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Thirty-five near-surface sediment samples were recovered from the continental shelf and upper slope regions of the north-
western (NW) Gulf of Mexico. The geochemical data of the sediments recovered were examined to investigate the weather-
ing intensity, provenance, palaeo-oxygenation condition, and level of heavy metal contamination. The sediments analysed
showed a moderate to high intensity of chemical weathering. Major and trace element concentrations indicated a terrigenous
origin, closely related to the weathering of rocks rich in aluminosilicates. The results of this study further revealed that major
rivers, the Bravo and Soto La Marina, played an important role in delivering sediments to the study area. The concentration of
transition trace elements such as Cr, Cu, Ni, and V revealed that the sediments were derived from intermediate rocks such
as andesite. The V/Cr, Ni/Co, and Cu/Zn ratios in the sediments were <2, <5, and <1, respectively, suggesting a depositional
process occurred under well-oxygenated conditions. Principle Component Analysis (PCA) did not show a significant differ-
ence in sediment texture between the continental shelf and slope areas. The enrichment factor (EF) and Geo-accumulation
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index (/ge0) values were <2 and <1, respectively, suggesting the absence of an anthropogenic input.
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INTRODUCTION

The chemical composition of detrital sediments is com-
monly used as a sensitive indicator of provenance (Verma and
Armstrong-Altrin, 2013, 2016; Basu, 2017; Tzifas et al., 2019),
to identify weathering conditions (Gabrielli et al., 2010; Xie and
Chi, 2016; Ndjigui et al., 2019), and in several cases as a tool to
infer heavy metal contamination (Ramos-Vazquez et al., 2017;
Ma et al., 2019; Prabakaran et al., 2019). This is because sedi-
ment compositions are mostly influenced by the nature of the
sedimentary processes within the depositional basin and kind
of dispersal path that links provenance to the basin (Lin et al.,
2014; Hou et al., 2017; Pandey and Parcha, 2017; Hernandez-
-Hinojosa et al., 2018; Spalletti et al., 2019).

Trace elements such as Y, Cr, Th, Zr, Hf, Nb, and Ti are
best suited for provenance determination, because of their rela-
tively low mobility during sedimentary processes (Cullers,
2000). These elements occur preferentially in resistant miner-
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als and are not released during weathering and transportation,
and thus might best reflect the signature of the parent materials
(McLennan et al., 1993). Therefore, they are expected to be
more useful than major elements in discriminating source rock
compositions (Armstrong-Alirin et al., 2004, 2013, 2015a, b;
Qiu et al., 2014; Zaid, 2013, 2017; Etemad-Saeed et al., 2015;
Verma et al., 2016; Ma et al., 2017; Chaudhuri et al., 2018).
Similarly, the distribution of immobile elements, such as La and
Th (enriched in silicic rocks) and Cr and Co (enriched in basic
rocks relative to silicic rocks), have been used to infer the rela-
tive contribution of felsic and mafic sources in sediments from
different sedimentary environments (Cullers et al., 1988;
Madhavaraju and Lee, 2010; Madhavaraju, 2015;
Ramachandran et al., 2016; Basu, 2017; Armstrong-Altrin et al.,
2017; Madhavaraju et al., 2018; Velmurugan et al., 2019).

The Gulf of Mexico is a region that boasts oil reservoirs of
commercial importance, and there are records of several large-
-scale oil spills in the area (Botello et al., 2015). The “Ixtoc I” well
spill was the first to take place in the SW Gulf of Mexico, and it
continued for roughly nine months. A volume of ~ 475,000 met-
ric tons of crude oil was released into the sea. The northern Gulf
of Mexico recently underwent the greatest disaster in oceanic
oil spill history, i.e., the collapse of the Deepwater Horizon plat-
form, the property of British Petroleum (BP) in April 2010, 4.9
million barrels of oil were spilled within three months (Zhang et
al., 2018).
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Few studies have investigated the provenance of coastal
sediments, based on textural and geochemical characteristics,
along the northern Gulf of Mexico (Kasper-Zubillaga et al.,
2013; Armstrong-Altrin and Natalhy-Pineda., 2014; Armstrong-
-Altrin et al., 2015b; Hernandez-Hinojosa et al., 2018). Kasper-
-Zubillaga et al. (2013) studied the geochemistry of beach
sands from the northern part of the Gulf of Mexico and sug-
gested that they may be used to identify the depositional envi-
ronment of the sedimentary basin. Armstrong-Altrin and
Natalhy-Pineda (2014) inferred the provenance based on sur-
face microtextures on quartz grains from three beach areas in
the Gulf of Mexico. Hernandez-Hinojosa et al. (2018) ad-
dressed the textural and geochemical characteristics of beach
sands along the western Gulf of Mexico. Tapia-Fernandez et al.
(2017) studied the chemistry and U-Pb geochronology of detri-
tal zircons in the Brujas beach and revealed the importance of
rivers in contributing sediments to the Southwestern Gulf of
Mexico. Recently, Armstrong-Altrin (2015) and Armstrong-
-Altrin and Machain-Castillo (2016) discussed the provenance
of continental slope sediments from the southwestern Gulf of
Mexico. Similarly, the heavy metal concentrations of the estu-
ary sediments from the Gulf of Mexico have been documented
by Botello et al. (2015) and Rosales-Hoz et al. (2015). How-
ever, provenance studies based on sediment geochemistry in
the NW Gulf of Mexico are limited.

