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Abstract: The beach areas Esmeralda (EM) and La Mancha (LM) are located in the western part of the
Gulf of Mexico. Here we studied the textural, petrological, and geochemical variations between the EM
and LM beach sands to infer their provenance. The texture and petrographic analyzes indicated that the
EM sands are fine-grained in size and abundant in quartz content. The SEM-EDS data revealed that the
EM sands are abundant in heavy minerals like ilmenite and LM sands are enriched in zircon. SiO, content
is higher in EM sand than in LM sand. The chemical index of alteration (CIA) revealed that the intensity
of weathering in the beach areas was similar, varying from low to moderate. The chondrite normalized
rare earth element (REE) patterns with negative Eu anomaly of the EM sands indicated a felsic
provenance, whereas the absence of negative europium anomaly in the LM sands indicated its derivation
from intermediate source rocks like andesite. The major element based multidimensional tectonic
discrimination diagrams suggested a passive margin setting for the sediments from both beach areas. The
compositional differences identified between the EM and LM beach areas suggested that longshore

currents in the mixing and homogenization of sands are not significant.
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1. INTRODUCTION

The geochemical composition of clastic
sediments has been widely used to infer the
provenance (Almasoud et al., 2015; Ding et al., 2015;
Zaid, 2015a; Varga et al., 2017), to evaluate the
weathering history of the source area (Kermani et al.,
2016; Rashid & Ganai, 2015; Ma et al., 2017), and to
infer the tectonic environment (Verma & Armstrong-
Altrin, 2013, 2016; Khan & Khan, 2015; Etemad-
Saeed et al., 2015). Numerous studies identified that
trace elements such as rare earth elements (REE) and
Y, Th, Zr, Hf, Nb, Sc, Co, and Cr are most suited for
provenance discrimination, because of their short

residence time in seawater and secondary processes
like diagenesis do not affect them (Cullers, 1994;
Garzanti et al., 2014; EI Asmi et al., 2015). Previous
studies focused on the geochemical composition to
infer provenance of beach sands along the coastal
regions from the western Gulf of Mexico are very
few. For example, Kasper-Zubillaga et al., (2013)
studied the geochemistry of beach sands from the
northern Gulf of Mexico and suggested that the beach
sands are highly useful to identify the tectonic
environment of a sedimentary basin. The heavy metal
concentrations of the estuary sediments from the Gulf
of Mexico were documented by Botello et al., (2015).
Recently, Armstrong-Altrin et al., (2015) and
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Armstrong-Altrin &  Machain-Castillo  (2016)
discussed the provenance of continental slope
sediments from the northwestern part of the Gulf of
Mexico. However, the REE characteristics of beach
sands from the western part of the Gulf of Mexico
have not been documented.

This article  discusses the  texture,
petrography, and geochemistry of the sand samples
collected from the Esmeralda (EM) and La Mancha
(LM) beach areas of the southwestern Gulf of
Mexico. The objective of this study is to evaluate
the compositional differences between the two
beach areas as well as to investigate the intensity of
chemical weathering, provenance, and tectonic
environment.

2.STUDY AREA

The beach areas EM and LM are located at the
latitude 20°23'23.15" N, longitude 96°55'10.39" W
and latitude 19°35'49.53" N, longitude 96° 22'39.96"
W, respectively, in Veracruz State, western part of
the Gulf of Mexico (Fig. 1). Lithology of the EM
beach area, corresponds to two major geological
provinces: 1) consists of sedimentary rocks of the
Sierra Madre Oriental deposited in a marine
environment, which were deformed due to the
Laramide orogeny and 2) Pleistocene and Holocene
poorly consolidated sandstones of eolian and
shoreline deposits, with large tracts of alluvium and
lacustrine sediments. The lithology of the LM
corresponds to the Sierra Madre Oriental province
and the Trans-Mexican Volcanic Belt, which consists
of the late Cenozoic volcano sedimentary and
continental sequences. The Pliocene-Quaternary was
characterized by volcanic rocks, predominantly
intermediate composition like andesite (Fig. 1).

3. METHODOLOGY

Thirty sand samples were collected, 15 from
EM and 15 from LM beach areas along the western
Gulf of Mexico. The samples were collected in the
place where the waves end. A one cm thick top layer
of the beach sand was removed before collecting the
samples.

3.1 Grain size

Grain-size analysis was carried out using a
Ro-Tap WS Tyler model RX-812 using ASTM
sieves 12, 20, 35, 40, 70, 120, 140 and 230. 40 g of
each sample was sieved for an interval of 20 minutes
(Folk, 1960). Cumulative curves were constructed to
calculate the statistical grain-size parameters (mean,

median, Kkurtosis, and standard deviation) by
applying the equations of Folk & Ward (1957).

3.2 Petrography

Thirty thin sections, 15 from EM and 15 from
LM, were prepared for the petrography study. The
analysis was conducted in two phases, 1) point-
counting method and 2) petrographic description.
The point counts were done using both Gazzi-
Dickinson (Gazzi, 1966; Dickinson, 1970) and
standard methods. In each thin section, we counted
300 framework grains for total quartz [Q = Quartz
grains], total feldspar [F = potash feldspar (k) +
plagioclase (P)], total lithics (L), volcanic (Lv),
sedimentary (Ls), metamorphic (Lm), plutonic (Lp),
heavy minerals (HM), and biogenic components
(B). Petrographic descriptions were made based on
the results obtained from the optical microscope
model Olympus BX41TF.

3.3. Mineralogy

The chemical composition of selected sand
grains was studied by the PHILLIPS XL-30 SEM
equipped with EDAX spectrometer (EDS) system.
The sand mineralogy was studied using the Siemens
D5000 X-ray Diffractometer.

