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Abstract: Sediment geochemistry and 165 detrital zircon grains U-Pb ages are analyzed from the Ventosa beach
sediments in the Gulf of Tehuantepec, Mexican Pacific. The objective is to investigate the sediment weathering condition,
compositional variations, and to locate the source areas delivering sediments to the coast. Weathering indices reveal
a moderate chemical weathering, indicating that the sediments are chemically immature. The SiO, content (~72-78 wt.%)
and the trace element concentrations indicate that the beach sediments are dominantly derived from the felsic igneous
rocks. The rare earth element (REE) patterns of the Ventosa sediments are homogeneous and are depleted relative to
the average upper continental crust (UCC) values. The environmental indices reveal a “moderately severe enrichment”

for Cu content (Enrichment Factor EF=5.62-8.87; and Geo Accumulation Index I

=1.41-1.98). Anthropogenic

geo

enrichment in Pb, Ba, and Zn contents with the possibility of adverse aquatic biota effect is also observed. Th/U ratios
in zircon grains are >0.3, indicate an igneous origin. Two major U-Pb age groups are identified i.e. (1) Miocene
(~23-12.9 Ma) and (2) Proterozoic (Neoproterozoic: ~999-545 Ma; Mesoproterozoic: ~2549—-1006 Ma). These ages
suggest that the zircon grains were originated from the nearby source terranes, most likely from the Cenozoic plutons
exposed along the southern Oaxaca coastal region, as well as the volcanic and sedimentary rocks of the Todos Santos

Formation.
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Introduction

In the fluvial environment, sediments may undergo chemical
and physical changes during their transport from the source to
sink (Tsanga et al. 2023; Bénova et al. 2024; Wu et al. 2025).
Similarly, sediment composition has a strong spatial heteroge-
neity, and their sources may vary among different regions with
respect to the geology of the area (Verma et al. 2016, 2017;
Tawfik et al. 2018; Ayala-Pérez et al. 2021).

Provenance of sediments can be inferred through variations
in the mineralogical and geochemical compositions (Ndjigui
et al. 2014; Armstrong-Altrin et al. 2021; Andreasen et al.
2023; Elbakhouch et al. 2025). Other than provenance, trace
element concentrations can also reveal the amount of heavy
metal accumulation in sediments (Christophoridis et al. 2009;
Wang et al. 2015; Kanwel et al. 2025; Pérez-Alvarado &
Armstrong-Altrin 2025). In fact, the coastal sediments are
widely studied to assess the environmental conditions, because
of their contaminant storage capacity and resistance to biolo-
gical degradation (De Falco et al. 2003; Ramos-Vazquez et al.
2018; Sopie et al. 2023; dos Santos et al. 2025).
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Zircon grains occur in a variety of igneous rocks and pre-
serves its primary properties, even after a lengthy geological
process. Due to its chemical and thermal stabilities, zircon
grains are reliable to study the past geological history (Zhou et
al. 2021). Hence, determining zircon grains U-Pb ages is
important to understand the sediment transport history and
their parent rocks (Ramos-Vazquez & Armstrong-Altrin 2021;
Aranda-Gomez et al. 2024; Chen et al. 2025). Detrital zircon
grains have proven to preserve reliable information about the
parent rocks and provide clues regarding variations in sedi-
ment provenance and depositional history (Moore et al. 2021;
Sharman et al. 2021; Zhao et al. 2025).

Although, numerous studies demonstrated the importance of
U-Pb geochronology in the Gulf of Mexico coastal sediments
(Tapia-Fernandez et al. 2017; Armstrong-Altrin 2020, 2024;
Ramos-Vazquez 2023; Shukla et al. 2024, 2025), provenance
studies based on the combination of sediment geochemistry
and geochronology in the Mexican Pacific is inadequate.

This study examines the mineralogy and geochemistry of the
Ventosa beach sediments, Gulf of Tehuantepec, Oaxaca State,
Mexican Pacific. In addition, U-Pb ages of 165 zircon grains
are also integrated with the geochemistry data. The objective
is to evaluate the factors, which are controlling the sediment
composition, to infer the weathering intensity, and to identify
the probable source terranes delivering sediments to the
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Ventosa beach. Furthermore, the effect of anthropogenic acti-
vities in the beach sediments is also addressed in this study.

Study area

Twenty sediment samples were collected from the Ventosa
beach at the Gulf of Tehuantepec, Mexican Pacific (Fig. 1;
between 16°10°49.53”N, 95°9°27.45”W and 16°11°8.42”N,
95°9°12.75”W). The Gulf of Tehuantepec is in the southern
region of the Mexican Pacific. The region is very productive
and consists of a dynamic system, influenced by warm ocean
currents with an average of 26 °C and an upwelling is induced
by “Tehuanos” with an intense wind speed of 10-24 m/s
from November to February (Hendy & Pedersen 2006; Fiedler
& Lavin 2017; Ramos-Vazquez et al. 2024a,b). The coastal
regions in the Oaxaca State are dominated by commercial
fisheries with rapid growth in the urban industries. In the
coastal region of the Oaxaca State, exploitation of Au, Cu, Pb,
and Zn deposits is common, and the largest mine is San José,
which is exploring Ag and Au since 1995 (Castillo-Nieto et al.
1996; Azamar Alonso & Tellez Ramirez 2021).

The discharge of waste materials from the construction
of Trans-Isthmus highway and the Salina Cruz oil refinery
system are highly influence the Gulf of Tehuantepec coastal
pollution level (Botello et al. 1998). The sediment input to
the Gulf of Tehuantepec is by the 240 km long Tehuantepec
River (CONAGUA 2002; INEGI 2008) (Fig. 1). The Gulf of
Tehuantepec coast is integrated with Mesozoic sedimentary
(Ortega-Gutiérrez et al. 2018) and Quaternary alluvial soils
mainly litharenite type (INEGI 2008). The Oaxacan and Mixtec
terranes are composed of the metamorphic basements named
as the Oaxacan and Xolapa Complexes, which are in contact
with the Caltepec fault. The Oaxacan Complex constitutes
a part of the Proterozoic basement in the southern Mexico.
Additionally, the Mesoproterozoic microcontinent Oaxaquia
consists of metasedimentary sequences as well as high-tem-
perature pegmatites (Elizondo-Pacheco et al. 2025). Geochro-
nological data revealed the exposure of Cretaceous rocks in
the Puerto Vallarta batholith and Miocene rocks in the vicinity
of Salina Cruz. In the Rio Verde Batholith, the rocks are
granitic to tonalitic composition of calc-alkaline affinities and
associated with hornblende. The reported K—Ar geochrono-
logical ages are varying between 29 Ma and 23 Ma (Moran-
Zenteno et al. 2018).

