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Microtextures of quartz and zircon grains from the Bosque and Paseo del Mar beaches in the Gulf of
Mexico were examined using a Scanning Electron Microscopy (SEM), to infer their provenance and
palaeoenvironment. A total of 16 microtextures from 200 grains were identiBed and were grouped into
mechanical, chemical, and mechanical/chemical origin. Microtextures of mechanical origin represent
parallel striations (ps), cracks due to collision (ck), conchoidal fractures (cf), v-shaped marks (vs),
abrasion fatigue (af), meandering ridges (mr), chattermarks (ch), curved (cg) and straight grooves (sg),
which are attributed to a high-energy Cuvial and sub-aqueous marine environment. Solution pits (sp),
crystal overgrowth (cro), and silica globules (sgl) of chemical origin indicated precipitation and dissolution in a silica saturated marine environment. Adhered particles (ap), elongated depressions (dp), and
relief are grouped as mechanical/chemical origin, suggested a sub-aqueous nearshore marine environment. Although zircon is considered as a resistant mineral, the frequency of microtextures observed was
higher in zircon than in quartz. The results of this study revealed that the Los Tuxtlas volcanic Beld,
Chiapas Massif and Oaxacan Complexes in the SW Gulf of Mexico are the potential source areas, which
supplied sediments to the Paseo del Mar and Bosque beach areas.
Keywords. Surface features; coastal sediments; heavy mineral; provenance; depositional environment;
SEM.

1. Introduction
Identifying microtextures on sand grains by SEM is
one of the important techniques to infer transport
process, their relation between source and sink,
provenance, and paleoenvironment (Krinsley and
McCoy 1977; Krinsley and Marshall 1987; Helland
and Diffendal 1993; Mahaney 2002; Longhinos

2009; Smyth et al. 2014; Vos et al. 2014; Alam et al.
2019; Chen et al. 2019). SEM method also allows
direct observation of minute microtextures on
grain surface with high magniBcations up to 2 lm.
Microtextures on grain surfaces are largely dependent on the transport agent and energy, hence it is
possible to differentiate the microtextures originated by Cuvial, marine, aeolian, and glacial