3.4. Geochemistry

All 30 sand samples were analyzed for major,
trace, and REE geochemistry. Major element
concentrations were analyzed using a conventional
XRF procedure. Powdered samples were heated to
110°C for 6 hours followed by heating in a muffle
furnace at 1000°C for two hours to determine LOI
(loss on ignition). Lithium tetraborate was mixed with
the samples and heated to 1000°C to form a fused
sample for XRF analysis with a Rigaku RIX-3000
equipped with Rh tube. Calibration curves were
prepared using International reference materials
mentioned by Lozano & Bernal (2005). Chemical
analysis for major elements has precisions better than
5%. Major-element concentrations were recalculated
to an anhydrous (LOI-free) basis and adjusted to
100% before interpretation. The trace and REE were
analyzed by an Inductively Coupled Plasma Mass
Spectrometer (ICP-MS) using a method given by
Balaram et al. (1995).

The United States Geological Survey
Standard, BCR-2 (Basalt, Columbia River) was used
for calibration. Three analyses were made for each
sample and averaged. The analytical precision for
trace elements is better than 5%.
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Figure 1. Map showing the location of the study area and terranes of Mexico (map modified after Armstrong-Altrin, 2009).

For the discussion of REE results, we used
the upper continental crust (UCC) and chondrite
normalization factors listed in Taylor & McLennan
(1985). Eu anomaly (Eu/Eu’) was calculated using
the formula EU/Eu” = Euy/[(Smy/Gdy)]M2; where y is
the chondrite normalized value.

4. RESULTS
4.1 Grain size

The mean grain size ranges from ¢ 1.02 to ¢
1.98 (0.5 mm to 0.24 mm) and ¢ 0.62 to ¢ 1.37 (0.65
mm to 0.39 mm) for the LM and EM sands,
respectively, indicating that the sand grains are
medium and coarse to medium-grained in size. The
well sorted sands were probably formed when
exposed to wave, which can reduce pore spaces
among sand grains and improve their classification
(Carranza-Edwards et al., 2009). Kasper-Zubillaga &
Carranza-Edwards (2005) suggested that the fine-
grained sands are well sorted due to the density
selectivity of sand. Similarly, selectivity of wind
produces well classified fine-grained sand, while
mixing of eolian and marine processes generate
variations in grain size (Kasper-Zubillaga, 2009). The
EM sands are well sorted and indicating an eolian
transport, while the LM sands are moderately sorted,
indicating the combination of eolian, wave and
abrasion processes that reduce the grain size and
improve its classification (Madhavaraju et al., 2006;
Armstrong-Altrin & Natalhy-Pineda, 2014). The
medium-grained nature of the two beach sands

reveals the passive margin tectonic environment of
the study area.

The sands of the EM and LM are mostly well
sorted. Their sorting homogeneity can be explained
by the domination of laminar currents in the beach
zone. The classification of sediments depends on
their transport distance and depositional condition,
which may cause well and/or poorly sorted
classifications. Cordoba-Saldafia (2011) reported that
exhaustion is dominant in wind processes, which
could be responsible for the well sorted nature.

In EM sands, the range of asymmetry values is
high, which indicates that the conditions of erosion,
transport and sedimentation were not uniform during
deposition. In contrast, LM sands show homogeneity
in the asymmetry values. The negative asymmetry
value obtained for the two beach sands indicates the
domination of coarse-grained sand. However,
combination of positive and negative values indicates
a region with high energy condition.

The kurtosis values in the EM and LM sands
vary from ¢ 1.20 to ¢ 1.64 (0.4 to 0.33 mm;
leptokurtic to very leptokurtic) and ¢ 1.00 to ¢ 1.76
(0.5 to 0.31 mm; very leptokurtic to mesokurtic),
respectively. Folk & Ward (1957) have deduced that
the unimodal sediments show a mesokurtic shape
and sediments derived from different environments
may result platykurtic.

4.2 Petrography

The EM and LM sands are mostly sub-
angular to sub-round in shapes and are texturally
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moderately mature. Lithic fragments in LM sands
are lithic volcanic (Lv) associated with few
sedimentary rock fragments (Ls), EM sands are
predominantly sedimentary rock fragments (Ls).

The LM sands have the highest modal
proportion of plagioclase (P) and heavy mineral
(HM) grains. In contrast, EM sands are rich in
plagioclase (P), heavy mineral (HM), and biogenic
(B) grains. The average Q-F-L ratios are Qeg-F11-Los
and Qgs-Fs-Ly; for the LM and EM sands,
respectively (Fig. 2).
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Figure 2. Q-F-L triangular diagram for the beach sands
(Dickinson, 1985). Q = total quartz, F = total feldspar [K
(potash feldspar) + P (plagioclase)], and L = total lithic
fragments [volcanic (Lv) + sedimentary (Ls) +
metamorphic (Lm) + plutonic (Lp)].

4.3 Mineralogy

The XRD study reveals that the LM sands are
dominated by pyroxene, magnetite, and ilmenite
grains. Similarly, using SEM-EDS method an
ilmenite grain is identified in the EM sand (sample
no. EM1), whereas in LM zircon grain is identified

(Fig. 3).
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Figure 3. SEM - EDS spectrum for the beach sands. a)
ilmenite (EM1); b) zircon (LM1).

4.4 Geochemistry

441
concentrations

Major and trace element

The major and trace element concentrations for
the EM and LM beach sands are listed in Tables 1
and 2, respectively. The EM sands have higher SiO,
content (69-83 wt. %) than the LM sands (56-61 wit.
%). Similarly, average Al,O; content is slightly
higher in LM sands (6.62-12.2 wt. %) than in EM
sands (2.8-8.7 wt. %). In contrast, CaO and MgO
contents are higher in LM than in EM sands. The
variation in Na,O (1.04-1.87 wt.%) and K,O (1.21-
2.45 wt.%) contents in EM sands is small, whereas it
is large in the LM sands, ranging from 3.46 to 4.98
wt.% and 1.53 to 2.68 wt.%, respectively. The TiO,,
Fe,O3, MgO and CaO contents in LM sands are
slightly elevated, which is probably due to the
concentration of opaque minerals like magnetite and
ilmenite (Tawfik et al., 2017).

