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ABSTRACT

In this study, grain-size, mineralogy, and geochemistry of Mis Amores (MA) beach
sediments, Tuxpan, Veracruz State, Gulf of Mexico are analyzed. The textural
parameters reveal that the sediments are fine-grained and vary from well-sorted to very
well-sorted nature. The SEM-EDS analysis reveal that the sediments are abundant in
minerals such as quartz, alkali feldspars, zircon, ilmenite, and pyroxene. Geochemically,
the sediments are classified as sub-arkose type. The Chondrite normalized rare earth
elements (REE) pattern suggest that the source area is dominated by felsic and
intermediate igneous rocks (Eu/Eu” = 0.90 - 1.19, number of samples n = 16). The
provenance discrimination diagrams indicated that the MA sediments were derived by
the weathering of felsic igneous rocks, probably from the Trans Mexican Volcanic Belt.
The results of this study reveal that the Tuxpan River played an important role in
delivering sediments to the MA beach area.

The environmental indices suggest that the sediments are moderately
contaminated by Zn and moderate to extremely contaminated by Cu and As. The Cu (>
84%) and Zn (> 82%) concentrations are predominantly associated with the
exchangeable fraction, which are readily bioavailable. Cu, As, and Zn in the MA
sediments were derived from the agricultural activities and waste water discharges from

the sanitary network of the Tuxpan town and port.
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INTRODUCTION

Coastal or transitional environment
constitutes the limit between continental and
marine environments, which are active due to
tides, rivers, wave and wind actions (Martinez et
al., 2007; Davis and Fitzgerald, 2020). Many
studies during the last decade have focused on the
characterization of coastal sediments (Bela et al.,
2023; Ramos-Vazquez et al., 2022). These studies
discussed the provenance changes due to coastal
processes (erosion and accretion), precipitation,
river and coastal runoff, compositional variations
and, biological and anthropogenic factors due to
industrial and agricultural activities.

The detrital sediments are the products of
weathering, erosion, and transport. Geochemical

Environmental pollution, provenance, clastic sediments,
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heavy metals,

properties of clastic sediments may be modified
during alteration and metamorphism; however,
the immobile trace and REE concentrations can
be utilized to infer provenance (Tawfik et al.,
2018; Nikunj et al., 2023; Paul et al., 2023). The
mineralogical components and heavy mineral
assemblages in sediments are useful to determine
their provenance (Resmi and Achyuthan, 2018;
Jiang et al., 2022). The chemical behavior of REE
and their resistance to chemical mobilization in
sediments have been used as provenance
indicators (Ramos-Vazquez et al., 2018). In
addition, provenance of sediments can be inferred
through textural, mineralogical, chemical, and
geochronological variations (Wang et al., 2018).
There are studies focused on the mineralogical
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and geochemical characteristics of beach
sediments along the Gulf of Mexico (Campeche
to Tamaulipas) (Tapia-Fernandez et al., 2017;
Armstrong-Altrin et al., 2018, 2021; Armstrong-
Altrin, 2020; Ramos-Véazquez and Armstrong-
Altrin, 2019, 2021). These studies also interpreted
the possible contamination by heavy metals as
well as the sediment provenance.

The trace metals originated due to natural
(erosion and weathering) and anthropogenic
(industrial and mining activities) sources can
easily transfer into the marine environment, via
municipal and industrial discharges (Nagarajan et
al., 2019; Giilsen-Rothmund et al., 2023). Several
chemical indices were utilized in various studies
to calculate the enrichment of heavy metals in
sediments and to differentiate the natural and
anthropogenic origin of metals in sediment (Yang
etal., 2021; Cai et al., 2023).

In this study, we analyzed the texture,
mineralogy, and geochemical composition of
sediments collected in the Mis Amores (MA)
beach near Tuxpan, Veracruz State, Gulf of
Mexico. The objective of this study is to infer the
provenance characteristics of sediments. In
addition, we utilized the chemical indices such as
Enrichment Factor (EF; Zoller et al., 1974),
Geoaccumulation Index (lgeo; Muller, 1969),
Adverse Effect Index (AEI; Long et al., 1995),
and Pollution Load Index (PLI; Tomlinson et al.,

1980) to identify the possible source of
contaminants.
Study Area

Gulf of Mexico is a region with

enormous maritime and oil exploration activities.
In the southern region of the Veracruz State,
pollution has increased due to the operation of
petrochemical industries in the Coatzacoalcos
region (Aquino-Gaspar et al., 2021). MA beach is
located near the mouth of the Tuxpan River,
Veracruz State, western Gulf of Mexico (Fig. 1).
The Tuxpan River Basin is located in the eastern
portion of Mexico, covering an area of 5837 km?
of the Veracruz (72.1%), Puebla (15.2%), and
Hidalgo (12.7%) States (INEGI,2016). The
tributary  rivers are  Pantepec, Vinazco,
Buenavista, Tuxpan, and Tecomate stream
(INECC, 2018).

Winds in the Gulf of Mexico have
important seasonal influences. During winter, the
Gulf is influenced by cold air masses coming from
the north, which cause strong cold fronts (Zavala
et al., 2014). During summer, the currents in the
Tamaulipas and Veracruz states flow north, while
in the fall and winter seasons the current flows
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south until it reaches the Bay of Campeche, where
it meets an opposing current that runs along the
coast (Zavala et al., 2003).
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Fig. 1 Map showing sample locations in the Mis Amores
beach, Veracruz State, Gulf of Mexico. Map modified after
Armstrong-Altrin (2009). Volcanic and sedimentary units are:
lg = intrusive igneous rocks; Ige = extrusive igneous rocks
(andesite); Jss = sedimentary rocks (lower Jurassic); Mi =
intrusive rocks (Mesozoic); Pz = metamorphic rocks
(Proterozoic); Qal = alluvium (Quaternary); Tiv = volcanic
rocks (lower Tertiary); Tivc = volcanoclastic rocks (lower
Tertiary); Tm = marine rocks (Tertiary; sandstone, mudstone);
To = sandstone and limestone (Oligocene); Tsc = clastic rocks
(upper Tertiary).
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METHODOLOGY

Totally, 16 sediment  samples,
approximately 2 kg were collected in the swash
zone of the “Mis Amores” beach. Granulometric
analysis was carried out by the Ro-Tap Sieve
Shaker located at Institute of Marine Sciences and
Limnology (ICML), Mexico City. All 20 samples
were air-dried and sieved through ASTM sieves
for 20 minutes (No. 12, 14, 16, 20, 35, 60, 80,
100, 12, 140, 170, 200, and 230 pum).