Methodology
Sampling

Twenty sediment samples, approximately 2 kg each, repre-
senting 500 m distance were taken from the Ventosa Beach,
near to the mouth the Tehuantepec River, which approximately
covered 5 km of the Gulf of Tehuantepec coast. The samples
were dried for one day at 50 °C in the Sedimentology Labo-
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ratory, Instituto de Ciencias del Mar y Limnologia (ICML),
Universidad Nacional Auténoma de Mexico (UNAM).
Samples were prepared for the identification of minerals in
sediments, major, trace, and rare earth elements geochemical
analysis, and for zircon grains U-Pb dating.

40 g of sediment samples were air-dried and powdered by
an agate mortar for geochemical analysis. For U-Pb dating,
165 zircon grains were separated from two sediment samples
(V1 and V2), because these two samples are enriched in zircon
grains compared to other samples.

Modal components

10 thin-sections were prepared to count the modal com-
ponents of sediments by following the method proposed
by Gazzi-Dickinson (Dickinson 1970, 1985; Ingersoll et al.
1984; Suttner & Basu 1985). Totally 300 grains were counted.
The framework grains counted are: total quartz [Qt=all quartz
grains], total feldspar [(Ft)=K-feldspar (Fk)+plagioclase (P)],
and total lithics [(Lt)=volcanic (Lv)+sedimentary (Ls)+
metamorphic (Lm)+ plutonic (Lp)], heavy minerals (HM),
and biogenic components [(B)=shells, algae, and corals].

Mineralogy

The minerals in 10 sediment samples were determined by
the PHILLIPS XL-30 Scanning Electron Microscope (SEM)
equipped with EDAX spectrometer (EDS) system at University
Laboratory of Petrology, Institute of Geophysics, UNAM,
Mexico. Approximately, 15 g of sediment samples were uti-
lized for the identification of minerals. Prior to analysis, ten
1-inch diameter circular coverslips were washed with acetone.
Graphite double-sided tape was placed on one side of each
coverslip, then even coverslip was introduced into a bag with
sediment, where the material was retained on the tape. Next,
the coverslips were coated with graphite using a graphite
evaporator to increase the material’s electrical conductivity
(Girdo et al. 2017).

Geochemistry
Major element concentrations

Major element concentrations for 10 samples (25 g) were
analyzed. For the loss on ignition test, the powdered sedi-
ments were placed in a muffle furnace at 1000 °C for 2 h.
Simultaneously, 25 g of powdered sediment was added to
lithium tetraborate and heated to 1000 °C to form a fused sam-
ple. Calibration curves were prepared by using an International
reference material and the standard JGB1 (GSJ), with an ana-
lytical accuracy of 5 % (Lozano & Bernal 2005).

Trace and rare earth element concentrations

The trace and REE were quantified in 10 sediment samples
(12 g) by an Ultratrace — total acid digestion method using
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an ICP-OES/ICP-MS at the Activation Laboratories Ltd.,
Canada (Leikin & Phillips 2023). All samples were deter-
mined twice with an analytical precision varying from 5 %
to 10 %. The standard reference materials used were SY-2
(syenite CCRMP, Canada) and GSR-4 (sediment IGGE, China)
(Imai et al. 1995).

U-Pb dating of zircon grains

Two sediment samples from the Ventosa beach were selected
for geochronology (sample numbers V1 and V2). These two
samples contain a greater number of zircon grains relative to
other samples. The zircon grains were picked under a stereo-
scopic microscope without any consideration regarding color,
shape, or size, then the zircon grains were mounted in an
epoxy resin and polished for subsequent analysis.

Zircon U-Pb geochronology was performed by a Laser Abla-
tion Inductively Coupled Plasma Mass Spectrometry (LA-
ICPMS) at Laboratory of Isotopic Studies (LEI), Institute of
Geosciences, UNAM. The reference standard zircon employed
were 91,500 (1062 Ma; Wiedenbeck et al. 1995) and Plesovice
zircon (33741 Ma; Slama et al. 2008), which run for 12 and
24 analyses, respectively. The reference standard for zircon
grains REE data was NIST 610 and normalized with the Chon-
drite values of Taylor & McLennan (1985). The ISOPLOT
3.70 Software is utilized for the preparation of the Concordia
and histograms (Ludwig 2003).

165 zircon grains were dated by applying the discordance
filter of ca. 30 % for positive discordance and 5 % for negative
discordance (Gehrels 2014). There are three processes that can
induce normal discordance in zircon grains: (i) Loss of radio-
genic lead, (ii) gain of excess uranium after primary crystalli-
zation, and (iii) incorporation of common lead (Andersen et al.
2019).

Results
Modal compositional data
The average quartz—feldspar—lithic fragment

ratios for the Ventosa beach sediments are
Qtg—Ft—Lt, (Table 1). The Ventosa sediments
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apatite compared to other grains. These minerals may derive
from felsic plutonic rocks (coastal batholith) and from sedi-
mentary rocks exposed along the Mexican Pacific coast.

Mineralogy

The SEM images illustrating the size and morphology of
sand grains are shown in Fig. 2A, B, and C, which are
mostly sub-angular. In addition, mineral composition detected
by SEM-EDS is shown in Fig. 3. SEM-EDS indicates an
elevation in Si, K, Ca, Na, and Fe contents (Fig. 3A-E).
These major oxides suggest the presence of various minerals,
i.e. anorthite and albite (Fig. 3A), anorthite and magnetite
(Fig. 3B), K-feldspar (Fig. 3C), magnetite (Fig. 3D), and
quartz (Fig. 3E).

Bulk sediment geochemistry

The SiO, content varies from ~72 to 78 wt.% (Table 2).
The average Al,O, content is 8.86+0.96 (n=10). The major
element concentrations are normalized against the average
UCC values (Fig. 4A; Taylor & McLennan 1985). SiO, and
K,O contents are slightly higher, and remaining elements are
lower than in UCC.