225

Page 2 of 16

environments (Mahaney et al. 2001; Cawood et al.
2003; Immonen 2013; Warrier et al. 2016; Smith
et al. 2018; Murkute 2019).
Several authors studied the surface texture of
sand grains and explored its relationship with
source rocks and origin (Kleesment 2009; Chmielowska and Woronko 2019; Karudu 2019; Hossain
et al. 2020). Microtexture studies were largely
focussed on quartz grains, since it is common in
sediments from all environments, relatively resistant to weathering, and capable to preserve various
surface features (G€
otze 2009; Itamiya 2019; Li et al.
2020). However, microtextures on heavy minerals
are little studied, which is probably due to the
inconvenience in separating them from coastal
sediments. Among other heavy minerals, zircon is a
common accessory mineral in various rock types
(Balan et al. 2001; Finzel 2017; Wang et al. 2018;
Madhavaraju et al. 2019; Shi et al. 2019; Chaudhuri
et al. 2020a, b). It is generally believed that, due to
an excellent resistance capacity of zircon against
abrasion, thermal alteration, it can resist mechanical damage due to collision impact during transport and preserves the history of its origin for
millions of years (G€
atner et al. 2013; McKay et al.
2018; Ji et al. 2019; Li et al. 2020).
The microtextures on sand grains were traditionally grouped as mechanical, chemical, and
mechanical/chemical origin, and their environmental implications with respect to their origin
were studied by various authors (Rahman and
Ahmed 1996; Newsome and Ladd 1999; Madhavaraju et al. 2006; Hossain et al. 2014;
Mohammad et al. 2020). Armstrong-Altrin and
Nathally-Pineda (2014) examined the microtextures on sand grains from three beach areas
Tecolutla, Nautla, and Veracruz, in the western
Gulf of Mexico. They reported two new microtextures desiccation cracks and chattermark
trails on quartz grain surfaces, and described the
depositional environment of the beach areas.
Microtextures in desert and dune sands in the
northwestern Mexico, were examined by KasperZubillaga and Faustinos-Morales (2007), they
inferred the depositional environment based on
the types of surface features.
In this study, we examined the microtextures on
quartz and zircon grains from the Bosque and
Paseo del Mar beaches, SW Gulf of Mexico. The
objectives of this study are to demonstrate
the microtexture types, investigate the transport history, to infer the provenance and
palaeoenvironment.
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2. Study area
The beach areas Paseo del Mar (91°480 53.9200 N–
18°390 54.5600 W) and Bosque (92°400 26.8300 N–
18°360 45.9800 W) are located in the Campeche and
Tabasco States, respectively, SW part of the Gulf of
Mexico (Bgure 1).
2.1 Lithology
The principal source of sediments to the beach
areas is the Grijalva (*640 km length) and
Usumacinta Rivers (*1100 km length), which
originate from the northwestern part of Chiapas
(Mexico) and Guatemala, respectively. These rivers Cow through the Chiapas and Tabasco States
and discharges annually 2678 m3/s, and rank second in the freshwater discharge to the Gulf of
Mexico (Day et al. 2003; Salas-de-Le
on et al. 2008).
The geology of river draining area is composed of
alluvium and soils (Quaternary), maBc and intermediate volcanic rocks (Cenozoic), clastic and
calcareous sedimentary rocks (Cenozoic and
Mesozoic), and metamorphic rocks comprising
schist and gneiss (Paleozoic and Precambrian)
(Ortega-Guti
errez et al. 1995; Verma 2001, 2015;
Armstrong-Altrin et al. 2018, 2019, 2020).
2.2 Hydrogeology
Microtidal conditions at the river mouth are
predominantly diurnal with a tidal range between
0.65 and 0.15 m during spring and neap tides
(Medellın et al. 2013). The weather condition in the
beach areas is humid warm with summer rainfall.
Three different seasons are distinct, i.e., the dry
season (Feb–May), rainy season (Jun–Sep), and
stormy season (Oct–Jan) (Celis-Hernandez et al.
2020). In the beach areas, the average annual
rainfall and temperature range from 1500 to 2100
mm and 26° to 28°C, respectively. Winter rainfall
from October to March, associated with ‘cold
fronts’ or ‘nortes’ provide an average precipitation
of 1200 mm (Salas-de-Le
on et al. 2008).
3. Methodology
Twenty samples (*2 kg each) were collected from
the Paseo del Mar (PM) and Bosque (PB) beaches,
in the foreshore area with 100 m interval between
samples. To examine microtextures, nearly 100
quartz and 100 zircon grains (between 200 and 400
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Figure 1. Map showing location and simpliBed geology of the beach areas (Source: Carta Geol
ogica, Direcci
on General de
Geografıa del Territorio Nacional, Mexico, scale: 1:1,000,000) and modiBed after Anaya-Gregorio et al. (2018).

lm sizes; 10 grains from each sample) were
randomly handpicked under a stereomicroscope
and Bxed on the double-sided adhesive SEM stubs.
The grains pasted on SEM stubs were then subjected to gold sputtering, which provides better
resolution than other heavy metals due to reduction of beam penetration and minimize electrical
charging on the grain surface. The microtextures
were examined using the JEOL JSM6360LV SEM
equipped with secondary electron detector, which
is capable of analyzing micro areas. The SEM is
located at the Instituto de Ciencias del Mar y
Limnologıa (ICML), Universidad Nacional
Aut
onoma de M
exico (UNAM). In general, the
quartz and zircon grains were examined at magniBcations between 1009 and 7509, whereas large
surface features were examined between 10009 and

150009 magniBcations. The quartz and zircon
microtexture types were described based on the
classiBcations of Mahaney (2002) and Mahaney
et al. (2012).
4. Results
4.1 Microtextures on quartz grain surfaces
in the Paseo del Mar and Bosque beaches
SEM images of microtextures identiBed in quartz
grains from the Paseo del Mar and Bosque beaches
are shown in Bgures 2 and 3, respectively, and their
types are listed in table 1. According to the type
and characteristics, the microtextures are divided
into three categories: (1) mechanical, (2) chemical,
and (3) combined mechanical/chemical origin.
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4.1.1 Mechanical origin

4.1.3 Mechanical/chemical origin

The Brst dominant microtexture identiBed in the
Paseo del Mar and Bosque quartz grains is meandering ridge (mr), which is observed mostly on
grain edges (Bgures 2A–E, G and 3A–F, respectively). The second dominant microtexture is
abrasion fatigue (af) (Bgures 2A, B, F, I, K, T; 3D),
associated with cracks and dislocations (ck)
(Bgure 2O, R) on grain surface layers with dimensions \ 3 lm. Other microtextures identiBed are
curved (cg) and straight grooves (sg) (Bgures 2H, I,
L, O; 3H), and parallel striations (ps) (Bgures 2C,
G, M; 3E).
Conchoidal fractures (cf) (Bgures 2J; 3C, G) and
v-shaped marks (vs) (Bgure 2F–H) are identiBed
on quartz grain surfaces with variable size and
depth. Chattermarks (ch) (Bgure 2M, R) observed
on few quartz grains are a series of linearly arranged straight to slightly curved grooves (cg) (Bgures
2H, I, L, O; 3H). The individual chattermark trails
are randomly oriented across the grain surface and
indentations are shallow to deep (\5 lm) with trail
lengths varying from 1 to 50 lm.