SEM-EDS

Five selected samples were analyzed by a
JEOL JXA-8900R electron microprobe, which is
housed in the Institute of Geophysics, UNAM,
Mexico City. Peak counting times were 40 s for
each element, except for Na and K with counting
time 10s.

GEOCHEMISTRY

Sixteen sediment samples were powdered
by an agate mortar (< 75 um) and their major
element concentrations were determined using a
Thermo Scientific Niton FXL 950 X-ray
Fluorescence (XRF). Accuracy of major element
analysis was monitored by an international
standard JGB1 (GSJ). Loss on ignition was
obtained by weighing after combustion 1 h at
1000° C. Concentrations of trace and rare earth
elements were determined by a digestion method
using aqua regia leach at 95 °C, 0.5 g sample was
digested in a microprocessor-controlled digestion
block, then analyzed by the ICP-MS using a
Perkin Elmer Sciex Elan 9000. The operation
procedure to measure trace element concentrations
was similar as detailed in Jarvis (1988). The
United States Geological Survey Standard BCR-2
(Basalt, Columbia River) was used and the
analytical precision of trace elements was less
than 5%. Eu and Ce anomalies are calculated as
Eu/Eu” = EUCN/[(Smcm)(GdCN)]U2 and Ce/Ce" =
Cecn/[(Lacn)(Pren)]Y?, respectively (cn chondrite
normalized values are from Taylor and McLennan
1985).

STATISTICAL ANALYSIS

Pearson’s correlation analysis was
performed using Microsoft Excel 2010.
RESULTS
GRAIN SIZE ANALYSIS

The sediments are associated

predominately with medium to fine-grained sand.
The textural parameters like sorting, skewness,
and kurtosis, reveal that the sediments are
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moderately  sorted, near symmetrical, and
leptokurtic, respectively (Table 1).
Table 1 Grain size and textural parameters for the
Mis Amores beach sediments, Gulf of Mexico (Folk
and Ward 1957)
Sample | Mz Sorting Skewness | Kurtosis
©® 16
MA1 2.76 | 0.29 -0.08 1.19
MA3 2.74 | 0.33 -0.30 1.18
MAS5 2.78 | 0.40 -1.26 1.06
MA7 2.75 | 0.32 -0.23 1.23
MA9 2.72 | 0.33 -0.15 0.94
MA11l 2.69 | 0.40 -0.24 1.09
MA13 2.76 | 0.30 -0.13 1.03
MA15 273 | 0.37 -0.23 1.31
MA17 2.85 | 0.23 -0.01 0.91
MA19 282 | 0.25 -0.08 0.93
MA21 2.86 | 0.25 -0.04 1.05
MA23 2.83 | 0.24 -0.1 1.00
MA25 2.88 | 0.26 -0.1 1.04
MA27 2.88 | 0.23 -0.04 0.98
MA29 2.80 | 0.25 -0.07 1.02
MA31 2.88 | 0.24 -0.05 1.36
Mean 2.80 | 0.29 -0.19 1.08
SD 0.06 | 0.06 0.30 0.13
SEM-EDS

The mineral composition in samples
MA5, MA15, MA17, and MA23 are detected by
SEM-EDS. The sediments are dominated SiO,
(A) (B)
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Fig. 2 SEM-EDS compositional data for the Mis

Amores beach sediments, Gulf of Mexico. A) quartz

and k-feldspar, B) calcite, C) ilmenite, D) k-feldspar,

E) calcium sulfate, F) zircon, G) apatite, H) magnetite

or hematite, and I) rutile.
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content (~ 66-80%), which reveals the abundance
of quartz grains (Fig. 2A). The CaO content (~ 3-
11%) reveal the presence of calcite and shell
fragments in sediments. In sample MA17, Al,Os;
and KO concentrations vary between ~ 3% - 7%
and ~ 0.8% - 2.8%, respectively, suggesting the
abundance of k- feldspar. Similarly, the TiO; and
Fe,O3 contents vary between 0.7% - 0.24% and
1.11% - 1.84%, respectively. Other mineral
phases detected are pyroxene, monzonite, and
zircon (Fig. 2 A, F and G). Peaks for sulfur and
calcium are detected in samples MA5 and MA17.

GEOCHEMISTRY

The concentrations of major, trace, and
rare earth elements are listed in Tables 2, 3, and 4,
respectively. The sediments are enriched in SiO;
content (~ 72.3 wt% - 85.4 wt.%), which is
followed by AlO3 (mean = 5.65 wt.%) and CaO
(mean = 5.26 wt.%) contents. The major element
concentrations are normalized with respect to the
average Upper Continental Crust (UCC) values
(Fig. 3; McLennan, 2001).
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Fig. 3 Diagram showing major element concentrations
normalized against average upper continental crust
(UCC) values for the Mis Amores beach sediments.
Average UCC values are from McLennan (2001).
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Fig. 4 Upper continental crust (UCC) normalized
trace element diagram for the Mis Amores beach
sediments. The average UCC values are from
McLennan (2001).
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The trace element concentrations are also
normalized with respect to average UCC values
(Fig. 4; McLennan, 2001). Relative to UCC the
MA sediments are higher in Zn, As, and Cu
contents, and lower in B, Sn, Sb, and B contents,
suggesting a lithogenic origin (Armstrong-Altrin
et al., 2019). The REE concentrations are
normalized with respect to the average Chondrite
values (Fig. 5; McLennan, 2001). The Chondrite
normalized REE patterns consist slightly negative
and positive europium anomalies, and are depleted
with respect to UCC (Fig. 5).

