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ABSTRACT

Marine pollution by potentially toxic elements (PTEs) represents a significant envi-
ronmental challenge for the Caribbean coastal region. This article reviews research 
published between 1990 and 2022 on pollution in coastal environments in different 
countries. The results revealed the presence of As, Cu, Cd, Cr, Hg, Pb, Mn, Ni, and Zn, 
in various samples. Concentration levels in sediments and aquatic samples from various 
locations suggest possible environmental, toxicological, and public health risks due to 
contamination. Considerable accumulations were found in some marine organisms, and 
certain areas show severe contamination; others show lower levels, which indicates the 
existence of multiple and complex pollution sources, mainly of anthropogenic origin. 
The article aims to provide an overview of the status of PTEs pollution in the Carib-
bean, to understand the state of research on the topic and establish a basis for future 
studies. This review compiles existing knowledge to support multinational efforts. 
to integrate pollution monitoring and prevention programs in the Caribbean region. 
Findings from the samples examined vary concerning sampling schemes, parameters, 
and analytical techniques, as well as differences in data presentation (i.e., dry weight 
versus wet weight, or fraction of sediment analyzed). These differences make it dif-
ficult to make meaningful comparisons between the available data. Limited data are 
available for most of these contaminants for most of the countries in the region, and 
any attempt to develop a regional-scale assessment from contaminant data available 
in the open literature is made difficult by this limitation.

Palabras clave: elementos potencialmente tóxicos, metales, metaloides, metales traza, contaminación. 

RESUMEN

La contaminación marina por elementos potencialmente tóxicos (EPT) es problema que 
afecta a la región costera del Caribe. Este artículo revisa las investigaciones publicadas 
entre 1990 y 2022 sobre contaminación en ambientes costeros en diferentes países de 
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la región. Los resultados revelaron presencia de As, Cu, Cd, Cr, Hg, Pb, Mn, Ni y Zn, 
en varias matrices. Los niveles de concentración en sedimentos y matrices acuáticas de 
varios lugares sugieren posibles riesgos ambientales, toxicológicos y de salud pública 
debido a la contaminación. Se encontraron concentraciones acumuladas considerables 
en algunos organismos marinos. Algunos países y áreas muestran contaminación se-
vera; otros muestran niveles más bajos, lo que indica existencia de fuentes múltiples 
y complejas de contaminación, principalmente de origen antrópico. El artículo tiene 
como objetivo brindar una visión general del estado de la contaminación por EPT en la 
región del Mar Caribe, con el fin de comprender el estado de investigación sobre el tema 
y establecer una base para futuros estudios. Se recopila el conocimiento existente para 
guiar esfuerzos multinacionales dirigidos a la integración de programas de monitoreo y 
prevención de la contaminación en el Caribe. Los hallazgos de las muestras examinadas 
varían con respecto a los esquemas de muestreo, parámetros y técnicas analíticas, así 
como en la presentación de datos (es decir, peso seco versus peso húmedo, o fracción 
de sedimento analizado). Estas diferencias dificultan hacer comparaciones significativas 
entre los datos disponibles. Se dispone de datos limitados sobre la mayoría de estos 
contaminantes en gran parte de los países de la región, cualquier intento de desarrollar 
una evaluación a escala regional a partir de datos de contaminantes disponibles en la 
literatura abierta se dificulta debido a dicha limitación.

INTRODUCTION

The ecosystems of the Wider Caribbean Region 
(WCR) provide services to the region that are critical 
for the economic support and development of the lo-
cal population (Fernandez et al. 2007). The Caribbean 
region faces marine pollution from a broad spectrum 
of pollutants. These include bacteria, viruses, para-
sites, fertilizers, pesticides, pharmaceuticals, nitrates, 
phosphates, plastics, fecal waste, and potentially tox-
ic elements (Ramírez 2014, Covarrubias and Cabria-
les 2017). PTEs such as arsenic (As), copper (Cu), 
lead (Pb), cadmium (Cd), chromium (Cr), mercury 
(Hg), manganese (Mn) , nickel (Ni), and zinc (Zn), 
among others, are characterized by their potential 
toxicity even at low concentrations (Alvarez-León 
2006, Eisler 2010, Mancera-Rodríguez and Tiznado 
2022). Mineral extraction activities, particularly the 
extraction of Ni in Cuba, have caused its release into 
the marine environment (González and Torres 1990). 
The discharge of potentially toxic elements (PTEs) 
has negatively affected the quality of environmental 
matrices, such as water and sediment (Johnston and 
Roberts 2009). Once introduced into coastal and 
marine systems, PTEs undergo various physical, 
chemical, and biological processes that govern their 
migration and distribution within these environments 
(Díaz et al. 2006). The bioaccumulation of these 
elements in marine organisms such as fish and mol-
lusks, is a threat to food security and public health 
in the region (Ping et al. 2009, Reyes et al. 2016). 
The Caribbean Sea Commission (CSC), a regional 

intergovernmental organization, works tirelessly 
for the conservation and management of the marine 
and coastal resources of the Caribbean Sea. In close 
collaboration with its member states, the CSC can 
test regulatory parameters and guideline frameworks 
that are important to ensure that the health, wealth, 
safety and security of the Caribbean Sea is maintained 
(Parris 2016). 

The effects of contamination with metals in 
sediments, which were investigated in some stud-
ies, were evaluated in comparison to reference 
values established by Buchman (2008) to assess the 
impacts of contaminants on biological endpoints. 
Guidance values include the Threshold Effect Level 
(TEL) and the Probable Effects Level (PEL) values 
(NOAA 1999, Martínez 2020). Below these levels, 
contaminants are not considered to be a significant 
hazard to aquatic organisms. This is the lower limit 
of contaminant concentration, which is associated 
with adverse biological consequences for aquatic 
systems. Within this range, contaminant concentra-
tions may potentially be related to adverse biological 
consequences (NOAA 1999).

Origin of potentially toxic elements (PTEs)
Pollutants may originate from natural processes, 

such as vulcanization and geological weathering. 
Metals are usually found in the Earth’s crust as com-
ponents of minerals and rocks (Alloway 2013, Mené-
ndez and Muñoz 2021). Geological processes such 
as erosion, volcanic activity, and atmospheric depo-
sition contribute to the presence of these elements 
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in the environment (Alloway 2013, Torres and De los 
Ríos 2022). However, human activities, also called 
anthropogenic sources, such as mining, industry, 
agriculture, and urbanization, have significantly 
increased PTEs emissions into the environment in 
recent decades, exceeding natural levels (Rodríguez 
2017). The continuous application of compounds 
such as pesticides with elements such as Cd and Pb 
in agriculture is concerned with their persistence and 
adverse environmental effects (Peralta-Videa 2024).

It is crucial to monitor and regulate the application 
of agricultural compounds containing elements such as 
Cd and Pb to mitigate their persistence, minimize ad-
verse environmental effects, and promote sustainable 
agricultural practices. Failure to address this issue, 
along with other anthropogenic sources of pollution, 
complicates the scientific assessment of the marine 
environmental status in the affected areas. In addi-
tion to agriculture, mining activities also represent 
a major source of PTEs. According to Mora et al. 
(2016), inadequate management of mining leachates 
has significantly contributed to the release of pollutant 
elements into aquatic ecosystems, with the Puyango 
River basin (including the Calera and Amarillo rivers) 
in Ecuador, serving as a notable example.

Furthermore, Herrera et al. (2013) support these 
findings by emphasizing the risks associated with 
PTEs sources of anthropogenic origin, highlighting 
their detrimental effects on aquatic biota, human 
health, and overall environmental quality. These 
pollutant inputs can be either direct, such as the 
discharge of industrial wastes, or indirect, through 
the atmospheric deposition of contaminated particles 
(Rizzo et al. 2010, Reyes et al. 2016). Human activi-
ties have significantly disrupted the natural cycles 
of metals, leading to an increased contribution of 
PTEs concentrations to the environment (Reyes et 
al. 2016). Other main anthropogenic sources are 
smelting activities, which release PTEs such as Hg, 
Pb, and Cd during the extraction and processing of 
minerals (Prieto et al. 2009, Alloway 2013, Palacios 
et al. 2018); industrial processes such as electroplat-
ing, leather tanning, and the manufacturing of batter-
ies and pigments; fuel burning; untreated wastewater 
discharges (Prieto et al. 2009). These anthropogenic 
activities have contributed to elevated levels of 
metals in air, water, and soil, representing a risk to 
human health and the ecosystems (Rodríguez 2017, 
Condori 2023). To develop effective environmental 
management strategies, it is necessary to distinguish 
anthropogenic sources of pollution. 

Addressing the causes and consequences appro-
priately will facilitate the reduction of anthropogenic 

inputs and the mitigation of natural effects, thereby 
promoting environmental sustainability ( Rizzo et al. 
2010, Casanova 2013).

PTEs contamination
PTEs contamination can have adverse health 

effects, such as damage to the nervous, circulatory, 
and reproductive systems (Järup 2003). Furthermore, 
these elements can alter the structure and function of 
ecosystems, affecting biodiversity and productivity 
(Järup 2003). Their presence in the marine environ-
ment can cause damage to the health of aquatic 
organisms and, therefore, the food chain. The bio-
availability and toxicity of metals should also be 
considered in the evaluation of environmental effects 
(Rizzo et al. 2010, Reyes et al. 2016).

This article aims to provide an overview of PTEs 
pollution in the Caribbean region, to understand the 
state of research on this topic and establish a basis 
for future studies.

MATERIALS AND METHODS

Study area
According to the Association of Caribbean States 

(ACS 2002), the WCR (Fig. 1), comprises continental 
and island countries, including the United States, 
Bahamas, Turks and Caicos Islands, Cuba, Jamaica, 
Haiti, Dominican Republic, Puerto Rico, Guyana, 
Venezuela, Colombia, Panama, Costa Rica, Nica-
ragua, Honduras, Belize, El Salvador, Guatemala, 
Mexico, United States Virgin Islands (USVI), the 
British Virgin Islands (BVI), Anguilla, St. Martin/
Sint Maarten, St. Barthelemy, Saba, St. Eustatius, 
St. Kitts and Nevis, Barbuda, Antigua, Montserrat, 
Guadeloupe, Marie-Galante, Dominica, Martinique, 
Saint Lucia, Saint Vincent and the Grenadines, 
Grenada, Barbados, Tobago and Trinidad, Bonaire, 
Curacao, Aruba, Cayman Brac, Little Cayman, and 
Grand Alligator.

