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capacity was not available. Sedimentation is the dominant process leading to reduction in water storage
capacity. We investigated the sedimentation process in both reservoirs by analyzing environmental ra-
dionuclides (e.g. 2'°Pb, 2?Ra and ¥’Cs) in sediment cores. In the shallow Paso Bonito Reservoir (mean
depth of 6.5 m; water volume of 8 x 106 m?), we estimated a mean mass accumulation rate (MAR) of
0.4 + 0.1 g cm~2y~" based on 2'°Pb chronologies. '3’Cs was detected in the sediments, but due to the
recent construction of this reservoir (1975), it was not possible to use it to validate the 2!°Pb chronol-
ogies. The estimated MAR in this reservoir is higher than the typical values reported in similar shallow
fresh water reservoirs worldwide. Our results highlight a significant loss of water storage capacity during
the past 30 years. In the deeper and larger Hanabanilla Reservoir (mean depth of 15.5 m; water volume of
292 x 10% m?), the MAR was investigated in three different sites of the reservoir. The mean MARs based
on the '°Pb chronologies varied between 0.15 and 0.24 g cm 2y~ L. The MARs calculated based on the
137¢s profiles further validated these values. We show that the sediment accumulation did not change
significantly over the last 50 years. A simple empirical mixing and sedimentation model that assumes
137Cs in the water originated from both, direct atmospheric fallout and the catchment area, was applied
to interpret the 13’Cs depth profiles. The model consistently reproduced the measured '*’Cs profiles in
the three cores (R? > 0.9). Mean residence times for '*’Cs in the water and in the catchment area of 1y
and 35—50 y, respectively were estimated. The model identified areas where the catchment component
was higher, zones with higher erosion in the catchment, and sites where the fallout component was
quantitatively recorded in the sediments.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction knowledge of processes occurring within the reservoir and the
catchment basin (Haddadchi et al., 2014; Waters et al., 2015).

Reservoirs play a major role in water and energy supply all over Sedimentation is one of the most important processes that has
the world. Their sustainable management requires comprehensive significant implications for water storage capacity and water
quality in reservoirs (Baskaran et al., 2015).

Sediments in reservoirs have two principal sources: first,
allochthonous sediments that originate from eroded rocks and
others terrestrial materials within the basin; and second, autoch-
thonous sediments that are produced within the reservoir from the
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primary production. The second source may be significant in res-
ervoirs that receive high levels of nutrients from populations or
others human activities.

Enhanced erosion within the catchment is commonly the origin
of increased sedimentation in reservoirs. Dams interrupt the con-
tinuity of sediment through river systems converting reservoirs
into major sediment traps (Kondolf et al., 2014). The accumulation
of sediments within the reservoir impair their functions and re-
duces storage capacity. Sedimentation has been recognized as the
major threat to reservoir productivity and longevity (Baskaran
et al., 2015). Poor land use practices within the catchment basin
and the expansion of anthropogenic impacts into previously un-
disturbed areas are the most common causes of accelerated soil
erosion (Kondolf et al, 2014). The increase of erosion in the
catchment usually increases the particle loading to the reservoir
and with it pollutant fluxes (Betancourt et al., 2010; Lamba et al.,
2015; Liu et al., 2013).

Radionuclides 21°Pb (half-life: 22 y) and 3Cs (half-life: 30 y) are
among the most commonly used tracers to determine recent
sediment chronologies. The combination of these two radionu-
clides have proven to be a powerful tool to investigate sediment
deposition and erosion patterns in reservoirs, and provide infor-
mation vital for understanding the impact of sedimentation in the
reservoir (Appleby, 2008; Edgington et al., 1991; Robbins and
Edgington, 1975). Sediment chronologies have been used to
reconstruct erosion processes in the catchment basin and to
determine the flux of pollutants and nutrients in reservoirs
(Winston et al., 2014; Chillrud et al., 1999; Perry et al., 2005). These
radionuclide techniques have been successfully applied in many
lake and reservoir systems including tropical reservoirs (Brenner
etal., 1998; Carnero-Bravo et al., 2015; Ruiz-Fernandez et al., 2005).

Paso Bonito and Hanabanilla Reservoirs are located in the cen-
tral part of Cuba. These reservoirs are the sources of fresh water for
the cities of Cienfuegos and Santa Clara, which total about half a
million inhabitants (Betancourt et al., 2009). A hydroelectric power
plant with a capacity of 43 MW is located on the Hanabanilla
Reservoir. The reservoirs are therefore of strategic importance for
the development of the region.

This paper focuses on the determination of the sedimentation
rates in two water reservoirs by applying 2'°Pb geochronology in
several sediment cores. The geochronology is validated with mea-
surements of *’Cs profiles. In addition, a simple mixing and sedi-
mentation model was applied to interpret the '3’Cs depth profiles
in the sediment cores from the Hanabanilla Reservoir. The model is
based on the assumption that 3’Cs in the water column originated
from both direct atmospheric fallout and from within the catch-
ment area.

2. Materials and methods
2.1. Study area

Hanabanilla and Paso Bonito Reservoirs are located in Arimao
River basin (Fig. 1). The main characteristics of the two water res-
ervoirs and their catchment basins are given in Table 1.

2.1.1. Paso Bonito reservoir

The Paso Bonito Reservoir is located to the east of Cienfuegos
province, in the Hanabanilla River, downstream of the Hanabanilla
Reservoir. This reservoir was constructed in 1975 with the main
objective of improving the quality of the water flowing out of the
Hanabanilla Reservoir, above the water intakes for the cities of
Cienfuegos and Santa Clara (Betancourt et al., 2010). The geology of
the catchment basin is characterized by the presence of meta-
morphic rocks, mainly bluish grey marble. The soils are rich in

pyrite and copper deposits, and these resources were exploited
prior to1950 (Betancourt et al., 2009).