This article discusses the geochemistry of surface sedi-
ments recovered from the NW part of the Gulf of Mexico. It pro-
vides information on weathering intensity, sedimentary prove-
nance, palaeo-oxygenation conditions and quantifies the level
of heavy metal contamination in the sediments.
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STUDY AREA

The study area extends along the NW Gulf of Mexico be-
tween 25°32'74.33"N-95°44'33.83"W and 22°32'81.83"N-97°
56'94.17" W, including shelf and upper slope regions from 48 to
2329 m depth (Fig. 1). This sector of the Gulf of Mexico is
strongly influenced by the cyclone and anticyclone gyres derived
from the Loop Current. The surface oceanic circulation is pre-
dominantly towards the north, while these cyclonic processes are
absent in the NW part of the Gulf of Mexico. The salinity and ver-
tical density profiles obtained during the winter season indicated
the intrusion of cold and diluted water originated from the Louisi-
ana-Texas continental shelf (Monreal-Gomez and Salas de
Leon, 1990; Salas de Salas-de-Leon et al., 1992). The depositio-
nal conditions on the shelf are profoundly influenced by the river
runoff of three main rivers, namely the Bravo, Soto La Marina,
and Panuco, and by the exporting capacity of two major coastal
lagoons, namely the Madre and Tamiahua (Fig. 1). Deep-water
sediments of the Gulf of Mexico are essentially biogenic with a
predominance of silty clay and are impoverished in organic mate-
rial (Botello et al., 2015; Kasper-Zubillaga et al., 2019).

CLIMATE AND SIMPLIFIED
GEOLOGY

The Gulf of Mexico climate is considered as sub-humid to
humid (Tamayo, 1991; Salas-Monreal et al., 2018). There are
three well-defined climatic conditions in the Gulf of Mexico:
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Fig. 1. Simplified map of the study area showing sample locations in the NW Gulf
of Mexico (map modified after Botello et al., 2015)
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— dry (February—May);

— rainy (June—November);

—windy (northern winds, 50-70 knots speed; Yarez-
Arancibia and Day, 1982).

The outcrops along the Gulf of Mexico are composed of:

— Quaternary alluvium and soils;

— Cenozoic and Mesozoic clastic and calcareous sedimen-
tary rocks;

— Cenozoic volcanic rocks of mafic and intermediate type;

— Paleozoic and Precambrian metamorphic rocks comprising
schist and gneiss (Ortega-Gutierrez et al., 1995; Verma,
2015).

MATERIALS AND METHODS

Thirty-five near-surface sediment samples were collected
during an oceanographic campaign conducted on board the
R/ “Justo Sierra” in July 2010 along the continental shelf and
upper slope regions of the NW Gulf of Mexico (Fig. 1). Sedi-
ment samples were recovered using a Reineck box-corer at
water depths varying from ~48 to 2329 m and stored frozen in
clean containers until analysis in the laboratory.

GRAIN SIZE ANALYSIS

Granulometric analysis of sediments was carried out by a
Beckman Coulter LS230 Laser diffraction particle size analyser
adjusted with a range size of 0.04 and 2000 mm.

SEM-EDS

Mineral chemistry was measured by a PHILLIPS XL-30
scanning electron microscope (SEM) equipped with energy
dispersive spectrometer (EDS) at UNAM, Mexico.

GEOCHEMICAL ANALYSIS

A total of 35 sediment samples were analysed for major and
trace element concentrations. A sequential Siemens SRS 3000
X-ray spectrometer, equipped with a 125 pm rhodium tube and
a beryllium window, was used to measure the major (Al,O3,
Fe,0O3;, MgO) and trace (Cu, Zn, and Pb) element concentra-
tions. Errors estimated in the determinations are lower than 1%
for major elements and lower than 4% for trace elements. In all
cases, the calibration curves have been constructed according
to international standards. The remaining major elements
(SiOg, TiOz, MNO, Ca0, MgO, Na,0O, and K;0) were analysed
by utilizing loss on ignition (LOI) performed on the cast sample
(bead). Beads were prepared by mixing 1 g of powdered sam-
ple with 9 g of Li;B,O7-LiBO; flux mix (50:50 wt.%). Before heat-
ing, two drops of LiBr in aqueous solution concentrated at 250
g/L were added.

Analysis of trace elements was performed using a pressed
sample, which is prepared by profusely mixing 6 g of fine pow-
der (particle size <74 microns) with 0.6 g of Hoechstwax C as a
binding agent. The mix is pressed at 30 tons, and the pressure

is sustained for 30 seconds. The device being used is a
Graseby/Specac press, as well as a pellet casting die, measur-
ing 4 cm in diameter. The die is equipped with a mechanism
that evacuates gas, thus avoiding pellet surface irregularities.
For sample series, one duplicate is prepared per 10 samples to
verify repetition of preparation conditions.

RESULTS

MAJOR ELEMENT CONCENTRATIONS

The major element data are listed in Table 1. The major el-
ement concentrations were normalized with average upper
continental crust values (UCC; Taylor and McLennan, 1985)
and are shown in Figure 2. Relative to UCC the sediment sam-
ples are slightly enriched in TiO,, Al,O3, MnO, and CaO con-
tents. The variation in MnO content among sediment samples
is significant, and is higher than in average UCC. The K,0 and
Na,O contents in sediments are slightly depleted relative to
UCC.

Al,O3 content displayed a very uniform distribution, with
slightly higher values at stations 3, 9, 12 and 17, with a range
from ~16.2 to 16.9 wt.% (number of samples n = 35), at shal-
low depth (<500 m isobaths). Low concentrations of Al,O; (the
mean with one-standard-deviation value being 13.3 +1.7)
were observed in locations in front of the rivers Bravo, Soto La
Marina, and Panuco (Fig. 3A). The average Al,O3 content in
deep-sea sediments reported by Chester (2000) is 9.5 wt.%.
However, sediments of this study displayed concentrations
higher than this value (~9.5-16.9%; 13.3 +1.7), which is prob-
ably due to the higher amount of terrigenous materials in the
NW Gulf of Mexico. On the other hand, the behaviour of Fe,O5
(~3.58-5.81 wt.%; 5.16 £0.47) is quite similar to that of Al,O3,
which likely indicates its terrigenous origin (Fig. 3B). The high
Fe,O; contents (~5.50 to 5.81 wt.%) are observed at <500 m
isobaths, in stations 3, 4, 7, 14, 17, 18, 19, 23, and 24. The
Fe,O3 content decreases between 500 and 1500 m isobaths
(5.02%) and at the mouth of the River Bravo (3.58 wt.%).

