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a  b  s  t  r  a  c  t

Since  1998  the  highly  polluted  Havana  Bay  ecosystem  has been  the  subject  of  a  mitigation  program.
In  order  to determine  whether  pollution-reduction  strategies  were  effective,  we have  evaluated  the
historical  trends  of  pollution  recorded  in  sediments  of  the  Bay.  A sediment  core  was  dated  radiometrically
using  natural  and  artificial  fallout  radionuclides.  An  irregularity  in  the 210Pb  record  was  caused  by  an
episode  of accelerated  sedimentation.  This  episode  was  dated  to  occur  in  1982,  a year  coincident  with
the  heaviest  rains  reported  in Havana  over  the  XX  century.  Peaks  of  mass  accumulation  rates  (MAR)
were  associated  with  hurricanes  and  intensive  rains.  In  the  past  60  years,  these  maxima  are  related  to
eywords:
ollutants
10Pb
39,240Pu
37Cs
ediment dating
avana Bay

strong  El  Niño  periods,  which  are  known  to increase  rainfall  in  the  north  Caribbean  region.  We observed  a
steady  increase  of  pollution  (mainly  Pb,  Zn,  Sn,  and Hg)  since  the  beginning  of the  century  to the  mid  90s,
with  enrichment  factors  as  high  as  6.  MAR  and  pollution  decreased  rapidly  after  the  mid  90s,  although
some  trace  metal  levels  remain  high.  This  reduction  was  due  to  the  integrated  coastal  zone  management
program  introduced  in  the  late  90s,  which  dismissed  catchment  erosion  and  pollution.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Havana Bay is one of the largest and most important estuaries
n the Cuban Island. The economic, commercial and recreational
alues of the bay have been, however, threatened by pollution and
he reduction of water depth due to infilling [1].  The environmental
egradation of the bay ecosystem has been intensified in the past
ecades due to the fast economical growth of Havana City. This one
as become the most contaminated bay in the island [2].  In order
o rehabilitate this marine ecosystem, several pollution-reduction

easures have been implemented over the past decade.
Reliable information about the input of pollutants to Havana Bay

s however required for evaluating the impact of the environmen-
al management practices. In the absence of long-term monitoring

ata, sedimentary records can provide retrospective information
bout the past inputs of pollutants into aquatic environments. Pol-
utants such as heavy metals often have a strong affinity for particle

∗ Corresponding author.
E-mail address: misael@ceac.cu (M.  Díaz-Asencio).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.09.037
surfaces and, therefore, accumulate in the sediments. Hence, dated
sediment profiles of major and trace elements can be used to obtain
reliable information about the extent and history of pollution and
sedimentary conditions [3–7].

The quantitative reconstruction of a contaminant input into an
aquatic system requires a good sediment chronology. The most
widely used method for dating recent marine and lacustrine sed-
iments is based on the examination of 210Pb profiles. The natural
radionuclide 210Pb (T1/2 = 22.23 yr) enters the aquatic environment
mainly by atmospheric deposition; however it can be produced in
situ, in the water column and the sediments, by decay of its precur-
sor radionuclide 226Ra (T1/2 = 1600 yr). The 210Pb dating methods
are based on the radioactive disequilibrium between the 210Pb and
226Ra [8,9]. 210Pb has shown to be an ideal tracer for dating aquatic
sediments deposited during the last 100–150 years, a period of time
with significant environmental changes due to industrialization
and population growth.
210Pb dating should be always corroborated by an additional
chronostratigraphic marker in the same sediment core [10,11].
Among the most commonly used time markers we find anthro-
pogenic fallout radionuclides such as 137Cs, 239,240Pu or 241Am

dx.doi.org/10.1016/j.jhazmat.2011.09.037
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:misael@ceac.cu
dx.doi.org/10.1016/j.jhazmat.2011.09.037
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Fig. 1. Map  of Havana Bay, with sampling station.

13]. The onset of anthropogenic radionuclides, originating from
he atmospheric nuclear weapon tests (early 1950s) and their peak
alue in 1963 [12] have been widely used as time markers in numer-
us marine and lacustrine studies [13–15].