The population in the catchment basin is less than 600 in-
habitants. Human activities are limited to local agriculture pro-
duction of temporal crops (e.g., rice and tobacco) and permanent
plantations of mango and orange. However, the agriculture prac-
tices have further developed enhancing soil erosive processes
(Betancourt et al., 2009). A previous study in Paso Bonito Reservoir
revealed that the accumulation of sediments had already reduced
the storage volume of water (Laiz and Flores, 2010). The increase of
the sedimentation was explained by the steep slope (mainly
mountain and premontane areas) and poor soil management
within the watershed of Navarro stream. The study showed that
sediments may act as a sink and/or source of nutrients and metals.

2.1.2. Hanabanilla Reservoir

Hanabanilla Reservoir is located in the northern part of the
Cienfuegos province, near the border with Villa Clara province (see
Fig. 1). The reservoir was constructed between 1958 and 1962 by
damming the Hanabanilla and Jibacoa Rivers. To connect both
water basins, an artificial water channel was constructed. The
reservoir is an elongated, narrow and deep lake that follows the
path of the original rivers (Sanchez, 2000). Downstream of the dam,
waters are incorporated into the Hanabanilla River through an
underground tunnel of 6 km length (Laiz, 2009) (Fig. 1). The
catchment of the Hanabanilla dam covers an area of 192 km? within
the Guamuhaya Mountains. This region has a complex geology,
with an extensive area of metamorphic and igneous rocks. Soils in
the basin are potentially highly erodible and are characterized by
low nutrient content, organic matter and predominantly fine sand
fraction (Sanchez, 2000). The local climate is highly influenced by
the topography of the region and differs significantly from the
climate in the rest of the country. For example, high-intensity
rainfalls with short durations are typical in this elevated region
(Sanchez, 2000). The population in the catchment basin is less than
7000 inhabitants and the human activities are limited to coffee
plantations and local agriculture production. Despite the presence
of potentially highly erodible soils in the watershed, little is known
about the impact of erosion on the sedimentation rate in Hanaba-
nilla Reservoir.

2.2. Sampling, sample preparation and texture analysis

In 2012, a total of six sediment cores were collected in the res-
ervoirs from areas where no known human disturbance has
occurred to the sediment record (Fig. 1, Table 2). An UWITEC corer
with PVC liner (90 cm length, 8.6 cm inner diameter) was used for
collecting the sediments. Two sediment cores were collected in
Paso Bonito Reservoir, one near the dam (PB I) and the second (PB
IT) at the beginning of the reservoir (upstream side). In Hanabanilla
Reservoir four cores were collected, one near the dam (HnI) and the
other three from where the principal basins formed near the rivers
inflow: Hanabanilla basin (Hn II), Negro basin (Hn III) and Jibacoa
basin (Hn IV). Unfortunately, the core taken in the Jibacoa River
basin (near to the second dam) was mixed during the sampling.

In order to optimise the number of samples, to define the
sectioning thickness in each core, the length of the core and the
date of construction of the reservoir were taken into account. The
long cores from the Hanabanilla Reservoir (Hn I and Hn III) were cut
at 2 cm, the core Hn II was sectioned at 1.5 cm. This guaranteed a
mean temporal resolution of the slices from 1 to 3 years in all cores.

Each section was freeze-dried and homogenized. The dry weight
of the sediment was used to determine the dry bulk density (DBD)
and the mass accumulation depth according to Sanchez-Cabeza
and Ruiz-Fernandez (2012). Around 5 g were taken to determine
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Fig. 1. Study area in the Hanabanilla and Paso Bonito Reservoirs. Sampling sites are indicated.
Table 1

Principal characteristics of the reservoirs.

Reservoirs Mean Depth (m) Surface Area (km?) Catchment Area (km?) Ratio Surf/Catch. Volume of water (10° m?) Year of construction
Hanabanilla 15.5 18.8 192 10.2 292 1962
Paso Bonito 6.5 13 65 50 8 1975

Table 2
Location of sampling stations and characteristics of the sediments cores.

Reservoir Station Sampling date Location Water depth Core length Thickness of sections
Paso Bonito PBI 30/10/2012 N22°07'50"; W80°09'07” 10 m 35 cm 1.5 cm

PB II 30/10/2012 N22°07'49"; W80°09'02" 8m 33 cm 1.5 cm
Hanabanilla Hnl 12/04/2012 N22°05'35"; W80°04'00” 29 m 60 cm 2cm

Hn I 12/04/2012 N22°03'15"; W80°04'13.5" 9m 27 cm 1.5 cm

Hn III 12/04/2012 N22°02'19”; W80°02'06” 10 m 49 cm 2cm

grain sizes. The percentage of mud (silt + clay, <63 pm) and sand
(>63 um) were determined by the gravimetric analysis (Loring and
Rantala, 1992). The content of organic matter for each section was

estimated by the loss on ignition method (LOI: 450 °C, for 8 h). The
shape of the LOI profile is used to understand the stratification of
sediment in the core.
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2.3. Radionuclides

210pp, 2263, 40K and ¥7Cs were analysed by high-resolution
gamma spectrometry using a low-background well-type coaxial
Germanium detector (CANBERRA, model Eurisys EGPC 100 P15),
with an energy resolution of 2.1 keV at 1333 keV). Approximately
6 g of dry sediments were placed in sealed plastic containers and
stored for three weeks, in order to allow 2?°Ra to reach secular
equilibrium with its daughter nuclides. 21°Pb was analysed at
46.5 keV gamma ray, *°Ra was determined via the 352 keV gamma
rays, emitted by its daughter nuclide 2'#Pb, and *’Cs was deter-
mined through its gamma line at 662 keV. The efficiency calibration
was performed using a Standard Uranium Ore (IAEA-RGU-1). The
replicate analyses of some samples and certified reference mate-
rials IAEA-300, IAEA-375, IAEA-444 and IAEA-306 were used as a
quality control tools.