Data sources and search strategy
Two comprehensive databases, Google Scholar 

and Lens.org were used to search for relevant studies 
published between 1990 and 2022. The use of ad-
vanced search technologies, such as Google Scholar 
and Lens.org, is justified by their unique capabilities 
to ease the retrieval of relevant scientific information. 
These platforms provide advanced functionalities that 
surpass those of conventional search engines, allow-
ing researchers to improve their queries and access 
academic content more efficiently. The use of Google 



D. Ruiz Hardy et al.314

Scholar offers options to perform advanced research 
and improve the precision of the results. 

These options include the use of Boolean op-
erators as well as searching by author, journal title, 
and publication date; using these Boolean operators 
allows you to specify where words should appear 
such as “AND”, “OR” and “NOT” (Carranza 2018), 
combined with these Boolean operators and limited 
to studies in English and Spanish. Google Scholar is 
a search engine specializing in academic literature 
that indexes a wide variety of sources, including peer-
reviewed articles, theses, books, abstracts, and gray 
literature. This provides access to a large volume of 
scientific information relevant to the topic of interest.

On the other hand, Lens.org is a platform that 
eases the search and analysis of open access patents 
and academic literature (Velayos-Ortega and López-
Carreño 2021). The platform provides information 
on technological trends and collaborations between 
inventors, which are not found in other search tools. 
The patents searched are complemented by Google 
Scholar’s coverage of academic literature. 

Lens.org allows researchers to find technologi-
cal trends, collaborations between inventors and the 
impact of patents, which is essential for understand-
ing the state of the art in a research field (Velayos-
Ortega and López-Carreño 2021). By including both 
scientific publications and patent documents, this 
platform makes it possible to find not only academic 

research, but also technological aspects related to the 
topic of interest. 

This is particularly relevant when seeking infor-
mation about practical applications and innovative 
solutions to address environmental problems, such 
as in the case of PTEs pollution in the Caribbean 
Sea. Additionally, Lens has direct access to this vast 
academic database, which includes approximately 
270 million documents, making it among the largest 
in the world (Velayos-Ortega and López-Carreño 
2021).

Through these databases, documents are selected 
in a selected time interval (1990-2022), which is 
justified by the following factors: 1990 marks an im-
portant turning point in the research and management 
of PTEs in the environment, with the implementation 
of stricter regulations and policies at the international 
level, such as the Rio Declaration on Environment 
and Development (UN 1993). Search terms included 
“potentially toxic elements,” “metals,” “metalloids,” 
“trace metals,” and “contamination”.

Study selection: A multi-step process was fol-
lowed to find relevant studies:

• Initial projection: Titles and abstracts were re-
viewed to assess their relevance to the topic.

• Full text review: Potentially relevant studies (pri-
mary sources) were retrieved, and their eligibility 
was assessed according to predefined criteria.
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Fig. 1. Map of the Wider Caribbean region.
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The reasons for exclusion at each stage are based 
on the eligibility criteria set up at the beginning of 
the review. The main variables for which data were 
looked for in this study are the following:

 - Geographic location: refers to the specific coun-
tries within the Greater Caribbean region where 
the studies were conducted. The inclusion of this 
variable allows a comparative analysis of con-
tamination by PTEs in various locations.

 - Type of PTEs: refers to the specific Cd, Cr, Cu, Hg, 
Pb, Mn, Ni, Zn examined in the studies. This variable 
is crucial to understanding the variety of elements 
that contribute to marine pollution in the region.

 - Source of contamination: These variables find 
whether the source of PTEs is natural (e.g., vul-
canization, geological weathering) or anthropo-
genic (e.g., oil spills, industrial and agricultural 
wastewater discharges, uncontrolled urban waste 
generation). Understanding the source can help 
design strategies to mitigate contamination.

 - Concentration of PTEs: Refers to the measured 
concentrations in the marine environment. This 
variable is critical to evaluating the severity of 
the contamination.

 - Impact on marine life: These variables measure 
the effect of pollution on marine ecosystems. 
It could include impacts on species diversity, 
abundance, and health, this helps to understand 
the ecological consequences of contamination.

 - Risk factors are specific conditions or activities 
that increase the probability of contamination by 
PTEs. They could include industrial activities, 
and wastewater discharge. Identification of risk 
factors can help prevent contamination.

 - Protective factors: These are conditions or actions 
that reduce the probability of contamination or 
mitigate its impact. They could include regula-
tions, cleanup activities, and the use of less toxic 
materials. Understanding protective factors can 
inform strategies to manage and reduce pollution.

These variables were chosen because they offer a 
comprehensive view of the problem of contamination 
by PTEs in the Caribbean Sea, from the sources and 
types of pollutants to the impacts and practical solutions.

• Final selection: Studies that met all criteria were 
included in the review.

Data extraction and management:
Data relevant to the analysis were extracted from 

the selected studies, including:

• Potentially toxic elements: name and concentra-
tions of various metals found in the samples.

• Environmental compartments: biological species 
and substrates (water, sediments, organisms, and 
plants) were analyzed.

• Location and date: sampling location and date.
• Analytical methods: techniques used to measure 

concentrations.
• Quality assurance/control: measures taken to 

ensure the accuracy and reliability of the data.

The extracted data was recorded in a standardized 
format, checked for errors or inconsistencies, and 
stored in a secure and accessible Microsoft Excel 
database. Metadata and documentation were included 
for clarity and future reference.

RESULTS AND DISCUSSION

During the literature review, a total of 150 records 
were retrieved through advanced searches conducted 
in Google Scholar and Lens.org. These sources in-
cluded scientific articles, academic theses, and techni-
cal reports addressing the occurrence of potentially 
toxic elements (PTEs) in coastal environments of the 
Caribbean and other regions. From the total number 
of documents reviewed, 35 scientific publications 
were finally selected for inclusion (Table I). 

These studies report quantitative concentrations 
of PTEs in sediments, organisms, and water bodies 
across the Caribbean, and were chosen for providing 
comparable, standardized, and useful data for syn-
chronic analysis. The geographic distribution of these 
studies was mainly from Colombia (65.1%), followed 
by Cuba (11.1%), Venezuela (9.5%), Mexico (6.3%), 
the Dominican Republic and Guadeloupe (3.2% 
each), and Jamaica (1.6%) (Fig. 2). 

Most of the reviewed papers focused on marine 
contamination and evaluated potentially toxic elements 
(PTEs) in different matrices, with special emphasis 
on sediment, water, and biota. Sediment was the most 
sampled matrix, followed by fish, with results generally 
reported in parts per million (ppm) on a dry weight basis. 
Table I summarizes the studies by country, presenting 
concentrations of As, Cd, Pb, Cr, Cu, and Zn from the 
Bay of Chetumal and comparable ecosystems. Concen-
trations were standardized to ppm to facilitate interpreta-
tion and comparison across studies. Values are presented 
as full ranges (minimum-maximum), with some means 
also indicated, to better reflect potential exposure or bio-
accumulation levels from a precautionary perspective 
regarding ecological and human health risks.

http://Lens.org
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TABLE I. CONCENTRATIONS OF POTENTIALLY TOXIC ELEMENTS IN ORGANISMS, SEDIMENT AND WATER.

Country Sampling matrix Element and concentration Units Referencea

Cuba

Sea urchin 
(Echinometra
 lucunter)

Cr 3.6-8.3, Cu 0.58-2.9, Mn BDL-0.90, Ni BDL-3.0, Zn 
163-412 (mean) ppm dw

1

Rhizophora mangle Mn 82-297, Ni BDL-23.6, Zn 2.2-4.7 (mean) 2

Loggerhead
(Caretta caretta)
 tissue

Cd 0.81-5.8, Mn 1.22-7.48,  Pb (BLD) , Zn 100-186 3

Green turtle  
(Chelonia mydas)
 tissue

Cu 0.446-100, Cd 0.113-39.2, Mn 0.826-8.92, Pb 0.044-
0.07, Zn 62.1-82.5 ppm ww

3

Fish muscle As 0.01-2.93, Cr 0.01-0.58 ,Cu 0.23-45.69, Pb 0.01-0.84, 
Zn 4.9-29.9 4

Dominican 
Republic

Bivalves Al 3.80-2240, Cd 0.04-2.57, Cr 1.66-10.7, Cu 3.08-866, Fe 
50.9-3400, Hg 0.29-7.02, Ni 1.25-7.92, Pb 0.09-1.49, Zn 
22.9-4380 

ppm dw
5

Pelagic Sargassum
tissue

As 14-42, Cd 0.1-0.3, Cr 2-56 ,Cu 2-12, Mn 16-32, Pb 1-2 , 
Zn 13-21, Ni 10-33  

6

Mexican
Caribbean

Rhizophora mangle Cd 0-0.5, Cr<2.38, Hg 0-15, Pb 0-7.3 ppm 7

Oysters Cd 5-23, Cr<2.38, Hg 0-15, Pb 0-7.3 7

Jaiba Azul 
(Callinectes sapidus 
Rathbun)

Cu 5.1-8.4, Cr 0.01-0.17, Cd 0.1-0.7, Hg 18.7-58.2, Pb 
<0.003, Zn 14.0-18.0

8

Venezuela

Coral (Porites 
astreoides)

Cu 3.33-89.57, Cr 0.16-23.9, Pb 0.029-4.74 , Zn 0.83-42.45 ppm dw 9

Echinoderm 
(Holothuria
mexicana)

Cu 47.5-3043.2, Mn 0.0-40.5, Ni 0.0-224.5, Pb 49.4-1334.7, 
Zn 17.5-2165  

10

Echinoderm 
(Isostichopus 
badionotus)

Cu 59.0-3854.0, Mn 0.0-46.8, Ni 0.0-219.8, Pb 73.7-2018.6, 
Zn 14.6-4472.5 

10

Bivalve (Isognomon 
alatus)