ENVIRONMENTAL INDICES

The environmental indices such as EF
(Zoller et al., 1974), lgo (Miller, 1969), AEI
(Long et al., 1995), and PLI (Tomlinson et al.,
1980) were utilized in various studies to assess the
pollution level of marine and lake sediments
(Ramos-Vazquez et al.,, 2017; Madadi et al.,
2023). In this study, we utilized these
environmental indices to infer the variations in
elemental concentrations, toxicity, and ecological
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Fig. 5 Chondrite-normalized REE patterns for the Mis
Amores beach sediments. Average composition of
source rocks: ! This study, ? The average UCC values
are from McLennan (2001), ® Verma (2015)

state. According to the obtained values, in Table
5, we assigned different colors to identify the level
of contamination, i.e. yellow corresponds to slight
enrichment, orange indicates moderate
enrichment, and red indicates strong to extreme
enrichment.

The EF values vary from 1.21 to 1.57 for
Cd (in all samples), 1.27 to 1.43 for Ba (in all
samples), and 1.11 to 2.52 for Pb (only in 11
samples). The values with extreme enrichment are
in elements Cu (1.49 - 41.47), As (7.19 - 4.86),
and Zn (0.37 - 4.28). However, an enrichment is
not identified for the elements Cr, Ni, Co and V.

On the other hand, lg, indicated a
possible contamination for Zn, Cu, and As with
different degrees, i.e. moderate contamination for
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Table 2. Major element concentrations (in wt. %) for the Mis Amores beach sediments, Gulf of Mexico |

Location Mis Amores Statistical parameters

Sample MA1 MA3 MAS MAT MAS MA11 | MA13 | MA1S MAIT MA19 | MA21 | MA23 MA25 MA27 MA29 | MA31 n mean sid
Sh:oﬂy 79.13 76.26 7234 78.26 78.21 | 7841 | 7938 | Ta.&1 80.59 79.7 8279 | 8345 85.42 84.26 80.05 83.37 16 80.03 3.30
Ti0, 0.07 0.06 0.08 015 0.15 0.12 0.13 0.13 012 0.18 0.13 0.14 0.12 0.13 012 0.14 18 0.12 0.03
AlLO: 535 627 678 5.86 572 582 548 555 523 551 554 531 545 5.62 549 543 16 5.65 039
Fe,0. 0.61 0.81 1.04 0.67 0.67 0.68 0.63 0.63 0.63 075 061 0.57 0.58 0.58 0.62 0.61 16 0.67 0.12
MnO 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.0z 0.02 001 0.02 0.01 0.01 0.02 0.0z 18 0.02 0m
MgO 0.31 0.44 0.51 038 0.35 0.8 0.35 0.36 0.32 0.38 0.29 023 0.27 028 0.3 029 16 0.24 0.06
Cal 5.92 619 799 5.69 539 57 57 587 557 577 409 395 2382 3.34 575 394 16 526 130
Ma, O 1.56 1.98 186 1.99 1.74 18 1.52 1.62 128 1.32 1.4 1.32 1.32 1.35 1.25 128 18 1.54 0.26
K0 1.78 212 232 1.98 1.92 1.95 1.83 1.86 1.68 1.75 1.81 1.71 1.76 1.78 1.83 174 16 1.86 0417
P:0; o1 0.06 008 0.06 007 oos 007 0.004 004 005 oo2 0.03 0.05 0.02 0.05 004 16 0.05 0.02
Lol 5.14 578 6.99 4.93 5.28 5.08 49 5.16 451 4.59 3.32 321 219 2.62 45 314 16 4.46 126
Sum 99.99 99.99 100.0 99.99 100.0 | 100.0 | 100.0 100 99.99 100 100 99.99 99.99 99.99 100 100 16 100 0m
ALOLTIO 7643 1045 8475 391 3813 48.50 4223 4269 43.58 3061 4262 379 454 4323 4575 3879 16 5026 2013
K:0/MNa;0 1.14 1.07 125 0.99 1.10 1.08 1.20 1.15 131 1.33 1.29 1.30 133 1.32 1.43 136 16 1.23 0.12
Si0L/ALO, 14.79 1218 10.67 13.3 1367 | 13.47 | 1446 | 1420 15.41 14.46 | 14.894 | 1572 15.67 14.99 14.58 15.35 16 14.24 135
K00 ALO, 0.33 0.34 034 0.34 034 034 033 034 032 032 033 032 032 032 033 032 16 033 001
o 83.75 80.24 8121 80.16 82.21 | 81.71 | 84.10 | 83.23 86.27 85.90 | 85.17 859 859 85.62 86.27 86.27 16 83.99 225

std = standard deviation; n = tofal number of samples; Total Fe expressed as Fe,0; Ca0 = Cao0 in silicate fraction; CIW = Chemical Index of Weathering ([ALO./ (41,0 + Ca0’ + Na,0)] x 100; Harnois, 1953).