On a log Fe,0i/K,O vs log SiOy/AlO;
geochemical classification diagram (Herron, 1988)
(Fig. 4), the EM sands are clustered in the litharenite
field, whereas LM sands are plotted in the wake and
Fe-sand fields, reflecting variations in the quartz and
feldspar contents between the two beach areas.
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Figure 4. Geochemical classification diagram using log
(SiO,/AlL03) — log (Fe,04/K,0) (Herron, 1972).

The UCC normalized trace element
concentrations are showed in figure 5. |In
comparison with UCC, the Sc, Co, Cr, V, and Ni
contents in EM are depleted, whereas Co, Cr, V, and
Ni in LM sands are slightly elevated. The
differences in trace element concentrations between
the two beach areas are probably due to the variation
in the type of source rocks.

4.4.2 Rare earth element concentrations

The REE content ranges from 36 to 78 ppm
for the EM and 65-175 ppm for the LM sands, with
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an average of 57 and 113 ppm, respectively (Table
3). The chondrite normalized REE patterns (Fig. 6)
for the EM sands show LREE enriched and
relatively flat HREE with a negative Eu anomaly
(Eu/Eu” = 0.50-0.77). However, the REE patterns
for the LM sands are with slightly negative or
without any Eu anomaly (Eu/Eu” = 0.71-1.26).

This indicates a difference in the type of
source rocks. Two samples from LM (LM6 and
LM1) show highest REE content compared to other
samples, which may be related to sorting of
sediments during transportation or concentration of
some minerals, probably zircon. The enrichment of
heavy minerals in these samples is also identified by
the SEM-EDS method (Fig. 3).

Similarly, Y REE show a statistically significant
correlation with Al,O; for the LM sands (r = 0.66, n =
15), whereas this correlation is negative for the EM
sands (r = -0.17, n = 15), which is due to the
differences in the concentration of aluminosilicate
minerals between the two beach areas (Li et al., 2016).
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Figure 5. Multi-element diagram for trace element
concentrations normalized against upper continental crust
(Taylor & McLennan, 1985). a) Esmeralda (EM) sand; b)
La Mancha (LM) sand.

5. DISCUSSION
5.1. Sediment maturity and recycling

The SiO,/Al,O5 ratio is a widely-used to infer
the textural maturity of sediments, where a high

value represents compositionally matured sediments
(Madhavaraju, 2015; Rashid et al., 2015). The
average SiO,/Al,0; ratio in basic igneous rocks is 3,
whereas it is about 5 in the acid igneous rocks,
hence the values >5 in clastic sediments indicate
sediment maturity (Armstrong-Altrin et al., 2012,
2013). The SiO,/Al,0; ratios vary from 8 to 25 and
51t 9 in the EM and LM sands, respectively,
indicating a moderate textural maturity. However,
the textural maturity is higher for the EM sands
compared to the LM ones.
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Figure 6. Chondrite-normalized rare earth element (REE)
patterns. Chondrite normalization values are from Taylor
& McLennan (1985). REE pattern of upper continental

crust is also included for comparison. a) Esmeralda (EM)
sand; b) La Mancha (LM) sand.

The Index of Chemical Variability (ICV =
Fe,0;+ K,0 + Na,O + CaO + MgO + MnO + TiO,)
[/ AlL,O; is also a measure to identify the
compositional maturity of sediments, which was
successfully applied in many studies (Cox et al.,
1995; Armstrong-Altrin et al., 2014). Typical rock
forming minerals like feldspars, amphiboles, and
pyroxenes have ICV values of >1, whereas
alteration products such as kaolinite, illite, and
muscovite have ICV values <1 (Cox et al., 1995;
Cullers, 2000). The average ICV values of EM (1.97
+ 0.76) and LM sands (2.70 = 0.65) are >1 (Table
1). Compositionally immature sediments with high
ICV values are first-cycle deposits, whereas
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compositionally mature sediments consisting of low
ICV values indicate high recycling and intensity of
weathering (Van de Kamp & Leake, 1985). The
difference in ICV values between the two beach
areas indicates the compositional maturity is higher
for the EM sands. The enrichment of Zr/Sc ratio in
LM sands indicates that they are concentrated with
zircon mineral.

5.2. Paleoweathering

Paleoweathering in the source region can be
estimated through chemical index of alteration (CIA)
(Nesbitt & Young, 1982). This weathering index has
been extensively used in various studies (Armstrong-
Altrin, 2009; Nagarajan et al., 2007a, 2007b;
Bandopadhyay & Ghosh, 2015; Ramos-Vazquez et al.,
2017). Chemical weathering strongly influences the
mineralogy and major element composition of the
sediments by removing labile cations such as Ca®*"Na"*
and K" relative to residual constituents (AI** and Ti*")
through the conversion of feldspar to clay minerals
(Nesbitt & Young, 1982; Selvaraj et al., 2016). Un-
weathered igneous rocks have CIA values near to 50,
whereas intensively weathered clay materials like
kaolinite, gibbsite, and chlorite have values up to 100.
In general, the CIA values are < 60, in the LM sands,
which vary from 34 to 55, indicating low weathering.
However, for the EM sands the CIA values vary from
40 to 72 (Table 1), indicate moderate weathering in the
source area. Texturally, a significant enrichment in
quartz (Q) and depletion in plagioclase (P) grains in
EM sands supports this observation.