Cd 0.33-0.91, Cr 0.46-1.2, Cu 9-14, Ni 11-18, Pb 0.4-0.71, 
Zn 0.25-2.1 

11

Values are expressed in ppm. BDL = Below Detection Limit; nd = not detected. The concentration unit is given once per row and ap-
plies to all elements beneath it. ‘nd’ indicates ‘not detected’, and ‘<’ denotes values below detection or quantification limits. When not 
explicitly specified in the original study, concentration units are reported as ‘ppm’ without distinction of weight basis (dry or wet). This 
table includes data from all 35 scientific publications reviewed for this study, as listed in the references.
a1, González et al. (1999); 2, Gonzalez and Ramirez (1995); 3, Andreany et al. (2008); 4, Mesa et al. (2021); 5, Sbriz et al. (1998); 6, 
Rodríguez et al. (2020); 7, Ochoa and Gonzàlez (2016); 8, Deveze (2011); 9, Bastidas and Garcia (1999); 10, Laboy-Nieves and Conde 
(2001); 11, Jaffe´ et al. (1998); 12, Jaffe´et al. (1995); 13, Zapata-Vivenes et al. (2020); 14, Olivero et al. (2016); 15, Salinas et al. 
(2014); 16, Olivero et al. (2015); 17, Marrugo et al. (2015a); 18, Ruiz et al. (2014); 19, Marrugo et al. (2010); 20, Gracia et al. (2010); 
21, Fernandez-Maestre et al. (2018); 22, Vergara and Rodríguez (2015);  23, Fuentes et al. (2018); 24, López and Barragán (2016); 25, 
Burgos et al. (2017); 26, Barros -Barrios et al. (2016); 27, Cadavid-Velásquez et al. (2019); 28, González and Torres (1990); 29, Marín-
Leal et al. (2022); 30, Gonzales et al. (2008); 31, Greeneway and Rankine Jones (1992); 32, Jaffe´ et al. (2003); 33, Bernard (1995); 
34, Persad and Rajkumar (1995); 35, Díaz -Asencio, et al. (2011).
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TABLE I. CONCENTRATIONS OF POTENTIALLY TOXIC ELEMENTS IN ORGANISMS, SEDIMENT AND WATER.

Country Sampling matrix Element and concentration Units Referencea

Colombia

Bivalve (Tivela
mactroidea)

Fish tissue

Diferents fish
muscle

Cd 2.2-3.3, Cr 1.6-4.6, Cu 58.9-152, Ni 12.0-30.7, Pb 2.0-
3.1, Zn 226-266 

Cd 0.35-16.01 , Cu 6.4-29.44, Pb 0.69-7.90, Zn 61.91-
125.51

Hg mean :

ppm dw

12

13

0.10-1.80 14

1.30-2.45, 1.73-2.35 15

0.02-0.45 16

0.18-1.14 17

0.11-1.75 18

0.14-0.43 19

0.15-0.74 20

Diferents fishs 
muscle

Cd 0.0019-0.012 , Ni 0.050-0.500, Pb 0.004-0.039 ,
Zn 0.330-3.90

21

 Hg 0.13 , Pb 0.3 mean, ppm ww 22

 Cd 0.04-0.06 , Hg 0.08-0.16 , Pb 0.08-0.18 23

 As 0.02-0.05, Cd 0.004-0.007 , Hg 0.02-0.06 , Pb 0.02-0.06 24

 Hg 0.10--0.67, Pb 0.04-0.12 25

 As 0.005 , Hg 0.04-0.05 , Pb 0.06-0.07  26

Macromycete fungi Cu 4.24-19.99,  Cd 0.077-0.107, Cr 2.32-3.41, Hg 0.02-
0.05, Ni 4.26-11.59, Pb 0.48-4.13 ,Zn 10.40-30.31 

ppm dw
27

Cuba

Sediment Cr 22-339, Cu 18-716, Hg 0.64-76, Mn 79-251, Ni 11-112, 
Pb 44-903, Zn 72-3736 (mean) ppm dw 28

Water As 0.0006, Cr 0.0076-0.0209, Cu 0.0038-0.0081, Cd  
0.00002-0.00016, Pb 0.0242-0.0822, Zn 0.0181-0.0431 ppm 4

Dominican 
Republic

Sediments Al 276-33,000, Cd 0.028-0.435, Cr 8.88-186, Cu 1.01-111,            
Fe 230-48.700, Hg 0.096-0.565, Ni 1.71-124, Pb 0.42-81.8, 
Zn 2.34-244

ppm dw
5

Values are expressed in ppm. BDL = Below Detection Limit; nd = not detected. The concentration unit is given once per row and ap-
plies to all elements beneath it. ‘nd’ indicates ‘not detected’, and ‘<’ denotes values below detection or quantification limits. When not 
explicitly specified in the original study, concentration units are reported as ‘ppm’ without distinction of weight basis (dry or wet). This 
table includes data from all 35 scientific publications reviewed for this study, as listed in the references.
a1, González et al. (1999); 2, Gonzalez and Ramirez (1995); 3, Andreany et al. (2008); 4, Mesa et al. (2021); 5, Sbriz et al. (1998); 6, 
Rodríguez et al. (2020); 7, Ochoa and Gonzàlez (2016); 8, Deveze (2011); 9, Bastidas and Garcia (1999); 10, Laboy-Nieves and Conde 
(2001); 11, Jaffe´ et al. (1998); 12, Jaffe´et al. (1995); 13, Zapata-Vivenes et al. (2020); 14, Olivero et al. (2016); 15, Salinas et al. 
(2014); 16, Olivero et al. (2015); 17, Marrugo et al. (2015a); 18, Ruiz et al. (2014); 19, Marrugo et al. (2010); 20, Gracia et al. (2010); 
21, Fernandez-Maestre et al. (2018); 22, Vergara and Rodríguez (2015);  23, Fuentes et al. (2018); 24, López and Barragán (2016); 25, 
Burgos et al. (2017); 26, Barros -Barrios et al. (2016); 27, Cadavid-Velásquez et al. (2019); 28, González and Torres (1990); 29, Marín-
Leal et al. (2022); 30, Gonzales et al. (2008); 31, Greeneway and Rankine Jones (1992); 32, Jaffe´ et al. (2003); 33, Bernard (1995); 
34, Persad and Rajkumar (1995); 35, Díaz -Asencio, et al. (2011).
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TABLE I. CONCENTRATIONS OF POTENTIALLY TOXIC ELEMENTS IN ORGANISMS, SEDIMENT AND WATER.

Country Sampling matrix Element and concentration Units Referencea

Caribbean 
Mexican

Sediment Cu 0.3-6.9, Cd < 0.020-0.2, Cr 1.7-26.4, Pb 0.8-10.9, Zn 
21.7-34.2

As 0.16-0.63 ,Cd 0.00-1.00, Hg  0.00-0.70, Pb 0.00-2.84

As 0.84, Cr 16.6-53.1, Mn 33-649 

ppm

29

30

31

Jamaica
Sediments As 1.4-7.03, Cr 5.0-48.0, Cu 3.5-73.8 ,Cd nd-10.0, Hg 0.05-

0.30, Ni 3.7-23.9, Pb 6.4-31.1, Zn 7.9-70.0
32

Guadalupe 
(Eastern
Region
Caribbean)

Sediments Cu 9.3-187.2, Cd <0.3 to 0.6 , Pb 1.7-235.7, Zn 19-664.3

ppm dw

33

Trinidad and 
Tobago

Sediments Cu 0.06-421, Cd 0.04-67.90 , Pb nd-20.91, Zn 0.10-39.29  34

Seawater Cu 0.50-14.27, Cd 0.06-1.13, Pb 0.50-6.94, Zn 0.50-92.23
ppm

34

Sediments  Cr 365, Hg 1.4, Pb 123, Zn 450 35

Values are expressed in ppm. BDL = Below Detection Limit; nd = not detected. The concentration unit is given once per row and ap-
plies to all elements beneath it. ‘nd’ indicates ‘not detected’, and ‘<’ denotes values below detection or quantification limits. When not 
explicitly specified in the original study, concentration units are reported as ‘ppm’ without distinction of weight basis (dry or wet). This 
table includes data from all 35 scientific publications reviewed for this study, as listed in the references.
a1, González et al. (1999); 2, Gonzalez and Ramirez (1995); 3, Andreany et al. (2008); 4, Mesa et al. (2021); 5, Sbriz et al. (1998); 6, 
Rodríguez et al. (2020); 7, Ochoa and Gonzàlez (2016); 8, Deveze (2011); 9, Bastidas and Garcia (1999); 10, Laboy-Nieves and Conde 
(2001); 11, Jaffe´ et al. (1998); 12, Jaffe´et al. (1995); 13, Zapata-Vivenes et al. (2020); 14, Olivero et al. (2016); 15, Salinas et al. 
(2014); 16, Olivero et al. (2015); 17, Marrugo et al. (2015a); 18, Ruiz et al. (2014); 19, Marrugo et al. (2010); 20, Gracia et al. (2010); 
21, Fernandez-Maestre et al. (2018); 22, Vergara and Rodríguez (2015);  23, Fuentes et al. (2018); 24, López and Barragán (2016); 25, 
Burgos et al. (2017); 26, Barros -Barrios et al. (2016); 27, Cadavid-Velásquez et al. (2019); 28, González and Torres (1990); 29, Marín-
Leal et al. (2022); 30, Gonzales et al. (2008); 31, Greeneway and Rankine Jones (1992); 32, Jaffe´ et al. (2003); 33, Bernard (1995); 
34, Persad and Rajkumar (1995); 35, Díaz -Asencio, et al. (2011).
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PTEs detection
Several of the studies reviewed from the Carib-

bean region analyzed As, Cu, Cd, Cr, Hg, Pb, Mn, Ni, 
and Zn, in samples of different matrices and living 
organisms that were collected in areas known to be 
affected by direct inputs of pollutants. These sug-
gest that PTEs concentrations are detected in nearby 
areas with mainly anthropogenic activities. Pernia 
et al. (2018), report the presence in sediments and 
organisms in the marine ecosystem Estero Salado de 
Guayaquil that exceeds the permissible limits proved 
for metals such as Cd and Pb in areas with industries 
and population settlements near the ecosystem.

Meanwhile, a study in Guajira, Colombia (Fernán-
dez-Maestre et al. 2018) evaluated the levels of Cd, 
Hg, Pb, Ni, and Zn in biological tissues of fish in six 
coastal areas. Significant correlations were found 
between Pb and Zn metals, suggesting sources of 
similar origin. In addition, it was found that these 
metallic elements can be incorporated into this ma-
rine system through mining activity and wastewater 
discharges (Díaz et al. 2006). Some studies on the 
presence of these elements reveal an important en-
vironmental problem that requires attention (Díaz et 
al. 2006, Ojeda and Aglayde 2006). Additionally, it 
is emphasized that the chemical elements mentioned 
are characterized by their potential for toxicity, even 
at low concentrations (Ramírez 2014).