Tabie 3. Trage slament conoentrations (In ppm) for the Mic Amorac beach sediments, Qult of Mexioa

Location Mis Amores Efatisical parameters

Eample No. MA1 MAZ MAS MAT MAS MATE MaAt3 MA1E MAIT MALE MAZY MAZ3 MAZS MAZT MAZG MaA3e n miEan st
Bo aar oar a5 aar oar oar oar oar aar oar oar oar aav aar oar oor 16 oo ooz
L .50 [=F-k] aTr a.58 0583 [=X-1) 0583 055 .54 055 [=E3.] o5 058 057 055 =) 18 O.58 [ ooe |
(=] oo o000 oo aoo o000 (ki) o000 (ki) oo o000 ool ooa oo 0.00 (ki) [Eea) 16 oo 0.oo
v a4 048 an air o8 o8 o015 ois a8 oir o8 014 Q4B 045 ois A5 16 aiE ooz
Cr aar o040 a3 a.08 oa8 o4 o4 [:R[:] ain oa8 oiT oz oo o043 oz [-E}-] 18 o o3
Mn .24 ozr 038 a.28 025 [:F-.] 025 025 a23 025 o2 o air o148 [:F-2) [EE:] 16 .24 0.os
Hi a0z oo2 a2 aar oa3 oz oaz2 oz aar oaz2 oz ooz oo .02 oz (1) 18 .03 ooz
i 06 CET] .10 a7 008 006 0ar oar @07 0ar 008 oo o7 a.07 08 [EF] 18 .08 0.
ag .o om am a0 000 (X ) 000 (X ) oo 000 (L] (K] oo .00 (X ) [-Xe) 16 oo 0.oo
Cs .22 032 0.38 a.ar o028 o 025 024 .24 o028 025 ozz 024 025 02 [:3-2) 18 .28 0.4
Co 08 014 Q.18 a1z o1z o1z o1 o1z o o1 on o1 a1 .10 on o 16 a1 ooz
Bl oo o.00 a.o0 aoo 000 [=:X:) 000 [=:X:) oo 000 (L] 00d oo .00 [=:X:) 000 18 oo 0.oo
Ee aoo ooo oo oo oo [:hi ) oo [:hi ) aoo oo oo oo oo .00 [:hi ) [es) 16 aoo 0.oo
In 288 303 a7 aTn 038 1) o3z [ ) a3 o041 =B Y (k) 036 026 ozE oza 16 a8t 0.84
Ga .34 034 Q.55 .39 035 048 o3 o a3z o032 oz 038 036 0.38 o3 [18=2:) 16 Q.38 0.oe
as 36T a7l &aar 427 ara 427 38T X 3o ara 320 420 Rk 340 447 a7 16 388 om
Rb 43 058 1 0.53 o051 os2 o048 048 a4 o048 o47 044 o4y .48 o447 [EE] 16 o458 0.os
Y 27 038 045 0.3z 030 o 030 oz .30 033 oza 026 028 oar 030 oz 16 Q.31 004
Zr Qo3 [k o a.08 o0os oo ooz o2 aar o o3 ooz aos .04 o2 003 16 Q04 ooz
L] a1z [=B1:] Q.18 a1E o7 [:RE:] o013 [*RE) aio o014 ois 13 a.oe 04T [*RE) o5 16 a1E 0oz
M a13 017 025 [18]:1 o014 o7 o015 014 a13 o018 o5 015 L1F3) 015 o1s LR} 16 a1E 0oa
En 127 om 108 238 255 182 164 10 a7 oa1 o8 [=RE:) a1e 0148 [:RE:] [&E:] 16 aar 0.80
En 1.50 Z00 200 1.50 150 1.50 150 1.50 100 100 150 150 1.00 1.50 1.50 100 16 1.44 1R 3]
Ea o858 108 148 1.04 (8- =X ] [:E::] X2} o7 o&r =1 o&ET o8z .84 oas oEa 16 [:5: 13 o.oa
Cu 27 6D 2188 15.08 TO04 T.00 BTE 444 424 362 412 245 145 157 1.04 117 110 16 .91 TEY
Ce a13 013 Q13 019 o013 013 o013 013 0328 o013 13 013 0t 0.08 013 013 16 a14 o.oe
Ta ain o040 ain ain (=R [:R[:] (=R [:R[:] ain (=R (=R [:] =R L] oo a4a [:R[:] [B:] 16 ain 0.oo
ar Lk [=-1) am LE:1:3 o&2 085 o&2 [:E-x) 0.55 o080 ose 055 o5t 0.53 [:E-x) [ 16 062 0o
Fb 124 [=F:1:] 1.32 184 1ims 158 1458 oas aTz (R o8 [=E- ] 051 0.50 [:E-}] o4 16 104 047
Th 18 024 0.33 .22 o oz2 o (=) 018 o o [:K}:] 0.2 o (=) [-3-3] 18 a2 o3
u a2 oza 0.38 0258 025 025 025 025 a2 025 025 o [1F-3) o o 025 16 o328 0.4