24. ?%pp sediment dating

Excess 219Pb (?Pb,y) in each section was calculated from the
difference between 2!°Pb and supported 21°Pb (?1%Pbe, = 219Pb -
210Pb5up). The 210PbSup was derived from the ?*°Ra activity in each
layer. The mean Mass Accumulation Rate (MAR; g m~2 yr~!) in the
sediments were determined through the Constant Flux Constant
Sedimentation (CFCS) dating model which assumes a constant flux
of 21%Pbey and a constant mean MAR within the period analysed
(Robbins and Edgington, 1975). Moreover, the Sediment Accumu-
lation Rate (SAR; cm yr~1) was calculated with this model. The SAR
may however be affected by the natural compaction of the sedi-
ments and/or by potential sampling compaction. The SAR is only
used as informative. The CFCS model was applied to interpret the
sedimentation process, where monotonic variations of 2!°Pbey
versus mass depth were found.

In sedimentary systems, where the sediment supply may vary in
response to climatic or anthropogenic changes, the Constant Flux
(CF) model (Appleby and Oldfield, 1978; Sanchez-Cabeza and Ruiz-
Fernandez, 2012) is preferentially used. The CF model assumes a
constant 21%Pbe, flux to the sediment surface, while the MAR may
vary. To apply this model, it is necessary to know the total 21%Pbey
inventory in the sediment core. This is achieved after approxi-
mately 150 years of sediment accumulation. As the investigated
reservoirs were constructed in the recent years (1962 and 1975), we
will have incomplete 2!%Pb,, inventories in all the sediment cores.

The “missing” inventory of 2!°Pbey was estimated using the mean
MAR (CFCS model) and the 2'°Pbe, in the bottom of each cores
(Appleby, 1998; Sanchez-Cabeza and Ruiz-Fernandez, 2012).

2.5. Age validation with 37Cs

In order to better identify the depth horizon containing the*’Cs
peak in 1963, a simple model was used to reconstruct 1*’Cs depth
profiles (Fig. 2). The model assumes that *’Cs in the water reservoir
is rapidly scavenged to the sediments, but losses by outflow may
also occur. Two sources of '*’Cs in the water column are considered.
The first source of *’Cs is the direct atmospheric deposition from
global fallout, which is assumed to be after deposition well-mixed
in the fresh water reservoir. The second source of 3’Cs in the wa-
ter column is runoff/erosive transport from the catchment area
(output from the catchment, see Fig. 2) (Porto et al.,, 2011, 2013).

Assuming that the radionuclide distribution in the water
reservoir is described by an exponential function (Corcho-Alvarado
et al., 2014), then the maximum annual flux of *’Cs originated by
direct fallout (first source) that can be transported to the sediment
surface (Fp(t), expressed in Bq m~2 y 1), can be calculated as

follows:
x=2012 . ~B02N L 2(2012-x)
_ Fip(x).e— 1 -e -Ax
x=1952

Where: Fj, is the time-dependent atmospheric *’Cs history
(expressed in Bq m~2 y~1), 2012 is the sampling year and 1952 the
start of the atmospheric nuclear weapon tests. T represents the
mean residence time in the well mixed reservoir, x is the input year,
¢ is the decay constant of the radionuclide and Ax is the summation
interval (= 1 y). The time dependent atmospheric '*’Cs history in
the investigated area (Fj;) was estimated at 1.162 times the atmo-
spheric deposition of 90y for Miami, USA. This multiplication factor
accounts for i) the different atmospheric deposition of 3’Cs and
90sr (HASL, 1977) and ii) the latitudinal and rainfall amount effects
between Miami and the study site (Alonso Hernandez et al., 2004).
The atmospheric deposition before 1950 was assumed to be
negligible.

It is assumed that the output of 1*’Cs from the catchment to the
water reservoir is described by an exponential function which is
defined by the readily available *’Cs in the catchment area and the
catchment/reservoir surface area ratio. The maximum annual flux

137Cs model

Atmospheric deposition

Outflow

vV Vv ¥

Atmospheric deposition
Outputfrom

catchment

{ WATER
RESERVOIR

Fig. 2. Representation of the conceptual model used for describing the transport and deposition of *’Cs in the fresh water reservoir. The two main sources of *’Cs in the water
column, direct atmospheric fallout and transport from the catchment basin, are represented.
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of ¥7Cs from the catchment area (second source) that can be
transported to the sediment surface (Fc (t), expressed in Bq m~2
y~1) can be calculated as follows:

_ (2012—x)
Acy ) x=2012 Fin(%) e T e M2012-X) , Ax

Ar x=1952 T

Fe(t) =

Where: Fj, is the time-dependent atmospheric '*’Cs history
(expressed in Bq m~2 y~ 1), 2012 is the sampling year and 1952 the
start of the atmospheric nuclear weapon tests. T represents the
mean residence time in the well mixed reservoir, x is the input year,
é is the decay constant of the radionuclide, A, and A are the surface
areas of the reservoir and catchment, respectively, Ax is the sum-
mation interval (= 1y) and a is a parameter that takes into account
the fraction of the annual fallout which is readily available for
transport. Several studies have shown that >’Cs is strongly fixed to
soil particles with long effective half-lives (Corcho-Alvarado et al.,
2016; Kinouchi et al., 2015). This fraction can have a large range
(i.e., between 7 and 60%) depending on the soils properties, slopes
and others (Appleby et al., 2003; Parsons and Foster, 2011; Porto
et al., 2013, 2011). It is therefore expected that 13’Cs would have a
long residence time in the catchment area compared to the scav-
enging time within the reservoir.