In this work we reconstructed the historical trends of pollutants
ntering the Havana Bay by analyzing their sediment concentra-
ion profiles. The chronology of the sediment core was based on
he 210Pb dating method. Due to the low levels of 137Cs found in
he sediments, the chronology was further validated with 239,240Pu
nd 241Am fallout radionuclides. Enrichment factors and fluxes of
ollutants were used to describe the history of pollutions in this
quatic ecosystem. A full geochemical analysis was undertaken to
ook at possible impacts of changing catchment sources, diagenesis,
nd atmospheric contamination. The potential origin of the most
mportant pollutants and the impact of the pollution-reduction

easures taken to protect the Havana Bay ecosystem are also dis-
ussed. Despite the large number of studies of pollution in coastal
nvironments, only a few have been conducted in the Caribbean
egion. Hence, this study provides important information about
ollution trends in a coastal ecosystem of this tropical region.

. Site description

Havana Bay (NW Cuba) is located aside Havana City, is a typical
nclosed bay with a catchment area of about 68 km2. It is character-
zed by a mean depth of 10 m,  an area of 5.2 km2 and a water mean
esidence time of 7–9 days [1].  The bay is an estuary with deltaic
ystems in the fluvial discharge zones of the Luyano and Martin
erez rivers, and the Tadeo, Matadero, Agua Dulce and San Nicolas
treams (Fig. 1).
The population density, commercial and harbors activities in
avana City increased significantly since 1850. The city became

 key transshipment point between Europe and America in the
9th century. Nowadays, the port of Havana receives about 50% of
ous Materials 196 (2011) 402– 411 403

the ships arriving to the country. Agriculture and intensive forest
exploitation in the bay catchment increased soil erosion and, there-
fore, sediment input to the Bay. Industrial activities began in the
1850s with the construction of oil refineries, electric power plants
and gas production [2,16].  The area of Havana experienced a fast
economical growth during the 20th century, with a high diversity of
industries and commercial activities, and a large population growth
that required massive urbanization (from 250,000 inhabitants in
1899 to 2.2 million inhabitants in 2001).

The anarchic growth of many activities over the past 400 years
has caused severe damages to the natural resources and facilities of
the Havana Bay. The damages have been intensified by the lack of
waste treatment facilities [2,17,18]. The bay receives contaminants
from numerous sources such as an oil refinery, power stations,
urban and industrial wastewaters, three shipyards, riverine and
stream discharges, and atmospheric fallout [1].

3. Sampling and laboratory methods

3.1. Sampling

In February 2008, sediment cores were collected with an
UWITEC corer avoiding dredged areas of the bay (Fig. 1). In order to
optimize analytical time and resources, we  chose the cores with
the best likelihood to show good temporal record (section 1 of
Supporting information). We  sampled three sediment cores from
the station B (23◦08.107′′N 82◦20.043′′) at a water depth of 8 m
(Fig. 1): one core for radionuclides, metals and grain size analy-
sis; one for organic pollutants (not reported here) and one was
kept frozen for future analysis. The sediment core was vertically
extruded and sliced into 1 cm sections. Each section was dried at
45 ◦C, sieved through a 1 cm sieve and homogenized. The mud  con-
tent in the sediments showed a slight decreasing trend from 15 cm
depth to the surface. The sediments also showed a strong change
in color at about 15 cm depth.

3.2. Laboratory analyses

Grain size was  determined by standard methods of sieving and
pipetting analysis [19]. Content of organic matter for each sec-
tion was estimated by the loss on ignition method (LOI: 450 ◦C,
for 8 h). The content of total carbon and nitrogen was  measured
by using a CHN analyzer (LECO TRUSPEC). Total carbon was mea-
sured as CO2 with an infrared detector. N2 was measured by using
a thermal conductivity detector. Inorganic carbon was quantified
by using an infrared detector (SSM-500, Shimadzu) after sample
acidification with phosphoric acid and heating (200◦ C). Major and
trace elements were measured by Wavelength Dispersion X-Ray
Fluorescence Spectrometry (WDXRF) using a Panalytical system
(AXIOS) with Rhodium tube. Total mercury concentrations were
determined by using an Advanced Mercury Analyser (LECO AMA-
254, detection limit of 0.01 ng Hg).

