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Abstract

The impact of urban and agricultural development on sediment quality in the Alvarado Lagoon region in the southern Gulf of
Mexico requires an examination of the historical behavior of potential toxic metals (PTMs) and polycyclic aromatic hydrocarbons
(PAHs). Consequently, this study aims to assess the ecotoxicological hazards that benthic species and human consumers face in
the area. These results are crucial for economic activities in the region and can help prevent future hazards. We examined two
sediment profiles from the ecosystem: Profile 1, which spans the period between 1929 and 1998, and Profile 2, which cov-
ers the years between 1929 and 2007. The study evaluated the degree of human-induced pollution of six trace metal elements
(PTMs): arsenic (As), cadmium (Cd), chromium (Cr), nickel (Ni), lead (Pb), and vanadium (V) in the sediments of Alvarado
Lagoon. The Enrichment Factor (EF) and Geoaccumulation Index (Is,,) were computed as internationally recognized indices
to measure the magnitude of contamination and additional anthropogenic and geochemical inputs contributing to the natural
levels of the elements. Our analysis indicates that there is no evidence of either enrichment or pollution (EF <1 class 1; I ., <0
class zero) found in the sediments of Alvarado Lagoon. The occurrence of these elements can be attributed to their lithogenic
origin, as supported by a significant correlation observed between them. Within the 16 polycyclic aromatic hydrocarbons (PAHs)
analyzed, solely Naphthalene (Nap) and Phenanthrene (Phe) were identified in both sediment profiles. The levels of chemicals
are indicative of minimal ecotoxicological risks, with Nap ranging between 0.25 and 0.43 ug ¢! and Phe ranging between
0.31 and 0.79 pg g~'. The analysis of factors in this study identified two distinct factors, one related to lithogenic processes and
another related to petrogenic processes. The sedimentary profiles of the study site confirmed low levels of potentially toxic
metals and polycyclic aromatic hydrocarbons (PAHs), posing insignificant environmental risks. As a result, the ecosystem in
this area has demonstrated resilience.
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Introduction

The global rise in population and urban development has
led to an increase in agricultural, livestock, industrial, and
commercial activities, which has caused the degradation of
coastal ecosystems (Estevez et al. 2016; Ontiveros-Cuadras
et al. 2019; Irabien et al. 2019; Botello et al. 2022; Ruiz-
Fernandez et al. 2022; Lacoste et al. 2023; Rafiei et al.
2023). These inputs come from various sources, including
wastewater, industrial and domestic discharges, as well as
runoff (Zhao et al. 2017; Algiil and Beyhan 2020; Liu et al.
2020; Xiao et al. 2021; Shi et al. 2022).

The most substantial environmental harm arises
when the discharge of polluting waste from these activi-
ties exceeds the capacity of ecosystems to assimilate or
degrade them or when organisms cannot detoxify them.
Sediments are the final destination of most pollutants
that reach coastal areas. The removal and resuspension
caused by fishing and recreational activities (such as
the transit of boats and pangas), can elevate pollutants
in the water column; this increase in toxicity can harm
nektonic organisms, ultimately affecting humans through
the trophic web. Within the anthropogenic pollutants in
the aquatic environment, there are two significant groups:
Potentially Toxic Metals (PTMs) and Polycyclic Aromatic
Hydrocarbons (PAHs) (Ruiz-Fernandez et al. 2012; Ponce-
Vélez and de la Lanza-Espino 2019; Valentina et al. 2021).
High contents of both pollutants are adsorbed in aquatic
sediments through complex chemical and physical mecha-
nisms. High levels of PTMs and PAHs can have adverse
effects on benthic organisms, decreasing their biodiversity
and abundance. Due to their persistence, bioaccumulation
capacity, and toxicity across food webs, both PTMs and
PAHs have the potential to threaten ecosystems and human
health (Mountouris et al. 2002; Dalia et al. 2014; Sutilli
et al. 2020; Neves et al. 2022; Di Duca et al. 2023).

Through various physicochemical mechanisms
(including adsorption, coagulation, precipitation, and
ion exchange) that occur at the water—sediment interface
(Qasem et al. 2021; Yuan et al. 2022), it is possible for
metals (dissolved or as insoluble chemical species) to be
deposited in sediments which can then serve as suppliers
of the same metals based on changes in the physicochemi-
cal conditions prevailing on the aquatic ecosystem bed
(Milligan and Law 2013; Seelen et al. 2018; Bastakoti
et al. 2019; Armstrong-Altrin et al. 2019; Li et al. 2023).