Assuming a constant Mass Accumulation Rate (MAR, kg m~2
y~1), the activity of 137Cs (Aqiy in Bq kg~ 1) incorporated into the
sediment layer (i) can be calculate as:

A (@ Fp(t) +B-Fc(t))
i= MAR

Where: @ and a are parameters that quantify the fraction of the
direct fallout and catchment fluxes (Fp and F¢) that are finally
retained in the sediments. Losses from the water column may be
expected by outflow transport (Smith et al., 2005). Both parameters
are estimated by fitting the modelled data to the measured *’Cs
activities.

The ¥7Cs peak is then associated with the maximum global
atmospheric fallout from nuclear testing (1963—1964) and a mean
MAR is calculated (Baskaran et al., 2015). The distinct boundary
between pre-dam and post-dam sediments may be related to the
age of the reservoir and used as an additional time marked to
validate the 2'°Pbex and '*’Cs-based chronologies (Foster et al.,
2011; Waters et al., 2015).

3. Results
3.1. Sediment characteristics

The content of fine particles (<63 um) was above 50% in all
depth-sections of the sediment cores collected for this study. In the
sediment core from Paso Bonito Reservoir, the fraction of fine
particles decreased substantially below 10 cm depth (Fig. 3). In
Hanabanilla Reservoir, all cores contained nearly 100% of fine par-
ticles (Fig. 4).

The loss of ignition (LOI) was used as an indicator of organic
matter content in sediments. In general, the content of OM varied in
a narrow range from 10 to 15% in all cores. In the sediment cores
from Paso Bonito Reservoir, the LOI showed a significant decrease
below 10 cm depth (Fig. 3). In the sediment cores from Hanabanilla
Reservoir, the LOI depicted several peaks along the depth profiles
(Fig. 4).In the core Hn I, the LOI content was slightly higher than the
content in the others cores.

The DBD increased with depth in the two cores of Paso Bonito
Reservoir with values higher than 0.4 g cm™> below 10 cm depth. In

core PB II, the values were higher than 0.6 below 15 cm (Fig. 3). In
the cores of Hanabanilla Reservoir, the DBD increased slightly with
depth. In core Hn I, values higher than 0.2 g cm—> were observed
only in the 24—25 cm section and in the last four sections of this
core. In core Hn II, the values increased with depth after 15 cm; the
DBD were higher than 0.4 g cm > in the last several sections of this
core. In core Hn III, the DBD increased slightly with depth, with
values higher than 0.2 g cm~> in all sections (except in the surface).
The mean DBD in the core Hn I was much lower than the other
cores; the high content of water and organic matter in the sedi-
ments could be the principal cause of this result (Fig. 4).

3.2. Radionuclides

3.2.1. Paso Bonito reservoir

The 21%Pb activities in all the depth-sections of the Paso Bonito
cores were below 120 Bq kg~ (Fig. 3). A rather constant activity of
210pp was observed at the top 10 cm of both cores PB I and PB II
(Fig. 3). Below 10 cm depth, the activity of 21°Pb decreased. In the
core PB II, several peaks were observed in some sections below
15 cm depth. The activities of 2?°Ra were rather constant in all
depth sections of core PB I with values around 40 Bq kg~ . In core PB
I a *?5Ra constant activity of approximately 45 Bq kg 'was
observed in the top 10 cm. Below 10 cm depth, the activities of
226Ra decreased down to a constant value of around 20 Bq kg~ . The
secular equilibrium between 22°Ra and 2!°Pb was not reached in
either of these two sediment cores (Fig. 3). “°K showed the same
pattern as 2*®Ra in both cases, with constant activities at all depth
sections of the core PB I (values around 500 Bq kg~ !). In the core PB
1 a constant activity of “°K was observed in the top 8 cm (values
around 600 Bq kg~ !). Below 8 cm depth, the activities of “°K
decreased down to values between 300 and 400 Bq kg~! (Fig. 3).

137Cs was detected in all depth sections of the cores PB1and PB I
with a maximum activity of 10 Bq kg~ in core PB L. In both cores,
137Cs activities decreased with depth, reaching a minimum value of
approximately 2.1 Bq kg ! in the core PB II. No significant peak of
137¢s was observed in any of these cores (Fig. 3).

3.2.2. Hanabanilla Reservoir

The maximum 2!°Pb activities in the sediment cores of Hana-
banilla Reservoir were found in the surface layers with values above
200 Bq kg~! with the highest value of 300 Bq kg~ in the core Hn II
(Fig. 4). In the three sediment cores, the 21°Pb activities showed a
monotonic decrease with depth. The activities of 22°Ra were rather
constant in the three cores with values around 50 Bq kg~ . In core
Hn I, the 22Ra profile showed two peaks at approximately 25 and
37 cm depth. In core Hn III, the activities of 2°Ra were slightly
higher in the bottom sections below 30 cm depth. In two of the
cores Hn II and Hn 11, ?*Ra and 2'°Pb did not reach secular equi-
librium. In the core Hn I, secular equilibrium was reached at the
bottom sections of the core (Fig. 4). °K showed the same pattern as
226Ra in all cases, with activities rather constant in the three cores
with values around 500 Bq kg~ In core Hn I, the 4°K profile showed
two peaks at approximately 25 and 37 cm depth (Fig. 4).