3.3. Sediment dating

The chronology of the sediment cores was determined by the
210Pb method (section 2.3 of Supporting information). Sediment
samples were placed in sealed plastic containers and stored for at
least three weeks in order to allow 226Ra to reach equilibrium with
its daughter nuclides. 226Ra was then analysed by high-resolution
gamma  spectrometry, using a low-background intrinsic Ge coax-
ial detector ORTEC model GX10022. 226Ra was determined via

the 352 keV emitted by its daughter nuclide Pb in equilibrium.
Supported 210Pbsup was derived from the assumption of equi-
librium with 226Ra. The total 210Pb activity was  determined by
high-resolution � spectrometry of its decay product 210Po, assumed
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Fig. 2. Profiles in core B of (a) particle size distribution, (b) carbonates and aluminisilicates distribution, and (c) organic (Corg) and inorganic (Cinorg) carbon, phosphorous (P)
and  nitrogen (N).
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o be at equilibrium. Aliquots (0.5 g) of dry sediment were spiked
ith 209Po as a yield tracer and dissolved by adding a mixture of

:1:0.5 HNO3 + HCl + HF using an analytical microwave system [20].
10Po was electrodeposited onto silver discs [21,22] and counting
as done in an integrated Camberra alpha spectrometer with ion

mplanted planar silicon detectors (active area of 450 mm2; and
8 keV of nominal resolution). The 210Pb in excess (210Pbex) to the
10Pb supported by 226Ra (210Pbsup) was determined by subtracting
he 210Pbsup from the total activity of 210Pb measured in each layer.
10Pbex was then introduced in the models in order to obtain the
edimentation rate (section 2.3 of Supporting information).

Measurements of 137Cs, 239,240Pu and 241Am were used to vali-
ate the 210Pb dating models. 137Cs was measured via its emission
t 662 keV by high-resolution gamma  spectrometry. The sediment
amples were then crushed and ashed at 550 ◦C for 48 h prior
o the radiochemical analyses of 239,240Pu and 241Am.  Composite
amples were prepared by mixing layers. The method combines

igh-pressure microwave digestion for the dissolution of the sam-
le and the highly selective extraction chromatographic resins
EVA and DGA (Triskem International, France) for the separa-
ion and purification of Pu and Am [23]. The alpha sources were
prepared by electrodeposition onto stainless steel discs [24]. High-
resolution �-spectrometry was  performed on a �-spectrometer
with PIPS detectors (Alpha Analyst, Canberra Electronic).

4. Results

4.1. Characteristic of the sediments

The sediments are predominantly fine and displayed small vari-
ations in grain size in the overall samples (Fig. 2a). The sediments
consisted mainly of clay (<4 �m,  58–85%), and silt and very fine
sand (>4 �m,  15–42%) sized particles. In the upper 5 cm,  the per-
cent of silt and very fine to coarse sand sized particles increased
slightly (Fig. 2a).

The sediments were mainly composed of carbonates (11–45%)
and aluminosilicates (40–80%). The mineral composition of the sed-

iments did not change significantly from the bottom of the core up
to 20 cm depth (Fig. 2b). However, from 20 cm depth up to the sur-
face large variations were observed with the amount of carbonates
correlating negatively to the amount of alumino-silicates (Fig. 2b).
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ig. 3. Profiles of Si, Ca, Fe, Al and Mn in core B. Uncertainties were below 2% for all
lements. The dashed line indicates the slump.

he amount of carbonates showed a general trend to decrease
owards the surface, but it increased rapidly in the top 4 cm (Fig. 2b).

The content of inorganic carbon (Cinorg) in the sediments was
lmost constant along the whole core; but the organic carbon (Corg)
howed a surface maximum and then decreased with depth depict-
ng two zones of rapid change (at 2–3 cm,  and at 16–17 cm depth;
ig. 2c). The large percentage of Corg in the top 2–3 cm may  be
elated to a change in the sources of organic matter, more com-
lex and less biodegradable, typical of industrial organic wastes.
owever, the increase of organic matter may  be also related to the

eduction of particles observed in the Bay over the past decades.
n the segment 3–16 cm,  Corg was nearly constant around 4%; then,
elow 16 cm depth, Corg decayed to about 1.5% (Fig. 2c). Similarly
o the pattern of Corg, nitrogen (N) and phosphorous (P) profiles
howed increasing trends towards the surface, with nearly constant
oncentrations between 3 and 16 cm depth (Fig. 2c).