On the contrary, PAHs are persistent compounds that
are comprised of two or more benzene rings, with low
solubility in water, and are linked via intricate chemical
and physical adsorption mechanisms to the humic frac-
tion of detritus. They are present throughout in aquatic
environments as pollutants, particularly in regions with
human influence like ports, estuaries, and other coastal
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zones (Cornelissen et al. 2006). PAHs have been detected
in the marine environment following oil spills since 1967
(Balcioglu 2016). These compounds were also reported
to be present in food and cigarette smoke and were sub-
sequently detected in air samples due to motor vehicle
exhaust (Nguyen et al. 2014; Balcioglu 2016). These
properties also enable them to distribute widely in the
biosphere, accumulate in various food webs, and be trans-
ported worldwide (Yunker et al. 2015). The physicochemi-
cal characteristics of PAHs vary based on their molecular
weight, as the molecular weight increases, the aqueous
solubility decreases, and the melting point, boiling point
and log K (octanol/water partition coefficient) increase,
indicating greater solubility in lipids that can lead to their
bioaccumulation in the adipose tissues of organisms and
cause harmful effects on their development, reproduction
and immunological functions (Balcioglu 2016). They
come from both natural and anthropogenic sources (WHO
2003). They can be produced by organisms (biogenic), or
derived from rapid incineration processes at high tempera-
tures (pyrolytic), or from fossil fuels or slow burning of
organic matter (petrogenic), or originate from transforma-
tion processes in soils and sediments (diagenetic) (Hylland
2006; Balcioglu 2016). During the 1950s, due to their
carcinogenic and mutagenic effects of these pollutants on
human health, their distribution in various environmental
compartments has been extensively studied (Nguyen et al.
2014; Suman et al. 2016; Balgobin and Ramroop 2019;
Mihankhah et al. 2020; Wang et al. 2020; Montuori et al.
2022).

Because anthropogenic contributions from agricultural,
livestock, urban and industrial activities are related to high
levels of these contaminants in coastal aquatic systems, it is
important to document the accumulation of this xenobiotic
mixture in environments such as the Alvarado Lagoon in the
south of the Gulf of Mexico, of economic importance due
to the fishing activities that have been carried out for dec-
ades. This lagoon receives discharges from the Blanco and
Papaloapan rivers that cross livestock, agricultural and indus-
trial areas, transporting terrigenous materials contaminated
with pesticides, heavy metals and PAHs from waste from agri-
cultural, livestock and industrial practices, from logging and
burning of soils, agriculture and forest fires in the dry season
(Mallén et al. 2006; Nava-Tablada and Villanueva-Fortanelli
2021; Villas-Hernandez et al. 2022). The Alvarado Lagoon
has become a container for toxic substances that have accu-
mulated in the sediments and are available to be incorporated
by the benthos (Guentzel et al. 2011; Ruiz-Fernandez et al.
2014; Botello et al. 2018; Ponce-Vélez and de 1a Lanza-Espino
2019; Velandia-Aquino et al. 2023). In this manner, analyz-
ing lagoon sediment profiles along with the corresponding
dating enables us to understand the historical trend of these
hazardous pollutants and identify usage patterns, the impact
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of weather events, human activities, and other natural and/or
human-induced processes. The information allows us to predict
future environmental behaviors and provide valuable data for
effective decision-making regarding the management of these
ecosystems and its resources. Furthermore, it promotes sus-
tainable activities in the areas surrounding these coastal sites
(Ruiz-Fernandez and P4ez-Osuna 2011; Armstrong-Altrin and
Pineda-Natalhy 2014; Armstrong-Altrin et al. 2019; Botello
et al. 2022; Ruiz-Fernandez et al. 2022; Velandia-Aquino et al.
2023).

Given the various factors that have affected the ecosys-
tem under study, the following research hypothesis was pro-
posed: in the sediments of the Alvarado Lagoon, there is a
record of the contaminants that have gradually been depos-
ited in it, and it is considered that there is an origin common
anthropogenic among them. The study had as objectives the
following: (1) evaluate the historical behavior of Potentially
Toxic Metals (PTMs) and Polycyclic Aromatic Hydrocar-
bons (PAHs) in two sedimentary profiles recovered from the
Alvarado Lagoon; (2) quantify the degree of contamination
and the impact of anthropogenic geochemistry and (3) estab-
lish any possible correlation between these contaminants and
estimate the potential environmental risk.

Materials and Methods
Area of Study

The Alvarado Lagoon System, which is in the central por-
tion of the state of Veracruz in the southern Gulf of Mex-
ico, includes the Alvarado Lagoon which measures about
2212.5 ha and is the largest among the four main lagoons:
the others namely, Camaronera, Buen Pafs, and Tlalixcoyan.
It receives runoff of the Papaloapan, Blanco, and Acula Riv-
ers, and communicates with the sea through its Inlet with
an amplitude of 400 m (Fig. 1). The study area has three
climatic seasons: July—October rainfall, October—February
“northerns”, and March—June dry season. The entire perim-
eter of the wetland is encompassed by mangrove forests,
along with halophyte grasses, palm trees, and other trees
(CONABIO 1998; Vazquez et al. 2009). Additionally, it
is the third more extensive wetland in Mexico, it has been
declared a RAMSAR site as it serves as a haven for various
birds, fishes and crustaceans populations for feeding and
reproduction (Guentzel et al. 2011).