Microtextures of combined mechanical/chemical
origin identiBed on quartz grain surfaces are adhered
particles, elongated depressions, and relief, which are
observed in both Paseo del Mar and Bosque beaches.
The adhered particles (ap) are small fragments
attached on grain surfaces, their size can be variable
(Bgures 2B–D, K, P, R, T; 3B–F, H, I). Elongated
depressions (dp) identiBed are mostly associated with
meandering ridges (Bgure 2F, P). The quartz grains
from Paseo del Mar show high relief (Bgure 2C), while
Bosque show medium relief (Bgure 3B).
4.2 Microtextures on zircon grain surfaces
in the Paseo del Mar and Bosque beaches
The distinct microtextures observed on zircon grains
from the Paseo del Mar and Bosque beaches are
shown in Bgures 4 and 5, respectively, and are listed
in table 1. Based on their origin, the microtextures
are grouped into three categories: (1) mechanical, (2)
chemical, and (3) combined mechanical/chemical.
4.2.1 Mechanical origin

4.1.2 Chemical origin
Solution pits (sp), a common chemical feature on
grain surfaces are more frequently observed in
Paseo del Mar relative to Bosque (Bgures 2D, E, J,
K, M, Q, R, S; 3E–H). Other microtextures of
chemical origin identiBed are crystal overgrowth
(cro) (Bgure 2C, I–K, Q, S) and silica globule (sgl)
(Bgure 2D, G, L, O, P, T). However, silica globule
and crystal overgrowth are identiBed only in the
Paseo del Mar beach (table 1).

Microtextures of mechanical origin are more dominant in zircon grains than chemical origin. In fact, a
more variety of surface features of mechanical origin
are identiBed in the Bosque beach relative to Paseo
del Mar beach. The mechanical microtextures,
which are common in both Paseo del Mar and
Bosque zircons are cracks due to collision impact
(ck) (Bgures 4A, D, H, K and 5A, L, P, W, respectively), straight (sg) and curved grooves (cg)
(Bgures 4G; 5J, M, P, V, W), parallel striations (ps)

b

Figure 2. Surface microtextures on quartz grains identiBed by SEM from the Paseo del Mar beach, Campeche State, Gulf of
Mexico: (A) quartz grain with bulbous edge (ble) showing abrasion fatigue (af) and meandering ridge (mr); (B) angular grain
showing abrasion fatigue (af), meandering ridge (mr), and adhered particle (ap); (C) high-relief quartz grain with bulbous edge
(ble), meandering ridge (mr), parallel striations (ps), crystal overgrowth (cro), and adhered particles (ap); (D) meandering ridge
(mr), adhered particles (ap), solution pits (sp), and silica globule (sgl); (E) sub-angular grain with bulbous edge (ble)
demonstrating meandering ridge (mr) and solution pits (sp); (F) sub-rounded grain with bulbous edge (ble), V-shaped marks
(vs), elongated depression (dp), and abrasion fatigue (af); (G) parallel striations (ps), meandering ridges (mr), silica globule (sgl),
and V-shaped marks (vs); (H) curved grooves (cg) and V-shaped marks (vs); (I) quartz grain showing smooth surface, curved
grooves (cg), abrasion fatigue (af), and crystal overgrowth (cro); (J) sub-angular grain showing solution pits (sp), crystal
overgrowth (cro), and conchoidal fracture (cf); (K) abrasion fatigue (af), adhered particles (ap), crystal overgrowth (cro), and
solution pits (sp); (L) curved grooves (cg) and silica globules (sgl); (M) solution pits (sp), chattermarks (ch), and parallel
striations (ps); (N) meandering ridges (mr) and crystal overgrowth (cro); (O) silica globules (sgl), curved groove (cg),
meandering ridge (mr), collision impact crack (ck), and smooth surface; (P) quartz grain with bulbous edge (ble), silica globules
(sgl), elongated depression (dp), and adhered particles (ap); (Q) meandering ridges (mr), solution pits (sp), and crystal
overgrowth (cro); (R) solution pits (sp), adhered particles (ap), collision impact crack (ck), parallel striations (ps), and
chattermarks (ch); (S) angular quartz grain showing solution pit (sp) and crystal overgrowth (cro); (T) abrasion fatigue (af) and
silica globule (sgl); and (U) adhered particles (ap).