.2. Major and tracer elements in the sediment core
The concentration profiles of Al, Fe, Si, and Mn  showed a slight
ecrease in the two uppermost layers, but no significant changes
elow 3 cm depth (Fig. 3). The Ca content showed an opposite trend

ig. 4. Profiles of (a) Pb, Zn, Sn and Cr; and b) S and Hg in core B. The uncertainties were: 

he  slump.
ous Materials 196 (2011) 402– 411 405

to Al (Fe, Si), with slightly higher concentrations at the surface
(Fig. 3). In fact, Ca, which is probably in the form of biogenic carbon-
ates, acts as a dilute of the trace metal concentrations in the bulk
sediments. A slight change in the profiles is observed at 15–20 cm,
which probably indicates the input of sediments with high content
of Ca (Fig. 3).

The concentration profiles of Pb, Zn, S, Hg, Sn and Cr in the
sediment core showed similar increasing trends towards sur-
face (Fig. 4). Maximum concentrations for Zn (450 mg kg−1), Pb
(123 mg  kg−1) and S (1.4 mg  kg−1) were observed at the core
surface, while for Hg (1.4 mg  kg−1), Sn (18.6 mg  kg−1) and Cr
(365 mg  kg−1) the maximum concentrations were found at depths
between 5 and 15 cm.  The maximum concentrations are compara-
ble to the concentrations found in other polluted coastal sediments
such as Porto Marghera in Italy [25], Halifax Harbor in Nova Scotia
[26] and Barcelona in Spain [27]. The similarities in the Pb, Zn and
Sn profiles (linear correlation R2 > 0.9 and p < 0.01 for each combina-
tion) suggest that these elements possibly originated from the same
source and/or that the geochemical affinities to the sediment par-
ticles are similar. Pb, Zn, Hg, Sn, Cr and S profiles showed a plateau
between 3 and 15 cm depth suggesting a similar time of deposition
for the whole segment (e.g. an episodic event).

4.3. Radionuclide profiles and sediment chronology

The 210Pbex profile has non-monotonic features suggesting
irregularities in the process of sediment accumulation (Fig. 5a).
The surface 210Pbex activities were around to 230 Bq kg−1 (Fig. 5a),
relatively high compared to activities found in other studies from
Havana Bay [28] and from other Cuban coastal locations [4,29].  A
detailed analysis of the 210Pbex distribution with depth suggests
that the record can be divided into three distinct segments. At the
top (0–3 cm)  and bottom (15–35 cm)  sections of the sediment core,
210Pbex declined exponentially with depth, indicating regular sed-
imentation. However, 210Pbex was almost constant throughout the
3–15 cm segment of the core. A flattening of 210Pbex indicates either
a dilution of the 210Pb atmospheric flux by sediment mixing, accel-
erating sedimentation and/or the occurrence of slumps due to, for
example, heavy rains (typical in this tropical region).

The trends observed in the profiles of 210Pbex (Fig. 5a), Corg, P,

N (Fig. 2c) and some major and trace elements (Figs. 3 and 4) sug-
gest that most probably the section from 3 to 15 cm was instantly
deposited as a result of an episodic event or slump. This is also sup-
ported by the color change of the sediment core at about 15 cm

Pb (<1%); Zn (<1%); S (<2%), Hg (<0.5%), Sn (<4%), Cr (<1%). The dashed line indicates
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Fig. 5. Profiles of the activities of (a) 210Pbex, (b) 241Am

epth (Table 1 of Supporting information). Sediment packages
slumps) are commonly observed in coastal areas, especially where
iverine inputs are important. We  conclude that about 87.3 kg m−2

ere rapidly deposited (slump) in this zone of the Havana Bay.
While the 137Cs signal in the sediments was  very low

<1.8 Bq kg−1), close to the detection limit; 239,240Pu and 241Am
ere detected in the sediment core at levels up to 0.50 Bq kg−1

nd 0.16 Bq kg−1, respectively (Fig. 5b). The first appearance of Pu
nd Am radionuclides in the sediment core (fallout onset) is found
t 23 cm,  which is a composite of the 22–23 and 23–24 cm layers
Fig. 5b). Despite the low 137Cs activities in the sediments, its first
ppearance was also found at about 22 cm.  These results indicate
hat the first appearance of the anthropogenic fallout radionuclides
1952) is indeed associated with the 22–24 cm depth horizon.