Sampling

In May 2021, two sedimentary profiles were collected in the
Alvarado Lagoon, P1 (18°4 8'15.73"N, 95°4 9'35.15"W)
and P2 (18°47'5.22"N, 95°47'9.512"W). P1 was located in
an area affected by the Papaloapan River’s fluvial influence,

while P2 was subjected to fluvial influences from the
Papaloapan, Blanco, and Acula Rivers as well as marine
influence from the Gulf of Mexico. Additionally, both pro-
files receive some anthropogenic influence from Alvarado
Port and the nearby agricultural, livestock, industrial and
fishing areas. The sampling areas were selected according
to the Guidelines outlined in the Regional Project Manual
RLA/7/012/ (IAEA 2009). Transparent acrylic tubes (10
cm inner diameter) were used to extract the profiles. They
were transported in a container covered with ice and kept in
upright position a temperature of 5 °C in the laboratory until
further processing. The P1 profile was 24 cm long while the
P2 profile was 50 cm; both were divided into strata of varying
thicknesses: P1 was divided every 6 cm (3, 9, 15, and 21 cm)
and P2 every 5 cm (2.5, 7.5, 12.5, 17.5, 22.5, 27.5, 32.5,
37.5,42.5, and 47.5 cm). For P1, the age of the sediments
was estimated at 69 years (1929 to 1998) which corresponds
to the previously dated core in Botello et al. (2018), while
for P2 the age of 78 years (1929 to 2007) which corresponds
to the core (N3) previously dated in Velandia-Aquino et al.
(2023). Each sedimentary column was inverted and extruded
using a plunger and cut transversely, depositing each stratum
on a glass plate. The sediments were dried in the open air
at an ambient temperature ranging between 26 and 29 °C,
then homogenized in a porcelain mortar and sieved through a
250 um mesh and stored in plastic bags for analysis of Poten-
tially Toxic Metals (PTMs) and in glass jars for analysis
for Polycyclic Aromatic Hydrocarbons (PAHs).

To determine the historical fluxes of PTMs and PAHs in
the two profiles (P1 and P2), two sedimentary cores recov-
ered from the Alvarado Lagoon System were used as refer-
ence, which were dated with the isotopes 210py and ¥Cs
(Botello et al. 2018; Velandia-Aquino et al. 2023).

Potentially Toxic Metals (PTMs) Analysis

The PTMs analysis was conducted using the US EPA 6010D-
2018 method (INTERTEK + ABC Analitic). To digest
samples, Method 3052 was employed. The dry sediments,
ground and sieved, were weighed 0.5 +0.1 g per stratum,
and digestion was done in the Anton Paar Multiwave 3000
microwave equipment, using 12 mL of nitric acid (HNO;)
and 4 mL of hydrochloric acid (HCI1) per sample and cen-
trifuged for 5 min at 1500 rpm. The elements arsenic (As),
cadmium (Cd), chromium (Cr), nickel (Ni), vanadium (V),
lead (Pb), and aluminum (Al) were identified and quantified
using the inductively coupled plasma optical emission spec-
trophotometer (ICP-OES) model Thermo Scientific, brand
ICAP 7400. Internal certified standards were used for quality
control. The relative standard deviations of the blanks and
replicates were below 5%, and the recoveries (90-100%) of
the standard reference materials were: 98.7% Al; 93.7% As;
94.5% Cd; 98.6% Cr; 97.7% Ni; 98.7 Pb and 97.4% V, and
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Fig.1 Study area, P1 (18°48'15.73"N, 95°49'35.15"W) and P2 (18°47'5.22"N, 95°47'9.512"W)

the coefficients of variation were: 2.7% Al; 2.6% As; 1.7%
Cd; 1.4% Cr; 0.5% and Ni; 1.5% Pb and 2.0% V. The detec-
tion limits for each metal were: Cd, Cr, and V 0.001 pg- g_l;
A10.002 pg-g~!; As 0.005 pg-g~!; and Pb 0.007 pg-g~". This
laboratory is accredited by the EMA (Mexican Accreditation
Entity) Testing Laboratory and has the legal recognition of
COFEPRIS (Federal Commission for the Protection against
Sanitary Risks), CONAGUA (National Water Commission),
and PROFEPA (Federal Attorney for Environmental Protec-
tion) among others. It has obtained the Certificate of Con-
formity of Quality Assessments ABS ISO 14001:2004 and
has evolved to ISO 14001:2015.
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Enrichment Factor (EF)

The EF evaluates the degree of enrichment or contamination
in sediments by the presence of metals. It compares the cur-
rent concentration of metal in the ecosystem with the aver-
age Earth’s crust values and normalized with reference ele-
ments such as Al, Ti or Fe, which are uniformly sourced in
the upper continental crust. The EF (Forstner and Wittmann

[X/ B ] sediment

[/ eru

where X, ;... a0d X, are the concentration of the metal

1979) is calculated with the equation EF =
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(X) in the sample and in local geological background materi-
als respectively; By, gipen: a0d B.,,5; are the concentrations of
a conservative element chosen to normalize the data in the
sample and in geological background materials. Seven
classes of enrichment based on EF are recognized: class 1
(EF < 1) there is no enrichment; class 2 (1 <EF <3) minor
enrichment; Class 3 (3 <EF <5) moderate enrichment; class
4 (5 <EF < 10); moderately severe enrichment; class 5
(10 <EF < 25) severe enrichment; class 6 (25 <EF <50)
very severe enrichment; class 7 (EF > 50) extremely severe
enrichment. To evaluate the anthropogenic contribution of
metals in the Alvarado Lagoon, the EF was calculated using
aluminum as a conservative element to normalize the data.
This choice is justified as Al predominantly originates from
aluminosilicates derivate from the weathering of the conti-
nental crust. The metal concentrations previously reported
for the upper continental crust were used as the geological
background (Rudnick and Gao 2003).