137Cs was detected in all depth sections of the three sediment
cores. The depth profiles of this radioisotope had similar patterns in
all the cores with increasing trends with depth and a maximum at
the bottom part of the cores (Fig. 4). The maximum activity of *’Cs
in the cores Hn Il and Hn Il was around 30 Bq kg~ . In core Hn I, the
peak was more pronounced with a maximum activity of approxi-
mately 60 Bq kg~ The 37Cs peaks were found at 50 cm depth in
the cores HnIand Hn Ill and at 25 cm depth in the core Hn II (Fig. 4).
137¢s sediment profiles depicted the same pattern observed in the
137¢Cs global fallout for the region (Robbins et al., 2000).
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Fig. 3. Vertical profiles of grain sizes, loss of ignition, dry bulk density and radionuclides activities (>'°Pb, 2?°Ra, “°K and '’Cs) in two cores of Paso Bonito Reservoir (bars

uncertainties = 2¢).

3.3. Sediment geochronology with 2!°Ph

3.3.1. Paso Bonito reservoir

The In?'"Pbey profiles versus mass depth in cores from the Paso
Bonito Reservoir are shown in Fig. 5. In core PB 1 a linear decrease of
In?'%Pbey was observed in the upper 20 cm (80 kg m~2) therefore
the CFCS model was applied to calculate the accumulation rates in
this depth section. This upper section showed an apparent burial
rate with a mean MAR of 0.40 + 0.08 g cm 2y~ ! in the last 20 years,
and a mean sediment accumulation of approximately 1 cm y~ L
Below this depth, variable sedimentation was observed. The flux of
21Oszex %n this core estimated with the model CFCS was 247 + 48 Bq
m -y .

Due to the irregular profile of In?!°Pbey in the core PB II the CFCS
model was not applicable. However, surface activity of 2!°Pb in this
core was the same as one measured in core PB 1, if the flux of 21%Pbeg
is constant to the reservoir, we then assumed similar MAR in both
areas of the reservoir (Appleby, 2008).

3.3.2. Hanabanilla Reservoir
Fig. 6 shows the results of the CFCS 2'°Pby, model applied to the
sediment cores of Hanabanilla Reservoir. Two distinct burial layers

were observed in each core. The mean MAR was nonetheless
similar in both layers of each core. The mean MAR was 0.15 + 0.01
and 016 + 002 g cm? y ! at sites Hn I and II; and
0.24 + 0.02 g cm~2 y~! at site Hn IIL. The changes observed in the
sedimentation process appear to have occurred at the same time
(after 1990) in the three cores. The flux of 21°Pbey calculated with
the CFCS model was: 233 + 22 Bq m~2y~! in Hn I, 339 + 34 Bq
m~2y~!in Hn Il and 371 + 30 Bq m2y~! in Hn IIl. The mean MAR
estimated based on the depth of the 13’Cs peak was: 0.16 g cm 2y~
inHn1; 015 g cm =2y !in Hn Il and 0.23 g cm~2y~! in Hn IIL. These
values were nearly identical to those derived via the 2!°Pb model.

Application of the CF model to the 2!°Pb data from the Hana-
banilla Reservoir cores is shown in Fig. 7A. The “missing” inventory
of 21%Pb,, was estimated, in each case, before applying the model.
The values calculated were of 1675 Bq m~2 in core Hn I, 1445 Bq
m~2 in core Hn I and 1864 Bq m~2 in core Hn III. The MARs in the
three cores showed a higher variability before 1990, and then after
this year remained rather constant. The MARs varied around
0.15 g cm 2y~ ! in the cores Hn I and Hn II, which were comparable
to the mean MAR calculated with the CFCS model. In core Hn I, two
significant peaks were observed in the MAR during the years 1977
and 1990. In core Hn III, the MAR increased after 1970 with higher
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values in the period 1980 to 1990. After 1990, the MAR was stable
and comparable to the mean MAR calculated with the CFCS model
(0.24 g cm~2y~1). In the three sediment cores, the age derived from
the CF model agreed well with age derived from the 3’Cs peak
(Fig. 7B), assuming that this peak represents the maximum fallout
from the nuclear atmospheric weapon tests (Robbins et al., 2000).

The mean sediment accumulation rate (SAR) was 3.1 cmy~! for
core Hn I, 0.9 cm y~! for core Hn Il and 1.6 cm y~! for core Hn IIL.
From 1963 until 2012, the total sediment accumulation was 52 cm
in core Hn I, 25 cm in core Hn Il and 49 cm in core Hn IIL

4. Discussion
4.1. Sedimentation in the Paso Bonito reservoir

The mean MAR of 0.40 + 0.08 g cm 2 y~! in Paso Bonito
Reservoir is higher than the values reported for shallow fresh water
reservoirs worldwide. For example, Baskaran et al. (2015) reported
mean MAR values from 0.12 to 0.29 g cm~2 y~! for the Lake Union;
and Waters et al. (2015) estimated values of 0.08—0.30 g cm 2 y~!
in the Lake Seminole.
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The values for the mean MAR obtained in Paso Bonito reservoir
were two fold higher than the values calculated for Hanabanilla
Reservoir. This is explained by the fact that Paso Bonito Reservoir
receives water and sediment particles from three different sources:
Hanabanilla Reservoir, Navarro stream and Hanabanilla River. In
fact, the Navarro stream is the principal source of suspended par-
ticles in this reservoir with almost two times the amount compared
to the other two sources (Laiz, 2009). The main reason for the high
sedimentation is the high erosion rate in the catchment area of this
river, probably from agriculture and mining activities, and the
different geologic condition with more erodible rocks (Betancourt
et al., 2009).