225

Page 6 of 16

J. Earth Syst. Sci. (2020)129:225

Figure 3. Surface microtextures on quartz grains examined by SEM from the Bosque beach, Tabasco State, Gulf of Mexico:
(A) angular quartz grain showing meandering ridges (mr); (B) medium-relief sub-angular grain showing meandering ridge (mr);
(C) sub-angular quartz grain with conchoidal fractures (cf), adhered particles (ap), and meandering ridges (mr); (D) meandering
ridge (mr) and adhered particles (ap), and abrasion fatigue (af); (E) angular grain showing parallel striations (ps), meandering
ridges (mr), adhered particles (ap), and solution pits (sp); (F) quartz grain with bulbous edge (ble), meandering ridge (mr),
adhered particles (ap), and solution pits (sp); (G) sub-angular grain showing conchoidal fractures (cf) and solution pits (sp);
(H) sub-angular grain with adhered particles (ap) and curved groove (cg); and (I) adhered particles (ap) and solution pits (sp).

(Bgures 4C, H; 5A, B, F, H, I), conchoidal fracture
(cf) (Bgures 4B–E, J, K; 5A, D, G, N, P, R, T, V),
chattermarks (ch) (Bgure 5B, E, S), abrasion fatigue
(af) (Bgures 4C, F; 5G–K), and sub-rounded grains
with bulbous edge (ble) (Bgure 4C, E, F, G).
Zircon grains from Bosque beach are mostly subangular, elongated, prismatic (Bgure 5I, K, U, V),
and hexagonal shape (Bgure 5M, W). Other
microtextures identiBed exclusively in Bosque
beach are meandering ridges (mr) (Bgure 5B–D, F,
J, P, Q) and v-shaped marks (vs) (Bgure 5N, O).
4.2.2 Chemical origin
Chemical surface features identiBed are very few,
i.e., solution pits (sp) (Bgures 4A, K; 5N, O, U, V)

and crystal overgrowth (cro) (Bgures 4H, I; 5K,
R–T), and their distribution is higher in Paseo del
Mar than in Bosque beach.
4.2.3 Mechanical/chemical origin
Microtextures like adhered particles (ap), elongated depressions (dp), and relief are categorized as
mechanical/chemical origin. These microtextures
are identiBed both in the Bosque and Paseo del
Mar zircons. Paseo del Mar zircons show medium
(Bgure 4A) and low-relief (Bgure 4G, L), whereas
Bosque zircons show high relief (Bgure 5E, S). The
adhered particles (ap) are minute fragments
attached on grain surfaces, which are more frequent in Paseo del Mar (Bgure 4A, D, E, G, J, K,
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Table 1. Palaeoenvironment inferred based on microtextures on quartz and zircon grain surfaces in the Paseo del Mar and Bosque
beaches, southwestern Gulf of Mexico.
Quartz
Microtexture
(1) Mechanical
Cracked grains (ck)
Parallel striations (ps)
Conchoidal fractures (cf)
V-shaped percussion
marks (vs)
Abrasion fatigue (af)
Meandering ridges (mr)
Chattermarks (ch)
Curved grooves (cg)
Straight grooves (sg)
(2) Chemical
Solution pits (sp)

Bosque

Bosque

XX
XX
XX

X
XX
X

XX

Crystal overgrowth (cro)
Silica globules (sgl)
(3) Mechanical/Chemical
Adhered particles (ap)
Elongated depression (dp)
Medium relief
High relief

Paseo del
Mar

Zircon

X
X
X

X
XX

XX
X
XXX

Paseo del
Mar
X
XX
X

Aeolian, saltation, and collision
Aeolian, littoral, and glacial
GlacioCuvial, Cuvial and sub-aqueous

X
XX
X
X
X

X

XXX

X

XX

X
X

X

X

XX
X

X
X

X

X

XXX
X
X
X

X
X
X

Palaeoenvironment

X

Aeolian
Aeolian
Glacial, aeolian, and Cuvial
Littoral and wave energy
Littoral and wave energy

GlacioCuvial, intertidal zones, and
diagenetic
Diagenetic and carbonate rich sediments
Deposition/diagenetic

Diagenetic, aeolian, and glacial
Aeolian
Short transport distance and diagenetic
Glacial and wave energy

X X X abundant (50–100%); X X common (25–50%); X present (0–2%). The quartz and zircon microtexture types were
described based on the classiBcations of Mahaney (2002), Mahaney et al. (2012) and Armstrong-Altrin and Natalhy-Pineda
(2014).