The trace element concentrations are reported in Table 3
and are normalized against UCC (Fig. 4B). In comparison
with UCC the Cu, Ba, and Pb contents are enriched, and Zn
content is depleted, except one sample. High field strength
elements (HFSE) like Zr and Hf (7-10 ppm and 0.2-0.4 ppm)
are lower than in UCC. The lithophile elements (LILE) like
Ba, Rb, and Sr are varying from ~593 to 706 ppm, ~65.9 to
75 ppm, and ~185 to 243 ppm, respectively. The transitional
trace elements (TTE) such as Cr, Co, V, and Ni are < 50 ppm,
while Cu content is slightly enriched, which is > 50 ppm.
The REE contents are reported in Table 3 and are normalized
against the average chondrite values (Fig. 4C; Taylor &
McLennan 1985). The REE patterns are enriched in light REE
and are depleted in heavy REE contents (Fig. 4C). The Eu/Eu*

Table 1: Modal compositional data for the Ventosa beach sediments, Gulf of
Tehuantepec, Mexican Pacific.

. le# VI V3 V5 V7 V9 VIl VI3 VIS5 VI7 VI9
are dominated mostly by quartz (Qt) and plu- Sample
tonic (Lp) grains, probably represent granite as Qt 180 182 206 195 194 186 176 198 172 181
onic {Lp) graimns, p y rep g Fk o 13 10 9 11 8 9o 11 12 9
a primary source rock. Lithic fragments are | p 5 6 6 4 5 6 3 3 10 9
composed of plutonic, volcanic, and sedimen- Lv 18 19 17 16 18 20 21 14 15 18
tary rock fragments, suggesting that the sedi- | Ls 28 21 19 20 21 24 25 23 27 25
ments were mostly derived from granites and | Lm 2 2 0 0 2 3 1 0 0 2
recycled sedimentary rocks with a minor contri- | Lp 31 28 25 26 28 31 32 28 33 31
bution from andesites. HM 26 28 17 26 21 22 28 17 30 25
Similarly, sediments are depleted in rock B 0 ! 0 ! 0 0 0 ! ! 0
n 300 300 300 300 300 300 300 300 300 300

forming minerals such as plagioclase (P) and
potash feldspar (Fk). The compositional matu-
rity is revealed by the greater number of heavy
minerals (HM) like zircon, rutile, magnetite, and
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Grain parameters: Qt=all quartz grains, Fk=K-feldspar, P=plagioclase, Lv=volcanic (basalt
and andesite), Ls=sedimentary (limestone, sandstone, and shale), Lm=metamorphic (schist),
Lp=plutonic (granite), HM=heavy minerals (zircon, rutile, magnetite, etc.), and B=biogenic
components (shell, algae and coral fragments), n=number of grains counted.



PROVENANCE AND ANTHROPOGENIC CONTAMINATION OF THE VENTOSA BEACH SEDIMENTS 99
Si A

1.6k~
1.2k

800-
400- Al _K

4k Ca

2k | Fe

1k Alllel [|[ca || gq

16k C
Si
12k

o)
x
I
P

Al

I
T

intensity

1.6k
1.2k~
800
400 Fe

8k-| Si
6k-
Ak -
2k -

T

1
Energy (keV) 5.0 10.0

Fig. 2. (A), (B), and (C) SEM-images showing general morphology  Fig. 3. SEM-EDS analysis for the beach sediments: (A) albite and
of quartz grains in the Ventosa beach sediments. anorthite, (B) anorthite and magnetite, (C) K-feldspar, (D) magnetite,
and (E) quartz.

GEOLOGICA CARPATHICA, 2026, 77, 2, 95-113



100

RAMOS-VAZQUEZ, ARMSTRONG-ALTRIN and VERMA

Table 2: Major element concentrations (wt. %) for the Ventosa beach sediments, Gulf of Tehuantepec, Mexican Pacific.

Sample \2! V3 V5 V7 V9 Vil V13 V15 V17 V19
SiO, 77.4 72.8 74.4 72.1 76.2 78.4 71.7 76.6 77.9 73.6
TiO, 0.25 0.18 0.17 0.37 0.18 0.21 0.17 0.07 0.14 0.39
ALO, 8.36 10.19 9.48 10.19 9.01 8.14 7.74 8.46 7.52 9.49
Fe,0, 1.63 3.32 2.27 3.85 2.21 1.49 1.29 2.79 2.35 4.02
MnO 0.03 0.02 0.02 0.04 0.02 0.03 0.02 0.01 0.02 0.05
MgO 1.03 1.02 1.02 1.04 1.02 1.03 1.02 1.01 1.02 1.05
CaO 2.52 2.25 2.45 2.34 2.25 221 3.05 1.79 3.20 2.72
Na,O 2.95 3.20 2.96 3.10 2.72 2.45 2.75 2.61 2.73 2.60
K,0 3.78 432 4.15 4.12 4.16 3.90 3.83 4.42 3.65 3.69
P,O; 0.07 0.07 0.06 0.07 0.06 0.05 0.05 0.04 0.05 0.08
LOI 1.52 2.20 2.19 2.04 1.42 1.38 1.63 1.44 1.39 1.52
Sum 99.6 99.6 99.2 99.2 99.2 99.3 99.3 99.3 99.9 99.2
CIA 475 511 49.8 51.6 49.7 48.7 44.6 49 44 51.3
PIA 45.6 51.8 49.6 52.8 49.4 47.6 40.3 47.9 39.5 52.1
CIW 60.4 65.2 63.7 65.2 64.4 63.6 57.2 65.8 55.9 64
icv 1.50 1.40 1.37 1.45 1.39 1.39 1.57 1.50 1.74 1.53
Si0,/Al,0, 9.26 7.15 7.85 7.07 8.45 9.63 10.04 9.06 10.36 7.75
K,0/Na,O 1.28 1.35 1.40 1.33 1.53 1.59 1.39 1.70 1.33 1.42
AL,04/Na,0 2.84 3.19 3.20 3.29 3.31 332 2.81 3.24 2.75 3.64
K,0/AlLO, 0.45 0.42 0.44 0.40 0.46 0.48 0.49 0.52 0.49 0.39

Chemical Index of Alteration (CIA=[Al,0,/(Al,0,+Ca0"+Na,0+K,0)]x 100; Nesbitt & Young 1982), Chemical Index of Weathering (CIW=[A1,0,/(AL,0,
+Ca0"+Na,0)]*x 100; Harnois 1988), PIA Plagioclase Index of Alteration ([Al,0,—K,O0/(AL,0,+Ca0"+Na,0)]x100; Fedo et al. 1995), ICV Index of
Compositional Variability ([(CaO+K,0+Na,0+Fe,0,(t)+MgO+MnO+TiO,)/AL,0,]; Cox et al. (1995), Fe,0;" total Fe expressed as Fe,O,.

ratio values vary between 0.7 and 1.1 (Table 3). The variations
in total REE content among ten samples are poor.