The CIA values for the EM and LM sands are
plotted in the Al,05-(CaO+Na,0)-K,O(A-CN-K)
ternary diagram, which permits to understand the
variation in compositional changes due to chemical
weathering and/or source rock composition (Fedo et
al., 1995). On an A-CN-K ternary diagram (Fig. 7), the
beach sands are plotted as two different groups,
indicating the intensity of weathering is quite variable
between the EM and LM sands.

The LM sands are clustered near the
plagioclase-K-feldspar join line and to the average
composition of andesite, whereas EM sands are closer
to the average granodiorite source. This discrimination
between the two beach areas reveals a weak to
moderate weathering intensity in the source areas. The
Th/U ratio is also used to measure the intensity of
weathering for the beach sands, because weathering
and recycling are expected to result in the oxidation of
U™ to the soluble U® state and its removal will
increase the Th/U ratio above the average UCC value
(Th/U = 3.8) (McLennan et al., 1993). The Th/U ratio
values (> 3.8) for the EM and LM sands are indicating

low to moderate weathering in the source area.
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Figure 7. Ternary diagram to infer the intensity of
weathering for EM and LM sands a) Al,O; - (CaO” +
Na,0) - K,O (A-CN-K, in molecular proportion; Nesbitt
& Young, 1982). Average rock composition of andesite,
basalt, and granodiorite are from Condie (1993).

5.3. Provenance

Major and trace element concentrations of
sediments can provide information about the
provenance (Tetiker et al., 2015; Wen et al., 2016;
Nagarajan et al., 2015). It is due to the reason that the
chemical composition varies widely among sediments
derived from felsic (dacite and granite), intermediate
(andesite) and mafic (basalt) rocks (Verma et al., 2015,
Verma, 2017). The REE and high field strength
elements (HFSE) like Zr, Hf, Y, and Nb are
particularly useful to discriminate the composition of
the source rocks, because of their low mobility during
weathering and transportation (Cullers, 2000). Also,
the relative pattern and the size of the Eu anomaly
were used to infer the nature of source rocks (Cullers,
1994; Armstrong-Altrin et al., 2014, 2016; Zhang &
Gao, 2015). The major element based provenance
discrimination diagram of Roser & Korsch (1988),
was widely used in recent studies to discriminate the
provenance of clastic sediments (Zaid, 2016). On this
discriminant function diagram (Fig. 8) the LM sands
plot in the intermediate and EM sands in the felsic
igneous provenance fields which reveals a provenance
difference between the two beach areas.

The high Rb content (> 40 ppm) in sediments is
related to the felsic-intermediate igneous sources,
whereas low Rb content (< 40 ppm) is related to
mafic-intermediate source rocks (Wronkiewicz &
Condie, 1990). In this study, the differences in Rb
content between the LM (41 + 7 ppm) and EM (80 +
19 ppm) sands indicate that they were derived
probably from intermediate and felsic source rocks,
respectively.
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Table 1. Major element concentrations in weight % for the Esmeralda (EM) and La Mancha (LM) beach sands,
western Gulf of Mexico.