In a study conducted in the Caribbean areas of 
Costa Rica and Panama (Guzmán and Jiménez 1992), 
high concentrations of Al, Fe, and Mn were detected 
in coral skeletons and reef sediments, showing long-
term transport of metal contaminants. Other research 
conducted on bivalves suggests such metal mobility 
in Venezuela near the mouth of the Tuy River. Jaffe’ 
et al. (1995) reported elevated levels of Cd, Cu, and 
Ni and the potential effects of these chemicals over a 
large geographic area, both in terms of water quality 
and ecology.

The data described by different countries vary in 
terms of sampling systems, parameters determined, 
environmental matrices analyzed, and analytical 
techniques used in the analysis of PTEs, and differ in 
the presentation of the available data, which makes 
comparison difficult. Most countries in the WCR 
have limited or no data available.

Concentrations of PTEs in sediment
The contaminant levels mentioned in this study 

are compared to standards provided by the National 
Oceanic and Atmospheric Administration (NOAA), 
which provides fundamental guidelines for assessing 
the effects of contaminants on aquatic ecosystems. 

According to NOAA, the Threshold Effects Level 
(TEL) and Probable Effects Level (PEL) are key 
benchmarks for identifying potential toxicity risks 
to aquatic organisms. In this context, the results ob-
tained in Cuban sediments - where PEL values are 
exceeded for metals such as Cr, Cu and Pb - suggest 
the existence of ecotoxicological scenarios that can 
negatively affect local biota (Fig. 3).

This highlights the need for adequate monitor-
ing and management of contaminants to safeguard 
ecosystem health, in line with NOAA recommenda-
tions on water quality and environmental integrity. 
Elevated Cr concentrations have been reported in 
residential and industrial areas of Havana, demon-
strating the direct influence of anthropogenic activi-
ties on urban pollution (Gonzalez and Torres 1990). 
Additionally, recent studies have identified moderate 
Zn contamination in industrial soils and agricultural 
areas, submitting a regional dispersion pattern of this 
element (Yaylalı-Abanuz 2011, Díaz et al. 2019).

In this context, rice (a crop with high consumption 
in the region) could serve as a transfer pathway for these 
metals into the food chain, either through bioaccumu-
lation in contaminated soils or by using Zn-enriched 
agricultural inputs (Díaz et al. 2009). In Guadeloupe, 
the highest levels of Zn have been recorded in areas 
where residential, agricultural and industrial activities 
overlap (Bernard 1995). Similarly, the presence of 
metallurgical industries in the WCR is a recognized 
source of Zn contamination (Alonso et al. 2024).

Cr concentrations are significantly higher in Cuba 
(up to 339 ppm) compared to Mexico (below 0.020 
ppm). Pb levels also show notable variation: Cuba 
exhibits the highest reported values (up to 903 ppm), 
followed by Trinidad and Tobago (123 ppm), whereas 
Mexico shows much lower concentrations (ranging 
from 0.00 to 2.84 ppm). These values correspond to 
the upper extremes of the ranges presented in Table I 
and reflect the most elevated levels reported in the 
reviewed literature for each country.

Concentrations of PTEs in water
The results of the water samples show varying 

concentrations of PTEs among Cuba and Trinidad 
and Tobago. Each country applies unique sampling 
parameters, analytical methods, and regulatory limits, 
which complicates direct comparisons. The elevated 
concentrations of Pb and Zn observed in Cuba and 
Trinidad and Tobago may be linked to emissions 
from industrial facilities and occupational exposure 
related to metal-processing activities.

Table I shows that Zn concentrations in water 
exhibit substantial variations: Cuban waters display 



Fig. 3. Comparison of potentially toxic elements values in sediments with the Threshold Effect Level (TEL) and Probable Effect Level 
(PEL) values established in ppm dw by NOAA (1999), Buchman (2008). The TEL (Threshold Effect Level) and PEL (Probable 
Effect Level) lines indicate the concentration levels above which adverse effects on the environment are expected, and it can 
be observed that several potentially toxic elements concentrations in countries exceed these thresholds, suggesting potential 
ecological damage (Buchman 2008).
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values ranging from 0.0181 to 0.0431 ppm, whereas 
those of Trinidad and Tobago range from 0.50 to 
92.23 ppm. This difference of several orders of mag-
nitude may reflect the greater industrial and urban 
activity in Trinidad and Tobago (Norville 2005). 
Finally, on the data on Mn in Jamaica, maximum 
concentrations reach up to 649 ppm followed by 
Cuba with 251 ppm.

The marked variability in PTEs concentrations 
among Cuba, Mexico, and Trinidad and Tobago 
suggests significant disparities in pollution sources, 
industrial activities, environmental regulations, and 
the effectiveness of wastewater treatment systems. In 
the case of Cu, the highest concentrations are reported 
in Trinidad and Tobago (14.27 ppm), followed by 
Cuba (0.0081 ppm). These elevated concentrations 
can largely be attributed to anthropogenic pressures, 
particularly intensive mining operations and industri-
al discharges. Metallic mining has been consistently 
identified as a major source of Cu contamination 
in aquatic environments across various countries 
(Hernández-Jatib et al. 2014, CAMIPE 2019, Téllez 
and Azamar 2021).

Cd concentrations are relatively low across the 
countries analyzed, with values below 0.06 ppm in 
Trinidad and Tobago, and ranging from 0.00002 to 
0.00016 ppm in Cuba. Zn concentrations in water also 
show notable disparities. In Cuba, reported values 
range from 0.0181 to 0.0431 ppm, while in Trinidad 
and Tobago, concentrations range from 0.50 to 92.23 
ppm. These differences likely reflect variations in 
industrial discharge, urban runoff, and environmental 
management strategies.

PTEs concentrations in living organisms. Com-
parative analysis of reported values

Concentration values detected in organisms 
result from environmental contamination, bioavail-
ability, and bioaccumulation processes (Wang and 
Rainbow 2008, Reis et al. 2010, Rizzo 2010, Bhat 
et al. 2019,). These elements significantly affect 
Caribbean biodiversity, disrupting marine fauna 
and ecosystem stability (Guyvenchy et al. 2023). 
Metal-induced oxidative stress promotes cellular 
damage and mortality (Rizzo 2010. Valko et al. 
2005), impairs competitive abilities, and inhibits 
photosynthesis in species lacking efficient defense 
mechanisms (Naranjo-Sánchez and Troncoso-Olivo 
2008, Rizzo 2010, Chen et al. 2017, Kumar et al. 
2014). The ingestion of metals through the food 
chain has a negative impact on both human health 
and the environment, especially in areas with high 
levels of contamination (Garai et al 2021, Bishnu 

et al. 2024, Peralta-Videa 2024). This phenomenon 
also affects the economy of coastal communities, as 
the reduction of biodiversity and the productivity of 
marine ecosystems can have a significant impact on 
fisheries and aquaculture (Khalil 1998, Khushbu et 
al. 2022, Sharma et al. 2025). 

According to the Food and Agriculture Organiza-
tion of the United Nations (FAO), several countries 
have concentrations of potentially toxic elements 
(PTEs) in fish and shellfish tissues that exceed the 
established limits (5 ppm dry weight). Studies by 
Laboy-Nieves and Sbriz et al. (1998) document the 
lowest values in the Dominican Republic, while 
Conde (2001) indicate that Venezuela reports the 
highest values of Cu and Ni. Several factors, such 
as water dynamics, sediment characteristics, pH and 
redox potential, the presence of ligands, as well as 
bioaccumulation and biomagnification through the 
food chain, significantly influence the concentrations 
of PTEs in fish tissues.

The concentration values of several elements (As, 
Cu, Cd, Cr, Hg, Mn, Ni, Pb, and Zn) in countries 
such as Cuba, Mexico, and Trinidad and Tobago ex-
hibit interesting patterns of variability. For instance, 
the Callinectes sapidus (blue crab) in the Mexican 
Caribbean exhibits Zn values ranging from 14.0 to 
18.0 ppm, while several species in Cuban coastal eco-
systems, such as Echinometra lucunter and Caretta 
caretta, show considerably higher concentrations, 
reaching up to 412 ppm. These differences may 
reflect varying levels of environmental exposure, 
bioaccumulation capacity, and proximity to contami-
nation sources such as urban or industrial effluents 
(Mesa et al. 2021).

Venezuela presents high values of Cd (16.01 ppm) 
in tissues (Zapata-Vivenes et al. 2020), while the low-
est values (0.0019 ppm) are presented by Colombia 
(Fernández-Maestre et al. 2018). Cr is reported in 
Dominican Republic with a maximum of 10.7 ppm 
(Sbriz et al. 1998), while the lowest values (0.1 ppm) 
were reported in Mexico by Deveze Arcos (2011), the 
highest values of Cu (3854 ppm) were reported by 
Laboy-Nieves and Conde (2001) in Venezuela, while 
the lowest values (1.01 ppm) were reported by Sbriz 
et al. (1998) in Dominican Republic. 

The presence of considerable concentrations of 
PTEs in fish and mollusks tissues can be explained 
by a combination of factors such as bioaccumulation 
in aquatic organisms (Liu and Ren 2019, Hernández 
2020) transfer across trophic levels; bioavailability 
of metals or metalloids affected by factors such 
as pH and marine salinity; regional differences in 
contamination levels and management practices; 
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and interspecies variations, bioaccumulation rates 
and detoxification mechanisms (Zapata-Vivenes et 
al. 2020).

In echinoderm and mollusk tissue, the highest 
values of Pb (2018.6 ppm dw) were reported by 
Laboy-Nieves and Conde (2001) in Venezuela, while 
the lowest values (0.004 ppm) were reported by 
Fernández-Maestre et al. (2018) in Colombia. Fur-
thermore, the Zn and Cr values reported in bivalves 
and tissue of Dominican Republic are higher than 
the limit stipulated by the FAO (5 ppm dry weight). 
Through bioaccumulation and biomagnification 
processes, benthic organisms can accept PTEs and 
transfer them through the food chain (Guillama et 
al. 2022, Camargo 2023). Factors such as the spe-
cies, age, size and physiological state of the fish can 
influence the accumulation of these elements in their 
tissues (Farkas et al. 2003).