The mean SAR of 1.0 cm y~! obtained with the CFCS 21°Pb dating
model in Paso Bonito Reservoir is lower than the value of
5.7 cm y~ !, estimated by Laiz and Flores (2010) in the same reser-
voir using bathymetric studies conducted between 1980 and 2009.
In our case, compaction of sediments during sampling may partially
explain the lower mean SAR value. This is supported by the greater
DBD obtained in both cores in the current study. However, the high
value of mean MAR confirms a significant loss of water storage
capacity during the past 30 years in this freshwater reservoir. Paso
Bonito Reservoir was already reported to have one of the highest
losses of water storage capacity per year among the fifteen other
fresh-water reservoirs in Cuba (Laiz and Flores, 2010).

4.2. Sedimentation in the Hanabanilla Reservoir

In the three bottom sections of the core Hn I (down 55 cm), the
sediments are more consolidated and showed a lighter colour than
the rest of the cores. Moreover, 21%Pb., was not detected in these
sections. These features are a strong indication that these layers
represent pre-dam sediments as has been demonstrated in other
studies (Waters et al., 2015).

The mean MAR at sites Hn I and Hn Il of the Hanabanilla
Reservoir were similar with values of 0.15 and 0.16 g cm™2 y |,
respectively. In station Hn III, a higher mean MAR of 0.24 g cm ™2y~
was derived from the CFCS ?'°Pb dating model. In cores Hn II and
Hn 111, the values of the mean SAR (0.5 cm y 'and 1.0 cm y~,
respectively) were related to the mean MAR. However, the mean
SAR was 1.1 cm y~! in core Hn I which was greater than the ex-
pected based on the MAR. This may be explained by the relatively
low DBD of the sediments in this core.

In sediment core Hn I, the MARs was greater circa 1964, 1970,
1977 and had a maximum around 1990. After 1990, the MAR
remained nearly constant (Fig. 7A). In September 1966, November
1971 and June 1978 intense rains (between 300 and 500 mm in a
single day) were reported in Cienfuegos and Villa Clara provinces
(Barcia et al., 2011). In June 1988, the region was affected by one of
the most intensive rains in the Caribbean with 867 mm in 24 h and
nearly 1000 mm in seven days (Barcia et al., 2011). The higher
values of MARs in the core Hn I are very probable related to the
intense rain events reported in the region. These type of intense
and short events are known to increase erosion in the catchment
area, and therefore they increase the particulate loading and sedi-
mentation in the aquatic systems (Alonso-Hernandez et al., 2006;
Junge et al., 2004). After this extreme event (June 1988), the sedi-
mentation process returned to lower values and remained steady in
the reservoir.

In core Hn II, the MAR had higher values between 1968 and
1970, after this period the rate remained nearly constant (Fig. 7A).
The highest sediment accumulation rates observed could be related
with the intense rains reported during this period in the region
(Barcia et al,, 2011). In core Hn III, the MARs did not change sub-
stantially in time (Fig. 7A). The variations in MARs in the cores due
to the extreme rains were different. These results could be related

to the coring location within the reservoir. At station Hn I, located
near the outlet of the reservoir, management activities during
extreme events change the hydrodynamics within the reservoir
due to the movement of water (with high solid suspended mater) to
the outlet of the reservoir. Then, after these events more material
may have been deposited in this area. However, at sites Hn II and
Hn III this effect is less important and significant peaks were
observed in core Hn Il between 1968 and 1970.

The higher sediment accumulation was observed in the core Hn
III; located in the artificial channel that connects the two principal
basins of the reservoir (Hanabanilla and Jibacoa Rivers basins). The
high accumulation of sediments in this area resulted in a rapid
decrease in water depth. As a consequence, the water exchange
between the two basins decreased, increasing the resident time of
the waters in the Jibacoa basin. These changes could affect the
quality of the water stored in this sector of the reservoir.

The MAR calculated with the CFCS 21°Pb dating model varied
between 0.15 and 0.24 g cm~2y . This range of MAR is comparable
to the values reported in other large and deep freshwater reservoirs
worldwide. For example, Carnero-Bravo et al. (2015) reported
values in the range from 0.12 to 0.56 g cm~2y~! for the Valle de
Bravo reservoir in Mexico; and Winston et al. (2014) reported
values from 0.2 to 0.8 g cm 2y~ for the Beaver reservoir in USA.

The mean SAR in the Hanabanilla Reservoir (18.8 km?) calcu-
lated based on the design characteristics of an annual water runoff
of 137 x 10® m® and a mean particulate load rate in the waters of
252 g m~> was estimated to be of 0.2 g cm~2y~! (IGT, 2008). This
MAR value is similar to the values obtained with the *'°Pb dating
models. These results demonstrate that the original design pa-
rameters of this reservoir are still valid, potentially as a conse-
quence of a good management of the reservoir and its catchment.
The good agreement further supports the applicability of the 2'°Pb
dating models as a tool to evaluate sedimentation processes in
freshwater systems.