Muestra | SiO, | TiO, | Al,O3 | Fe,03 | MnO [ MgO [ CaO [ Na,O | K,O | P,Og | Total | CIA | ICV
EM-1 |81.1(1.31| 459 | 6.25 | 0.04 | 0.42 |0.59| 1.45 |1.97]|0.02 | 99.8 | 53.4|2.61
EM-2 |78.3[0.78| 568 | 5.62 | 0.01 ] 0.32 |0.56| 1.26 |2.01]0.01| 99.8 |59.7|1.86
EM-3 |76.4(0.45| 6.98 | 4.25 | 0.03 | 0.56 |0.54| 1.58 |1.21]0.03 | 99.5 |67.7|1.23
EM-4 |79.2(059| 4.26 | 456 | 0.01 | 0.45|1.35| 1.12 |2.45]|0.03 | 99.3 |46.4|2.47
EM-5 |81.1(0.89| 568 | 4.25 | 0.02 | 0.46 | 0.63| 1.04 |1.68]0.03 | 99.5 |62.9|1.58
EM-6 |78.0(091| 752 | 541 | 0.03]|0.78 |0.58| 1.87 |2.13]|0.01| 99.8 |62.2|1.55
EM-7 |73.3(0.45(| 6.34 | 5.32 | 0.01 | 0.59 |0.64| 1.26 |2.38]|0.01| 99.9 |59.7|1.68
EM-8 |72.7(/0.26 | 8.69 | 4.25 | 0.02 | 0.56 | 0.87| 1.45]1.89]0.01| 99.7 |67.3]|1.07
EM-9 |83.2(1.45| 4.14 | 6.12 | 0.01 | 0.45|0.59| 1.32 |1.46]0.02 | 99.9 | 55.1|2.75
EM-10 [ 74.3]0.56 | 5.62 | 6.79 | 0.02 | 0.25 [0.64 [ 1.63 [2.45] 0.01 | 99.9 [54.3|2.19
EM-11 [69.0|0.47| 7.23 | 6.34 [ 0.01 | 0.89 [0.64| 1.85 [2.25|0.02 | 99.7 | 60.4|1.72
EM-12 [ 74.6]0.78| 5.26 | 5.38 | 0.02 | 0.46 [0.52| 1.49 [1.76] 0.01 | 99.9 |58.2|1.98
EM-13 [73.1]0.69| 2.89 | 6.32 | 0.03 | 0.47 [0.45| 1.75 [2.05| 0.01 | 99.2 | 40.4|4.06
EM-14 [73.4]10.71]| 6.35 | 456 [ 0.01 | 0.89 [0.74| 1.82 [1.36] 0.02 | 99.6 |61.8| 1.59
EM-15 [ 70.3]0.96 | 7.45 | 5.23 [ 0.03 | 0.56 [0.55| 1.06 {1.30| 0.04 | 99.5 [ 71.9| 1.30
LM-1 |60.5(0.62| 6.62 | 856 | 0.06 | 1.25 | 6.56 | 4.56 |1.78]0.12 | 99.1 | 33.9|3.52
LM-2 |56.0(0.72| 10.7 | 7.98 | 0.07 | 2.56 | 6.18| 3.58 |1.61]|0.25| 99.6 |48.5]|2.11
LM-3 |57.4(065| 7.46 | 8.36 | 0.05| 2.24 | 9.56| 3.46 |1.53]|0.14 | 99.9 | 33.9|3.46
LM-4 |55.7(0.89| 899 | 9.56 | 0.06 | 2.45 | 8.56| 3.78 | 1.55]|0.11 | 99.8 | 39.2|2.98
LM-5 |61.3[156| 11.6 | 7.46 | 0.04 | 1.89 | 4.67| 3.64 |1.89]|0.08 | 99.9 |53.4]|1.81
LM-6 |575[0.35| 12.1 | 6.89 | 0.08 | 3.25 | 4.56 | 4.36 |2.01]|0.34 | 99.9 |52.6|1.76
LM-7 |54.0(0.56| 890 | 9.25 | 0.06 | 2.63 | 7.69| 4.87 |1.78] 0.07 | 99.4 | 38.2|3.01
LM-8 |57.8(0.48| 11.3 | 9.63 | 0.04 | 2.36 | 2.96| 3.96 |2.36| 0.06 | 99.9 | 55.0]1.91
LM-9 |59.0(0.69| 833 | 756 | 0.06 | 1.45|5.89| 4.78 |2.48|0.14| 99.9 | 38.7|2.74
LM-10 [58.0]0.23 | 9.60 | 8.26 [ 0.03 [ 1.24 [2.79 3.78 [2.15[ 0.16 | 99.9 [52.4|1.92
LM-11 [ 60.0]0.45] 859 | 6.79 | 0.40 | 2.35 [4.98 | 3.65 [2.68| 0.25| 99.4 [43.1|2.43
LM-12 [ 58.0]0.45| 7.99 | 8.45 [ 0.06 [ 1.99 [6.21 | 4.78 [2.45[ 0.15| 100 |37.2|3.05
LM-13 | 54.0]1.12| 7.79 | 10.3 [ 0.31 | 4.56 [ 3.87 | 4.98 [2.65| 0.75| 99.9 [ 40.3|3.52
LM-14 | 59.0]0.56 | 7.82 | 9.32 | 0.06 | 2.69 | 4.36| 3.68 | 2.36( 0.24 [ 99.8 | 42.9(2.94
LM-15 [ 57.0]0.45| 8.01 | 8.96 | 0.05 | 3.25 [ 7.39( 4.35 [1.78| 0.26 | 99.7 | 37.1| 3.27

CIA (Chemical Index of Alteration) = [Al,O4/ [(Al,05+Ca0 +Na,0+K,0)] x 100 (Nesbitt & Young, 1982);
ICV (Index of Chemical Variability)= (Fe,0+K,0+Na,0+Ca0+MgO+MnO+TiO,)/Al,O3 (Cox et al., 1995).
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Figure 8. Major element based provenance discriminant
function plot for the beach sands (Roser & Korsch, 1988).
The discriminant functions are: Discriminant Function 1

= (—1773T|02) + (0607A|203) + (0760F6203)
(-1.500°'Mg0O) + (0.616'Ca0) + (0.509 'Na,O)
(-1.224'K,0) + (-9.090; Discriminant Function 2

n + +

+

(-1.142'MgO) + (0.438'Ca0) + (1.475'Na,0) +
(1.426°K,0) + (-6.861).

Similarly, trace elements like Sc, Th, Co, and
La are highly useful to identify the provenance
differences. The bivariate plot of Sc versus Th/Sc (Fig.
9) clearly reveals a provenance difference between the
two beach areas. On this diagram EM sands plot near
to the felsic and LM sands plot near to the intermediate
rocks. This indicates that the EM sands were derived
possibly by the felsic source rocks and LM sands from
the intermediate source rocks.

The high contents of ferromagnesian trace
elements like Cr, Ni, and V in sediments are indicative
of a mafic provenance (Armstrong-Altrin et al., 2016).
Garver et al. (1996) suggested that high Cr and Ni
abundance (Cr > 150 ppm and Ni > 100 ppm) are
indicative of ultramafic rocks in the source area.
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Table 2. Trace element concentrations in ppm for the Esmeralda (EM) and La Mancha (LM) beach sands,
western Gulf of Mexico