Zircon geochronology

The age distribution is illustrated in Fig. 5 A, B, C, and D,
and the U-Pb ages are reported in the Supplementary Table S1.
20 out of 165 lies on bright homogenous zircon grains with
an isomeric or elliptical shape (Fig. 5A and C). 145 zircon
grains are with concordant values, which provided two princi-
pal age populations. The minor age population group varies
between 13 Ma and 31 Ma with the domination of Cenozoic
zircon grains. However, the predominant U-Pb ages represent
Miocene (n=56) and Oligocene (n=5). Another principal age
population group ranges between 545-2549 Ma (Neopro-
terozoic—Paleoproterozoic; sample V2) and 657-1499 Ma
(Neoproterozoic—Mesoproterozoic; sample V1). A dominant
peak at 1000 Ma and a subordinate peak at 1110 Ma are
identified.

The distribution of age populations between samples V1
and V2 is, i.e. Cenozoic (number of grains n=28 and 33,
respectively), Mesozoic (n=3 and 7, respectively), Paleozoic
(n=1 and 11, respectively), and Proterozoic (n=68 and 14,
respectively). In fact, a variation in the distribution of age
populations between samples V1 and V2 is identified. For
example, the differences in the distribution of Cenozoic (n=28
and 33, respectively) and Mesozoic (n=3 and 7, respectively)
grains is not significant. However, a significant difference in
the number of zircon grains for the Paleozoic (n=1 and 11 for
V1 and V2), and Proterozoic (n=68 and 14 for V1 and V2,
respectively) is noted. The probability density plot shows high
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peak at Proterozoic (50 %) and Cenozoic (37 %) (Fig. 5B
and D).

REE patterns of zircon grains

The trace element contents of zircon grains are reported in
the Supplementary Table S2. The chondrite normalized REE
plots are enriched in HREE (La/Yb=0.004 (V1) and 0.07
(V2)) with positive Ce and negative Eu anomalies. A positive
Ce (Ce/Ce"=1.16-334 and 1.18-206 in V1 and V2, respec-
tively) and negative Eu anomalies (Eu/Eu’=0.01-1.08 (V1)
and 0.02-0.64 (V2)) are characteristic of magmatic origin
(Fig. 6A—QG) (Zhao et al. 2025). The REE patterns between
samples V1 and V2 are similar. However, a wide variation in
the europium anomaly is noted among zircon grains. For
instance, in sample V1, the Eu/Eu” ratio values for zircon
grains are mostly negative and less than 1. On the other hand,
it is near to 1 for a few zircon grains belong to Neoproterozoic
and Mesoproterozoic ages (Fig. 6C). Among Mesozoic there
are differences with respect to the intensity of the europium
anomaly, i.e. it is more negative for the Cretaceous than
Triassic. Similarly, absence of negative europium anomaly is
noted in some zircon grains belong to Paleozoic (Devonian
and Permian) and Proterozoic (Paleoproterozoic and Neopro-
terozoic) (Fig. 6F and G).

Although positive Ce anomaly is common in all ages, the
absence of anomaly is observed in a few Miocene and
Neoproterozoic zircon grains (Fig. 6D and G). It seems that
the variations in REE patterns among zircon grains with
respect to their age reveals a diversity in their source. In addi-
tion, the REE geochemistry of Devonian zircon grains of this
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study is compared with the published data from the Gulf of
Mexico (GoM) and Mexican Pacific (MP) beach areas. This
comparison suggests a similarity in the REE patterns among
the Devonian zircon grains, especially in the positive cerium
and negative europium anomalies (Fig. 7).
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Fig. 4. (A) Major element concentrations of the Ventosa beach sedi-
ments normalized against average upper continental crust values
(Taylor & McLennan 1985). (B) Trace element concentrations of
the Ventosa sediments normalized against average upper continental
crust values. (C) Chondrite-normalized REE patterns for the Ventosa
beach sediments.
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Discussion
Elemental variations

Correlation coefficient values are useful to infer the varia-
tions in the bulk composition of sediments (Madhavaraju et al.
2024). An inter elemental correlation between major and trace
elements can indicate the association of minerals in sediments
(Wang et al. 2019; Hossain et al. 2025; Kasanzu 2025). The cor-
relation coefficient values are reported in the Supplementary
Table S3. The negative correlation between SiO, versus Al,O,,
Fe,0,,Na,0, and Sr in the beach sediments suggests that these
elements are not associated with aluminosilicates (—0.96,
—0.85, —0.64, and —0.84, respectively; p<0.05; n=10). The cor-
relation of Al,O, versus Fe,0,, P,O, and Sr (r=0.74, 0.63, and
0.80, respectively, n=10) is significant, indicating an associa-
tion of Fe with aluminosilicates (Windom et al. 1989; Djibril
et al. 2024). A significant correlation of ) REE against Ni and
Mn contents suggests the abundance of minerals like magne-
tite in sediments. The ) REE content shows a significant cor-
relation against Th, U, V, and Y (r=0.95, 0.78, 0.92, and 0.96,
respectively; n=10), while a week correlation against Al,O;
(r=0.32) reveals that REEs are associated with accessory
minerals rather than aluminosilicates (Chougong et al. 2021;
Janpou et al. 2024). A strong positive correlation observed
between Y REE and other elements (Ti, Mn, Mg, P, Co, Cr, Hf,
Zr, Th, U, and Y) indicates their association with secondary
mineral phases such as clay, phosphate and Fe—Mn oxides, and
heavy minerals like rutile, apatite, and zircon (Sai Babu et al.
2024). In addition, a positive correlation for LREE against
P,O; content indicates the concentration of apatite in sedi-
ments (Hermann & Rubatto 2009).