The vertical distributions of 239,240Pu and 241Am did not show
 well developed peak corresponding to the expected radionuclide
allout maximum in 1963 (Fig. 5b). However, both profiles depicted
lightly higher activities in the middle segment (3–15 cm)  asso-
iated to an episodic deposition event. This episodic event was
esponsible for a large input of radionuclides from the catchment
rea. The significant input of radionuclides from the catchment,
ompared to the direct atmospheric input, is confirmed by the
arge 239,240Pu inventory of in the core (60 Bq m−2) compared to
he expected Pu fallout inventory in Havana City (15–30 Bq m−2;
ection 2.2 of Supporting information). The 239,240Pu inventory in
he core is 2–4 times higher than the expected Pu fallout inventory
n Havana City and in other nearby regions in USA [30–33]. 239,240Pu
nventories higher than the expected fallout inventory have been
ommonly found in marine sediments from near shore or coastal
ones, which are characterized by high particle fluxes [33,34].
ur results show that the site received a substantial sediment-

ssociated radionuclide input from its catchment area in addition
o the direct atmospheric input.

We  used the Constant Flux (CF) model [8,9] after removing
he segment 3–15 cm (slump), and obtained an average mass
39,240Pu in core B. The dashed line indicates the slump.

accumulation rate (MAR) of 1.6 kg m−2 y−1 and a 210Pb flux of
137 Bq m−2 y−1. These parameters are similar to those reported for
other coastal regions of Cuba [4,29].  The CF MAR  ranged from 0.4
to 3.8 kg m−2 y−1 (Fig. 6a and b), with a significant decrease in the
past two  decades. The CF ages agree well with the onset fallout
determined from Pu and Am radionuclides (Fig. 6c). The sediment
chronology was also constructed by the Constant Flux Constant
Sedimentation (CFCS) model [35] in the same conditions as the
CF model (section 2.3. of Supporting information). The results of
both CFCS dating model in core B agree relatively well with the CF
model (Fig. 6c). Therefore, the ages and MAR  of the CF model, after
removing the slump event, were used for the reconstruction of the
pollution history of Habana Bay.

5. Discussion

5.1. Origin of major changes in sediment accumulation

As shown in Fig. 6b, the MAR  peaks most likely correspond to the
major hurricanes and intensives rains that affected the Havana area
between 1910 and 1982 [36–38].  The slump was  dated in 1982, a
severe El Niño period in Cuba (1982–1983; [36,39]). The rainfall in
1982 was reported as the strongest in Havana over 60 years [36].
As a result of the heavy rains in 1982, coastal flooding affected the
coastal areas of Havana with intensities not witnessed in the region
since the Great Hurricane of 1926 [39]. A closer look to the MAR
record shows that three of the recent peaks could be associated
with years (1957 or 1965, 1972 and 1982) with a strong El Niño
influence (Fig. 6b). Indeed, some studies have shown that during El
Niño years there is a significant increase in the number of days with

heavy precipitations in Cuba [39–42],  and therefore an increase
in the sedimentation rate due to watershed erosion. Studies in
nearby regions have found similar patterns associated to the ENSO
warm phases. For example, Jamaica (SE of Cuba) is more likely to
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Fig. 6. Results of the application of the CF and CFCS dating models. (a and b) Temporal evolution of the CF MAR  and the CFCS MAR. The date of occurrence of important
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limatic events such as cyclones, hurricanes and the years of strong El Niño events a
epth  (kg m−2), without considering the slump from 3 to 15 cm depth. The location

xperience floods during May–July of years with warm phases [43].
n the region between Florida and the north Caribbean, an excess
f rainfall also occurs during the early dry season for ENSO warm
hases [44]. This rainfall excess during ENSO warm phases has been
ssociated, for example, with a greater frequency of extra-tropical
yclone passages across the southern continental USA.