Influence of physical and chemical factors on the 
distribution of PTEs in marine ecosystems

Physical, chemical and biological factors play 
an important role in aquatic systems (Cala et al. 
n.d., Salas et al. 2020). When analyzing data on 
the concentrations of these elements in organisms, 
it is essential to take these factors into account, as 
they influence the distribution, transport, retention 
and dispersion of these pollutants (Socarras et al. 
2022). Particle size strongly influences: finer par-
ticles such as silt and clay have a higher adsorption 
capacity due to their specific surface area (Förstner 
and Wittmann 2012), which enhances the sediment’s 
ability to transport adsorbed elements (Jiménez 
2016, Condori 2023), particularly heavy metals 
like Zn and Mn, as demonstrated in recent stud-
ies analyzing sediment granulometry and organic 
matter interactions (Flores et al 2018 , Guillama 
et al. 2022, Socarras et al. 2022, Mendoza et al. 
2023). This should be considered when interpreting 
sediment PTEs data, as they decide the spatial and 
temporal distribution of contaminants. On the other 
hand, from a chemical point of view, the reducing 
conditions and the slightly acidic pH in the water 
favors the mobility of metals such as Cd, Pb, Zn 
(Guillama et al. 2022, Socarras et al. 2022).

CONCLUSIONS

It is clear from this review that there is an urgent 
need for standard environmental quality data for trace 
metals and metals and organic pollutants in most 
of the WCR. As currently existing environmental 

sampling data vary in terms of sampling schemes, 
environmental matrices analyzed, as well as differ-
ences in data reporting formats, make meaningful 
comparisons of the available data is difficult. Sedi-
ments turned out to be adequate indicators of PTEs 
contamination but, in general, there is considerable 
variability in the values reported by the authors of the 
reviewed literature. Furthermore, for many of these 
pollutants, there is limited or no available data from 
most countries in the WCR. 

Although the available data provides straight-
forward evidence of coastal pollution in many 
areas of the WCR, an assessment of these pollut-
ants on a regional scale is not possible due to the 
lack of a regional scale. However, the available 
data say that concentrations of contaminants can 
be found throughout much of the region, includ-
ing in significantly industrialized and agricultural 
locations, and that the potential for environmental 
effects may be high. High concentrations of pol-
lutants are perceived and can be found in estuaries 
of major rivers, from agricultural areas. In some 
cases, contaminant levels exceeded TEL and/or 
PEL standards, suggesting the existence of eco-
toxicological scenarios. 

Many sites exceeded the PEL values for a few 
PTEs which may indicate potential values of pos-
sible ecotoxicological consequences on biota in this 
region. Therefore, further studies should be initiated 
to determine the extent and magnitude of these oc-
currences. In general, this review reflects the pres-
ence of various pollutants in the WCR and therefore 
environmental policies, and long-term monitoring 
programed, should be instituted that cover the entire 
geographical area of the WCR. Without addressing 
this need, it will be difficult to scientifically assess 
the state of the marine environment in this region. 
This information is essential for sound and effective 
coastal resource management and environmental 
decision-making. 

It is important to promote the use of clean tech-
nologies and the implementation of sustainable ag-
ricultural practices in the region, in order to reduce 
the application of these compounds and mitigate 
their potential persistence and negative impacts on 
the environment. In addition, the region is a marine 
biodiversity hotspot, and its economies are driven 
by coastal tourism and fisheries, hence, the integ-
rity of the marine environment is paramount for its 
sustainable future.

Finally, it is necessary to propose strategies to 
mitigate pollution, in coordination with the efforts 
of the countries concerned. The formulation and 



PTEs IN THE CARIBBEAN COASTAL REGION 323

implementation of national and international environ-
mental policies to address the contaminants present in 
the WCR can greatly contribute to the conservation 
of marine biodiversity.

ACKNOWLEDGMENTS

The authors thank colleagues and the División de 
Desarrollo Sustentable of the Universidad Autónoma 
del Estado de Quintana Roo, and to CONACYT 
(National Council of Science and Technology) for 
their support to this work. The helpful comments and 
suggestions of two anonymous reviewers helped to 
improve this manuscript significantly.

REFERENCES

Andreani G., Santoro M., Cottignoli S., Fabbri M., 
Carpenè E. and Isani G. (2008). Metal distribution 
and metallothionein in loggerhead (Caretta caretta) 
and green (Chelonia mydas) sea turtles. Science of 
the Total Environment 390 (1), 287-294. https://doi.
org/10.1016/j.scitotenv.2007.09.014

Alloway B.J. (2013). Sources of heavy metals and metal-
loids in soils. Springer, Dordrecht, United Kingdom, 
40 pp.  https://doi.org/10.1007/978-94-007-4470-7_2

Alonso F. R., Figueredo R. O. and Sifonte D.Y. J. 
(2024). ¿Qué pasa con la producción minera y 
salinera en Cuba?. http://www.cubadebate.cu/noti-
cias/2024/06/04/que-pasa-con-la-produccion-minera-
y-salinera-en-cuba-video/ 20/08/2024

ACS (2002). Caribbean Sea. Association of Caribbean 
States. http://www.acs-aec.org/ 10/05/2024

Campos N. H. (1992). Concentraciones de metales traza 
en Ariopsis bonillai (Siluriformes: Ariidae) de Santa 
Marta, Caribe colombiano. Revista de Biología Tropi-
cal 40 (2), 179-183.

Bishnu P., Anjum N. N., Islam M. S., Poudel A. KC S., 
Akter Suchi S. and Das A. (2024). Sources, effects and 
present perspectives of heavy metals contamination: 
Soil, plants and human food chain. Heliyon 10, e28357. 
https://doi.org/10.1016/j.heliyon.2024.e28357

Bernard D. (1995). Metals in sediments from two lagoons 
of Guadeloupe, West Indies. Marine Pollution Bul-
letin 30 (9), 619-621. https://doi.org/10.1016/0025-
326X(95)00085-2

Bastidas C. and García E. (1999). Metal content on the 
reef coral Porites astreoides: an evaluation of river 
influence and 35 years of chronology. Marine Pollu-
tion Bulletin 38 (10), 899-907. https://doi.org/10.1016/
S0025-326X(99)00089-2

Buchman M. F. (2008). Screening quick reference tables 
(SQuiRTs). NOAA. https://repository.library.noaa.gov/
view/noaa/9327/noaa_9327_DS1.pdf 16/08/24

Barros-Barrios O., Doria-Argumedo C. and Marrugo-
Negrete J. (2016). Metales pesados (Pb, Cd, Ni, Zn, 
Hg) en tejidos de Lutjanus synagris y Lutjanus viva-
nus de la Costa de La Guajira, Norte de Colombia. 
Veterinaria y Zootecnia 10(2), 27-41. doi:10.17151/
vetzo.2016.10.2.3

Burgos-Núñez S., Navarro-Frómeta A., Marrugo-Negrete 
J., Enamorado-Montes G. and Urango-Cárdenas 
I. (2017). Polycyclic aromatic hydrocarbons and 
heavy metals in the Cispata Bay, Colombia: A marine 
tropical ecosystem. Marine Pollution Bulletin 120 
(1-2), 379-386. https://doi.org/10.1016/j.marpol-
bul.2017.05.016

Bhat S. A., Hassan T. and Majid S. (2019). Heavy metal 
toxicity and their harmful effects on living organisms 
– A review. International Journal of Medical Science 
and Diagnosis Research 3(1), 106-122.

Condori A. R. M. (2023). Evaluación de la calidad de 
sedimento marino por metales pesados en el puerto 
de Ilo, Perú. M.Sc. Thesis. Universidad Nacional de 
Tacna. Tacna, Perú, 86 pp. 

CAMIPE (2019). Extraen cobre y zinc de mina subterránea 
en Maimón, Bonao. Cámara Minera Petrolera de la 
República Dominicana. https://www.diariolibre.com/
economia/extraen-cobre-y-zinc-de-mina-subterranea-
en-maimon-bonao-JI12384195 23/12/24 

Camargo T. N. R. (2023). Índices de contaminación de me-
tales pesados y su relación con variables fisicoquímicas 
en el caribe colombiano. M.Sc. Thesis. Universidad de 
Bogotá Jorge Tadeo. Bogotá, Colombia, 24 pp. 

Carranza C. J. L. (2018). Aplicación de las tecnologías de 
la información y la comunicación para la búsqueda de 
información científica en el posgrado de especialidades 
médicas. Anestesia en México 30 (1), 18-25. 

Casanova F. E. C. (2013). Efecto de la contaminación por 
metales pesados en los ecosistemas costeros del sureste 
de México. Kuxulkab 19 (37), 9. 

Cevallos-Mina M., Luaces-Alberto M.D. and Cuello-Pérez 
M. (2023). Determinación de metales pesados (Pb, Cd, 
Hg, As) en aguas del río Teaone, Ecuador. Journal of 
Energy, Engineering Optimization and Sustainability 
7 (3), 173-188. 

Covarrubias S.A. and Cabriales J. J. P. (2017). Con-
taminación ambiental por metales pesados en México: 
Problemática y estrategias de fitorremediación. Revista 
Internacional de Contaminación Ambiental 33, 7-21. 
https://doi.org/10.20937/RICA.2017.33.esp01.01

Cadavid-Velásquez E. J., Pérez-Vásquez N. del S. and 
Marrugo-Negrete J. (2019). Contaminación por met-
ales pesados en la bahía Cispatá en Córdoba-Colombia 

https://doi.org/10.1016/j.scitotenv.2007.09.014
https://doi.org/10.1016/j.scitotenv.2007.09.014
https://doi.org/10.1007/978-94-007-4470-7_2
http://www.cubadebate.cu/noticias/2024/06/04/que-pasa-con-la-produccion-minera-y-salinera-en-cuba-video/
http://www.cubadebate.cu/noticias/2024/06/04/que-pasa-con-la-produccion-minera-y-salinera-en-cuba-video/
http://www.cubadebate.cu/noticias/2024/06/04/que-pasa-con-la-produccion-minera-y-salinera-en-cuba-video/
http://www.acs-aec.org/
https://doi.org/10.1016/j.heliyon.2024.e28357
https://doi.org/10.1016/0025-326X(95)00085-2
https://doi.org/10.1016/0025-326X(95)00085-2
https://doi.org/10.1016/S0025-326X(99)00089-2
https://doi.org/10.1016/S0025-326X(99)00089-2
https://repository.library.noaa.gov/view/noaa/9327/noaa_9327_DS1.pdf
https://repository.library.noaa.gov/view/noaa/9327/noaa_9327_DS1.pdf
https://doi.org/10.1016/j.marpolbul.2017.05.016
https://doi.org/10.1016/j.marpolbul.2017.05.016
 https://doi.org/10.1016/j.jobe.2020.101710
 https://doi.org/10.1016/j.jobe.2020.101710
 https://doi.org/10.1016/j.jobe.2020.101710
https://doi.org/10.20937/RICA.2017.33.esp01.01


D. Ruiz Hardy et al.324

y su bioacumulación en macromicetos. Gestión Am-
biental 22(1), 43-53. 