Table 4. Rare earth element concentrations (in ppm) for the Mis Amores beach sediments, Gulf of Mexico.
Location Mis Armores Statistical parameters
S:ﬂple A1 (o] Mas MAT Mag | MATT | MAT3 | MATS MATT | MATS | KMAZT1 | MAZ3 MAZE MAZT | MAZG | MA3 n msan std
0.
La 37 1.2 135 103 9.7 9.7 99 9.5 9.2 10.8 0.4 8.4 9.1 9.4 93 0.4 18 9.85 1.20
Ca 181 205 253 187 i7g | 178 | 181 | 173 168 194 | 171 | 155 163 171 i7.4 0.9 18 120 231
Pr 21 27 33 24 23 23 24 22 22 28 22 2 2.1 22 23 22 18 234 031
Md 3.1 104 125 3.1 2.4 @ 24 2.4 3.4 a7 23 7.3 & 3.1 24 g4 18 2,03 116
Sm 12 18 22 18 15 13 | 18 | 14 15 17 | 15 | 12 14 13 18 14 16 150 | oo4
Eu 0.45 0.56 062 052 051 | 051 05 | 048 0.47 05 051 | 048 0.45 0.48 0.51 0.43 18 .50 0.04
Gd 1.2 17 2 15 1.4 13 14 13 13 1.4 13 1.2 12 1.2 14 1.2 18 1.33 0.21
Tb 0.2 0.2 0.3 02 0.2 0.2 0.2 0.2 0.2 02 0.2 0.2 02 02 0.2 02 18 0.21 0.03
DOy 1.1 1.4 1.2 13 1.2 1.2 12 13 1.1 13 1.2 i 1.1 1.1 141 1.1 18 1,22 018
Ho 02 0.3 03 02 0.2 0.2 0.2 0.2 02 02 0.2 0.2 02 02 0.2 oz 16 o 0.0%
Er 0.8 0.3 1 07 0.4 07 04 0.7 0.7 03 0.8 048 04 0.4 07 o7 18 0.8 0.11
Tm 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 16 .10 0.00
b 0.8 0.3 048 07 08 07 [ifi} 08 0.8 0.7 0.8 0.8 0.8 0.8 [ifi} 08 16 0.85 008
Lu 0.1 0.1 0.1 0.1 0.1 01 041 0.1 0.1 01 01 01 0.1 0.1 041 01 18 0.10 0.00
LREE 3|z 485 558 421 403 389 | 408 38 382 44 385 | 249 e 381 304 333 18 4083 515
HREE 456 505 712 5.32 481 | 801 49 | 4p8 477 53 481 | 448 4.55 4.58 401 453 18 5.05 0.87
IREE 40.78 5246 | 9383 | 4742 | 4521 | 4481 | 458 | 4385 | 4247 483 | 4331|3036 | 4145 4283 | 4431 | 4288 | 18 45,82 584
EuEw 1.180 1031 | 0802 | 1.011 | 1050 | 1187 | 0.990 | 1070 | 1008 | 0863 | 1.001 | 11680 | 1.028 1158 | 118 | 1108 | 48 1.08 0.08
n = tatal nurnber of samples. LREE = Low Rare Earth Elements; HREE = Heavy Rarz Earth Elements; TREE = Total Rare Earth Elements
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Zn and As. However, Cu indicates contamination
in 11 samples with a range between moderate to
extreme (average lgeo = 2.2). The adverse effect
index calculated based on the NOAA reference
Tables (with respect to ERL) indicates potentially
toxic effects to organisms by Cu in 13 samples
(Fig. 6), which is consistent with the lgo results.
The PLI reveal that there is a higher pollutant load
in a few samples. Based on the environmental
indices the trace metals contamination can be
ranked in decreasing order: Cu > As > Zn > Cd >
Ba.

L |

:-iljlll!.l. [JFATRFY A Y AT AT AT ) AT I L AT I__.|I

Station [S=M} —
Fig. 6 Adverse Effect Index (AEl) in the Mis

Amores beach sediments, Veracruz State, Gulf of
Mexico.

DISCUSSION

The grain size variations can provide
information on the origin and paleoenvironment.
Some authors documented that poorly sorted

sediments with positive skewness values are
indicators of aeolian transport (Xiong et al., 2010;
Jian-Wu et al., 2013). The fine-grained sediments
in the MA beach indicate a constant reworking of
sediments in the foreshore region due to wind and
wave actions. About 16 samples in the MA beach
are well-classified, which is probably due to the
oscillatory movement of water in the break zone
that tends to separate suspended particles (fine-
grained) from coarse-grained particles
(transported as bed load). On the other hand, the
combination of well- classified and very well-
classified in samples MA5 and MA11 represent
the high influence of wind action. 5 samples are
categorized as leptokurtic and 11 as mesokurtic,
suggesting long transport of sediments and long
distance between the source area and the coast.
The SEM-EDS analysis suggests the
abundance of minerals like quartz, -calcite,
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ilmenite, magnetite, titanite, pyroxene, feldspar-K,
apatite, and zircon in sediments (Fig. 2A-G).
These minerals are detected due to the elevated
concentrations of elements like Fe;Os, MnO,
TiO,, SiO,, CaO, (Ce, La, Pr, Nd, Th, and Y),
PO, and ZrSiO4. Enrichment of some rare earth
elements is probably due to the abundance of
apatite in sediments.

The SiO; content shows negative
correlation with elements like Al,O3, MgO, K0,
TiOy, V, Sr, Rb, REEs, Yb, and Th, which
indicates that SiO; is controlled by quartz (Ekoa
Bessa et al., 2021a). Relative to UCC the MA
sediments are enriched in SiO, and CaO contents
and depleted in remaining elements. The
Al,O3/TiO; ratio values vary from ~ 30.6 to 104.5
and are > 28, which suggests that the sediments

18

O Mic Amore ¢ (n=18)

00 06 10 16 20 26
Log (830:/ AL;0s)

Fig. 7 Geochemical classification of sediments
based on log (SiO/Al,03) and log(Fe,0s/K;0)
ratios (Herron, 1988).

were derived from felsic rocks (Girty et al., 1996).
Based on the geochemical classification of Herron
(1988), the sediments are classified as subarkose
(Fig. 7), suggesting that the sediments are
geochemically mature and consistent with the
high SiO, content (> 75%). A modified
weathering index Chemical Index of Weathering
(CIw = 80.2 - 86.3) demonstrates a highly
weathered sediments derived from a distance
source.

The positive correlation of Ba versus
K20 (r = 0.95; n = 16) and Al,O3 versus KO
(0.98; n = 16) reveals their association with k-
feldspars (Armstrong-Altrin et al., 2021, 2022). In
addition, the positive correlation of Ca against Sr,
Rb, and Ba (r = 0.89, r = 0.61, r = 0.59;
respectively; n = 16) suggests metal exchange
among minerals.
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Fig. 8 Provenance discriminant function diagram of
Roser and Korsch (1988). The discriminant functions
are: Discriminant Function 1 = (= 1.773'TiO,) +
(0.607°Al,03) + (0.760°Fe;,03) + (— 1.500°MgO) +
(0.616"Ca0) + (0.509'Na;0) + (= 1.224'K,0) +
(-9.090); Discriminant Function 2 = (0.445°TiO,) +
(0.070°Al,03) + (=0.250"Fe,03) + (- 1.142"MgO) +
(0.438"Ca0) + (1.475"Na0) + (1426'K0) + (—
6.861).