The MgO content varies between 1.69 and 2.83 wt.% (2.44
10.22, n = 35). The high MgO contents are observed in stations
7,13 and 14, which vary between 500 and 1000 m isobaths and
are low in the surrounding areas (Fig. 3C). The lowest MgO val-
ues are observed in stations 1 and 26 at ~1500 m isobaths
(1.69 and 1.87 wt.%, respectively), which are located in front of
the river mouth (River Bravo). Except station 1, the remaining
stations exhibited values above the Mg baseline for deep water
sediments proposed by Chester (2000), which is 1.8%. The
high MgO contents at stations 7, 13, and 14 are probably due to
the concentration of organic matter, which tends to trap certain
metals to form chelates (Table 1).

The correlation between SiO, and Al,O; is statistically not
significant at 99% confidence level (r = -0.34, n = 35; critical t
value for 99% confidence level is 0.418; Verma, 2005), indicat-
ing that SiO, content is mainly controlled by quartz (Nagarajan
et al., 2015, 2017). Similarly, a statistically insignificant corre-
lation between Al,O3 and TiO, contents (r=0.39, n = 35) sug-
gests that clay minerals are not the main controller of TiO,
concentration in sediments (Zaid and Gahtani, 2015; Anaya-
Gregorio et al., 2018). A significant correlation between Fe,O3
and TiO;, contents (r=0.56, n = 35) probably indicates the con-
centration of detrital minerals like magnetite and ilmenite
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Table 1
Major element concentrations [weight %] for the surficial sediments of the NW Gulf of Mexico
Sample | SiO, TiO, Al,0; | Fe,04 MnO MgO CaO Na,O K,0 P,0s5 LOI Total CIA
1 69.9 0.505 9.49 | 3.58 0.045 1.69 2.65 2.01 2.12 0.071 7.83| 99.9 75
53.0 0.612 15.0 5.27 0.079 2.58 3.59 3.61 2.53 0.136 13.4 99.8 80
3 50.5 0.619 16.5 5.80 0.072 2.36 4.18 3.20 2.78 0.149 13.8 | 100.0 81
4 50.2 0.622 15.2 5.55 0.218 2.47 4.03 4.14 2.83 0.149 14.5 99.9 76
5 40.5 0.491 11.0 4.76 0.323 2.38 13.8 3.09 2.28 0.131 21.0 99.8 43
6 41.7 0.495 10.7 4.93 0.545 2.16 12.6 3.41 2.31 0.126 21.0 99.9 43
7 49.4 0.596 13.2 5.81 0.163 2.68 5.73 4.11 2.80 0.153 15.2 99.9 65
8 48.6 0.595 14.5 5.28 0.058 2.42 7.39 3.17 2.66 0.128 15.1 99.9 66
9 52.1 0.601 16.5 5.38 0.094 2.28 3.56 3.67 2.61 0.136 12.8 99.7 83
10 56.8 0.648 13.4 5.19 0.069 2.63 3.43 3.19 2.71 0.131 11.7 99.9 77
11 56.2 0.655 13.0 5.17 0.063 2.64 3.81 3.35 2.72 0.117 12.3 | 100.0 73
12 51.8 0.608 16.9 5.42 0.125 2.23 3.68 3.35 2.54 0.142 13.0 99.8 84
13 48.9 0.589 12.9 5.29 0.08 2.66 7.79 3.18 2.69 0.136 15.5 99.7 60
14 49.6 0.602 13.2 5.57 0.087 2.67 6.46 3.49 2.80 0.139 14.8 99.4 64
15 42.9 0.520 11.7 4.99 0.336 2.40 12.5 2.98 2.36 0.126 19.2 | 100.0 47
16 41.6 0.501 13.0 4.87 0.304 2.38 12.2 3.09 2.24 0.127 19.4 99.7 51
17 47.7 0.564 16.2 5.79 0.156 2.22 5.65 3.80 2.48 0.154 15.1 99.9 74
18 50.1 0.615 12.9 5.51 0.089 2.75 6.04 3.59 2.79 0.137 15.1 99.6 64
19 52.6 0.645 13.1 5.51 0.094 2.83 4.86 3.53 2.75 0.122 14.1 | 100.0 69
20 54.7 0.636 13.4 5.25 0.063 2.28 4.94 2.92 2.63 0.137 13.0 99.9 72
21 55.8 0.612 11.8 4.66 0.083 2.46 5.71 3.01 2.56 0.139 13.4 | 100.0 64
22 52.5 0.632 12.8 5.40 0.071 2.68 5.09 3.54 2.73 0.146 14.3 99.9 67
23 50.2 0.619 13.8 5.51 0.171 2.67 5.10 3.65 2.62 0.139 15.2 99.7 70
24 49.7 0.591 14.4 5.69 0.053 2.62 5.96 3.22 2.76 0.132 14.9 | 100.0 69
25 45.6 0.543 12.2 5.21 0.433 2.54 10.2 3.13 2.48 0.136 17.4 99.9 53
26 44.3 0.536 12.3 5.11 0.229 213 9.97 3.03 2.40 0.129 20.6 | 100.7 54
27 53.5 0.621 13.0 5.11 0.308 2.38 6.05 2.79 2.62 0.158 13.6 | 100.1 67
28 50.5 0.614 14.0 5.26 0.108 2.61 5.49 3.36 2.58 0.142 15.3 | 100.0 70
29 53.9 0.646 12.4 4.95 0.075 2.58 5.82 2.98 2.68 0.128 13.5 99.6 65
30 46.9 0.522 11.0 4.14 0.053 2.39 12.6 2.16 2.29 0.119 17.5 99.6 46
31 55.0 0.601 11.7 4.38 0.06 2.26 6.84 2.87 2.47 0.125 13.6 99.9 61
32 53.2 0.589 12.5 4.73 0.063 2.36 7.05 2.81 2.62 0.125 13.5 99.6 62
33 51.3 0.606 13.5 5.37 0.103 2.51 6.06 3.07 2.77 0.142 14.2 99.6 67
34 48.2 0.584 15.6 5.43 0.462 2.35 6.74 3.03 2.53 0.141 15.1 | 100.2 71
35 45.1 0.524 12.3 4.88 0.279 2.36 10.9 2.86 2.33 0.123 18.2 99.8 52
Mean |50 +5|0.6+0.05 |13 £1.7 | 5+0.5 |0.2+0.1|24+0.2 | 743 |3.2+0.4 | 2.6+0.2 | 0.13+0.01 [15%3| 100 +.2 | 65 11
100.000 (Armstrong-Altrin et al., 2012; Hou et al., 2017). This interpre-
[ tation is further supported by the SEM-EDS analysis, in which
magnetite and ilmenite are identified (Fig. 4). Based on the
% 10.000$ chemical classification diagram the sediments are classified
5 [ as shale and wacke types (Fig. 5; Herron, 1988).
£
2 1.000¢
b= r TRACE ELEMENT CONCENTRATIONS
Q
t
§ 0.100¢ The trace element concentrations are reported in Table 2
g and the UCC normalized trace element patterns are shown in
S Figure 6. In comparison with UCC the concentrations of the sur-
£ 0010 Sediment (7 =35) | face sediment samples are generally low in Sr, Zr, Ba, Ni, and
@ Nb. Exceptionally, sediments from a few stations are enriched
in Th and Cu (Fig. 6).
0.001