Cala R. V., de La Flor M. and Vigil de la Villa Mencía R. 
(n.d.). Influencia de las características físico-químicas 
y mineralógicas en la distribución de metales pesados 
en suelos de cultivo. Boletín de la Sociedad Española 
de la Ciencia del Suelo (2), 205-213. 

Deveze Arcos R. (2011). Determinación de metales pesa-
dos (Cu, Hg, Pb, Cd, Cr, Zn) en jaiba azul (Callinectes 
sapidus, Rathbun, 1986) en la Bahía de Chetumal, 
Quintana Roo. B.Sc. Thesis. División de Ciencia y 
Tecnología, Universidad de Quintana Roo. Quintana 
Roo, México, 33 pp.

Díaz L.C., Carrión J. J. and Gonzales B. J. (2006). Estudio 
de la contaminación por Hg, Pb, Cd, y Zn en la bahía 
de Chetumal, Quintana Roo, México. Revista de la 
Sociedad Química del Perú 72 (1), 19-31. 

Díaz-Asencio M., Corcho Alvarado J. A., Alonso-
Hernández C., Quejido-Cabezas A., Ruiz-Fernández 
A. C., Sanchez-Sanchez M., Gómez-Mancebo M. B., 
Froidevaux P. and Sanchez-Cabeza J. A. (2011). Re-
construction of metal pollution and recent sedimenta-
tion processes in Havana Bay (Cuba): A tool for coastal 
ecosystem management. Science of the Total Envi-
ronment, 412-413, 77-88. https://doi.org/10.1016/j.
jhazmat.2011.09.037

Eisler R. (2010). Compendium of trace metals and marine 
biota: Volume 1: Plants and invertebrates. In: Compen-
dium of trace metals and marine biota (R. Eisler, Ed.). 
Elsevier, Amsterdam, Netherlands, pp. 1-6. https://doi.
org/10.1016/B978-0-444-53439-2.00001-1

Fernandez A., Singh A. and Jaffé R. (2007). A literature 
review on trace metals and organic compounds of 
anthropogenic origin in the Wider Caribbean Region. 
Marine Pollution Bulletin 54 (11), 1681-1691. https://
doi.org/10.1016/j.marpolbul.2007.08.007

Fernández-Maestre R., Johnson-Restrepo B. and Olivero-
Verbel J. (2018). Heavy metals in sediments and fish in 
the Caribbean coast of Colombia: Assessing the envi-
ronmental Risk. International Journal of Environmen-
tal Research 12 (1), 289-301. https://doi.org/10.1007/
s41742-018-0091-1

Farkas A., Salánki J. and Specziár A. (2003). Age- and 
size-specific patterns of heavy metals in the organs of 
freshwater fish Abramis brama L. populating a low-
contaminated site. Water Research 37(5), 959-964. 
https://doi.org/10.1016/S0043-1354(02)00447-5

Fuentes F.A., Pinedo H. J. J. and Marrugo N.J.L. (2018). 
Metales pesados en especies ícticas de la ciénaga de 
Mallorquín, Colombia. Revista Espacios 39 (03), 19.

Förstner U. and Wittmann G.T.W. (2012). Metal pollution 
in the aquatic environment. Springer, Berlin, Germany. 
486 pp. https://doi.org/10.1007/978-3-642-69385-4

Guyvenchy F., Vornicu L., Șmuleac L. and Pașcalău R. 
(2023). Pollution and biodiversity in the Caribbean. 
Research Journal of Agricultural Science 55(4), 76.

García M. D. T. (2023). Pruebas de ecotoxicidad de lixivia-
dos de jales y muestras de suelos cercanos a minas con 
diferentes bioindicadores. B.Sc. Thesis. Facultad de 
Química, Universidad Nacional Autónoma de México, 
Mexico City, México, 94 pp.

Guillama B.G., Ramos D.N.A., Sanjuán G.R., Herrera 
M.R., Rivera H.J.A. and Quevedo A.O. (2022). Evalu-
ación de la contaminación por As, Ni, Cu, Pb, Zn y 
Cr en sedimentos de la zona marino-costera asociada 
a la terminal marítima de Nuevitas, Cuba. Revista 
Internacional de Contaminación Ambiental 38, 81-94. 
https://doi.org/10.20937/rica.54080  

Gonzales H. and Torres I. (1990). Heavy metals in sedi-
ments around a sewage outfall at Havana, Cuba. Ma-
rine Pollution Bulletin 21 (5), 217-218. https://doi.
org/10.1016/0025-326X(90)90345-9

Guzmán H. and Jiménez E.C. (1992). Contamination 
of coral reefs by heavy metals along the Caribbean 
coast of Central America (Costa Rica and Panama). 
Marine Pollution Bulletin 24 (11), 554-561.https://doi.
org/10.1016/0025-326X(92)90708-E

González Bucio J. L., Carrión Jiménez J. M., Yam Gam-
boa O. and Díaz López C. (2008). Contaminación de 
la Bahía de Chetumal por metales pesados, materia 
orgánica y nutrientes producidos por las descargas 
de aguas residuales municipales. Caos Conciencia 1 
(1), 5-11.

Gonzalez H. and Ramirez M. (1995). The effect of nickel 
mining and metallurgical activities on the distribu-
tion of heavy metals in Levisa Bay, Cuba. Journal of 
Geochemical Exploration 52 (1-2), 183-192. https://
doi.org/10.1016/0375-6742(94)00054-F

González H., Simeón P. A.M., Ramírez M. and Ibis T. 
(1999). Heavy metals in organisms and sediments 
from the discharge zone of the submarine sewage out-
fall of Havana City, Cuba. Marine Pollution Bulletin 
38 (11), 1048-1051. https://doi.org/10.1016/S0025-
326X(99)00182-4

Gracia L., Marrugo, J. L. and Alvis E. M. (2010). Con-
taminación por mercurio en humanos y peces en el mu-
nicipio de Ayapel, Córdoba, Colombia, 2009. Revista 
Facultad Nacional de Salud Pública 28(2), 118-124. 
https://doi.org/10.17533/udea.rfnsp.1753

Greenaway A. M. and Rankine-Jones A. I. (1992). Elemen-
tal concentrations in coastal sediments from Hellshire, 
Jamaica. Marine Pollution Bulletin 24(8), 390-397. 
https://doi.org/10.1016/0025-326X(92)90499-V

Garai P., Banerjee P., Mondal P. and Saha N. C. (2021). 
Effect of heavy metals on fishes: Toxicity and bioaccu-
mulation. Journal of Clinical Toxicology, 11(S18), 001.

https://doi.org/10.1016/j.jhazmat.2011.09.037
https://doi.org/10.1016/j.jhazmat.2011.09.037
https://doi.org/10.1016/B978-0-444-53439-2.00001-1
https://doi.org/10.1016/B978-0-444-53439-2.00001-1
https://doi.org/10.1016/j.marpolbul.2007.08.007
https://doi.org/10.1016/j.marpolbul.2007.08.007
https://doi.org/10.1007/s41742-018-0091-1
https://doi.org/10.1007/s41742-018-0091-1
https://doi.org/10.1016/S0043-1354(02)00447-5
https://doi.org/10.1007/978-3-642-69385-4
https://doi.org/10.20937/rica.54080
https://doi.org/10.1016/0025-326X(90)90345-9
https://doi.org/10.1016/0025-326X(90)90345-9
https://doi.org/10.1016/0025-326X(92)90708-E
https://doi.org/10.1016/0025-326X(92)90708-E
https://doi.org/10.1016/0375-6742(94)00054-F
https://doi.org/10.1016/0375-6742(94)00054-F
https://doi.org/10.1016/S0025-326X(99)00182-4
https://doi.org/10.1016/S0025-326X(99)00182-4
https://doi.org/10.17533/udea.rfnsp.1753
https://doi.org/10.1016/0025-326X(92)90499-V


PTEs IN THE CARIBBEAN COASTAL REGION 325

Hernández-Jatib N., Ulloa-Carcasés M. Almaguer-
Carmenate Y. and Rosario Y. F. (2014). Evaluación 
ambiental asociada a la explotación del yacimiento 
de materiales de construcción la Inagua, Guantánamo, 
Cuba. Luna Azul 38, 146-158.

Herrera N. J, Rodríguez C. J, Coto C. J. M., Salgado 
S.V. and Borbón A.H. (2013).Evaluación de metales 
pesados en los sedimentos superficiales del río Pirro. 
Tecnología en Marcha 26 (1), 27-36. 

Hernández D. C. (2020). Evaluación del arsénico (As), 
cadmio (Cd), mercurio (Hg) y plomo (Pb) en peces, 
crustáceos y moluscos de mayor consumo en Isla 
Fuerte (Caribe colombiano): Estimación del riesgo por 
ingesta a la salud humana. M.Sc. Thesis. Universidad 
de Córdoba. Montería, Colombia, 70 pp.