TiO;, Fex03, MnO, and MgO in
sediments represent mafic minerals such as
magnetite, ilmenite, and rutile (Mohanty et al.,
2023). Similarly, enrichment of Ba, Cu, and Zn
contents is characteristics of felsic igneous rocks
(Tiju et al, 2018). On the provenance
discrimination diagram of Roser and Korsch
(1986) (Fig. 8), the sediments are classified as
felsic igneous and quartzose sedimentary
provenances.

Trace element concentrations in clastic
sediments are highly useful tool to infer their
origin, because incompatible trace elements (Th,
U, Pb, Rb, Sr, and Ba) are enriched in sediments
derived from felsic igneous rocks, while
compatible elements (Ni and Cr) are enriched in
mafic igneous rocks (Cullers and Podkovyrov,
2000; Ramos-Vazquez and Armstrong-Altrin,

Mafio rooke
v

0 M Amcoms' (= = )
Moty Mver (n = 8)

§ Carcoes Mver' (n = &)

W Oscte’ (== 1)

@ Aocewte’ (n - 41

@ Seat (n = 29

NI Th*10
Ustramafio rooke Felcio rooke

Fig. 9 Ni-Th"10-V ternary diagram for the Mis
Amores beach sediments (after Bracciali et al., 2007).
Average composition of source rocks: ! This study, 2
Armstrong-Altrin et al. (2021); * Armstrong-Altrin
(2009)
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2021). The ternary diagram based on trace
elements like Ni, Th, and V (Bracciali et al., 2007)
reveals a felsic source rock, similar to dacite for
the MA beach sediments (Fig. 9). For comparison,
on the Ni-Th"10-V ternary diagram the trace
element contents of the nearby Nautla and
Cazones River samples and source rocks adjacent
to the study area are also included (Armstrong-
Altrin, 2009) (Fig. 9). The Ni-Th"10-V ternary
diagram reveals that the sediments were possibly
derived from felsic igneous rocks. This
interpretation is consistent with the geology of the
Gulf of Mexico coastal area. According to the
obtained results, we infer that the source of
sediments is dacites and rhyolites in the Trans-

8

DF 2{Arc-Rift-Col}_,

a MisAmorse (n = 15)]

: L
£ -2 o 4 8

DF1{Arc-Rift-Col),,

Fig. 10  Tectonic discrimination diagram for the high-
silica clastic sediments (SiO, = > 63 wt. %; Verma and
Armstrong-Altrin, 2013). The subscript m1 in DF1 and
DF2 represents the high-silica diagram based on loge-
ratios of major elements. The discriminant function
equations  are:  DFlecritcoy mi= (—0.263 X
IN(TiO2/Si0y).g) + (0.604 x In (Al,04/Si0,).g) + (—1.725
X In(Fean/SiOz)ad,—) + (0660 X In(MnO/SiOz)ad,—) +
(2.191 x In(MgO/SiOy)aq) + (0.144 x In(CaO/SiOy)aq) +
(-1.304 x In(Na,0/SiOy).q) + (0.054 x In(K,0/SiOz)aq;)
+ ( —0.330x1In (PzOs / SiOZ)adJ) +1.588

DFZ(Arc-Rift-Col)m1: (—1196 X Il’l(TiOz/SiOz)adj) + (1604 X
In(A|203/Si02)ad,—) + (0303 X |n(Fezo3t/Si02)adj) + (0436
X In(MnO/SiOz)ad,) + (0838 X In(MgO/SiOz)ad,—) +
(~0.407 x In(CaO/SiO)ug) + (1.021 X In(Na;O/Si0%)aq))
+  (-1706 x In(KO/SiOz)eg) + (—0.126 x
|n(P205/5i02)adj) —1.068.

Mexican Volcanic Belt and were transported to
the beach by the Nautla and Cazones Rivers.

The REE contents of the analyzed
sediments are reported in Table 4. The chondrite
normalized REE patterns show fractionated LREE
with negative europium anomaly (Fig. 5). The
europium anomaly is dominated with a weak
negative Eu anomaly (Eu/Eu” = ~ 0.9 to 1.19),
which signify the domination of felsic source rock
with little contribution by andesites. Also, in
Figure 5, we compared the REE patterns of Mis
Amores sediments with felsic and intermediate
rocks from the nearby Trans Mexican Volcanic
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Fig.11  A) Major element (M)-based multidimensional
tectonic  discriminant  function diagram for  the

discrimination of active (A) and passive (P) margin settings
(Verma and Armstrong-Altrin, 2016). The function (DF
wm) is to be calculated from the equation DF(apm = (3.0005
ilrlriv) + (-2.8243 " ilr2amm) + (-1.0596 " ilr3gem) + (-0.7056
i|r4Mn|v|) + (-03044 " i|r5MgM) + (06277 * iIrGCaM) + (-11838
“ilr7nam) + (1.5915 "ilr8kwm) + (0.1526 " ilr9py) -5.9948

B) Major and trace elements (MT) based diagram. The
function (DF(AP)MT) is to be calculated from equation:
DF(AP) MT = (3.2683 * ilr1TiMT) + (5.3873 * ilr2AIMT)
+ (1.5546 * ilr3FeMT) + (3.2166 *ilr4AMnMT) + (4.7542 *
iIr5MgMT) + (2.0390 * ilr6CaMT) + (4.0490 *ilr7NaMT) +
(3.1505 * ilrBKMT) + (2.3688 * ilr9PMT) + (2.8354
*iIrtlOCrMT) + (0.9011 * ilrlINbMT) + (1.9128 =
iIF2NIMT) + (2.9094 *ilr13VMT) + (4.1507 * ilrl4YMT)
+ (3.4871 * ilrl5ZrMT) - 3.2088. lIr = isometric log-ratio
transformation.