Sample| Ba| Cd | Co| Cr | Cu | Hf | Nb [ Ni

PblRb| Sc|Sr|Th]|] U| VI|Y |Zn]| Zr

EM-1 |702|0.05|0.78|7.56|10.3] 1.25 | 3.96 | 3.56

9.65]78.619.36|124[5.36|1.25]9.65|2.56 | 9.65| 32.6

EM-2 |685(0.04|0.69|1.25|11.6] 0.69 |3.48(3.45

2.45165.9|5.69|146(5.69|1.36|7.68|3.56]11.5]25.8

EM-3 |697|0.03|1.26|10.4|21.6] 0.49 |2.59(4.69

15.2189.5]|7.65|178|6.38(1.89(9.68(2.45[14.5(26.5

EM-4 |789(0.02|2.45|11.4|14.9] 0.89 |4.56(2.46

9.56196.4|8.65|198(7.89[1.45|11.5|3.24|10.2]|34.2

EM-5 | 848|0.04|1.56|9.68|17.6] 0.96 |[5.25(5.62

8.45] 100 |5.45|145(9.56|1.78]10.7]|2.89]13.6|27.3

EM-6 |770|0.12|2.45| 8.4 | 18.7] 0.87 | 3.69(4.36

6.5698.6|8.69|135(8.36|2.24|8.69|3.46]16.3|38.4

EM-7 [826(0.05|1.18( 8.6 |16.4| 1.06 [4.15]2.45

10.648.7]15.48]179|7.96|1.89]|5.64|2.78]| 9.6 |41.6

EM-8 |679(0.04(2.45(7.89|19.0| 1.08 |3.26(3.26

3.56|57.0|9.68]|147(6.59(1.35[7.65[3.56| 8.5 [27.9

EM-9 |879(0.23(0.89(10.8|11.7| 0.69 [2.562.48

4.26(78.6(2.36(164]9.38]2.31]8.65]5.68]10.6 | 34.6

EM-10(7960.15|1.48|11.4|10.7| 1.08 |4.59(1.89

3.26(98.6|4.58(157(10.3|10.98(9.78|4.57(11.7|41.8

EM-11(8980.12|1.69(12.7|17.6| 1.45 |3.69(2.14

4.62(67.5(9.63|146]10.6]1.37]4.38]|6.35]|12.6|52.3

EM-12 [77010.21|2.65|9.65|16.4| 1.26 | 5.61(3.65

10.6(98.6|7.56(177(9.48]|1.48(3.78|3.45(14.2]|46.3

EM-13 1658 (0.15(1.45(8.56(13.9| 1.06 |3.78|4.25

9.65|45.412.56|124(8.36|1.67|12.5]|5.63]|7.98]27.8

EM-141759(0.26(0.68(8.69(19.6| 0.97 |2.46|5.26

8.5685.5|3.65|145(9.89[1.47|10.7|5.12]8.69] 36.1

EM-15|764(0.14(0.78(7.48(18.7| 1.08 | 21.5|3.45

7.45]193.711.56|123(10.5|1.97|11.3]|4.65]10.3]|22.9

LM-1 |410(0.03|21.6| 110 |25.7|12.35|15.6(25.6

6.45)145.7113.5|245(3.56[0.25[45.6|38.6|45.3| 299

LM-2 |1390(0.04|24.9|98.6|24.7]| 5.64 |6.56(35.8

3.26155.9115.3|296(4.26(0.65[48.6[31.5|24.5| 110

LM-3 |426|0.06|21.9|85.4|26.6| 3.48 |10.6[45.8

4.25148.6(11.4(278]2.56]0.48]38.7|18.6|45.6| 116

LM-4 [360(0.04]|18.7(87.6|28.5| 4.21 |8.69]25.6

9.65]38.6|12.3|320(3.56[0.68 |63.6(19.654.6| 185

LM-5 [489(0.15]|16.3(95.4|24.7| 3.45 [9.78]35.2

10.639.6]17.8]|248(2.56(0.38|68.935.4|55.7| 175

LM-6 [399(0.05]|15.6(78.6|31.7|10.57|15.6|45.6

11.5]47.6]121.41269(4.85(0.49(95.3|26.5|65.8| 279

LM-7 [445(0.45]119.6( 102 | 34.7| 5.46 [17.9]43.0

12.4136.6]18.6]259(3.58(0.38|86.5|18.3| 75.6| 145

LM-8 [464(0.13|17.8(98.6|29.5| 6.25 [20.5]|24.5

9.5648.6|15.3|249(0.96(0.29(75.4(21.4(64.3| 113

LM-9 [513(0.06)|16.9(78.3|27.4| 4.56 |15.6]28.6

13.6(35.5]|15.4(279(2.78]0.67[55.9]|18.6|47.6| 106

LM-10]379]0.15|20.5|89.6| 359 3.58 [13.5]31.2

9.56137.5/13.8|312(4.59|0.84|83.1]|19.4]65.4]93.8

LM-11]479]0.05|121.4161.2|33.8| 3.48 [12.5]36.5

7.89)134.4114.6|256(3.78[0.67[65.9[17.6|35.7| 125

LM-121334]0.04|15.0/98.3|35.9( 4.78 |9.89|28.4

10.5]145.7110.61236[4.25[0.43[55.7(14.6[42.6| 132

LM-131299]0.03|16.3|78.4|27.6| 3.69 |10.6]27.6

8.69134.3|113.7|312(2.78[0.53|73.4|21.6|51.4]| 145

LM-14 1476 0.06|11.4|89.5|28.7| 4.56 [9.48]31.2

10.2133.5]|145]279(3.37(0.81(92.3(19.5(52.3| 137

LM-151390]0.07(13.2] 121 [29.8| 3.78 | 15.6]|42.5

12.5]39.6]17.9]286(2.19(0.34|91.7|13.7| 38.6| 126
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Figure 9. Bivariate plot of Sc-Th/Sc for the Esmeralda
(EM) and La Mancha (LM) beach sands.

In this study, the slightly higher Cr, Ni, and
V contents in the LM sands could be the result of
contribution of sediments derived from intermediate
source rocks. This observation is further supported

by the Ni-Th'10-V ternary diagram (Fig. 10)
(Bracciali et al., 2007), in which the LM sands
revealed a contribution of sediments from
intermediate  source  rocks. The  average
concentrations of dacite, andesite, and basalt rocks
are from Condie (1993).

In addition, the REE pattern of the source
rocks located nearer to the study areas were
compared with the REE patterns of the EM and LM
sands (Fig. 11). The compared rock types include
basaltic-andesite, andesite and dacite. The EM sands
are comparable with dacite composition (felsic),
whereas the REE patterns of LM sands are
comparable with basaltic andesite and andesite.
Overall, the results and comparison of REE patterns
reveal that the EM sands are dominated by
sediments derived from the felsic igneous source
rocks and LM sands from intermediate source rocks.
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Table 3. Rare earth element concentrations in ppm for the Esmeralda (EM) and La Mancha (LM) beach sands, western
Gulf of Mexico.