4.3. Age validation with 37Cs in the Hanabanilla Reservoir

210pp accumulation rates in Hanabanilla Reservoir were vali-
dated by comparing the 2'°Pb age-depth profiles with the position
of the depth horizon *’Cs peak (1963—1964). A simple empirical
mixing and sedimentation model was applied to interpret the 13”Cs
depth profiles (Fig. 8). The model is based on the assumption that
137Cs in the water column originated from both direct atmospheric
fallout and the catchment area. In the models, the mean resident
time of 1 yr for the atmospheric fallout and 50 yr for the catchment
component (35 yr in the case of Hn II) was used. The modeled *’Cs
depth profiles are compared with the measured *’Cs profiles, us-
ing the parameters that best fitted the model to the measured data
(Fig. 8).

The model predicts the '3’Cs components in the sediment cores
that originated from direct atmospheric fallout and transported
from the catchment area. The catchment component represents the
fraction of 13’Cs in the catchment basin that is readily available for
transport and, on an annual basis, the 1*’Cs readily available for
transport has two main components. Firstly, the freshly deposited
137¢s which we assume that is completely available for transport.
Secondly, the *’Cs deposited on previous years, we assume this
portion available for transport varies based on soil properties. The
second component was estimated to be 20%. This value is in the
range reported by other studies (Porto et al., 2011, 2013).

Taking into account a total volume of water of 282 x 108 m> and
the reported water outflow of 4.3 m®s™!, a mean residence time for
the water in the Hanabanilla Reservoir of 2 years was calculated
(IGT, 2008). This mean residence time for the water was similar to
the values used for direct atmospheric fallout. The long residence
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time of ’Cs in the catchment area (second component) can be
explained by its strong adsorption onto some types of soils. Several
studies have shown that 1*’Cs has a long effective half-live in soil
(Corcho-Alvarado et al., 2016; Kinouchi et al., 2015).

In the three cores the empirical models reproduced consistently
the measured '3’Cs depth profiles (R > 0.9 in the three cores). In
Hn I core, the model indicates that sediments in this area captured
about 90% of the *7Cs delivered by atmospheric fallout onto the
corresponding reservoir surface. Additionally, 75% was delivered by
the catchment component. Also the model reproduced the
magnitude and location of the depth horizon containing the 1963
fallout maximum.

In core Hn II, the 3’Cs fallout component in the sediments
represented only 30% of the total atmospheric fallout. In this core
the catchment component represented 60% of the total 3’Cs that is
readily available for transport in the catchment basin. In this case
the best fit was obtained using a lower mean residence time of 3’Cs
in the catchment basin (35 years). This result suggests that 1*’Cs (as
tracer of Cs) in the soils of the Hanabanilla basin is more susceptible
to erosion than in soils from other areas (local basins of the cores
Hn I and Hn III).

In sediment core Hn III, the *’Cs fallout and catchment com-
ponents were estimated to be of 50% and 100%, respectively. The
model indicates that this area of the reservoir is more affected than
the catchment. In fact, this core showed the highest MAR of all the
cores in this study, which be explained by a higher particle loading
from the catchment basin.

These results showed the principal characteristic of the sedi-
mentation processes in each sampling areas and their drainage
basin (Table 3). At site Hn I, the catchment has a lower relative
importance on the sediment accumulation than the others areas.
On the contrary this component is higher at site Hn III, probably
because it receives the influence of the major drainage basin
(Jibacoa River). At site Hn II, the local drainage basin (Hanabanilla
River) showed a lower mean resident time for >’Cs that the one
observed in the others local basin (catchment component). Prob-
ably due to the more erodible condition of the soils and conse-
quently, a higher erosion rate in this area compared with other
drainage basins of the reservoir.

4.4. 21%ph,, flux and ¥’Cs inventory in the Hanabanilla Reservoir

The total 21%Pbey flux in Paso Bonito and Hanabanilla Reservoirs
ranged from 233 to 371 Bq m~2 y~ .. These fluxes are higher than
those reported by Binford and Brenner (1986) for Florida lakes
(129—204 Bq m~2 y~!) and by Brenner et al. (2001) in the Blue
Cypress Marsh in Florida (60—125 Bq m~2 y~1), USA. Moreover, the
210pp,, flux in Paso Bonito and Hanabanilla Reservoirs are also
slightly greater than the flux range reported by Carnero-Bravo et al.
(2015) in Valle de Bravo Reservoir (135—-199 Bq m—2 y~ ') in Mexico.
The 21°Pb,, flux range obtained in this study is lower than the 2°Pb
flux of 577 Bq m~2 y~! reported by Baskaran et al. (2015) for the
Lake Union Reservoir in USA.

Table 3

It is generally the case that the total 2'°Pb supply to lakes and
reservoirs is two or three times higher than the direct 2!°Pb at-
mospheric input. This is explained by the additional inputs of 21°Pb
from the catchment area, losses of atmospheric 2'°Pb from water
column via outflow or sediment focusing. Scarce information is
available about the atmospheric 2!°Pb flux in the region where the
study sites are located. Alonso-Hernandez et al. (2014) reported a
relatively low 219Pb flux of 47 Bq m~2y~! in the coastal area of
Cienfuegos, a few kilometres south from our studied sites. This low
flux was explained by the strong influence of marine winds poorly
charged in 2°Pb. Considering that our study area is located in a
mountainous zone, we expect to have a higher atmospheric 21°Pb
flux than the one observed in Cienfuegos. The range of 21%Pbey
fluxes estimated in Paso Bonito and Hanabanilla Reservoirs are not
higher than three times the atmospheric 21°Pb fluxes and therefore
within the limits of application of the CF model. A%1°Pb supply rate
largely deviated from the atmospheric 2!°Pb flux is one of the main
limitations on the use of the CF model for interpreting 21°Pb data
(Appleby, 2001).