Belt (Verma, 2015). The similarity among REE
patterns supports for a felsic provenance. The
>REE content show a positive correlation with
Al;O3 (r =0.92; p < 0.05; n = 16), Fe,03 (r = 0.98;
p < 0.05), MnO (r = 0.63; p < 0.05), MgO (r
0.92; p < 0.05) Th (r = 0.96; p < 0.05), Ba (r =
0.83; p <0.05), Sr (r=0.90; p <0.05),and V (r
0.97; p < 0.05), suggesting a similar source for
these elements (Madhavaraju et al., 2021).

Furthermore, the major and trace element
concentrations in clastic sediments has been
widely applied to infer the tectonic setting of an
unknown sedimentary basin (Bhatia, 1983; Roser
and Korsch, 1986; Verma and Armstrong-Altrin,
2013, 2016). In this study, we utilized the tectonic
discrimination  diagrams of Verma and
Armstrong-Altrin (2013, 2016) (Figs. 10 and 11A
and B). On these tectonic discrimination diagrams
the Mis Amores sediments plot in the rift and
passive margin fields, which suggest a passive
margin setting for the Gulf of Mexico sediments.
This interpretation is consistent with the tectonic
history of the Gulf of Mexico.

The heavy metal concentrations in beach
sediments were analyzed in various studies from
different parts of the world to infer the level of
contamination (Ayala-Perez et al., 2021; Ekoa
Bessa et al., 2021 b). In this study, we attempt to
evaluate the level of trace metal pollution in the
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MA beach sediments, because we believe that the
level of pollutants is increased recently due to the
industrialization and uncontrolled urbanization in
the coastal regions of the Gulf of Mexico. The
trace element patterns normalized with respect to
UCC show a notable enrichment of As, Cu, and
Zn and these elements are considered as best
environmental indicators (Villanueva and Botello,
19988; Velandia-Aquino et al., 2023).

The environmental indices such as EF,
lgeo, AEI, and PLI reveal a moderate to severe
enrichment for As, Zn, and Cu contents,
suggesting an anthropogenic source. Sadiq (1992)
and Reimann and Caritat (1998) reported that the
use of pesticides, herbicides, and fungicides for
agricultural activities is responsible for the
enrichment of these metals in sediments. Also, an
extensive occupation of land along the Tuxpan
River basin for agricultural activities (43%) is
increased recently. The concentration of metals
Cu, As, and Zn in sediments is a potential danger
to the local environment (Table 5). The tourist and
urban activities in the MA beach area may be
responsible for the accumulation of heavy metals
in sediments. The concentration of Cu (~ 26 ppm -
690 ppm), also imply its derivation due to
industrial, tourism, and recreational activities. In
addition, Cu and Zn are related to wastewater
discharges that may originate from the nearby
Tuxpan City. Zn can be also attributed to activities
in the Tuxpan port, because Zn is commonly used
in the port infrastructures to prevent the corrosion
by seawater (Reimann and Caritat, 1998; Zhou et
al., 2024). Similarly, source of As is primarily
attributed to agricultural and aqua cultural
activities in the coastal area (Gustafsson and
Jacks, 1995; Sun et al., 2025). Cu and Zn in
sediments may derive from the anti-corrosion
coatings, discarded batteries, and printing.
However, evidence of contamination attributed to
activities associated with oil industry is not
observed in this study.

CONCLUSIONS

The Mis Amores beach sediments are
very well-sorted and mineralogically mature. The
textural parameters reveal a high energy beach
environment. The geochemistry data reveal that
the sediments were derived from the felsic
igneous rocks in the Trans-Mexican Volcanic Belt
and transported to the beach by the Tuxpan and
Nautla Rivers. The tectonic discrimination
diagrams indicated a passive margin setting,
which is consistent with the general geology of
the southern Gulf of Mexico.
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Moderate to severe contamination of Cu,
As, and Zn in sediments reflects an intense use of
fertilizer and pesticides in the nearby agricultural
areas. The enrichment of Zn and As are also

associated with the Tuxpan port infrastructure
activities. We did not find any contamination in
sediments due to oil exploration activity, although
is common in the Gulf of Mexico. This study

Table 5. Comparison of trace metal concentrations in the Mis Amores beach sediments, Gulf of Mexico with environmental indices
Sample | Metal EF lgeo AEI PLI | Sample | EF | Igeo | AEI | PLI | Sample | EF | Igeo | AEI | PLI | Sample | EF | Igeo | AEI | PLI

Cd | 1.53 |-0.56 | 0.08 1.43|-0.56 | 0.15 157 | -0.56 | 0.08 151 | -0.56 | 0.15

cr | 011 |-4.38]| 0.07 0.12 | -4.15 | 0.09 0.15 | -3.96 | 0.10 0.14 | -3.96 | 0.10

Pb | 1.82 | -0.31 | 0.44 2.47 | 0.23 | 0.64 1.11 | -1.05 | 0.26 0.75 | -1.57 | 0.18

zn | 430 | 0.93 [IFES 053 | -1.99 | 0.18 053 | -2.11 | 0.16 0.53 | -2.06 | 0.17

sr | 091 »1.32.!& 0.87 | -1.27 | N/A 0.90 | -1.35 | N/A 0.75 | -1.57 | N/A
MA1 [eTRll 21438 4.20 | 20.29 KYRENVIX'EMM 084 222 | 5.15 R AIYNV] 1.27 0.44 | MA25 | 232 0.07 0.40

Ni | 0.09 |-467 | 0.12 0.09 | -4.56 | 0.13 0.11 | -4.37 | 0.15 0.11 | -4.37 | 0.15