Geoaccumulation Index (l,,)

The I, (Miiller 1979) assesses the degree of metal con-
tamination comparing current concentration levels with
pre-industrial levels. The I, is calculated with the equation
Iy, = logy|Cwimen /[, s | (Ridgway and Shimmeld 2002;
Rajan et al. 2008) where C., i is the concentration (pg-g™")
of the metal examined and C_,,,,, is the background geochemical
concentration of the same metal (ug-g~'); the value of 1.5 is a
factor that considers possible variability generated by lithologi-
cal variations. The I, is composed of seven grades, I, <0
class 0 uncontaminated; 0 <I5.,<1 class 1 from uncontami-
nated to moderately contaminated; 1 <I., <2 class 2 moder-
ately contaminated; 2 <I;., <3 class 3 from moderate to heav-
ily contaminated; 3 <I,, <4 class 4 heavily contaminated;
4 <., <5 class 5 from strong to extremely contaminated;
Igeo> 5 class 6 extremely contaminated (Praavena et al. 2008).
In this study, Upper Continental Crust values were used as
background or pre-industrial levels (Rudnick and Gao 2003).

Polycyclic Aromatic Hydrocarbons (PAHs) Analysis

The 16 polycyclic aromatic hydrocarbons (PAHs) desig-
nated as USEPA priority toxic pollutants (USEPA 2009)
were analyzed: Naphthalene (Nap), Acenaphthylene (Ac),
Acenaphthene (Ace), Fluorene (Fl), Phenanthrene (Phe),
Anthracene (An), Fluoranthene (Flu), Pyrene (Py), Benzo[a]
anthracene (BaA), Chrysene (Cr), Benzo[b]fluoranthene
(BbF), Benzo[k]fluoranthene (BKF), Benzo[a]pyrene (BaP),
Dibenzo[a,h]anthracene (DBA), Indeno[1,2,3-cd]pyrene (IP),

and Benzo[g,h,i]perylene (BghiP). The analysis was conducted
in the Marine Pollution Laboratory, in adherence to techni-
cal guidelines outlined in Methods EPA 3546 and 3620. The
instrumental analysis was carried out on an Agilent Gases
(6890) — Masses (5973N) equipment with the assistance of the
Laboratory of Chemical Speciation of Atmospheric Organic
Aerosols of the Institute of Atmospheric Sciences and Climate
Change of the UNAM. The detection limit was 0.1 pg-g~! dry
weight.

Sedimentary Quality Index

To assess the health of the ecosystem, the sedimentary qual-
ity criteria SQuiRTs (Screening Quick Reference Table for
Inorganics and Organics in Sediment) by the National Oce-
anic and Atmospheric Administration (NOAA) (Buchman
2008) were used as a tool to interpret chemical data from the
sedimentary environment and associate them with possible
adverse biological effects on the biota. The concentrations
of PTMs obtained were compared with the values of the
ERL (Effects Range Low) and ERM (Effects Range Median)
of the SQuiRTs for the metals (ug-g~!): ERL (As 8.2; Cd
1.2; Cr 81; Pb 46.7 y Ni 20.9) and ERM (As 70; Cd 9.6; Cr
370; Pb 218 y Ni 51.6). Similarly, the concentrations of the
16 PAHs were compared with the values (ng-g~!) of ERL
and ERM: Acenaphthylene (44, 640), Acenaphthene (16,
500), Anthracene (85.3, 1100), Benzo[a]anthracene (261,
1600), Benzo[b]fluoranthene (not applicable), Benzo[k]
fluoranthene (not applicable), Benzo[a]pyrene (430, 1600),
Benzo[ghi]perylene (not applicable), Chrysene (384, 2800),
Dibenz[ah]anthracene (63.4, 260), Fluoranthene (600,
1500), Fluorene (19, 540), Indeno[1,2,3-cd]pyrene (not
applicable), Naphthalene (Na)(160, 2100), Phenanthrene
(240, 1500), Pyrene (665, 2600) and ZPAHs (4022, 44,792).

Statistical Analysis

Several statistical tests were applied to explain PTMs and
PAHs behavior in the sediments of Alvarado Lagoon using
the computer program Statistica version 8 and Minitab 19.
Initially, the normal distribution of the data was determined by
using the Kolmogorov—Smirnov statistical test. Subsequently,
Pearson’s correlation statistical test was applied to measure
the linear relationship between the variables and these results
were contrasted with the Cluster test and dendrogram plot.
Next, multivariate analyses using Factor Analysis and Princi-
pal Components Analysis (PCA) were performed, which are
methods for extracting variability within a set of possibly cor-
related variables.
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Results

Two sedimentary profiles (P1 and P2) were recovered in the
Alvarado Lagoon, both sequences were compact and homo-
geneous with no signs of bioturbation, lamination, or mix-
ing. To determine the age of the sediments of each profile,
they were correlated with the previously dated cores and the
strata were sectioned to match the reference cores.