Jaffé R., Leal I., Alvarado J., Gardinali P. and Sericano 
J. (1995). Pollution effects of the Tuy river on the 
Central Venezuelan coast: Anthropogenic organic 
compounds and heavy metals in Tivela mactroidea. 
Marine Pollution Bulletin 30 (12), 820-825. https://
doi.org/10.1016/0025-326X(95)00087-4

Jaffé R., Leal I., Alvarado J., Gardinali P. R. and Sericano 
J. L. (1998). Baseline study on the levels of organic 
pollutants and heavy metals in bivalves from the Mor-
rocoy National Park, Venezuela. Marine Pollution 
Bulletin 36 (11), 925-929. https://doi.org/10.1016/
S0025-326X(98)00090-3

Jaffé R., Gardinali, P. R., Cai Y., Sudburry A., Fernandez A. 
and Hay B. J. (2003). Organic compounds and trace met-
als of anthropogenic origin in sediments from Montego 
Bay, Jamaica: assessment of sources and distribution 
pathways. Environmental Pollution 123(2), 291-299. 
https://doi.org/10.1016/S0269-7491(02)00368-8

Jiménez C. V. G. (2016). Determinación de metales 
pesados Hg, Pb, Cd y Zn en aguas de la zona urbana 
de la Bahía de Chetumal. B.Sc. Thesis. Universidad 
Autónoma del Estado de Quintana Roo. http://risisbi.
uqroo.mx/handle/20.500.12249/1265

Järup L. (2003). Hazards of heavy metal contamination. 
British Medical Bulletin 68 (1), 167-182. https://doi.
org/10.1093/bmb/ldg032

Johnston E. L. and Roberts D. A. (2009). Contaminants 
reduce the richness and evenness of marine commu-
nities: A review and meta-analysis. Environmental 
Pollution 157(6), 1745-1752. https://doi.org/10.1016/j.
envpol.2009.02.017

Kumar K. S., Dahms H.-U., Lee J.-S., Kim H. C., Lee 
W. C. and Shin K.-H. (2014). Algal photosynthetic 
responses to toxic metals and herbicides assessed by 
chlorophyll a fluorescence. Ecotoxicology and Envi-
ronmental Safety 104, 51-71.

Khushbu R., Gulati R., Sushma K., Kour A. and Sharma P. 
(2022). Ecological impact of heavy metals on aquatic 

environment with reference to fish and human health. 
Journal of Applied and Natural Science 14(4), 1471-
1484. https://doi.org/10.31018/jans.v14i4.3900

Khalil M. T. (1998). Impact of pollution on productivity 
and fisheries of Lake Mariut, Egypt. Egyptian Journal 
of Aquatic Biology and Fisheries 2(2), 1-17.

Laboy-Nieves E. N. and Conde J. E. (2001). Metal levels 
in eviscerated tissue of shallow-water deposit-feeding 
holothurians. Hydrobiologia 459, 19-26. https://doi.
org/10.1023/A:1012589009243 

Long E. R., MacDonald D. D., Smith S. L. and Calder 
F. O. (1995). Incidence of adverse biological effects 
within ranges of chemical concentrations in marine and 
estuarine sediments. Environmental Management 19, 
81-97. https://doi.org/10.1007/BF02472006

López E. and Barragán R. (2016). Metals and metalloid 
in eight fish species consumed by citizens of Bogotá 
D.C., Colombia, and potential risk to humans. Journal 
of Toxicology and Environmental Health, Part A: Cur-
rent Issues, 79(5), 232-243. https://doi.org/10.1080/1
5287394.2016.1149130

Liu K. and Ren J. (2019). Characteristics, sources and 
health risks of PM2.5-bound potentially toxic elements 
in the northern rural China. Atmospheric Pollution 
Research 10(5), 1621-1626. https://doi.org/10.1016/j.
apr.2019.06.002

Mendoza T. B. G., Betún G. C. A. and Illapa A. J. V. (2023). 
Determinación de metales pesados en sedimentos de 
las lagunas Colta y Magtayán. B.Sc. Thesis. Univer-
sidad Nacional de Chimborazo. http://dspace.unach.
edu.ec/handle/51000/11416

Mancera-Rodríguez N. J. and Álvarez-León R. (2006). 
Estado del conocimiento de las concentraciones de mer-
curio y otros metales pesados en peces dulceacuícolas 
de Colombia. Acta Biológica Colombiana 11(1), 25-40.

Mesa P. M. A., Díaz R.O., García A. H., Alarcón S. O. A., 
Tavella M. J., Bagué D., Sánchez-Pérez  J. M., Guerrero 
D.L., Hernández D. R. and Díaz A. C. M. (2021). Heavy 
metals bioaccumulation and risk estimation in edible 
freshwater fish from Pedroso reservoir (Mayabeque, 
Cuba). Revista Internacional de Contaminación  Ambi-
ental 37, 527-537. https://doi.org/10.20937/rica.53850

Mora A., Jumbo-Flore D., González-Merizalde M. and 
Bermeo-Flores S. A. (2016).Niveles de metales 
pesados en sedimentos de la cuenca del río Puyango, 
Ecuador. Revista Internacional de Contaminación 
Ambiental 32 (4) 385-397. https://doi.org/10.20937/
rica.2016.32.04.02  

Marrugo J., Benítez L., Olivero J., Lans E. and Gutiérrez F. 
(2010). Spatial and seasonal mercury distribution in the 
Ayapel Marsh, Mojana region, Colombia. International 
Journal of Environmental Health Research, 20 (6), 451-
459. https://doi.org/10.1080/09603123.2010.499451

https://doi.org/10.1016/0025-326X(95)00087-4
https://doi.org/10.1016/0025-326X(95)00087-4
https://doi.org/10.1016/S0025-326X(98)00090-3
https://doi.org/10.1016/S0025-326X(98)00090-3
https://doi.org/10.1016/S0269-7491(02)00368-8
http://risisbi.uqroo.mx/handle/20.500.12249/1265
http://risisbi.uqroo.mx/handle/20.500.12249/1265
https://doi.org/10.1093/bmb/ldg032
https://doi.org/10.1093/bmb/ldg032
https://doi.org/10.1016/j.envpol.2009.02.017
https://doi.org/10.1016/j.envpol.2009.02.017
https://doi.org/10.31018/jans.v14i4.3900
https://doi.org/10.1023/A:1012589009243
https://doi.org/10.1023/A:1012589009243
https://doi.org/10.1007/BF02472006
https://doi.org/10.1080/15287394.2016.1149130
https://doi.org/10.1080/15287394.2016.1149130
https://doi.org/10.1016/j.apr.2019.06.002
https://doi.org/10.1016/j.apr.2019.06.002
http://dspace.unach.edu.ec/handle/51000/11416
http://dspace.unach.edu.ec/handle/51000/11416
https://doi.org/10.20937/rica.53850
https://doi.org/10.20937/rica.2016.32.04.02
https://doi.org/10.20937/rica.2016.32.04.02
https://doi.org/10.1080/09603123.2010.499451


D. Ruiz Hardy et al.326

Marrugo-Negrete J.; Navarro-Frómeta A. and Ruiz-
Guzmán J. (2015) Concentraciones de mercurio total 
en peces del embalse Urrá (río Sinú, Colombia). Seis 
años de monitoreo. Revista MVZ Córdoba 20(3): 
4754-4765.

Marín-Leal J. C., Rojas-Romero J. E. and Polo-Vallejo C. 
A. (2022). Evaluación de riesgo ecológico por elemen-
tos potencialmente tóxicos en sedimentos costeros de 
un estuario tropical hipereutrófico. Revista Internacio-
nal de Contaminación Ambiental 38, 123-135. https://
doi.org/10.20937/rica.54504

Martínez V. B. B. (2020). Contaminación por elementos po-
tencialmente tóxicos (Ag, Cd, Cr, Cu, Hg, Ni, Pb, V, Zn) 
como indicadores del cambio global en registros sedi-
mentarios costeros del Golfo de México. M.Sc Thesis. 
Instituto de Ciencias del Mar y Limnología, Posgrado en 
Ciencias del Mar y Limnología, Universidad Nacional 
Autónoma de México. Mexico City, Mexico. 116 pp.

Menéndez J., Muñoz S. (2021). Water and soil con-
tamination from mining tailings. Contaminación del 
agua y suelo por los relaves mineros. Acta Biológica 
Colombiana 11(1), 141-154. https://doi.org/10.31381/
paideia.v11i1.3622

Norville W. (2005). Spatial distribution of heavy metals 
in sediments from the Gulf of Paria, Trinidad. Revista 
de Biología Tropical 53(supl.1), 33-40. 

Naranjo-Sánchez Y. A. and Troncoso-Olivo W. (2008). 
Contenidos de cadmio, cobre, zinc y plomo en órganos 
de rhizophora mangle de la Ciénega Grande de Santa 
Marta, Caribe Colombiano. Boletín de Investigaciones 
Marinas y Costeras 37 (2), 107-129. 

NOAA (1999). Magnitude and extent of chemical con-
tamination and toxicity in sediments of Biscayne 
Bay and vicinity. National Oceanic and Atmospheric 
Administration. Silver Spring, Maryland, USA. 29 pp. 
https://aquadocs.org/handle/1834/20015

Ojeda C.A. and Aglayde L. (2006). Determinación de 
metales pesados en algas Eteromorpha y Polysiphonia 
en la zona costera de la Bahía de Chetumal, Quintana 
Roo. B.Sc. Thesis. División de Ciencias e Ingeniería, 
Universidad del Estado de Quintana Roo. Quintana 
Roo, Mexico. 46 pp.

Ochoa J., González B. and Carrión J. (2016). Metales 
pesados (Cd, Cr, Pb, Hg) en Rhizophora mangle en 
río y bahía de Chetumal. Revista Mexicana de Agro-
ecosistemas 3(2), 263-271.

Olivero J., Caballero K. and Turizo A. (2015). Mercury 
in the gold mining district of San Martin de Loba, 
South of Bolivar (Colombia). Environmental Science 
and Pollution Research 22(8), 5895-5907. https://doi.
org/10.1007/s11356-014-3724-8

Olivero J., Carranza L., Caballero K., Ripoll A. and Mu-
ñoz D. (2016). Human exposure and risk assessment 

associated with mercury pollution in the Caqueta 
River, Colombian Amazon. Environmental Science 
and Pollution Research 23(20), 2061-2071. https://
doi.org/10.1007/s11356-016-7255-3

Peralta-Videa J. R., Lopez M. L., Narayan M., Saupe G. 
and Gardea-Torresdey J. (2009). The biochemistry of 
environmental heavy metal uptake by plants: Impli-
cations for the food chain. The International Journal 
of Biochemistry & Cell Biology, 41(8), 1665-1677. 
https://doi.org/10.1016/j.biocel.2009.03.005

Parris N. (2016). The Caribbean Sea Commission (CSC): 
Defining the special area. Social and Economic Studies 
65 (1), 145-151. 