L) than Bosque zircons (Bgure 5G, M, N). Elongated depressions (dp) (Bgures 4I, J, L; 5O, Q, T,
W, X) are secondary features associated with
meandering ridges.
5. Discussion
5.1 Palaeoenvironment
The microtextures on quartz and zircon grains can
provide clues to infer the provenance and
palaeoenvironment (Kemnitz and Lucke 2019;
Song et al. 2019). Similar to microtextures, the
morphology of grains is also an indicator of distance and medium of transport, especially in
unconsolidated beach and dune environments
(Strand and Immonen 2010; G€
artner et al. 2013;
Woronko et al. 2017). Angular grains are characteristic of short transport distance, whereas
roundness increases if transport distance from the
source to sink increases (Tejan-Kella et al. 1991;
Helland and Holmes 1997; Zoleikhaei 2016). The

quartz grains in the Paseo del Mar and Bosque
beaches are sub-angular and poorly rounded with
bulbous edge, probably transported by aeolian,
nearshore Cuvial, and deposition in an intertidal
zone environment (Madhavaraju et al. 2006).
However, roundness of zircon grains exhibits differences between the Paseo del Mar and Bosque
beaches, i.e., zircon grains in the Paseo del Mar
beach are well rounded and stubby, while Bosque
are euhedral, hexagonal, elongated, and prismatic.
The well-rounded zircon grains with bulbous edge
from the Paseo del Mar indicate an aeolian
transport.
The mechanical features such as cracks due to
collision, parallel striations, and conchoidal fractures in quartz and zircon grains are identiBed in
both Paseo del Mar and Bosque zircons. Conchoidal fractures in Paseo del Mar zircons are
observed at the center and edge portions of grain
corner with different sizes, originated during collision between two grains during transport. These
microtextures of mechanical origin are common in
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Figure 4. Surface microtextures on zircon grains identiBed by SEM from the Paseo del Mar beach, Campeche State, Gulf of
Mexico: (A) medium-relief zircon grain with broken edges (ck), adhered particles (ap), and elongated depression (dp);
(B) elongated zircon with conchoidal fractures (cf); (C) sub-rounded zircon grain displaying smooth surface, abrasion fatigue
(af), parallel striations (ps), and conchoidal fractures (cf); (D) prismatic grain with conchoidal fractures (cf), adhered particle
(ap), and collision impact broken edge (ck); (E) sub-rounded grain with adhered particle (ap), conchoidal fractures (cf), and
meandering ridges (mr); (F) sub-rounded grain with bulbous edge (ble); (G) low-relief sub-rounded zircon showing abrasion
fatigue (af), curved groove (cg), and adhered particles (ap); (H) chattermarks (ch), crystal overgrowth (cro), and parallel
striations (ps); (I) crystal overgrowth (cro) and elongated depression (dp); (J) elongated depression (dp), conchoidal fracture
(cf), and adhered particles (ap); (K) broken edges (ck), conchoidal fractures (cf), parallel striation (ps), adhered particle (ap),
and solution pits (sp); and (L) elongated depression (dp) and adhered particles (ap).

high-energy Cuvial and intertidal marine environments (Vos et al. 2014). The abrasion fatigue and
meandering ridges are indicators of aeolian environment that usually have rounded and sub-rounded outlines due to collision between two grains