Content of Potentially Toxic Metals (PTMs)

Concentration ranges (pg-g~') of the PTMs (Table 1)
were for P1: Cr 23.9-30.3; Ni 13.8-16.1; Pb 7.2-10.1; V
24.8-35.1, and for Al 15.1 mg-g~'-21.7 mg-g~!, while
As and Cd were not detected (< 1.0 pg-g~!). For P2, as
in P1, As and Cd were not detected and for the rest of
the PTMs, the concentration intervals (pg-g~') were Cr
16.3-25.3; Ni 10.5-14.8; Pb 5.3-10.3; V 17.5-29.4, and Al
15.1 mg-g~'-21.7 mg-g~! (Table 1).

The concentrations of PTMs in P1 were from highest to
lowest concentration Al1>V > Cr> Ni>Pb>Cd> As. The
deposition trends were similar for Ni, Cr, and V, with an
increase in the oldest sediments until the 1970s and a subse-
quent decrease towards more recent sediments. In contrast,
the Pb exhibited an increase in the oldest sediments peaked
in the late 1940s, decreased until the end of the 1960s, and
remaining stable since the 1970s (Fig. 2a). In P2, the con-
centrations of PTMs were from highest to lowest concen-
tration Al>V > Cr>Ni>Pb>Cd> As. The deposition
trends were similar for all the analyzed elements following
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Fig.2 Concentration (ug-g™!) of Cr, Ni, Pb, V, and Al (mg-g.”}):
a Profile 1 (P1) and b profile 2 (P2)

a similar pattern, with periodic oscillations, indicating eight
turning points. There were four points of maximum con-
centrations in the years 1957, 1971, 1989, and 2007 and
four of minimum concentrations in 1950, 1964, 1980, and
1998 (Fig. 2b). Pb is the only metal that exhibits a consistent
behavior since the mid-seventies, coinciding with the grad-
ual decrease of Pb in gasoline, by eliminating the tetraethyl
lead that was used in gasoline to increase octane. In this
way, atmospheric emissions of Pb from automotive traffic
were reduced, since previously it was considered that the
most important source of Pb in coastal ecosystems was fuel
residues released into the atmosphere by floating and rolling

Table 1 Concentrations in

Profile Stratum Depth Time Al As Cd Cr Ni Pb \% Nap Phe

proﬁlt?s P1 and P2.: As, Cfif (cm) )

Cr, Ni, Pb, and V in pg-g™;

Alin mg-g~!, and naphthalene P1 1 3 19983 151 ND ND 2385 1381 74 2481 036 0.56

i‘f;{g’?g‘“‘ﬂd phenanthrene (Phe) Pl 2 19712 260 ND ND 3027 1608 7.16 3509 025 046
P1 3 15 19503 256 ND ND 2925 1447 10.12 3141 033 0.58
P1 4 21 1929.5 217 ND ND 2693 138 735 3073 031 0.51
P2 1 2.5 20073 11.8 ND ND 2087 1240 6.12 2491 025 035
P2 2 7.5 19983 77 ND ND 1682 11.51 592 17.50 043 0.51
P2 3 12.5 19893 123 ND ND 2213 1278 634 2607 039 048
P2 4 17.5 19803 9.1 ND ND 1653 1054 528 18.64 033 0.31
P2 5 22.5 19712 120 ND ND 2136 1299 871 2392 029 0.59
P2 6 27.5 19642 103 ND ND 1780 1046 540 221 040 0.79
P2 7 32.5 19573 155 ND ND 2526 1372 1026 3234 027 0.50
P2 8 37.5 19503 127 ND ND 2199 1135 565 2728 037 0.61
P2 9 42.5 19399 108 ND ND 2124 1458 6.1 2746 031 0.38
P2 10 47.5 19295 139 ND ND 2399 1480 6.66 2938 0.37 0.50
Pre-industrial Basal concentration* 8.15 48 0.09 92.0 47.0 17.0 97.0 - -

*Rudnick, R.L., Gao, S., 20
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Table 2 Enrichment factor of

X . Profile Stratum Depth (cm) Time (yr) Cr Ni Pb \'%

metals Cr, Ni, Pb, and V in P1

and P2 Pl 1 1998.3 0.14 0.16 0.23 0.14
Pl 2 1971.2 0.10 0.11 0.13 0.11
Pl 3 15 1950.3 0.10 0.10 0.19 0.10
Pl 4 21 1929.5 0.11 0.11 0.16 0.12
P2 1 2.5 2007.3 0.16 0.18 0.25 0.18
P2 2 7.5 1998.3 0.19 0.26 0.37 0.19
P2 3 12.5 1989.3 0.16 0.18 0.25 0.18
P2 4 17.5 1980.3 0.16 0.20 0.28 0.17
P2 5 22.5 1971.2 0.16 0.19 0.35 0.17
P2 6 27.5 1964.2 0.15 0.18 0.25 0.18
P2 7 32.5 1957.3 0.14 0.15 0.32 0.18
P2 8 37.5 1950.3 0.15 0.15 0.21 0.18
P2 9 42.5 1939.9 0.17 0.23 0.27 0.21
P2 10 47.5 1929.5 0.15 0.19 0.23 0.18

traffic, as well as wastewater discharged into the ecosystem
(Hung and Hsu 2004).