Muestra | La | Ce Pr-| Nd | Sm | Eu | Gd | Tb | Dy | Ho | Er | Tm | Yb | Lu | tREE

EM-1 25.6 | 342|298 |842|200|032|158|0.21|1.08|0.25|0.69]|0.10|0.72|0.11| 78.3

EM-2 176 | 251|221 |546|118|0.21|1.24|0.18|1.11|0.23 | 0.67 | 0.09 | 0.65| 0.10 | 56.0

EM-3 869|154 | 161|528 |09 |024|119|0.16|0.83|0.18|0.51 | 0.07 | 0.50 | 0.08 | 35.7

EM-4 109|192 228|789 171|041 |164|0.20|0.96 | 0.21 | 058 | 0.10 | 0.74 | 0.12 | 47.0

EM-5 154 1214|242 (825|164 |034|1.47|019|092|0.22|0.59|0.08|0.64|0.09| 53.7

EM-6 199 1295|251 |768|182|036|136|019|098|0.22|0.65|0.11|0.75| 0.11| 66.2

EM-7 10.2 | 18,6 | 1.76 | 5.98 | 0.98 | 0.25 | 1.18 | 0.17 | 0.85 | 0.19 | 0.54 | 0.08 | 0.56 | 0.09 | 415

EM-8 165|244 | 251 (865|171 |031|151|0.20|0.93|0.21|0.60 | 0.09 | 0.68 | 0.10 | 58.5

EM-9 222 324|284 (812201038 |152|020|105|0.24|068|011|0.78|0.12| 728

EM-10 | 121|212 |241|791|182|045]|1.68 | 0.22|0.99 |0.22|0.60|0.09| 0.69 | 0.10| 50.5

EM-11 | 134|195 |2.04 | 623|111 |0.23|117|0.16 | 0.87 | 0.18 | 0.52 | 0.07 | 0.47 | 0.07 | 46.1

EM-12 | 16.3| 221|244 | 798|142 |0.24 | 149 |0.20 | 0.94 | 0.23 | 0.60 | 0.09 | 0.65 | 0.09 | 54.8

EM-13 | 13.4| 235|258 [ 8.09|1.84 | 041|169 |0.20|099|0.21|0.63|0.10|0.70 | 0.10 | 545

EM-14 | 20.2 | 30.2 | 220|768 | 187 (032|148 | 0.18 | 101 |0.22 |0.62|0.09 | 0.69 | 0.09 | 66.9

EM-15 | 18.2 | 284|224 |6.62 | 145|034 | 1.32 | 0.18 | 0.96 | 0.22 | 0.63 | 0.09 | 0.59 | 0.08 | 61.4

LM-1 171|372 450 | 201|512 | 145|512 |099 | 547|121 |324|048 370|059 | 106

LM2 22.1|48.2 1598|210 421|142 |389|069|321|071|198|029|186]|0.27 | 116

LM3 1541296 | 298 | 121|278 |1.02|289|039|215|048|124|0.18 | 1.12| 0.17 | 726

LM4 211382420171 368|112 321|049 |231|052|142|0.19|122|0.19| 950

LM5 342|624 |745|295|6.21|1.78 |598 | 086|412 |087|264|038|245|0.38| 160

LM6 36.2|70.1|812|352|6.83|138|4.67|088|465|104|286|041|279|046| 176

LM7 234 | 4251521 234|521 |136|498|0.73|3.78|0.74|212|0.32|212|0.32| 116

LM8 274|521 578|254 (521|134 |421|074|371|0.72|204|028|186|0.27 | 131

LM9 202|352 | 441|174 362|121 |321|055|294|062|164|022|142|0.20| 931

LM10 249 | 415|512 (215|420 (121|386 |064|321|068|175|025|160|024| 111

LM11 196 | 37.2 | 487 | 185|436 | 1.36 | 3.78 | 0.59 | 3.14 | 0.59 | 1.78 | 0.24 | 1.52 | 0.23 | 979

LM12 18.1 | 358 | 3.78 | 16.4 | 3.12 | 098 | 3.25| 049 | 245|051 | 149 | 0.19| 1.24 | 0.21 | 88.2

LM13 36.2 614 |724)265 598|168 |558|0.68|389|083|249]035]225]0.33| 155

LM14 27.8 | 457 1525|195 |3.78 103|328 |051|287|059|152|021|142]|0.20| 114

LM15 142 1 275|255| 101|234 |1.01|256|034|198|046|116|0.17| 1.14|0.19| 6538

Mafic rocks

V T T T T T T T
O Esmeralda (n = 15) _O- Esmeralda !
O LaMancha (n = 15) -1 LaManchat!
O Dacite 100 F ) ) i
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[ ] é_ 10 1
o a b
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Ultramafic rocks Felsic rocks Figure 11. Average chondrite-normalized rare earth

Figure 10. Ni-Th"10- V ternary diagram (Bracciali et al.,  element (REE) patterns for the beach sands. n = number
2007) for the Esmeralda (EM) and La Mancha (LM)  Of samples; * Beach sands of this study; * REE patterns
beach sands. Average compositions of dacite, andesite, ~ for average basaltic andesite, dacite, and andesite are from
and basalt from the source area are also plotted for  the source areas.  UCC = upper continental crust (Taylor
comparison; refer Figure 1 for source area and references. & McLennan (1985);
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5.4. Tectonic setting