Si0, TiO, Al,03 Fe,03 MnO MgO CaO Na,O K,0 P,0s

Fig. 2. Multi-element diagram of major element concentrations
normalized against average upper continental crust
(Taylor and McLennan, 1985)

The Cu content varies from 26 to 39 pgg™" with a mean
value of 32 3.9 pgg"1. The highest concentrations, i.e.
46 ugg™, 39 ugg™, 38 pgg™', 36 pgg™', and 35 pugg™ are re-
corded at stations 15, 16, 25, 26 and 35, respectively, located at
>500 m isobaths (Fig. 7A). In contrast, the Cu contents are low
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in the stations located closer to the mouth of the Rio Bravo (sta-
tion 1), Madre Lagoon (station 20), and between the Soto La
Marina and Panuco rivers (21, 30 and 31; Fig. 1). Similarly, the
Cu content decreases as the distance from the coast increases.
Cu concentrations at all stations are higher than the sediment
quality guideline Effects Range Low (ERL) value for sediments
reported by Long et al. (1995), which is 34 pgg‘1; they are, how-
ever, lower than the concentration reported by Chester (2000),

26°N

% MgO
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2.41

2.23

—12.05

—11.87

— 1.69

22° Mean

2.44 +0.22

98°W 97° 96°

Fig. 3. Spatial distributions of major element concentrations
in surficial sediments, NW Gulf of Mexico

A — Al,O3, B — Fe;03, C — MgO

which is 200 pgg™". The low Cu concentration of this study com-
pared with the average values mentioned above indicates that
the Cu is of lithogenic origin.

The Pb concentration varies from 15 to 25 ugg™", with a
mean value of 20 +3 pgg”. The Pb content is high
(~23-24 pgg™), at stations 11, 19, and 23, which are located at
~ 500 m isobaths, where the sediment discharge from Madre
Lagoon exerts significant detrital influence. Similarly, the Pb
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Fig. 4. SEM-EDS spectrum
A — magnetite (sample no. 1), B — ilmenite (sample no. 32)
Table 2
Trace element concentrations [ppm] for the surficial sediments of the NW Gulf of Mexico
Sample Ba Co Cu Cr Nb Ni Pb Rb Sr Th \ Y Zn Zr
1 395 13 28 116 8 22 17 95 146 10 95 25 75 211
2 403 11 31 77 12 29 23 122 178 12 135 29 107 167
3 348 10 30 87 10 30 21 119 177 10 143 27 109 142
4 357 12 33 75 10 33 24 122 181 11 139 29 114 139
5 342 15 39 54 9 39 16 95 449 8 115 24 93 127
6 360 17 46 62 9 43 15 96 427 9 127 25 98 124
7 347 13 33 71 9 35 21 118 222 10 144 27 112 127
8 326 14 30 70 11 31 21 116 280 9 134 28 107 147
9 390 11 30 100 11 29 20 116 149 10 134 28 106 148
10 464 13 31 73 12 29 22 123 148 10 129 31 109 178
11 415 11 31 89 14 29 24 121 156 10 129 31 105 180
12 372 12 31 80 8 30 23 115 133 9 133 27 109 136
13 305 11 30 94 11 31 18 112 261 9 132 26 100 142
14 350 13 32 70 11 37 17 122 251 11 145 29 112 140
15 375 16 39 56 9 41 16 100 406 9 120 26 99 129
16 334 15 38 55 9 39 15 99 405 9 114 25 97 129
17 320 13 30 78 11 32 19 113 212 10 125 27 103 134
18 305 13 31 81 6 31 19 107 146 10 123 25 106 118
19 334 11 29 69 10 30 25 119 168 10 133 28 108 144
20 404 10 29 67 12 26 22 115 157 12 129 29 101 163
21 393 12 28 61 12 25 19 109 183 12 97 29 93 191
22 356 14 29 102 10 29 23 117 147 10 115 30 106 143
23 336 13 32 66 12 31 25 121 183 12 134 30 109 143
24 331 10 32 73 12 31 19 118 210 11 127 27 106 136
25 372 13 36 81 9 36 15 104 330 9 121 25 98 128
26 366 13 36 58 10 35 15 105 338 10 113 27 98 133
27 338 12 30 72 8 28 20 105 152 10 111 27 96 168
28 357 12 30 98 9 28 21 111 145 10 110 27 101 139
29 355 11 30 117 11 28 20 111 156 11 120 29 97 162
30 296 12 26 54 9 23 16 89 492 7 95 25 81 187
31 338 12 29 60 11 26 18 104 185 10 92 28 88 189
32 308 12 30 71 11 25 22 108 198 10 102 28 96 168
33 316 13 31 69 5 28 21 100 122 8 121 24 100 117
34 330 12 32 65 10 32 23 112 217 11 120 28 106 141
35 336 13 35 59 9 34 20 99 344 7 105 24 95 131
Mean 353+36 (1242|313 | 75417 [ 1042 | 31+5|20+3 | 11049 | 230 £103 | 10 +1 | 121 £14 | 27 +2 | 101 £8 | 148 +23
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Fig. 6. Multi-element diagram of trace element
concentrations normalized against average upper
continental crust (Taylor and McLennan, 1985)