(Chen and Liu 2016). In general, the abrasion
fatigue and meandering ridges in Paseo del Mar
and Bosque are characteristics of aeolian origin,
probably derived from the coastal dunes, as well as
attributed to the rolling of grains by saltation
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during wind transport (Udayaganesan et al. 2011;
Costa et al. 2013).
V-shaped percussions are triangular-shaped
fractures identiBed in quartz and zircon grains in
the Paseo del Mar and Bosque with variable size
and depth. The v-shaped percussions are an indicator of Cuvial and sub-aqueous environments
(Mahaney et al. 2010; Song et al. 2019). The
chattermark trails, a rare microtexture identiBed
on both quartz and zircon grains are characteristic
of high-energy sub-aqueous environment, such as
in the littoral zone or braided rivers (Mahaney and
Kalm 2000; Refaat and Hamdan 2015). Similarly,
based on the orientation of chattermark trials
on grain surface, it can be classiBed as glacial or
subaqueous high-energy environment. Although
chattermarks are widely identiBed in glacial environments, sparse to rare occurrence was reported
on littoral, Cuvial, and aeolian environments. It is
due to the fact that these environments contain
sufBcient energy to generate an initial mechanical
abrasion in grains (Mahaney and Kalm 2000). On
the other hand, few authors grouped the chattermarks under mechanical and chemical origin, and
documented that other than depositional environment, the chattermarks can also indicate the climate and transport history of a grain (Marcelino
et al. 1999; Peterknecht and Tietz 2011). Furthermore, Chakroun et al. (2009), demonstrated that
chattermark trials are the result of mechanical
friction and severe shocks between sand grains,
associated with an intertidal beach environment of
wet tropical climate. In addition, based on the
depositional environment, the size of chattermarks
may vary, for example, in sub-aqueous environment, it is shallow (\1 lm) and in glacial environment, it is very deep (*5 lm). Based on the
size, we believe that chattermarks on quartz and
zircon grains in the Paseo del Mar and Bosque
beaches indicate a sub-aqueous intertidal beach
environment with wet tropical climate.
The straight and curved grooves on grain surfaces are utilized in many studies to infer wave
energy in a marine environment (Margolis and
Krinsley 1974; Costa et al. 2017; Armstrong-Altrin
2020). Although curved grooves are identiBed in
both quartz and zircon grains, straight grooves are
identiBed only in zircon. The straight and curved
grooves in the Paseo del Mar and Bosque beaches
are indicating a marine environment.
The microtextures of chemical origin like
solution pits, crystal overgrowths, and silica
globule are probably originated due to dissolution
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and precipitation activities during diagenetic
processes within the depositional environment,
which are characteristic of intertidal and subaqueous environments. In general, quartz grains
are more easily aAected by chemical dissolution
in the sub-aqueous marine environment than in
an arid environment (Chen et al. 2018). In
addition, chemical features on grain surfaces are
higher in the beaches with low wave action (\1 m)
than in the high-energy ([1 m) beaches. Solution
pits and chemical precipitation on quartz grains
indicated more than one stage of chemical action
in an intertidal beach zone with high humidity
(Song et al. 2019). The quartz grains in Paseo del
Mar exhibits higher frequency of crystal overgrowths than in the Bosque beach, which are
typical indicator of diagenesis in a marine aquatic
domain and in-situ precipitation (Nallusamy
2014). Silica globules are identiBed only in quartz
grains of the Paseo del Mar, especially on broken
surfaces, which represent low-energy aqueous silica saturated diagenetic environment. Depending
on the availability of silica solution, silica globules may grow concurrently to form silica Cowers
through continuous precipitation of silica (Vos
et al. 2014). The abundance of microtextures of
chemical origin in the Paseo del Mar beach is
suggesting a diagenetic environment associated
with sediments composed of high carbonate content (CaO [ 30 wt.%). This observation is consistent with a recent study by Ramos-V
azquez
and Armstrong-Altrin (2019). They reported that
the CaO content in the Paseo del Mar sediments
varies from 41 to 52 wt.% and attributed it to
the enrichment of calcite and carbonate skeletons
associated within the coastal area. In addition,
the enrichment of carbonate fragments in sediments along the SW Gulf of Mexico coastal areas
was documented in various studies (Paull et al.
2014; Madrid et al. 2018; Kasper-Zubillaga et al.
2019). On the other hand, few authors inferred
that dissolution of zircon grain is common
under tropical weathering condition and the
intensity of dissolution depends on the degree of
metamictization (Delattre et al. 2007; G€
artner
et al. 2017).
The medium and low relief attributed to
mechanical/chemical origin identiBed in both
beaches are associated with irregular grain surfaces, which indicate a low-energy sub-aqueous
diagenetic environment in a shore-face zone and
short transport distance (Hossain et al. 2020).
However, high relief is observed in zircon together
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with chattermarks, which is common in glacial
environment and also associated with Cuvial
transport (Chmielowska and Woronko 2019;
Mohammad et al. 2020). Elongated depressions on
quartz and zircon grains are equally distributed in
the Paseo del Mar and Bosque beaches. Meandering ridges on grain surfaces originated by grain-tograin impact are then converted to elongated
depressions due to chemical etching and precipitation in a sub-aqueous marine environment. The
adhered particles on grains with variable size are
indicating the post-depositional diagenetic process
in a sub-aqueous environment (Kasper-Zubillaga
and Faustinos-Morales 2007; Machado et al. 2016).
In addition, the adhered particles can also indicate
a low-energy wave action rather than a continuous
wave action with high energy, because high energy
increase abrasion and can easily remove the
adhered particles on sand grain surfaces. The frequency of adhered particles is higher in the Paseo
del Mar relative to Bosque. In contrast, microtextures of mechanical origin are more frequent in
Bosque than Paseo del Mar. This discrimination in
microtexture types between the two beaches can be
explained by a difference in their geographic location, i.e., the Bosque is located at the Usumacinta
River mouth and Paseo del Mar is located on the
island. These differences in beach locations may
cause variation in the intensity of wave-energy.
The Paseo del Mar is a low wave-energy beach
associated with carbonate rich sediments and
skeletal materials, which may increase the frequency of microtextures of chemical origin in Paseo
del Mar. The palaeoenvironment inferred from
microtextures on quartz and zircon grains in the
Paseo del Mar and Bosque beaches are brieCy
illustrated in Bgure 6.