Sediment contamination

Rivers are considered as a major agent of transporting sedi-
ments from the land to the sea and are also rich in potentially
toxic elements (Flores-Castro & Armstrong-Altrin 2022;
Felicio dos Santos et al. 2025; Flores-Ocampo et al. 2025;
Islam et al. 2025). To evaluate the metal enrichment in sedi-
ments and to differentiate the natural and anthropogenic sour-
ces, we utilized several environmental indices like Enrichment
Factor (EF; Zoller et al. 1974), Geo-accumulation index (I,
Miiller 1969), Pollution Load Index (PLI; Tomlinson et al.
1980), and Potential Ecological Risk Index (PERI: Hakanson
1980) (Table 4). The procedures applied to calculate these
indices are provided in the Supplementary file.

The EF indicates that Cu has the highest value, which vary
between 5.62 and 8.87, suggesting moderately severe enrich-
ment (Table 5). The second and third places are for Pb and
Ba contents (~1.47-2.07 and ~1.58-1.83, respectively), which
reveal no enrichment. The elements with low EF values
(<0.5) are Co and Ni (0.13-0.33 and 0.12-0.22, respectively).
The I, values for Ni (=4.37 to —3.37), Co (=4.19 to —2.78),
and Cr (—3.38 to —2.01) are negative. The Cu concentration
shows values between 1.41 and 1.98 that indicate Class 2 and
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Table 3: Trace and rare earth element concentrations (in ppm) for the Ventosa beach sediments.

V1 V3 V5 V7 \& Vi1 V13 V15 V17 V19
Ba 593 705 683 706 647 630 658 610 614 598
Co 2.5 2.5 22 3 2.1 22 22 1.4 2.3 3.7
Cr 25 17 12 21 15 19 16 13 19 31
Cs 1.39 1.69 1.56 1.52 1.43 1.35 1.4 1.59 1.33 1.22
Cu 148 124 99.7 114 108 137 121 139 114 118
Hf 0.4 0.3 0.3 0.3 0.3 0.3 0.3 0.2 0.3 0.4
Mo 0.75 0.45 0.4 0.29 0.32 0.32 0.41 0.31 0.35 0.34
Nb 3.1 3.5 2.6 0.2 4 1.5 2.5 2 2.4 0.5
Ni 4.8 4.9 42 5.4 3.9 4.6 4.7 32 55 6.4
Pb 21.8 21.6 20.2 20.2 19.3 22.1 19.4 20.7 20.1 21.4
Rb 65.9 72.2 71.7 75 72.4 71.6 73.2 77.6 73.3 66.1
Sn 8 9 9 8 10 12 10 14 12 10
Sr 211 226 229 243 207 199 201 185 205 225
Th 6.5 4 3.7 10.1 4.1 5.1 4.8 2.9 3.7 11
U 1.1 0.8 0.7 1.2 0.7 0.9 0.7 0.6 0.6 1.1
\% 27 26 25 36 25 27 26 15 25 39
Y 11.1 7.7 8.1 13.9 8 9.8 8.2 42 6.5 17.5
Zn 134 50 42 47.7 36.5 35.4 339 29.2 34.5 46.1
Zr 10 7 7 9 8 8 7 6 7 10
V/Cr 1.1 1.5 2.1 1.7 1.7 1.4 1.6 12 1.3 1.3
Ni/Co 1.9 2.0 1.9 1.8 1.9 2.1 2.1 23 2.4 1.7
Cu/Zn 1.1 25 24 2.4 3.0 39 3.6 4.8 33 2.6
La 19.7 13.1 12.7 30 13 19.4 17.2 7.8 14.2 45.1
Ce 39.4 25.5 249 56.9 25 36.3 31.7 14.4 26.4 79.6
Pr 4.4 3 2.9 6 3 4.1 3.6 1.7 3 8.9
Nd 15.5 10.7 10.5 21 11 14.2 12.1 6.1 9.9 30.4
Sm 3.1 2.1 23 35 1.8 23 23 1.2 2 5.5
Eu 0.67 0.67 0.65 0.77 0.6 0.61 0.61 0.47 0.58 0.84
Gd 2.3 1.7 1.6 2.7 1.6 2 1.6 0.9 1.4 39
Tb 0.4 0.3 0.3 0.4 0.3 0.3 0.3 0.1 0.2 0.6
Dy 2 1.5 1.4 2.4 1.5 1.8 1.4 0.8 1.2 32
Ho 0.4 0.3 0.3 0.5 0.3 0.4 0.3 0.2 0.2 0.7
Er 1.2 0.9 0.8 1.4 1 1.1 0.9 0.4 0.7 1.9
Tm 0.2 0.1 0.1 0.2 0.1 0.1 0.1 <0.1 <0.1 0.2
Yb 1.1 0.8 0.8 1.4 0.8 1 0.8 0.4 0.6 1.7
Lu 0.2 0.1 0.1 0.2 0.1 0.1 0.1 <0.1 <0.1 0.2
LREE 82.1 54.4 533 117.4 53.8 76.3 66.9 31.2 55.5 169.5
HREE 7.8 5.7 5.4 9.2 5.7 6.8 5.5 2.8 4.3 12.4
Eu/Eu’ 0.7 1.1 1.0 0.7 1.1 0.9 0.9 1.1 1.0 0.5

LREE=La, Ce, Pr, Nd, and Pm; HREE=Tb, Dy, Ho, Er, Tm, Yb, and Lu; Ew/Eu"=Eu/[(Sm)(Gd)]"?; cx= Chondrite normalized value (Taylor & McLennan

1985).

moderately contaminated (Table 6). On the other hand, PLI
values for the Ventosa sediments are <1 (~0.39-0.61; Table 7),
suggesting an absence of anthropogenic influence.

The Potential Ecological Risk Index (PERI) values for the
transition metals Pb, Cu, Ni, Cr, and Zn are varying between
27.2 and 39.1, which implies a low ecological risk (Table 8).
The concentration of the potentially toxic elements used to
assess the anthropogenic source is in the order Cu>Pb>Zn>Ba.
However, Cu is the only metal that falls under the category
moderately severe enrichment.