concentration decreases in stations farther away from the coast
(Fig. 7B). The Pb concentrations at all 35 stations are below the
ERL value reported for marine sediments (46.7 pgg™"; Long et
al., 1995), as well as the average value (200 pgg™") reported by
Chester (2000). The distribution of Zn in sediments varies from
75t0 114 pgg™" with a mean value of 101 +8 ugg ™. The stations
that recorded the highest Zn contents are located at ~500 m
isobaths. Also, except stations 1, 30, 31 and 32, located near to
the coast, other stations recorded Zn concentrations between
100 and 114 pgg™" (Fig. 7C). The Zn contents of this study are
below the ERL value of marine sediments reported by Long et
al. (1995) and Chester (2000), which is 150 ugg™". Hence, the
low Zn content of this study may suggest that the origin of Zn is
terrigenous. The average values of transition trace elements Cr
(75 £16) and Ni (31 £5) are also near to the ERL values of ma-
rine sediments (81 and 20.9 pgg™, respectively) reported by
Long et al. (1995), indicating terrigenous origin (Ramos-
Vazquez et al., 2018; Taheri et al., 2018). A wide variation in Zr
(~117-211 pgg™") and Sr (~122-449 ugg™') contents in sedi-
ments among stations probably indicates the fractionation of
minerals during transportation and deposition (Tapia-Fernan-
dez et al., 2017).

DISCUSSION

WEATHERING CONDITION IN THE SOURCE AREA

The degree of alteration of feldspars to clays indicates both
the degree of weathering of source rocks and that of the
diagenesis experienced by the sediments since deposition
(Nesbitt et al., 1997; Liu et al., 2016; Yang and Du, 2017). Vari-
ous weathering indices have been developed and are exten-
sively used by researchers to identify the chemical weathering
intensity of the source area (e.g., Price and Velbel, 2003; Lee,
2009; Armstrong-Altrin et al., 2014). Some examples are
weathering index of Parker (WIP; Parker, 1970), chemical in-
dex of weathering (CIW; Harnois, 1988), chemical index of al-
teration (CIA; Nesbitt and Young 1982) and Plagioclase index
of alteration (PIA; Fedo et al., 1995). Among these weathering
indices, a chemical index widely used to determine the degree
of source area weathering is the chemical index of alteration

(CIA; Paikaray et al., 2008; Madhavaraju et al., 2016, 2017;
Yang and Du, 2017; Kelepile et al., 2017; Wang et al., 2017,
2018; Armstrong-Altrin et al., 2018). This can be calculated us-
ing the formula (molecular proportions):

CIA = [Al,O3/(Al,03 + Ca0" + Na,O + K,0)] x 100

where: CaO’ is the amount of CaO incorporated in the silicate frac-
tion of the rock.

In general, the Ca content in sediments is sourced from in-
organic carbon and Na may be associated with sea-salt. The
Ca content in the silicate fraction was calculated by the equation
(Martinez et al., 2010):

Ca = CaO—CaOyy and CaOygy = Al,O3; x (CaO/Al;03)ucc

where: “t” = the total abundance in the sample and “trg” =
terrigenous.

Similarly, excess Na (Naexcess) in sediments was calculated
by the equation:

Nagxcess = (NazO x 0.7419) — (0.1 x Al,O3 x 0.5292)

where: Nagycess is the pore water salt component of Na (Murray and
Leinen 1996; Armstrong-Altrin and Machain-Castillo, 2016).

According to Nesbitt and Young (1982), CIA values of unal-
tered plagioclase and K-feldspar are approximately equal to 50
and higher CIA values (>70) are indicative of intense chemical
weathering. The CIA values for the sediment samples range
from ~43 to 84, which indicate a moderate to high intensity of
chemical weathering in the source area (Table 1). This result is
also in agreement with the slightly elevated Rb/Sr ratios (>1) of
the surface sediments (~0.84—1.13), because intensive chemi-
cal weathering may lead to increase the Rb/Sr ratio, and high
ratios (>1) are indicators of intense weathering (MclLennan et
al., 1993).

SEDIMENT PROVENANCE

The discriminant function diagram proposed by Roser and
Korsch (1988) is frequently used by many researchers to infer
sediment provenance (Tawfik et al., 2017, 2018). This diagram
helps to discriminate four provenance categories, i.e., mafic (P1),
intermediate (P2), felsic (P3) and quartzose recycled (P4). On
this diagram, sediment samples plot in the intermediate igneous
provenance field (Fig. 8). It seems that the surface sediments of
the NW Gulf of Mexico were derived mostly from the contribution
of intermediate igneous rocks (e.g., andesite). Similarly, based
on the (SiO,).g content the sediments are classified mainly as of
intermediate type (Fig. 9; Le Bas et al., 1986; Armstrong-Altrin,
2009), which is consistent with our interpretation based on the
Roser and Korsch (1988) provenance classification.

High concentrations of Cr (>150 ppm) and Ni (>100 ppm) in
sediments are suggestive of ultramafic rocks in the source area
(Garver et al., 1996; Armstrong-Altrin et al., 2004). The Cr and
Ni contents in the sediments vary between ~54—117 ppm and
~22-43 ppm, respectively, indicating that the sediments were
likely derived from intermediate rocks (Table 2). In addition, in
the ternary diagram of Ni-Th*10-V the sediments plot near to
the average composition of andesite, which also suggests that
the sediments were derived by the weathering of intermediate
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rocks (Bracciali et al., 2007; Fig. 10). Average geochemistry
data of the probable source rocks plotted in Figure 10 are com-
piled from Verma (1999, 2000, 2001a, b), Carrasco-Nufez et
al. (2005), and Schaaf et al. (2005), which are located along the
coastal areas of the Gulf of Mexico.