In the nineties, an ambitious coastal zone management program
as implemented to restore the Havana Bay by acting on water-

hed erosion and pollution sources [16]. As a result, a significant
eduction of solid suspended matter was observed in the Bay [45].
he low MARs observed in the upper section of core B (Fig. 6a) is
imilar to the ones observed at the end of the XIX century for other
ores taken within the frame of this study (Table 4 of Supporting
nformation). We  concluded that the significant reduction of MAR
ver the past two decades is due to a combination of the effective-
ess of the coastal zone management program implemented since
998 and the economical contraction of Cuba in the early 90s due
o the economic collapse of the socialist block.

.2. Pollution history in the last 100 years

Identifying anthropogenic from natural sources of pollutants is

ssential to understand the pollution history recorded in the sedi-
ents. For this purpose, the comparison of the element content in

he sediments with the pre-industrial background concentration is
ften used. The enrichment factor (EF) and pollutant fluxes were
 shown. (c) 210Pb ages obtained with the CFCS and the CF models versus the massic
 onset fallout is also indicated.

calculated in order to evaluate the pollution record of the Havana
Bay ecosystem (section 2.1. of Supporting information).

Enrichments of Pb, Zn, Sn, S, Cr and Hg are already observed
since 1900 (Fig. 7a and b), indicating that anthropogenic pollution
sources were active during the whole XX century. Indeed, pollu-
tion was likely associated to old pre-industrial activities in the bay,
such as forges and metal manipulation in shipyards (which pro-
vided services to a large fleet), leather manufacture, and sugar and
derivatives production. The use of some natural heavy hydrocar-
bons such as tar (with high levels of S, Pb and Hg) to waterproof
ships is reported to occur before 1700 [1].

The EFs increased significantly after 1950s, which corresponds
to the period of economical development in Cuba and of fast popu-
lation growth in Havana City. In the past two  decades, the EFs of Pb,
Zn and Sn were higher than 5 (500% increase) than the core bottom
levels (Fig. 7a). These high EFs are likely a result of an increase of the
pollutant specific concentrations due to the significant reduction of
solid matter in Habana Bay over the past two decades [45].

For Sn and Hg, despite the significant increase of their EFs, the
absolute fluxes have been decreasing since the 80s. This behavior
can also be explained by the reduction of solid matter in the Bay
over the past two  decades as changes in their fluxes (Fig. 8) seem
to be slightly modulated by changes in the MAR (Fig. 6a).
The anthropogenic fluxes of Pb, Zn, Sn, S, Hg and Cr into the
sediments increased rapidly from the beginning of the century until
the 1980s (Fig. 8), indicating an increasing impact from the urban
and industrial activities around Havana Bay. However, these fluxes
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Fig. 7. Temporal record of the Pb, Zn, Sn, S, Hg, Cr, Cu, Mn,  Co and Ni enrichment factors. The uncertainties were: Pb (<1%); Zn (<1%); Sn (<8%); S (<3%); Hg (<1%); Cr (<1%);
Cu  (<1%); Mn (<2%); Co (<5%); Ni (<1%). The slump event (1982) is not included.
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Fig. 8. Reconstructed natural and anthropogenic fluxes of Pb, Zn, Sn, S, Hg a

re drastically reduced since the 1990s, due to a combination of the
oastal zone management program of the Bay and the economic
ontraction of Cuba.

The EFs of Mn,  Co and Ni are close to or below 1 (Fig. 7c), indi-
ating that these elements are depleted towards the surface. The
light decrease of the Mn  enrichment factor values towards the core
urface (Fig. 7c) could be related to Mn  remobilization owed to dia-
enesis, since it is known that Mn3+ reduction to Mn2+ in anoxic
ediments might promote the dissolution of Mn  compounds and
he upward diffusion of soluble species into the water–sediment

nterface [46,47].  This same process could also explain the EF pro-
les obtained for Ni and Co, which showed a slight deficit at
ediment core surface (Fig. 7c.) and whose diagenetic behavior in
oastal sediments have been reported to be strongly associated

able 1
rincipal component (PC) loadings of PCA based on 25 variables of the core from station B

MAR  Ca Si Al Fe S 

Factor 1 −0.34 0.62 0.13 0.24 −0.15 −0.97 

Factor  2 0.69 −0.73 0.96 0.94 0.94 0.16 

Hg  Ni Sn Mg K Ti 

Factor 1 −0.84 0.57 −0.93 −0.85 −0,34 −0.0
Factor  2 0.44 0.78 0.23 0.35 0.76 0.9
 in the last century. The flux due to the slump event (1982) is not included.

with that of Mn  oxides [48]. However, no other trace element pro-
file showed to be influenced by the Mn  behavior in the sedimentary
column, and Mn,  Fe as well as Ni and Co showed significant corre-
lations to Al, indicating that diagenesis influence is not significant
on the trace elements depth profiles and that changes observed are
mostly due to variations in the trace elements terrestrial input to
Havana Bay.