Copper mines are common in the Mexican Pacific coast,
especially in the Xolapa Complex (SGM 2021). The areas
with high Cu deposits are in the south of Ocotlan de Morelos,
Miahuatlan de Porfirio Diaz, San Baltazar Guelavila, and
San Carlos Yautepec (Fig. 1). Similarly, the polymetallic
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Pb—Zn—Ag deposits are distributed in the eastern side of the
Ixtlan de Juérez terrane (Fig. 1). Therefore, sediments derived
from these areas naturally increase the Cu, Pb, and Zn contents
in the Ventosa coastal sediments relative to UCC (CRM 1996;
SGM 2021).

Weathering and sediment provenance

The weathering indices like CIA (Nesbitt & Young 1982),
PIA (Fedo et al. 1995), and CIW (Harnois 1988) indicate
moderate weathering in the source region (~44-52, ~40-53,
and ~56—-66, respectively) (Table 2). In addition, the ICV (Cox
et al. 1995) values >1 (~1.4-1.6) indicate a moderate sediment
maturity.
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Fig. 5. U/Pb Concordia diagrams of the detrital zircon grains recovered from the Ventosa beach sediments (A and C) and histograms showing

relative age probability distribution (B and D).

The Roser & Korsch (1988) diagram is widely utilized by
numerous authors to differentiate the sediment provenance
(Bahr & Keighley 2021; Ramos-Vazquez 2021; Pauli de
Castro et al. 2023). This diagram indicates a felsic provenance
for the Ventosa beach sediments (Fig. 8A). Similarly, a rela-
tionship between Ni and V contents observed in the Ni—
Th"10-V plot also indicating a felsic source (Fig. 8B; Bracciali
et al. 2007). Similarly, except three samples, the REE patterns
of the Ventosa beach sediments are with a negative Eu ano-
maly (Euw/Eu'=<I; Table 3), indicating their origin mostly
from the felsic igneous rocks (Fig. 4C). This interpretation is
consistent with the Qt—Ft—L, ratio.

Implications based on zircon chemistry
The Th/U ratio in samples V1 and V2 varies between

0.05-1.12 and 0.05-1.0, respectively. Previous studies docu-
mented that Th/U ratio in igneous zircons is > 0.3, whereas

it is <0.1 in metamorphic zircons (Zhao et al. 2025). In this
study, most of the zircon grains have Th/U ratio values >0.3,
suggesting an igneous origin (Fig. 8C). Belousova et al. (2002)
and Grimes et al. (2007) proposed bivariate diagrams to eva-
luate the zircon origin, which are based on the U, Yb, Hf, and
Y concentrations. Two bivariate diagrams based on these trace
elements are plotted to infer the origin of zircon grains
(Fig. 9A and B; Y vs. U and Hf vs. Y; respectively). These
diagrams indicate that the zircon grains were mostly derived
from the felsic igneous rocks.

U/YDb ratios of zircon grains vary between ~0.17-11.30 (V1)
and ~0.36-3.89 (V2), which reflect a variation in the compo-
sition of melt at the time of crystallization. The average U/Yb
ratios of zircon grains in V1 and V2 are like the continental
granitoids and bulk continental crust (1.58 and 0.6, respec-
tively). However, very high U/Pb ratios are related to zircon
grains extracted from an arc source (Grimes et al. 2007).
U/Yb ratio value is 1.7 for continental granitoids (Grimes et al.
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Fig. 6. Chondrite-normalized REE patterns of detrital zircon
grains. Sample V1: (A) Cenozoic, (B) Mesozoic and Paleozoic,
and (C) Proterozoic. Sample V2: (D) Cenozoic, (E) Mesozoic,
(F) Paleozoic, and (G) Proterozoic. The chondrite normalized
values are from Taylor & McLennan (1985).
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Table 4: Equations of environmental indices utilized in this study.
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2007), 2.1 for kimberlites (Farmer 2003), and 0.7 for the bulk
continental crust (Rudnick & Gao 2003). In addition, on the
U-Yb and U/Yb-HTf plots, zircon grains are plotted in the
continental crust field (Fig. 9C and D; Grimes et al. 2007).
This suggests continental crustal origin for the zircon grains.
These observations reveal that the Ventosa beach sediments
are composed of detritus derived from the nearby source
rocks, exposed in the Oaxaca and Chiapas States. A detail
about the potential source terranes from the Oaxaca and
Chiapas States are provided in the following section.

Potential source terranes

The U-Pb ages of zircon grains in sample V1 represent two
groups: (1) Cenozoic (~13-31 Ma), represented mostly by
Miocene grains and (2) Proterozoic (~657-1499 Ma) princi-
pally by Mesoproterozoic. However, sample V2 is represented
largely by Cenozoic (~14-31 Ma) with the domination of
Miocene grains. A sub-ordinate peak is identified at 1110 Ma.

Index Equation

Classification Degree of Contamination References

Class 1 (1-2) : no enrichment

Enrichment Factor
(EF)

Al)
FE = (z/ Al egiment
(z/Al),, ference

Class 2 (2-3)
Class 3 (3-5)
Class 4 (5-10)
Class 5 (10-25)
Class 6 (25-50)
Class 7 (>50)

: minor enrichment
: moderate enrichment
: moderately severe enrichment

: very severe enrichment
: extremely severe enrichment

Zoller et al.
(1974)

Geo-accumulation
index (I,)

geo

_ M;
Igeo = log 133

Class 0 (I,,,=<0),
Class 1 (0<L,,<1)
Class 2 (1<1,,<2)
Class 3 (2<I,,<3)
Class 4 (3<L,,<4)
Class 5 (4<L,,<5)

: practically uncontaminated

: uncontaminated to moderately
contaminated
2: moderately contaminated),
3: moderately to highly
contaminated
4: highly contaminated
5: highly to extremely
contaminated.

1
2
3
4
5: severe enrichment
6
7
0
1

Miiller (1969)

Pollution Load

PLI[(CFl X CF2 X CF3 X CF4><

... xCF,)l/n]

PLI>1

Progressive deterioration

Tomlinson et al.

Index (PLI) CF = Msediment / Mreference (1980)
n
PERI = Z EI 1) PERI <70 1) low ecological risk,
Potential Ecological i=1 2) 70 PERI <140 2) moderate ecological risk, Hakanson (1980)
Risk Index (PERI) EI =T; x PI; 3) 140 PERI <280 3) considerable ecological risk,

PI’L = Msediment / Mreference

4)280< PERI

4) very high ecological risk.