PALAEO-OXYGENATION CONDITION

In many studies, the V/Cr ratio has been used as an index to
identify the paleo-oxygenation condition (Dill et al., 1988; Jones
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Fig. 7. Spatial distribution of trace element concentrations
in surficial sediments, NW Gulf of Mexico

A—-Cu,B-Pb,C—-2Zn

and Manning, 1994; Morford and Emerson, 1999; Hu et al.,
2017; Bansal et al., 2018). Cr is mainly incorporated in the detri-
tal fraction of sediments, and it may substitute for Al in the clay
structure (Riquier et al., 2006). Vanadium may be bound to or-
ganic matter by the incorporation of V** into porphyrins, and is
found in sediments deposited under reducing environments
(Shaw et al., 1990). If the values are >2, it indicates anoxic con-
ditions, whereas values <2 suggest more oxidizing conditions
(Jones and Manning, 1994). In the present study, the average
V/Cr ratio in the sediments (~0.82-2.14; 1.68 +0.33) is gener-
ally <2, which indicates that these sediments were deposited
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Fig. 8. Major element provenance discriminant function
diagram for the sediments (Roser and Korsch, 1988)

The discriminant functions are: discriminant function 1 = (-1.773 -
TiOy) + (0.607 - Al,O3) + (0.760 - Fe,03) + (—1.500 - MgO) + (0.616 -
CaO0) +(0.509 - Na,0) + (—1.224 - K,0) + (-9.090); discriminant func-
tion 2 = (0.445 - TiOy) + (0.070 - Al,O3) + (—=0.250 - Fe;03) + (-1.142 -
MgO) + (0.438 - CaO) + (1.475 - Na,0O) + (1.426 - K,0) + (—6.861)

mostly in an oxic environment. However, slight differences in
the V/Cr ratio among various stations may suggest a change in
the depositional conditions or possibly variations in the oxygen
level of the depositional environment.

Numerous studies have applied Ni/Co ratio as a redox indi-
cator (Dypvik, 1984; Dill, 1986; Hua et al., 2013; Arora et al.,
2015; Armstrong-Altrin and Machain-Castillo, 2016). Jones and
Manning (1994) suggested that a Ni/Co ratio <5 indicates an oxic
environment, whereas >5 suggests sub-oxic and anoxic environ-
ments. The Ni/Co ratios in these sediments are very low
(~1.69-3.10; 2.50 £0.30), which suggest that they were depos-
ited in an oxygenated environment. According to Hallberg
(1976), the high Cu/Zn ratio (>1) indicates a redox depositional
condition, while low Cu/Zn ratio (<1) suggests an oxic condition.
The low Cu/Zn ratios (~0.26-0.46; 0.32 +0.05) in the sediment
samples indicate that the sediments were deposited in a well-
oxidized condition.

STATISTICAL ANALYSIS

PEARSON CORRELATION

To evaluate the association among various elements in the
surficial sediments, a Pearson correlation analysis was per-
formed. A statistically significant correlation of Al,O3, Fe,O3 and
MgO was observed with Pb, Zn and OM concentrations (r=0.54,
0.72, and 0.43, r = 0.44, 0.92, and 0.39, and r = 0.40, 0.57 and
0.51, respectively, n = 35); this implies continental derivation of
trace elements combined with terrigenous materials. A signifi-
cant correlation obtained between MnO and CaO (r=0.61) indi-
cates its derivation from a similar source, most probably
biogenic. On the other hand, Fe,O3 and Zn showed an insignifi-
cant correlation with sand percentage (r = —-0.51 and —0.36, re-
spectively; n = 35), which indicates that these elements have no
affinity with coarse-grained materials. OM did not show signifi-
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Fig. 9. The Al,O;/TiO; versus (SiO2).q; plot of the surficial
sediments, modified after Armstrong-Altrin (2009)

n = number of samples

Mafic rocks
Vv

O Sediment (n = 35)1
O Dacite (n = 42)2
I Andesite (n = 45)2
A Basalt (n = 65) 2

Ni Th*10
Ultramafic rocks Felsic rocks

Fig. 10. Ni-Th*10-V ternary diagram of the surficial
sediments from the NW Gulf of Mexico
(after Bracciali et al., 2007)

1 — this study, 2 — average data for comparison are from Verma
(2001a, b), Verma (2015) and Ortega-Gutierrez et al. (1995)

cant correlation with sand, silt, and clay (r = —0.14, 0.15, and
—0.13, respectively), whereas it is significant against Al,O; (r =
0.43, n=35), Fe;05 (r=0.39), MgO (r=0.41), Pb (r=0.51), and
Zn (r=0.37, n = 35), which suggests that in some cases it may
form chelates. A statistically insignificant correlation between
sand and clay (r = -0.72, n = 35) may correspond to grain size
variations (Table 3).

CLUSTER ANALYSIS

Cluster analysis is an exploratory data technique employed
to classify groups and subgroups based on the similarities and
dissimilarities among variables (Hair et al., 2001; Verma, 2005).
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Displayed groups are set by variables (Fig. 11). Practically, one
single group is observed in which a greater similarity among
concentrations of Al,O3, Pb, CaO, Fe;03, MgO, OM, MnO, and
sand is identified, due to their terrigenous origin and to the high
affinity of these elements with OM particles to form chelates.
These variables exhibited very similar spatial distribution, with
accumulation towards shallow waters (Figs. 3A—C and 7A-C).
The subgroup of silt and Zn was amalgamated to this group,

suggesting that some of the elements mentioned are trans-
ported in fine-grained (silt) particles present in the sediments.
Another subgroup was amalgamated to the one mentioned pre-
viously, in which concentrations of Cu are linked to percentages
of clay; this group was dominated by fine particles, to which Cu
showed a high affinity. As a result, it was highly dissimilar to the
main group of terrigenous materials (Fig. 11).