Figure 6. A schematic diagram illustrating microtextures and
palaeoenvironment inferred in the Paseo del Mar and Bosque
beaches, SW Gulf of Mexico.

5.2 Provenance
The microtextures identiBed on quartz and zircon
grains from the Paseo del Mar and Bosque beaches
reveal both aeolian and Cuvial transport,
respectively. The mechanical features like v-s,
meandering ridges, collision impact cracks, parallel striations, and conchoidal fractures are indicating high-energy collision and grain-to-grain
impact during aeolian or littoral transport. The
quartz grains in the two beach areas are sub-angular
and did not show significant differences between
the Paseo del Mar and Bosque beaches, probably
derived from proximal source. On the other hand,
zircon grains from the Paseo del Mar beach are
well-rounded than in the Bosque beach. The combination of angular and well-rounded zircons in the
Paseo del Mar indicates its derivation from proximal and distal sources, respectively. However, few

b

Figure 5. Surface microtextures on zircon grains identiBed by SEM from the Bosque beach, Tabasco State, Gulf of Mexico:
(A) zircon grain with broken edges (ck), conchoidal fractures (cf), and parallel striations (ps); (B) chattermarks (ch) and
meandering ridges (mr); (C) parallel striations (ps) and meandering ridges (mr); (D) conchoidal fracture (cf) and meandering
ridges (mr); (E) high-relief zircon with chattermarks (ch); (F) parallel striations (ps) and meandering ridges (mr); (G) abrasion
fatigue (af), conchoidal fracture (cf), and adhered particles (ap); (H) parallel striations (ps) and abrasion fatigue (af);
(I) prismatic zircon with parallel striations (ps), elongated depression (dp), and abrasion fatigue (af); (J) abrasion fatigue (af),
meandering ridge (mr), and straight groove (sg); (K) elongated zircon with abrasion fatigue (af); (L) collision impact fracture
(ck), and crystal overgrowth (cro); (M) angular euhedral zircon with adhered particles (ap), and curved grooves (cg);
(N) adhered particles (ap), V-shaped marks (vs), conchoidal fracture (cf), and solution pits (sp); (O) V-shaped marks (vs) and
solution pits (sp); (P) angular zircon grain showing collision impact fracture (ck), conchoidal fracture (cf), meandering ridges
(mr), straight groove (sg), and elongated depression (dp); (Q) meandering ridges (mr) and elongated depression (dp);
(R) conchoidal fracture (cf) and crystal overgrowths (cro); (S) high-relief zircon chattermarks (ch) and crystal overgrowth (cro);
(T) conchoidal fracture (cf), crystal overgrowth (cro), and elongated depression (dp); (U) prismatic zircon with solution pits
(sp); (V) prismatic zircon with straight groove (sg), solution pits (sp), and conchoidal fractures (cf); (W) hexagonal zircon with
collision impact fracture (ck), straight groove (sg), and elongated depressions (dp); and (X) elongated depressions (dp).
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studies identiBed an insignificant correlation
between zircon age and grain shape, and demonstrated that zircon grain shape and its relation with
distance of transport was difBcult to quantify and
lead to bias in provenance analysis (Gagnevin et al.
2010; Chapman et al. 2016; Dillinger et al. 2018).
Recently, Markwitz and Kirkland (2018) observed
an insignificant correlation between shape descriptors of magmatic zircons and the composition of
their host rocks, and they concluded that
hydraulic sorting did not have a significant eAect
in grain shape and size. Hence, we consider that
factors aAecting the zircon grain shape are general
crystalline structure, composition (U, Pb, and
Hf), and possibly the temperature of the crystallization medium rather than the distance of
transport (Corfu et al. 2003; Markwitz and Kirkland 2018).
A recent study by Ramos-V
azquez and Armstrong-Altrin (2019) documented that the zircon