5.3. Change in sediment sources
The PCA analysis showed that two  factors explained more than
76% of the total variance (Table 1). Factor 1 explained 41% of the
total variance and grouped the typical pollutants (e.g. Pb, Zn, Hg,
S, Sn, etc.) with negative values and other elements, like Mn,  with

. The largest coefficients in each PC are in bold.

Mn  Pb Cr Zn Cu As Co

0.94 −0.97 −0.49 −0.97 0.55 −0.09 0.64
0.25 0.09 0.69 −0.12 −0.38 −0.52 0.73

Br I Sr Ba Mo U

1 −0.71 −0.63 −0.36 −0.20 −0.92 −0.66
3 −0.63 −0.72 0.06 0.32 −0.28 −0.08
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Fig. 9. (a) Projection of 25 variables on the two principal compo

ositive values (Fig. 9a). Factor 2, which explained 35% of the total
ariance, included the major components of the sediments, and
llowed to identify the two main sediment sources: Ca from marine
ediments with negative value; Si, Al, Ti and Fe from terrigenous
nputs, with positive value (Fig. 9a).

The section loadings for the two main factors showed significant
ime trends (Fig. 9b). From 1890 to approximately 1930, the sed-
ments showed a constant value of major components (Factor 2)
nd rather constant pollution levels (Factor 1). From 1930 to 1961,
ollution levels steadily increased (decrease of Factor 1), caused
y the socio-economic development of the Havana City [2,16],  and
errigenous inputs increased due to catchment erosion. In 1957–61
nd 1982 we observed a peak of terrigenous components, coinci-
ent with high MAR  and due to extreme rainfall in Havana. From
961 to approximately 1990, the pollution levels steadily increased.
owever, after 1990 the terrigenous input steady decreased while
ollution levels steadily increased. These opposite trends reflect the
eduction of terrigenous input to the bay due to the socioeconomic
ontraction from 1993 to 1998 and the coastal zone management
ctions taken in the Bay and its watershed after 1998. The reduction
f the sediment load in the bay had the negative effect of increas-
ng the pollutant concentrations in suspended matter, reflected as
nhanced sediment concentration levels, but the positive effect of
educing the total flux of pollutants to the sediment.

. Conclusions

A sediment core from Havana Bay allowed us to reconstruct the
istory of anthropogenic impacts since the beginning of the XX cen-
ury. We  observed a steady increase of pollutants (e.g. Pb, Zn, Sn,
nd Hg) since the beginning of the last century to the mid  90s, with
nrichment factors as high as 6. Relative fast decreases of MAR  and
ollutants were observed after mid  90s, although some concentra-
ions remain high. We  concluded that the economic contraction of
uba and the integrated coastal zone management program intro-
uced in the 90s are responsible for the reduction of sedimentation
nd pollution fluxes in the Bay. This observation confirmed the
ositive results of the management program to reduce the sus-
ended matter supply to the bay. However, it is still necessary
o implement new actions oriented to reduce the concentration

evels of organic matter and metals associated to particulate mat-
er entering the system by further acting on the pollution sources
hemselves. This work shows the relevance of dated environmen-
al archives to reconstruct the sedimentation and pollution trends
plane. (b) Temporal evolution of the two principal components.

and its usefulness to evaluate the impact of environmental man-
agement practices.

Peaks of the mass accumulation rates were found to be associ-
ated with the time of occurrence of a strong hurricane or a period of
intensive rains. Moreover, over the past 60 years, most of the peaks
of the MAR  occurred in years (1957, 1972 and 1982) characterized
by strong El Niño events. This study shows the impact of the ENSO
oscillation in coastal estuaries like the Havana Bay.

This historical reconstruction of the environmental changes in
Havana Bay provided an excellent example of the use of Nuclear
Techniques as tools in the Management Problems of Coastal Zones
in the Caribbean Region.
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