Table 3

Pearson correlation matrix for major elements, trace metals, organic matter (OM in %), and textural
parameters (sand, silt, and clay in %) in the surficial sediments, NW Gulf of Mexico (n = 35; p <0.050)

ALO; | CaO | Fe;0O3 | MgO | MnO Pb Cu Zn Sand | Silt Clay oM
AlLO; | 1.00
CaO 0.51 1.00
Fe,O; | 0.74 | -0.32 | 1.00
MgO | 0.17 | -0.13 | 0.57 1.00
MnO | -0.15 | 0.61 0.01 | -0.20 | 1.00
Pb 0.54 | -0.72 | 0.44 0.40 | -0.37 | 1.00
Cu -0.24 | 0.66 0.04 | -0.13 | 0.80 |-0.48 | 1.00
Zn 0.72 | -0.40 | 0.92 0.60 | -0.04 | 0.57 | 0.06 | 1.00
Sand | -0.27 | -0.05 | -0.51 | —0.32 | -0.09 | -0.04 | -0.09 | —0.36 | 1.00
Silt 0.17 | -0.43 | -0.10 | -0.16 | —-0.18 | 0.37 | -0.26 | 0.09 | 0.66 | 1.00
Clay | -0.13 | 0.40 0.14 0.18 | 0.18 | -0.34 | 0.25 | -0.04 | -0.72 | —-1.00 | 1.00
%OM | 043 |-0.52| 0.39 0.41 | -0.54| 0.51 |-0.63 | 0.37 |-0.14 | 0.15 | -0.13 1.00
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Fig. 11. Dendrogram for the variables measured in the sediments

Metrics used: pearson correlation; type of amalgamation: distant neighbours
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PRINCIPAL COMPONENT
ANALYSIS

PCA is a statistical technique used to identify important fac-
tors that explain the variance of a system (Ouyang, 2005). This
analysis was performed to evaluate the possible provenance of
trace metals, for which three factors explain 82% of system
characteristics (Table 4). Upon application of the varimax rota-
tion function for each factor, interpretation can be given, and
statistical loads were determined.

The first factor showed three significant variables that ex-
plain 39% of the variance. The Al,O; and Fe,O3 contents in the
sediments are primarily of terrigenous origin, derived by the
weathering of rocks mainly composed of aluminosilicates
(Ramos-Vazquez et al., 2017). This first factor was accordingly
designated as “terrigenous input” and was supported both by
the Pearson correlation analyses and the association of the
main group in cluster analysis. The loading of Zn with Al,O3 and
Fe,O3 contents in factor 1 also indicates the association of Zn
with aluminosilicates.

The second factor also provided three significant variables,
explaining 30% of sediment characteristics such as the quantity
of sand, silt, and clay. Texturally, the sediments are classified
as clayey silt, which was homogeneous, and did not show a sig-
nificant difference between the continental shelf and slope ar-
eas or with respect to water depth (Fig. 12).

In the third factor, two significant observable variables ex-
plain 13% of the characteristics of the system, i.e., the percent-
age of OM and Cu concentrations. Cu is of lithogenic origin
rather than being associated with another source, which may
be the reason that factor 3, did not explain the significance of
these variables (Table 4). However, through the correlation ma-
trix, it can be inferred that the significant loads of these vari-
ables in both statistical methods are a result of the absence of
affinity between Cu and OM. Thus, OM did not capture this
metal or form chelates with it.

Silty Sand

0 10 20 30 40 50 60 70 80 90 100
Sand Silt

Sandy Silt

Fig. 12. Sand-silt-clay ternary diagram for the surficial
sediments, NW Gulf of Mexico (modified after Shepard, 1954)

Table 4

Factor analysis through main components,
varimax rotation; significant loads >0.70

Variables Factor 1 Factor 2 Factor 3
ALO; 0.790514 | 0.132282 | 0.210483
CaOo 0.403417 | 0.336511 |-0.2111251
Fe, 03 0.950813 | -0.181918 | 0.050831
MgO 0.555961 | —0.287189 | 0.323296
MnO —0.008650 | 0.020346 | 0.189308

Pb 0.571065 | 0.305382 | 0.541147
Cu 0.087294 | -0.162583 | —0.927810
Zn 0.977789 | 0.011312 | —-0.035203
Sand —0.402557 | 0.790460 | —0.046612
Silt 0.075502 | 0.965295 | 0.128449
Clay —0.027445 | —0.978439 | —0.114173
% OM 0.343190 | 0.007837 | 0.819451
Variance 3.413190 | 2.766915 | 2.009526
% factor 39.09824 | 29.54873 | 13.24934
% accumulated | 39.09824 | 68.64698 | 81.89631

HEAVY METAL CONTAMINATION

ENRICHMENT FACTOR

A number of researchers have proposed the use of Enrich-
ment factors (EF) to quantify the degree of anthropogenic in-
fluence in sediments (Selvaraj et al., 2004; Acevedo et al.,
2006; Armstrong-Altrin et al., 2015a; Khan et al., 2017,
Anaya-Gregorio et al., 2018), which can be calculated accord-
ing to the formulae:

EF = (M/ADsampie/ (M/Al)crusts

where: M is the value of analysed metal concentration (Wedepohl,
1995).

Among other major elements, we preferred Al,O; content
as a reference for normalization, because Al,Os3 is considered
as an immobile element, which represents the clay fraction in
sediment (Prabakaran et al., 2019). If an enrichment factor is
equal to one, the metals are considered as a natural source, if
it is >2 it suggests an anthropogenic input. EF values are cal-
culated based on average UCC concentrations (Taylor and
McLennan, 1985) for the elements Ba, Co, Cu, Cr, Ni, Pb, Sr,
V, and Zn. The EF values are lower than 2, which indicate that
there is no significant anthropogenic input (Table 5). This cor-
roborates with our interpretations based on statistical meth-
ods; neither enriched nor moderately enriched, and metal con-
centration was equal to the values expected under natural cir-
cumstances.
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Table 5

Enrichment Factor (EF; Wedepohl, 1995) values for the surficial sediments, NW Gulf of Mexico,
calculated based on average UCC values (Taylor and McLennan, 1985)

