration
Ay, while the large-size fraction has a mass fraction 1- y(x.) and a mean
activity concentration A;. The experimentally measured value is the
activity concentration in the bulk sample, A, is related with the above
magnitudes in the way: A = y(x.) Af +(1- y(x.)) A

For granulometric normalization it is assumed that A; is close to zero
in all the sediment slices. Under this assumption Ay = Ap/y(x.). As this
applies for each individual sediment slice, the normalized magnitude
for the sediment slice of index i, is defined as follow:

hED)

A i:A i
NET Ry () @

where 7 (x.) is the averaged value over the whole measured core length.

In most of the applications the cutting diameter is set at 63 pum
(normalization to mud content). Nevertheless, present results reveal
that the assumption that the sand fraction (x > 63 um) of a sediment
slice has a negligible 2'°Pb,,. content when compared with the com-
plementary grain-size class, is not of general applicability, posing then
serious constrains in the use of mud-normalized concentrations. The
present work did not split the region below 25 pm into smaller grain-
size classes. Results from Aalto and Nittrouer (2012), Ontiveros-
Cuadras et al. (2012), and Sun et al. (2018), suggest the possibility of
using the clay fraction (< 4um) for normalization in *'°Pb-based
radiometric dating models.



4. Conclusions

The present work has reviewed the fundamentals and the feasibility
of the practical use of granulometric speciation in the scope of gamma
spectrometry for assisting in the radiometric dating of recent sediments.
Major conclusions are:

i) Assuming that activity concentrations are proportional to the sur-
face area of the sediment particles, measuring a small grain-size
fraction of the sample, along with strategies for maximizing the
available mass of bulk sediment and the counting efficiency, could
improve the number of counts in the photopeak by a factor Fy,
substantially higher than the unity when gamma-ray spectrometry
is performed.

ii) Under our experimental settings, the above situation does not hold
for the two studied sedimentary environments (the Tinto Estuary,
Spain, and the Ankobra Estuary, Ghana). Unlike under ideal ex-
perimental conditions, the uptake of radionuclides by suspended
particulate matter and surficial sediments in real aquatic environ-
ments is the composite result of a large variability of chemical-
physical conditions and a large diversity of contact times.
Consequently, the observed increase in activity concentrations with
decreasing particle sizes is only slight or negligible in the studied
cases (Figs. 4 and 5).

iii) Present results provide caution on the use of granulometric spe-
ciation as a tool of general applicability for improving the detection
of ¥7Cs in recent sediments with low fallout rates.

iv) Present results reveal that the normalization to the mud content in
210pp.based radiometric dating models may not be applicable in
some cases since in real sedimentary scenarios the mean activity
concentration in the sand fraction may not be negligible when
compared to that for the mud fraction. Decision on normalization
should be taken on case by case basis.
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