Ba | 132 [-0.77 | N/A 1.39 | -0.60 | N/A 1.34 | -0.78 | N/A 1.36 | -0.70 | N/A

Co | 014 |-3.99 | N/A 0.17 | -3.67 | N/A 0.15 | -3.91 | N/A 0.16 | -3.82 | N/A

v | 021 |-342| NA 0.22 | -3.24 | N/A 0.23 | -3.33 | N/A 0.22 | -3.33 | N/A

As 1.29 | 0.67 1.32 | 0.68 4.92 | 1.09 | 059 492|115 | 061

Cd | 1.31 |-0.56 | 0.08 1.41 | -0.56 [ 0.15 1.49 | -0.56 | 0.08 1.46 | -0.56 | 0.15

cr | 012 |-3.96 | 0.10 0.20 | -3.38 | 0.15 0.12 | -4.15 | 0.09 0.19 | -3.50 | 0.14

Pb | 1.27 | -059 | 0.36 2.19 | 0.08 | 0.58 1.31 | -0.74 | 0.33 0.72 | -1.58 | 0.18

zn | 3.88 | 101 [EE 0.70 | -1.57 | 0.24 0.60 | -1.86 | 0.20 0.37 | -2.55 | 0.12

sr | 0.89 -141.“ 0.90 | -1.20 | N/A 0.87 | -1.33 | N/A 0.75 | -1.51 | N/A
MA3 [eTBll 25.06 3.87 | 16.09 [CRAMIMYINSMN 034 2.17 | 4.97 RN ERY/NE) 1.46 [JEXEN 0.47 | MA27 | 1.49 | -052 | 0.77 | 0.38

Ni | 0.10 |-4.20 | 0.17 0.09 | -4.56 | 0.13 0.10 | -4.51 | 0.14 0.10 | -4.37 | 0.15

Ba | 1.38 |-047 | N/A 1.32 | -0.65 | N/A 1.27 | -0.79 | N/A 1.35 | -0.67 | N/A

Co | 017 |-3.47| NA 0.17 | -3.60 | N/A 0.16 | -3.75 | N/A 0.14 | -3.91 | N/A

vV | 023 |-3.08| NA 0.22 | -3.24 | N/A 0.25 | -3.16 | N/A 0.21 | -3.33 | N/A

As | 479 | 1.32 | 068 151 | 0.78 1.32 | 0.68 486 | 118 | 0.62

Cd | 1.21 |-0.56 | 0.15 1.49 | -0.56 | 0.15 1.48 | -0.56 | 0.15 1.49 | -0.56 | 0.15

cr | 0.6 |-3.50| 0.14 0.21 | -3.38 | 0.15 0.24 | -3.15 | 0.17 0.18 | -3.64 | 0.12

Pb | 156 |-0.19 | 0.48 2.14 | -0.04 | 0.53 1.31 | -0.73 | 0.33 0.75 | -1.55 | 0.19

zZn | 2.46 | 0.46 | 0.98 0.46 | -2.25 | 0.15 0.63 | -1.79 | 0.21 0.41 | -2.43 | 013

sr | 1.08 |-071 | N/A 0.91 | -1.27 | N/A 0.79 | -1.47 | N/A 0.93 | -1.24 | N/A
MA5S | cu [FREEREEEENEENEN 0.80 | MA13 157 B o050 | MA21 | 356 | 0.71 [Nl 0.47 | MA29 | 1.72 | -0.36 | 0.86 | 0.41

Ni | 012 [-3.94 | 0.21 0.10 | -4.51 | 0.14 0.12 | -4.20 | 0.17 0.12 | -4.20 | 0.17

Ba | 1.37 |-0.38| N/A 1.43 | -0.62 | N/A 1.38 | -0.66 | N/A 1.43 | -0.62 | N/A

Co | 0.21 |-3.09| N/A 0.16 | -3.75 | N/A 0.15 | -3.82 | N/A 0.16 | -3.82 | N/A

vV | 024 |-287| NA 0.22 | -3.33 | N/A 0.23 | -3.24 | N/A 0.22 | -3.33 | N/A

[ 719 202 | 111 1.37 | 0.71 1.09 | 0.59 157 | 0.82

Cd | 1.40 | -0.56 | 0.15 1.48 | -0.56 | 0.15 1.55 | -0.56 | 0.15 1.51 | -0.56 | 0.15

cr | 0.12 |-4.15| 0.09 0.14 | -3.96 | 0.10 0.18 | -3.64 | 0.12 0.18 | -3.64 | 0.12

Pb | 252 | 0.29 | 0.67 1.38 | -0.65 | 0.35 0.86 | -1.41 | 0.21 0.71 | -1.64 | 0.18

zn | 097 |-1.09 | 0.33 0.53 | -2.05 | 0.17 051 | -2.17 | 0.16 0.43 | -2.38 | 0.14

Sr | 089 |-1.22 | NA 0.91 | -1.25 | N/A 0.83 | -1.46 | N/A 0.77 | -1.52 | N/A
MA7 | cu [IEXIEZEEIEEEN 057 | MA15 150 EEEN 0.47 | MA23 | 2.20 | -0.04 [EEGEl 0.40 | MA31 | 1.63 | -0.44 | 0.81 | 0.39

Ni | 010 [-4.41( 015 0.10 | -4.41 | 0.15 0.12 | -4.24 | 0.17 0.17 | -3.69 | 0.24

Ba | 1.38 |-058 | N/A 1.36 | -0.67 | N/A 1.31 | -0.79 | N/A 1.32 | -0.75 | N/A

Co | 017 |-3.60| N/A 0.17 | -3.67 | N/A 0.15 | -3.91 | N/A 0.16 | -3.82 | N/A

vV | 023 |-316| NA 0.22 | -3.33 | N/A 0.21 | -3.42 | N/A 0.22 | -3.33 | N/A

As 151 | 0.78 1.26 | 0.66 149 | 0.77 484 | 112 | 0.60

Yellow = slight enrichment; orange = moderate enrichment; red = strong to extreme enrichment

Methodology, Formal analysis. All authors
reveals the importance of sediment geochemistry contributed equally in writing.
to infer the provenance as well as to understand
the level of heavy metal contamination in beach
sediments.
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