The enrichment factor for As, Cd, Cr, Ni, Pb, and V had val-
ues < 1 (class 1) indicating that there is no enrichment of these
metals in the sediments of both sedimentary profiles (Table 2).
The I, calculated for all PTMs were <0 (class zero) clas-
sifying both profiles as uncontaminated sediments. The low
concentrations of PTMs in both profiles and the resulting cal-
culations of the EF and I, suggest that the anthropogenic

geo
activities in the surrounding study area have a minimal impact.

Content of Polycyclic Aromatic Hydrocarbons (PAHs)

In the process of identifying and quantifying the 16 PAHs of
interest, only two compounds were found to be present in both
profiles (Table 1), accounting 12.5% of the total hydrocarbons
sought regarding the ZPAH in both profiles. The concentra-
tions of both compounds in P1 exhibited similar deposition
trends, albeit with varying maximum concentrations; Phe
achieved its highest concentration around 1950 (0.58 pg-g™"),
whereas Nap recorded the highest value in 2005 (0.33 pg-g™")
(Fig. 3a). For P2 both compounds exhibited similar behavior
over time. In 1964, where Phe had a higher concentration of
0.79 pg-g~!, but it decreased by almost half (0.33 pg-g~') in
the year 2007; Nap, on the other hand, reached its maximum
concentration peak of 0.43 pg-g~!, in 1988 and maintained
concentrations from 0.25 to 0.43 pg-g~! throughout the entire
profile as shown in Fig. 3b.

Statistical Analysis

Table 3 displays the Pearson correlation matrix for PTMs
and PAHs. The results indicate high positive correlation
(p <0.05) between the metals Cr-Al (0.95), V-Cr (0.93),
Ni—Cr (0.84), V-Al (0.83) and V-Ni (0.81). Additionally,

Nap displayed a moderate positive correlation with Phe
(0.47), and a moderate negative correlation with the metals
V (-=0.54), Crand Ni (—0.47), Al (—0.44), and Pb (—0.42).

In the Cluster test (Fig. 4) conducted on the analyzed
parameters, the results of the amalgamation showed a slight
decrease in the level of similarity from step 1 (97.5) to step
2 (91.3). The similarity then decreases moderately at step 3
(85.8), and thereafter, a sharp decrease was observed at step
4 (76.4%) and step 5 (73.7%). These findings suggest that
5 clusters are appropriate for the final partition. The den-
drogram (Fig. 4) was sliced at a similarity of around 73.7%
leaving resulting in four final conglomerates. The first linked
Al-Cr, and V. The second conglomerate linked Ni, and the
third conglomerate contains Pb. Additionally, a coalition
between Nap-Phe was observed in the fourth conglomerate.
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Fig.3 Concentration (pg-g.”') of PAHs Naphthalene and Phenan-
threne in: a Profile 1 (P1) b Profile 2 (P2)
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Table 3 Correlation matrix

Al Cr Ni Pb v Naphthalene
Cr 0.95
Ni 0.72 0.84
Pb 0.58 0.65 0.53
\% 0.83 0.93 0.81 0.57
Naphthalene -0.44 —-0.44 —0.48 —-0.47 —0.54
Phenanthrene 0.04 -0.03 —-0.30 0.10 —-0.07 0.47

48.54

Similarity

74.27

[—— I | |

IAI Cr v N | Pb Naftaleno  Fenantreno

100.00

Varables

Fig.4 Dendrogram of PTMs and PAHs showing similarity based on
Euclidean distance of variables

Table 1-S displays the cumulative ratio used to deter-
mine the total amount of variance explained by the Princi-
pal Components and meeting Kayser’s criterion. Sedimen-
tation plot (Fig. 5a) identified 2 components (4.354, 1.335)
that account for most the data variation (81.3%). The Prin-
cipal Components plot (Fig. 5b) displays results for the first
two components. Component 1 (F1) explains 62.2% of total
variance and reveals large positive influences of Cr, V and
Al. Component 2 (F2), shows Phe to have a high positive

4.35414
k)

Eigenv alue
-

\
3 1.33519
LS

1 2 3 4 5 6 T
Component Number

influence (0.94), followed by a moderately high Nap (0.54)
and explains 19.1% of the total variance (Table 2-S).