In Fig. 9, the mean MARs in the cores of Paso Bonito and
Hanabanilla Reservoirs are plotted against the surface activities of
210pp,. (Hn1is represented but not include in the linear regression).
The mean MAR shows a strong negative correlation with the sur-
face activity of 2'°Pbey, which support the application of the CF
210pp dating model in these cores. The CF model suggest that for
sites with a similar atmospheric 21°Pb flux, the higher the surface
activity of 219Pbey is, the lower the mass accumulation rate (MAR)
would be (Appleby, 2001). The site Hn I, did not follow the
regression line, possibly due to the lower supply of 21°Pb to this site,
with values closer to the atmospheric 21°Pb flux in the region. This
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Fig. 9. Linear regression of mean Mass Accumulation Rate vs. 2!°Pb., superficial ac-
tivities in the cores of Paso Bonito and Hanabanilla reservoir (except core PB II). Hn I is
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Summary results of the '*’Cs and 2'°Pb models applied in Hanabanilla Reservoir. F and C represent the two sources used in the empirical models of '*’Cs (F: Atmospheric

Fallout; C: Catchment).

Sampling site

Hnl Hnll Hn Il
Empirical models of '3’Cs profile 90%F + 75% C 30%F + 60% C 50% F + 100% C
137Cs Inventory (Bq m~2) 1010 1130 1450

Mean MAR 0.16 0.15 0.23

210pp Flux 233 339 371

F (residence time 1 yr in all cores); C (residence time 50 yr in core Hn [ and Hnlll; 35 yr in core Hn II).
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is explained by a lower input from the catchment area, as was
demonstrated with the 3’Cs models. Moreover, this site is located
near the outflow of the Hanabanilla Reservoir and therefore may
have 219Pb losses from water column via outflow.

The inventories of szbex and 37Cs were calculated in the cores
from Hanabanilla Reservoir. 13’Cs and 2!°Pbe inventories were
calculated by summing the product of each section's activity,
thickness and sediment DBD. Due to the recent construction date of
the Hanabanilla Reservoir, incomplete inventories of 21%Pbe, and
137Cs are expected in the sediment cores. The inventories of both
radionuclides were calculated for the years from 1963 to 2012. The
incomplete inventories of 13’Cs in the sediments ranged from 1000

to 1450 Bq m~2 (Table 3), the values were in the same range of
inventory of *’Cs reported in soils near to Hanabanilla reservoir
(Sibello-Hernandez et al., 2013).

As discussed previously, the intense rains in 1988 may have
caused strong changes in the sedimentation processes in the
reservoir. We used this climatic event as a time marker to interpret
the changes in the supplies of 2!°Pb and '*’Cs to the sediment cores
in two periods; first from 1963 to 1990 and second from 1990 to
2012. The inventories in each stations in the two periods, showed a
good linear regression, demonstrating that the 2'°Pb supply did not
change significantly over the past decades at the three stations
(Fig. 10A).
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Although the atmospheric fallout of 3’Cs has changed signifi-
cantly in the past 50 years, the *’Cs inventories (1990—2012 versus
1963—1990) were similar in cores Hn I and Hn III, however the
value expected from 1990 to 2012 was very low in core Hn II
(Fig. 10B). This result in core Hn II could be explained by the low
levels of 37Cs in the recent sediments by lower fixation as a
consequence of more erodible conditions in the local basin, as was
observed in Fig. 8. Moreover, in the core Hn II (Fig. 10C) the ratio
137¢5/210pp,,, showed a lower trend after 1980 that the others cores.
The relative impoverishment of '*’Cs in the more recent sediments
in the core Hn Il in comparison with the others cores confirm the
lower fixation of *’Cs in the sediments, as a results of a more
erosion conditions in the local catchment (Hanabanilla River).

The '37Cs/?!%Pbey ratio in core Hn I were higher during the
intense rains in 1977 and 1988, associated with a change in the
material accumulate in this specific slices. This intense rains could
produce the re-suspension, transport and accumulation of old soils
(with higher '*7Cs activities). This justification was used by Alonso-
Hernandez et al. (2006), to explain similar patterns observed in
sediment cores of the Cienfuegos Bay. Moreover, the value of 4°K
(associated with mineral composition) in the core Hn I also showed
two peaks in 1977 and 1990 (Fig. 10D). This result could be used as
confirmation of the change of the sediment composition in these
intervals.

5. Conclusions

Sediment chronologies in Paso Bonito and Hanabanilla Reser-
voirs obtained based on 2!°Pb data allowed the quantification of
sediment accumulation in the systems. Our results confirmed a
significant loss of water storage capacity in Paso Bonito Reservoir
during the past 30 years. However, the accumulation of sediments
in Hanabanilla Reservoir did not change significantly in the past 50
years. This result indicates that current situation of this reservoir
still complies with the original design parameters of erosion and
sedimentation. Nonetheless, our study identified areas of the
reservoir which are more affected by sediment accumulation and
by particle loading from the catchment. These results are indeed
useful to improve the management of the reservoir and catchment
to avoid future problems. The results demonstrated that the
geochronology with 21°Pb and *’Cs is useful to understand the
effect of temporal environmental and human changes on aquatic
systems, providing information to improve the management
activities.
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