The major-element based discrimination
diagrams of Bhatia (1983) and Roser & Korsch
(1986) for clastic sediments have been traditionally
used in various studies to identify the tectonic
setting of unknown basins (Zaid 2016; Periasamy &
Venkateshwarlu, 2017). Although numerous studies
identified the results inferred from these
discrimination diagrams are inconsistent with the
geology of the studied areas. Armstrong-Altrin and
Verma (2005) evaluated these discrimination
diagrams and showed a low percentage success rate
(0%-23%) for the Bhatia (1983) diagram and
31.5%-52.3% for the Roser & Korsch (1986)
diagram. Recently, based on the geochemical
composition of Neogene-Quaternary sediments,
Verma & Armstrong-Altrin (2013) proposed two
discriminant function based major element diagrams
for the tectonic discrimination of siliciclastic
sediments for high-silica [(SiO,).g = 63%-95%] and
low-silica [(SiO,)a. = 35%-63%] types, from three
main tectonic settings: island or continental arc,
continental rift, and collision. In addition,
Armstrong-Altrin - (2015) evaluated these two
tectonic discrimination diagrams and recommended
that the two multidimensional diagrams can be
considered as a tool for successfully discriminating
the tectonic setting of older sedimentary basins. In
fact, these discrimination diagrams  were
successfully used in recent studies to discriminate
the tectonic setting of a source region based on
clastic sediment geochemistry (Tobia & Aswad,
2015; Zaid, 2015b, c). On these high silica and low
silica multidimensional diagrams (Fig. 12), the EM
and LM sands are plotted in the rift field suggesting
a passive margin, which is consistent with the
geology of the Gulf of Mexico.

6. CONCLUSIONS

Textural and geochemical analyses of La
Mancha (LM) and Esmeralda (EM) beach sands
collected from the western Gulf of Mexico were
studied to determine the provenance and tectonic
setting of the source region. The LM sands were
accompanied by different proportions of quartz
(68%), feldspar (11%), and lithic fragments (21%),
whereas EM sands were characterized by higher
quartz with lower feldspar and lithic fragments (Qgs-
Fs-Laa).

The XRD and SEM-EDS data revealed that
the LM sands were abundant in heavy minerals like
ilmenite and zircon. The REE concentration is
higher in LM than EM sand, which is due to the

concentration of heavy minerals in LM sands.
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Figure 12. a) Discriminant-function multi-dimensional
diagram for high-silica clastic sediments (Verma &
Armstrong-Altrin, 2013). The subscript ,; in DF1 and
DF2 represents the high-silica diagram based on log,-
ratios of major-elements. The discriminant function
equations are: DFlacrircopm = (= 0.263  x
IN(TiO,/Si0y),g;) + (0.604 x In (Al,O3/Si0,)yg) + (- 1.725
x In(Fe,05t/Si0y)g) + (0.660 x In(MNO/SIO,)qg) +
(2.191 x In(MgO/SiO,)sg) + (0.144 x In(CaO/SiO,),q) +
(— 1.304 x In(Na,O/SiOy).g) + (0.054 x In(K,0/Si0;)sq;)
+ (= 0.330 x In(P,05/Si0y).qj) + 1.588; DF2arc-rift-coymi =
(= 1.196 x In(TiO/SiOy).q) + (1.604 x IN(Al,04/Si0y).q))
+(0.303 x In(Fe,04Si0,)4q) + (0.436 x IN(MNO/SIO;).4)
+ (0.838 x In(MgO/SiO,).g) + (= 0407 x
In(Ca0/SiOy),q) + (1.021 x In(NayO/Si0,),g) + (— 1.706
X |n(K20/Si02)adj) + (— 0.126 x |n(P205/Si02)3dj) —1.068
b) Discriminant-function multi-dimensional diagram for
low-silica clastic sediments (Verma & Armstrong-Altrin,
2013). The subscript y, in DF1 and DF2 represents the
low-silica diagram based on loge-ratio of major elements.
Discriminant function equations are: DF1iarc.rif-copmz =
(0.608 x In(TiO4/SiO)sg) + (— 1.854 x In(Al,04/Si0y).q))
+ (0299 x In(Fe05YSi0z).) + (- 0550 x
IN(MNO/SiO,).qj) + (0.120 x IN(MgO/SiO,).qj) + (0.194 x
IN(Ca0/SiOy)4g) + (—1.510 x In(NayO/Si0,)qg) + (1.941 x
|n(K20/Si02)adj) + (0003 X |n(P205/Si02)3dj) — 0.294;
DFZ(Arc—Riﬁ-CoI)mZ = (— 0.554 x |n(T|02/SIOz)adj) + (—
0.995 x In (Al,03/Si02)aq) + (1.765 x In(Fe,05YSi0;)aq)
+ (- 1391 x In(MnO/SiO,).) + (- 1.034 x
IN(MgO/SiO,).qj) + (0.225 x In(Cal/SiO,).q) + (0.713 x
In(Na;O/SiO,).q) + (0.330 x In(K,0/SiO,).g) + (0.637 x
In(P,0s/Si0,)™) — 3.631

170



Major element concentrations suggested that
the source rocks of the EM sands are more SiO, rich
than those of the LM sands. The CIA values
suggested that the weathering in the source area was
low to moderate. Compared with LM sands the
concentration of Co, Cr, Ni, and V are lower and La
and Th are higher in the EM sands. This indicates
that the LM and EM sands were derived from the
intermediate and felsic source rocks, respectively.

The comparison of REE patterns to the source
rocks also revealed the contribution of sediments
from the intermediate and felsic rock types for the
LM and EM sands, respectively. The major-element
based discrimination diagrams showed a rift setting
for the two beach areas. The compositional
differences identified between the LM and EM
beach areas suggested that longshore currents in the
mixing and homogenization of sands are not
significant.
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