Discussion
Content of Potentially Toxic Metals (PTMs)

The two sediment profiles exhibit fluctuations in PTM
concentrations. The maximum concentrations in both pro-
files may be linked to meteorological occurrences in the
Mexican region during the dates in which these peaks were
measured; the high levels of precipitation in these systems
result in a greater sediment load from the high areas of the
Papaloapan Basin towards the coastal plain of Veracruz where
the Alvarado Lagoon System is located. The Alvarado Lagoon
is the largest in the area and directly receives the discharges
of the Papaloapan, Blanco and Acula Rivers, as well as influ-
ences from the Gulf of Mexico through the entrance of the
lagoon. The turning points of maximum concentration (1957,
1971, 1989 and 2007) identified in P2 could be due to the
accumulation of sediments caused by meteorological events
(Garcia Acosta and Padilla Lozoya 2021) that affected the
area: From 1954 to 1956, the Florence hurricanes, Gladys,
Hilda, Janet, and Anna along with a tropical storm (Dora);
from 1988 to 1990, hurricanes Debby and Diana; and from

1.00

Phenanthrene ¢
0.75

i Nafhthalene
0.50 *

& 0.25

-0.254

04 03 02 01 0.0 0.1 0.2 03 0.4 0.5

Fig.5 a Sedimentation plot and b Principal Components: factorial load F1 vs F2

@ Springer



Estuaries and Coasts

2005 to 2007, hurricanes José, Stan, Dean, Lorenzo, and
Marco. This is like what has happened in other coastal areas
where the impact of extreme and concurrent climate events
has been recorded (Ruiz-Fernindez et al. 2007; Eyrolle
et al. 2012; Rajan et al. 2013; Olvera Prado 2014; Botello
et al. 2018; Irabien et al. 2019; Dellapenna et al. 2022).
Understanding historical trends in climate events is crucial
to understanding ecosystem dynamics. The two sediment
profiles exhibited fluctuations in PTM concentrations. The
maximum concentrations in both profiles may be linked to
meteorological occurrences in the Mexican region during the
dates in which these peaks were measured; the high levels
of precipitation in these systems provide a greater sediment
load from the high areas of the Papaloapan Basin towards the
coastal plain of Veracruz where the Alvarado Lagoon System
is located. The Alvarado Lagoon is the largest in the area and
directly receives the discharges of the Papaloapan, Blanco,
and Acula rivers, as well as influences from the Gulf of Mex-
ico through the entrance of the lagoon’s inlet. Understand-
ing the historical climate trends and meteorological events is
crucial to comprehending the dynamics of ecosystems. This
information allows us to analyze their variations, vulnerabil-
ity, sedimentation rates, and resilience. Real estate develop-
ment in the Papaloapan Basin and the coastal area of Puerto
Alvarado may cause an increase in anthropogenic contribu-
tions to the Alvarado Lagoon System. These effects include a
possible natural imbalance of the coastal system, interference
in sediment transport and alteration of the cycles of biologi-
cal organisms. The EF enables differentiation between met-
als of anthropogenic and/or natural origin and facilitated the
assessment of their impact. Values ranking from 0.5 to 1.5
imply that the metals are likely entirely from the Earth’s crust
or natural weathering processes, while a value exceeding
1.5 indicates that some of the material may be contributed
by a source to the earth’s crust or by anthropogenic sources
(Zhang and Liu 2002; Armstrong-Altrin and Pineda-Natalhy
2014; Vetrimurugan et al. 2019; Armstrong-Altrin et al. 2019;
Gargouri et al. 2023). The EF < 1 results for PTMs in both
sedimentary profiles, suggest that the sediments have no expe-
rienced enrichment, and that they were derived from the par-
ent material. This finding is consistent with previous studies
(Ruiz-Fernandez et al. 2014; Botello et al. 2018; Velandia
Aquino et al. 2018; Mapel-Hernandez et al. 2021; Velandia-
Aquino et al. 2023), and indicates that the sediments contain
detritus and weathered rocks, from soils that have undergone
diagenetic changes. These sediments also possess a small
number of anthropogenic metals. Regarding the Geoaccumu-
lation Index, the analysis shows that the sedimentary columns
in both profiles are uncontaminated by PTMs, indicated that
the presence of these metals in the sediments of lagoon are
lithogenic origin. Moreover, the concentrations of the PTMs
analyzed were found to be below the ERL and ERM thresh-
olds of the NOAA Sedimentary Quality Guidelines (Buchman

2008). Therefore, it can be concluded that there is no risk of
impacting benthic communities.

Content of Polycyclic Aromatic Hydrocarbons (PAHs)