Table 5: Enrichment Factor (EF; Zoller et al. 1974) for the Ventosa beach sediments, Gulf of Tehuantepec.

Sample Ba Co Cr Cu Ni Pb Sr Zn \4

V1 1.61 0.22 0.45 8.85 0.16 1.92 0.90 2.82 0.38
V3 1.64 0.19 0.26 6.35 0.14 1.63 0.83 0.90 0.31
V5 1.75 0.18 0.20 5.62 0.13 1.67 0.92 0.83 0.33
v7 1.58 0.22 0.31 5.62 0.15 1.47 0.86 0.83 0.41
V9 1.69 0.18 0.26 6.22 0.13 1.64 0.85 0.74 0.34
V11 1.83 0.21 0.37 8.74 0.17 2.07 0.91 0.80 0.40
V13 1.81 0.20 0.29 7.31 0.16 1.72 0.87 0.72 0.37
V15 1.77 0.13 0.25 8.87 0.12 1.94 0.84 0.66 0.22
V17 1.79 0.22 0.37 7.32 0.20 1.90 0.94 0.78 0.37
V19 1.62 0.33 0.56 7.05 0.22 1.88 0.96 0.97 0.54
Avg. 1.71 0.21 0.33 7.20 0.16 1.78 0.89 1.00 0.37
Std. Dev. 0.09 0.05 0.11 1.27 0.03 0.19 0.04 0.64 0.08
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Table 6: Geo-accumulation index (I,,;
ground value for the Ventosa beach sediments, Gulf of Tehuantepec.
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Miiller 1969) calculated based on Upper Continental Crust (UCC; Taylor & McLennan 1985) as back-

Sample Ba Co Cr Cu Ni Pb Sr Zn \4

V1 —0.48 —3.35 —2.32 1.98 -3.78 —0.23 -1.32 0.33 —2.57
V3 —0.23 -3.35 —2.87 1.73 -3.75 —0.24 -1.22 —-1.09 —2.63
V5 -0.27 —3.53 -3.38 1.41 -3.97 —0.34 -1.20 -1.34 —2.68
\% -0.22 -3.09 —2.57 1.60 -3.61 —0.34 -1.11 —-1.16 -2.16
\E —0.35 —-3.60 —-3.05 1.53 —4.08 —-0.40 -1.34 -1.54 —2.68
Vil —-0.39 —3.53 -2.71 1.87 —3.84 —0.21 —-1.40 -1.59 —2.57
Vi3 —0.33 -3.53 -2.96 1.69 —3.81 —0.39 —-1.39 —-1.65 —2.63
V15 —0.44 —4.19 -3.26 1.89 —4.37 —0.30 —-1.50 —-1.87 -3.42
V17 —0.43 —3.47 -2.71 1.60 —3.58 —-0.34 -1.36 -1.63 —2.68
V19 —0.46 —2.78 —2.01 1.65 -3.37 —0.25 -1.22 -1.21 —2.04
Avg. —0.36 —3.44 —2.78 1.70 -3.82 —0.30 —1.31 -1.27 —2.61
Std. Dev. 0.09 0.36 0.42 0.18 0.28 0.07 0.12 0.62 0.37

Table 7: Pollution load indices (PLI; Tomlinson et al. 1980) calculated based on the upper continental crust (UCC; Taylor & McLennan 1985)
as background value for the Ventosa beach sediments, Gulf of Tehuantepec.

Sample CF,, CF , CF ., CF ., CF CF,, CF CF,, CF, PLI

Vi 1.078 0.147 0.301 5.920 0.109 1.282 0.603 1.887 0.252 0.608
V3 1.282 0.147 0.205 4.960 0.111 1.271 0.646 0.704 0.243 0.524
\& 1.242 0.129 0.145 3.988 0.095 1.188 0.654 0.592 0.234 0.462
V7 1.284 0.176 0253 4.560 0.123 1.188 0.694 0.672 0336 0.566
% 1.176 0.124 0.181 4.320 0.089 1.135 0.591 0.514 0.234 0.453
Vil 1.145 0.129 0.229 5.480 0.105 1.300 0.569 0.499 0.252 0.496
Vi3 1.196 0.129 0.193 4.840 0.107 1.141 0.574 0.477 0.243 0.472
Vis 1.109 0.082 0.157 5.560 0.073 1.218 0.529 0411 0.140 0391
V17 1.116 0.135 0.229 4.560 0.125 1.182 0.586 0.486 0.234 0.487
V19 1.087 0218 0373 4720 0.145 1.259 0.643 0.649 0.364 0.610
Avg. 1172 0.142 0.227 4.891 0.108 1216 0.609 0.689 0.253 0.507
Std. Dev 0.077 0.036 0.069 0.601 0.020 0.059 0.049 0432 0.061 0.070

Table 8: The Potential Ecological Risk (PERI; Hakanson 1980) calculated based on the upper continental crust (UCC; Taylor & McLennan
1985) as background value for the Ventosa beach sediments, Gulf of Tehuantepec.

Sample PICr PI Cu PI Ni PI Pb PI Zn EI Cr EI Cu EI Ni EI Pb EI Zn PERI
V1 0.30 5.92 0.11 1.28 1.89 0.60 29.60 0.55 6.41 1.89 39.05
V3 0.20 4.96 0.11 1.27 0.70 0.41 24.80 0.56 6.35 0.70 32.82
\A 0.14 3.99 0.10 1.19 0.59 0.29 19.94 0.48 5.94 0.59 27.24
V7 0.25 4.56 0.12 1.19 0.67 0.51 22.80 0.61 5.94 0.67 30.53
\& 0.18 432 0.09 1.14 0.51 0.36 21.60 0.44 5.68 0.51 28.60
V11 0.23 5.48 0.10 1.30 0.50 0.46 27.40 0.52 6.50 0.50 3538
V13 0.19 4.84 0.11 1.14 0.48 0.39 24.20 0.53 5.71 0.48 31.30
V15 0.16 5.56 0.07 1.22 0.41 0.31 27.80 0.36 6.09 0.41 34.98
V17 0.23 4.56 0.13 1.18 0.49 0.46 22.80 0.63 591 0.49 30.28
V19 0.37 4.72 0.15 1.26 0.65 0.75 23.60 0.73 6.29 0.65 32.02
Avg. 0.23 4.89 0.11 1.22 0.69 0.45 24.45 0.54 6.08 0.69 3222
Std. Dev 0.07 0.60 0.02 0.06 0.43 0.14 3.00 0.10 0.29 0.43 3.50

The principal reason for the age difference between V1 and
V2, especially the domination of Proterozoic grains in V1 is
probably due to its location, which is near to the mouth of
the Tehuantepec River.