Persad D. and Rajkumar W. (1995). A synoptic view of the 
levels of dispersed/dissolved petroleum hydrocarbons 
(DDPH) and heavy metals in the south-eastern Carib-
bean Sea. Marine Pollution Bulletin 30 (7), 487-489. 
https://doi.org/10.1016/0025-326X(95)00061-Q 

Ping Z., Murray B. M., Hanping X. N. and Zhian L. (2009). 
Health risk from heavy metals via consumption of food 
crops in the vicinity of Dabaoshan mine, South China. 
Science of The Total Environment 407 (5), 1551-1561. 
https://doi.org/10.1016/j.scitotenv.2008.10.061

Prieto M. J., González R. C. A., Román G. A. D. and 
Prieto G. F. (2009).  Contaminación y fitotoxicidad 
en plantas por metales pesados provenientes de suelos 
y agua. Tropical and Subtropical Agroecosystems 10 
(1), 29-44. 

Pernía B., Mero M., Cornejo X., Ramírez N., Ramírez 
L., Bravo K., López D., Muñoz J. and Zambrano J. 
(2018). Determinación de cadmio y plomo en agua, 
sedimento y organismos bioindicadores en el Estero 
Salado, Ecuador. Enfoque UTE 9 (2), 89-105. https://
orcid.org/0000-0002-2476-7279

Palacios Y., Caballero K. and Olivero J. (2018). Mer-
cury pollution by gold mining in a global biodiversity 
hotspot, the Chocó biogeographic region, Colombia. 
Chemosphere 193, 421-430. https://doi.org/10.1016/j.
chemosphere.2017.10.160

Ramírez S. H. (2014). Determinación de metales pesados 
(Hg, Pb, Cd y Zn) en tres balnearios de la Bahía de 
Chetumal y Río Hondo, Quintana Roo. B.Sc. Thesis. 
División de Ciencias e Ingeniería, Universidad de 
Quintana Roo. Quintana Roo, México, 32 pp.

Reyes C., Vergara I., Torres E., Díaz M. and González E. 
(2016). Contaminación por metales pesados: impli-
caciones en salud, ambiente y seguridad alimentaria. 
Ingeniería, Investigación y Desarrollo 16 (2), 66-77. 

Rizzo A., Romina D., Arcagni M., Perez Catán S., Bubach 
D., Sánchez R. and Arribére M. A. (2010). Concentra-
ciones de metales pesados en distintos compartimentos 
de lagos andinos de Patagonia Norte. Ecología Austral 
20 (2), 155-171. 

https://doi.org/10.20937/rica.54504
https://doi.org/10.20937/rica.54504
https://doi.org/10.31381/paideia.v11i1.3622
https://doi.org/10.31381/paideia.v11i1.3622
https://aquadocs.org/handle/1834/20015
https://doi.org/10.1007/s11356-014-3724-8
https://doi.org/10.1007/s11356-014-3724-8
https://doi.org/10.1007/s11356-016-7255-3
https://doi.org/10.1007/s11356-016-7255-3
https://doi.org/10.1016/j.biocel.2009.03.005
https://doi.org/10.1016/0025-326X(95)00061-Q
https://doi.org/10.1016/j.scitotenv.2008.10.061
https://orcid.org/0000-0002-2476-7279
https://orcid.org/0000-0002-2476-7279
https://doi.org/10.1016/j.chemosphere.2017.10.160
https://doi.org/10.1016/j.chemosphere.2017.10.160


PTEs IN THE CARIBBEAN COASTAL REGION 327

Rodríguez H. D. (2017). Intoxicación ocupacional por 
metales pesados. Medisan 21 (12), 3372-3385. 

Reis A. T., Rodrigues S. M., Davidson C. M., Pereira E. 
and Duarte A. C. (2010). Extractability and mobility 
of mercury from agricultural soils surrounding indus-
trial and mining contaminated areas. Chemosphere 
81(11), 1369-1377. https://doi.org/10.1016/j.chemo-
sphere.2010.09.030

Sharma M., Kant R., Sharma A. K., Sharma A. K. (2025). 
Exploring the impact of heavy metals toxicity in the 
aquatic ecosystem. International Journal of Energy and 
Water Resources 9, 267-280. https://doi.org/10.1007/
s42108-024-00284-1

Salas-Mercado D. Hermoza-Gutiérrez M. and Salas-Ávila 
D. (2020). Distribución de metales pesados y metaloi-
des en aguas superficiales y sedimentos del río Crucero, 
Perú. Revista Boliviana de Química 37(4), 185-193. 

Sotero-Solís V. and Alva-Astudillo M. (2013). Contenido 
de metales pesados en agua y sedimento en el bajo 
Nanay. Ciencia Amazónica (Iquitos) 3 (1), 24-32. 
http://dx.doi.org/10.22386/ca.v3i1.49

Socarras A., Benavides M. H., Vélez M. A., Navarro M. 
A., Santos V .N., Almario G. M .L., Hernando C. N. 
and Saniuan-Muñoz A. (2022). Metales pesados (Hg, 
Cd, Cr, Ni, Pb, As y Cu) y potencial contaminación en 
sedimentos marinos del Caribe colombiano. Proceed-
ings. II Seminario Acimar. Zaragocilla, Cartagena de 
Indias, Colombia. August 9-12, 2022. 

Sbriz L., Aquino R. M., Rodríguez M. A., Fowler W. S. and 
Sericano S.J. (1998). Levels of chlorinated hydrocar-
bons and trace metals in bivalves and nearshore sedi-
ments from the Dominican Republic. Marine Pollution 
Bulletin 36 (12), 971-979. https://doi.org/10.1016/
S0025-326X(98)00097-6

Salas-Mercado D., Hermoza-Gutiérrez M. and Salas-
Ávila D. (2020). Distribución de metales pesados y 
metaloides en aguas superficiales y sedimentos del 
río Crucero, Perú. Revista Boliviana de Química 
37(4), 185-193.

Salinas C., Cubillos J. C., Gómez R., Trujillo F., y Cabal-
lero S. (2014). ‘‘Pig in a poke (gato por liebre)’’: The 
‘‘mota’’ (Calophysus macropterus). Fishery, molecular 
evidence of commercialization in Colombia and toxi-
cological analyses. EcoHealth 11, 197-206. https://doi.
org/10.1007/s10393-013-0893-8

Téllez R. I. and Azamar A. A. (2021). Minería en México: 
panorama social, ambiental y económico. 1a. ed., Uni-
versidad Autónoma Metropolitana, Unidad Xochimilco, 

División de Ciencias Sociales y Humanidades, Mexico 
City, Mexico, 181 pp. https://repositorio. xoc.uam.mx/
jspui/handle/123456789/47400

Tiznado Salazar V. M. (2022). Concentración de elementos 
esenciales (Cu y Zn) y no esenciales (Pb, Cd y As) en el 
músculo e hígado de la quimera moteada (Hydrolagus 
colliei) del norte Golfo de California. M.Sc Thesis. 
Unidad Académica Mazatlán, Posgrado en Ciencias del 
Mar y Limnología, Universidad Nacional Autónoma 
de México. Mazatlán, Mexico. 51 pp.

Torres B. E. M. and de los Ríos P. A. C. (2022). Evaluación 
de elementos potencialmente tóxicos (Pb y Hg) pre-
sentes en PM2.5 del aire de la ciudad de Barranquilla 
empleando el modelo biológico C. elegans. B.Sc The-
sis. Departamento Civil y Ambiental, Universidad de 
la Costa CUC. Barranquilla, Colombia , 76 pp

UN (1993). Report on the Conference on Environment 
and Development, Volume II. United Nations, New 
York, USA, 60 pp.

UNAM (2012). Analizan en el Mar Caribe contaminantes 
acumulados durante 150 años. Dirección General de 
Comunicación Social, Universidad Nacional Autóno-
ma de México, Mexico, 1 pp.

Velayos-Ortega G. and López-Carreño R. (2021). Google 
patents versus Lens: citaciones de literatura científica 
en patentes. Información y Documentación 31 (1), 
303-316.

Vergara E. J. and Rodríguez A. P. E. (2015). Presencia de 
mercurio, plomo y cobre en tejidos de Oreochromis 
niloticus: sector de la cuenca alta del río Chicamocha, 
vereda Volcán, Paipa, Colombia. Producción + Limpia 
10(2), 114-126.

Valko M., Morris H. and Cronin M. T. D. (2005). Met-
als, toxicity and oxidative stress. Current Medicinal 
Chemistry 12, 1161-1208.

Wang W.-X. and Rainbow P. S. (2008). Comparative 
approaches to understand metal bioaccumulation in 
aquatic animals. Comparative Biochemistry and Physi-
ology Part C: Toxicology & Pharmacology 148(4), 
315-323. https://doi.org/10.1016/j.cbpc.2008.04.003

Yaylalı-Abanuz G. (2011). Heavy metal contamination 
of surface soil around Gebze industrial area Turkey. 
Microchemical Journal 99 (1), 82-92. 

Zapata-Vívenes E., Rojas-de Astudillo L. and Rodríguez 
W. (2020). Metales pesados y biomarcadores de estrés 
oxidativo en la almeja Tivela mactroides (Born, 1778). 
Revista Internacional de Contaminación Ambiental 36 
(3), 657-666. https://doi.org/10.20937/RICA.53612

https://doi.org/10.1016/j.chemosphere.2010.09.030
https://doi.org/10.1016/j.chemosphere.2010.09.030
https://doi.org/10.1007/s42108-024-00284-1
https://doi.org/10.1007/s42108-024-00284-1
http://dx.doi.org/10.22386/ca.v3i1.49
https://doi.org/10.1016/S0025-326X(98)00097-6
https://doi.org/10.1016/S0025-326X(98)00097-6
https://doi.org/10.1007/s10393-013-0893-8
https://doi.org/10.1007/s10393-013-0893-8
http://xoc.uam.mx/jspui/handle/123456789/47400
http://xoc.uam.mx/jspui/handle/123456789/47400
http://M.Sc
http://B.Sc
https://doi.org/10.1016/j.cbpc.2008.04.003
https://doi.org/10.20937/RICA.53612