U–Pb ages inferred from the Paseo del Mar and
Bosque beach sediments are dominated by Cenozoic, Mesozoic, Paleozoic, and Proterozoic ages.
For instance, the detrital zircon grains dated from
the Paseo del Mar beach yielded Cenozoic
(*0.01–66 Ma, number of zircon grains = 58),
Mesozoic (*66.1–201.4 Ma, n = 28), Paleozoic
(*254.3–485.5 Ma, n = 64), and Proterozoic
(*541.2–2500 Ma, n = 48) ages. Similarly, detrital
zircons analyzed from the Bosque beach sediments
are also characterized by Cenozoic (n = 49),
Mesozoic (n = 27), Paleozoic (n = 60), respectively, and Proterozoic (n = 62) ages. They inferred that the Cenozoic age population in the beach
sediments is similar to the zircon ages reported
from the nearby Los Tuxtlas volcanic Beld and
were transported to the beach by aeolian and
coastal currents, i.e., south to north. They further
demonstrated that the Chiapas Massif and Oaxacan Complexes are the likely source terranes,
which supplied the Mesozoic, Paleozoic, and
Proterozoic age zircons to the Paseo del Mar and
Bosque beaches. The sediments were delivered to
the beach areas by the Grijalva and Usumacinta
Rivers that drains along the Chiapas Massif and
Oaxacan Complexes of the southern Mexico
(Bgure 1). In addition, Armstrong-Altrin et al.
(2018) studied zircon U–Pb age distributions from
the nearby Atasta beach, which showed prominent
age peaks at Proterozoic (*596–2461 Ma, n = 62),
Cenozoic (*10–65 Ma, n = 14), and Paleozoic
(*380–468 Ma, n = 15). The above discussions
reveal a similarity in zircon U–Pb age populations
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and source rock characteristics between the Paseo
del Mar and Bosque beaches.
The paleoenvironments inferred in this study
based on the microtextures in the Paseo del Mar
and Bosque beaches are consistent with the sediment provenance investigated based on zircon
U–Pb ages. This implies that the Los Tuxtlas
volcanic Beld, Chiapas Massif and Oaxacan Complexes are the potential source areas, which supplied sediments to the Paseo del Mar and Bosque
beach areas.

6. Conclusions
The microtextures of mechanical origin such as
parallel striations, conchoidal fractures, v-shaped
percussions, meandering ridges, and elongated
depressions on grain surfaces are indicating a highenergy sub-aqueous marine depositional environment. The cracks due to collision, curved and
straight grooves are corresponding to the waveenergy of a beach environment. The chattermarks
are associated principally with an intertidal beach
environment. The frequency of microtextures of
chemical origin like solution pits, crystal overgrowth, and silica globule are higher in Paseo del
Mar than in Bosque beach, suggesting a low-energy
marine environment with carbonate rich sediments
in the Paseo del Mar beach.
The quartz grains are mostly sub-angular with
bulbous edge, indicating high energy collision
during wind transport and abrasion by wave
action. However, in the Paseo del Mar well-rounded zircon grains are more dominant than in the
Bosque. The variations in roundness of zircon
grains between the Paseo del Mar and Bosque
beaches are attributed to the crystalline structure,
composition, and the temperature of the crystallization medium, rather than the transport distance. The frequency of microtextures identiBed in
zircon is higher than in quartz grains, especially
chemical features such as solution pits, elongated
depressions, and adhered particles. This reveals
that the microtextures on grain surfaces are
independent of grain hardness, but linked with the
wave-energy and geographic location of the beach
areas. The results of this study further reveal that
the sediments were transported to the beach areas
by the Grijalva and Usumachinta Rivers, then
recycled by wave-energy in the marine
environment.
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