In both sediment profiles, Phe was the PAH with the higher
concentration, this is expected, as it has greater environmental
persistence than Nap. Both Nap and Phe are low molecular
weight PAHs (containing two and three benzene rings), are
highly degradable in the water column through processes as
photooxidation, chemical oxidation, and biological transfor-
mation (Billur Balcioglu 2016; Sarma et al. 2016), as long
as they do no attach to humic compounds that carry them
to their deposition in sediments. The compounds’ semi-
volatile nature and low concentrations, suggest three possible
origins: (i) petrogenic results from the incomplete combus-
tion (100-300 °C) of biomass produced in the preparation of
nearby agricultural soils, as well as incidental spills from small
fishing vessels in more recent times (Ravindra et al. 2008);
(ii) potential biogenesis due to very small quantities of
both PAHs and minimal temporal variation (Tobiszewski
and Namiesnik 2012; Stogiannidis and Laane 2015). This
indicates a related breakdown of organic matter in tropical
regions (Krauss et al. 2005; Pang et al. 2021); (iii) the adsorp-
tion dynamics and thermodependent desorption of Nap and
Phe, in tropical environments, where temperatures greater
than 25 °C, lead to frequent desorption of organic fraction
PAHs either adhere back to other organic particles or solu-
bilize (Hiller et al. 2008; Achour et al. 2023). Studies have
shown that the most dominant PAHs on the soil surface are
those with molecules with 2 or 3 rings (likewise Nap and
Phe). These PAHs have been found to reach coastal areas via
runoff as reported by Guo et al. (2011), and Melnyk et al.
(2015). Additionally, Nap and Phe are PAHs have been identi-
fied as components of crude oil and derived fuels in previous
studies (Abdullah et al. 2021; Goto et al. 2021; Huynh et al.
2021; Stepanova et al. 2022). The low levels of PAHs make
it impossible to stablish a correlation between their presence
due to any specific hydrometeorological event or specific
environmental process in the studied years.

The ecotoxicological risk posed by the PAHs identified
in the ecosystem is considered negligible as they are three
orders of magnitude below the sedimentary quality standards
(Buchman 2008).

The accumulations of both groups of pollutants, PTMs and
PAHs have garnered attention primarily in impacted by oil
exploitation, processing, and distribution. It has been observed
that the presence of hydrocarbons also contributes to elevated
concentrations of heavy metals due to the refining and dis-
tillation of crude oil as one of the most important causes of
pollution by PAHs (Velandia Aquino 2010; Sarma et al. 2016;
Bojorquez Sanchez et al. 2018; Valentina et al. 2021; Velandia-
Aquino et al. 2023). It was anticipated that a correlation would
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exist between the levels of PTMs and PAHs in the sediments
of Alvarado Lagoon due to the shared origin of both pollut-
ants and their potential hazard of causing synergistic effects
in ecosystems and biota at the metabolic and cellular level
(Saeedi et al. 2020; Bandowe et al. 2021; Valentina et al. 2021;
Lu et al. 2023).

The study confirmed that PTMs non-biodegradability
resulted in their longer retention in the sediment in both pro-
files, while PAHs were mostly absent. On the other hand, it
is also important to recognize that planktonic organisms and
microplastics transport PAHs playing a crucial role potentially
reduce them in sediments and initiating their biotransformation
(Fan and Reinfelder 2003; Berrojalbiz et al. 2009; Fu et al. 2018;
Wang et al. 2019; Achour et al. 2023). In addition to the above,
the flow rates of the Blanco and Papaloapan Rivers (S1) allow
some of the pollutants that enter the Alvarado Lagoon to be
exported to the Gulf of Mexico. This results in a lower accumu-
lation of pollutants in the sedimentary profiles, as demonstrated
in this study. Nevertheless, the resilience could be altered if there
are modifications in land uses change and unregular industrial
activities that directly affect the ecosystem.

Statistical Analysis

The results of the correlation of Pearson, Cluster, Fac-
tor Analysis, and PCA, in all showed a marked difference
between PTMs and PAHs, putting them in two separated
groups, indicating a common origin among themselves, but at
the same time, a different source in the sediments of this eco-
system, so it is concluded that PTMs are lithogenic and PAHs
are petrogenic. For both types of contaminants, similar dis-
tribution patterns were observed throughout the sedimentary
column. The high correlations that occurred between the met-
als Ni, Cr, V, and slightly Pb with Al are largely associated
with geogenic or lithogenic sources, probably with similar
biogeochemical pathways for accumulation in the sediments
of the system, and this is confirmed by grouping observed in
the PCA (Yuan et al. 2011; Al-Mur et al. 2017), and have suc-
cessfully used correlation and PCA to distinguish the sources
of metals in sediments from the Red Sea in Saudi Arabia,
and Lake Taihu in China, respectively. The enrichment fac-
tor showed that the sediments are not enriched by any of the
PTMs and the I, indicated that there is no contamination

geo

by these metals, thus, the source of the PTMs is lithogenic.

Conclusions

The concentrations of potentially toxic metals are low and
are associated with a natural source, no contribution of
anthropogenic metal was observed. Both profiles presented
periodic oscillations of PTMs and maxima related to meteor-
ological events that have affected the area, while the amounts
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of PAHs are very low and petrogenic, so that the levels of
both pollutants do not represent a sedimentary or ecotoxi-
cological risk, indicating the resilience of this ecosystem.
No relationship was observed between PTMs and PAHs in
terms of origin or similar distribution in sedimentary lay-
ers. Urban and industrial development may accelerate the
degradation of the current environment and can jeopardize
the sustainability of this ecosystem if management programs
are not established for fossil fuel exploration and prospecting
activities and to regulate wastewater discharges that alter the
environmental conditions, and ecosystem services on which
an important part of the region’s population depends.
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