The possible source terranes in the southern Mexico are
briefly discussed below (refer Figs. 1 and 10 for locations).
Weber et al. (2008) reported ages between 1.1 Ga and 920 Ma
for zircon grains dated from sandstones in the Santa Rosa
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Formation, Chiapas Massif Complex. The granulite-bearing
basement rocks of the Oaxaca terrane (The Oaxaca Complex)
is made up of para- and orthogneisses. The protolith U-Pb zir-
con grain ages of these Oaxaca basement rocks are ranging
from ~1000 Ma to 1300 Ma (Elizondo-Pacheco et al. 2025)
and from ~820 Ma to 1600 Ma (Mesoproterozoic; Weber et al.
2006). In addition, Pindell et al. (2023) dated zircon grains
recovered from the fluvial/alluvial fan deposits, as well as
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from other formations, i.e. Todos Santos Formation in the
southern Isthmus of Tehuantepec. These authors reported
Mesoproterozoic age with intervals between ~ 1002 Ma and
1503 Ma. Similarly, the Rio Hondo Formation from the same
region reveal ages from ~ 1013 Ma to 1255 Ma.

Considering the second age group Cenozoic, among 64 con-
cordant single-grain ages, 43.8 % of which form a youngest
peak of 22 Ma. The U-Pb ages range between 18 Ma and
24 Ma, which are comparable to the Basal Ixtapa Formation
(~19-22 Ma). A white tuffaceous/ash layer from the Rio
Hondo unit of the Ixtapa Formation indicates an age of
~12 Ma. In addition, based on the *°Ar/**Ar method, Camprubi
et al. (2019) dated the geochronological ages of the Zacatepec
mineral deposits near the Tehuantepec coastal area, which
yielded an isochron age of 17+0.4 Ma for hornblende (13+
0.5 Ma—21+0.9 Ma) and 18+0.1 Ma for biotite (14+4 Ma—
18+0.3 Ma), both corresponds to an Early Miocene age. Also,
Pindell et al. (2020) reported Miocene age for the magmatic
rocks at the southwestern Isthmus of Tehuantepec region
(~11.2-22.8 Ma; Fig. 10). The similarities in U-Pb ages
between this study and source terranes in the Isthmus of
Tehuantepec region, i.e. Todos Santos, Ixtapa, and Huamelula
Formations are illustrated in Fig. 11.

Furthermore, in the Oaxaca State, there are Cenozoic plu-
tons, which extend discontinuously for approximately 380 km
with ages varying between 15 and 56 Ma. These Cenozoic
plutons reveal Eocene-Miocene tectono-magmatic evolution
of the continental margin of Oaxaca (Moran-Zenteno et al.
2022). Also, dating of zircon grains from the Cuicateco ter-
rane, Oaxaca State (volcano sedimentary sequence) indicates
younger ages varying from ~1.2 Ma to 65.7 Ma, which con-
sists of conglomerates with clasts of granite and andesite
(Angeles-Moreno 2006). The circulation in the Gulf of
Tehuantepec influences the transport of sediments from
Chiapas to the Oaxaca coast, this predominately composed
of tidal (towards northwestern direction) and wind-driven
“Tehuanos” currents.

Statistical analysis

F-test with 95 % confidence is calculated to analyze the
zircon grains age variation, which compares the F statistic
to a quantile of the F distribution. The results are listed in
Table 9, which suggest that two samples have statistically
different variances, also their distribution is different. It can
be inferred that sample V1 is more influenced by the contri-
bution of sediments from the distant source area, while V2
has a greater influence by the nearby source areas within
the Oaxaca State dominated by Miocene ages.

Conclusions

The mineralogy, geochemistry, and zircon grains U-Pb
ages in the Ventosa beach sediments provide the following
conclusions:
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Fig. 10. Map showing possible source terranes
for the Ventosa beach sediments. The terranes
compared from the southwestern coast of Oaxaca
are: Nanchital, Todos Santos clast, Huamelula
Formation, Basal Ixtapan Formation, Totolapan
sandstone, zircon grains dated from hornblende
and biotites (Zacatepec deposits), and zircon grains
dated from the southwestern Isthmus of Tehuan-
tepec (A—I) (Camprubi et al. 2019; Molina-Garza et
al. 2020; Pindell et al. 2020, 2023). Map modified
after the Direccion General de Geografia del Ter-
ritorio Nacional, 2025, Scale 1:1,000,000. Fm=
Formation.
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Table 9: F test for samples V1 and V2.

V2 Vi . Distribution of samples

Median 289.80 734.95 o

Variance 192383.26 238456.04 1200 T
Observations 65 100 e

Degrees of freedom 64 99 -] m

F 0.80

P(F<=f) a queue 0.17 0

(Car;t:lceztlle\)/alue for F 068 . -

* The dominant minerals in sediments are quartz, K-feldspar, anorthite,
zircon, and magnetite. The CIA, PIA, and CIW values indicate moderate
chemical weathering in the source area. The chemical composition of
bulk sediments suggests that they were derived from the felsic igneous
rocks such as granite and granitoids, which is also consistent with the
Qt—Ft—Lt,, modal components. The REE patterns are homogeneous
with a little negative Eu anomaly, which is also a characteristic of felsic
igneous rocks. The environmental indices like EF, I, PLIL, and RI indi-
cate an anthropogenic source for the element Cu, simultaneously is a risk
to the aquatic environment and health.

» The U-Pb ages of zircon grains show the abundance of Cenozoic (~ 12.9 —
31.2 Ma) and Proterozoic ages (~ 657-1499 Ma). Based on the U-Pb
ages, we inferred that the sediments were supplied from the nearby Todos
Santos, Ixtapa, and Huamelula Formations, and were distributed in the
Gulf of Tehuantepec by fluvial and littoral currents. Although the beach
sediments were derived from a mixed origin, the sediment composition
and geochronology of zircon grains of this study show high similarity
with the nearby terranes.
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