Sample Ba Co Cu Cr Ni Pb Sr \% Zn
1 1.15 1.22 1.79 2.24 0.80 1.60 0.67 142 1.69
2 0.74 0.66 1.26 0.94 0.67 1.37 0.52 1.28 1.53
3 0.58 0.54 1.10 0.97 0.63 1.14 0.47 1.23 1.41
4 0.65 0.71 1.32 0.90 0.75 1.41 0.52 1.30 1.60
5 0.86 1.22 2.15 0.90 1.22 1.30 1.77 1.48 1.81
6 0.93 1.42 2.61 1.06 1.39 1.25 1.73 1.69 1.96
7 0.73 0.88 1.52 0.98 0.92 1.42 0.73 1.55 1.82
8 0.62 0.86 1.26 0.88 0.74 1.29 0.84 1.31 1.58
9 0.65 0.60 1.10 1.11 0.61 1.08 0.39 1.15 1.37
10 0.96 0.87 1.41 1.00 0.75 1.47 0.48 1.37 1.74
11 0.88 0.76 1.45 1.25 0.77 1.65 0.52 1.41 1.73
12 0.61 0.63 1.1 0.87 0.61 1.22 0.34 1.12 1.38
13 0.65 0.76 1.41 1.33 0.83 1.25 0.88 1.45 1.66
14 0.73 0.88 1.47 0.97 0.97 1.15 0.83 1.56 1.82
15 0.89 1.22 2.03 0.88 1.21 1.22 1.51 1.46 1.81
16 0.71 1.03 1.78 0.77 1.04 1.03 1.35 1.25 1.60
17 0.55 0.72 1.13 0.88 0.68 1.05 0.57 1.10 1.36
18 0.65 0.90 1.46 1.15 0.83 1.32 0.49 1.35 1.76
19 0.70 0.75 1.35 0.96 0.79 1.71 0.56 1.44 1.76
20 0.83 0.67 1.32 0.92 0.67 1.47 0.51 1.37 1.61
21 0.92 0.91 1.44 0.95 0.73 1.44 0.67 1.17 1.69
22 0.77 0.98 1.38 1.46 0.78 1.61 0.50 1.28 1.77
23 0.67 0.84 1.41 0.88 0.78 1.62 0.58 1.38 1.69
24 0.63 0.62 1.35 0.93 0.74 1.18 0.63 1.25 1.57
25 0.84 0.95 1.79 1.22 1.02 1.10 1.17 1.41 1.72
26 0.82 0.94 1.78 0.86 0.98 1.09 1.19 1.30 1.70
27 0.72 0.82 1.40 1.01 0.74 1.37 0.51 1.21 1.58
28 0.70 0.77 1.30 1.28 0.69 1.34 0.45 1.12 1.54
29 0.79 0.79 147 1.73 0.78 1.44 0.55 1.37 1.67
30 0.74 0.97 1.44 0.90 0.72 1.30 1.94 1.23 1.58
31 0.80 0.92 1.51 0.94 0.77 1.37 0.69 1.12 1.61
32 0.68 0.86 1.46 1.04 0.69 1.57 0.69 1.16 1.64
33 0.65 0.86 1.40 0.94 0.72 1.39 0.39 1.27 1.58
34 0.58 0.69 1.25 0.76 0.71 1.32 0.60 1.09 1.45
35 0.75 0.94 1.73 0.88 0.95 1.45 1.21 1.21 1.65

Mean 0.75+0.1 0.86 +0.2 15403 | 1.1+03 | 0.8+0.2 | 1.340.2 | 0.8+04 | 1.30.1 1.6 +0.1

GEO-ACCUMULATION INDEX

Geo-accumulation index (lge0) can be calculated by an equa-
tion, log, (C,/1.5 x By,) (Mller, 1969, 1979), where C,, is the mea-
sured concentration of the metal “n” in the sediment sample, B, is

the geochemical background concentration of metal “n”. The /g,

value of 1.5 is a factor that considers possible variability gener-
ated by lithological variations. The /4, consists of seven grades,
i.e. Class 0 (Igeo = <0, practically uncontaminated), Class 1 (g0 =
<1, uncontaminated to moderately contaminated), Class 2 (/ge0 =
between 1 and 2; moderately contaminated), Class 3 (Igeo = 23,
moderately to highly contaminated), Class 4 (Igeo = 3—4, highly
contaminated), Class 5 (g = 4-5, highly to extremely contami-
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Table 6

Geo-accumulation Index (lye0; Miiller, 1979) values for the surficial sediments, NW Gulf of Mexico,
calculated based on average UCC values (Taylor and McLennan, 1985)

Sample Ba Co Cu Cr Ni Pb Sr \% Zn
1 —-1.06 -0.97 -0.42 -0.10 -1.58 -0.58 -1.85 -0.76 -0.51
2 -1.03 -1.21 -0.27 -0.69 -1.19 -0.15 —1.56 -0.25 0.01
3 -1.25 -1.35 -0.32 -0.52 -1.14 -0.28 -1.57 -0.17 0.03
4 -1.21 -1.09 -0.18 -0.73 —-1.00 -0.09 -1.54 -0.21 0.10
5 -1.27 -0.77 0.06 -1.21 -0.76 -0.67 -0.23 -0.48 -0.20
6 -1.20 -0.58 0.29 -1.01 -0.62 -0.77 -0.30 -0.34 -0.12
7 -1.25 -0.97 -0.18 -0.81 -0.92 -0.28 -1.24 -0.16 0.07
8 -1.34 -0.87 -0.32 -0.83 -1.09 -0.28 -0.91 -0.26 0.01
9 -1.08 -1.21 -0.32 -0.32 -1.19 -0.35 -1.82 -0.26 -0.01
10 -0.83 -0.97 -0.27 -0.77 -1.19 -0.21 -1.83 -0.32 0.03
11 -0.99 -1.21 -0.27 -0.48 -1.19 -0.09 -1.75 -0.32 -0.02
12 -1.15 -1.09 -0.27 -0.64 -1.14 -0.15 -1.98 -0.27 0.03
13 —1.44 -1.21 -0.32 —-0.41 -1.09 -0.50 —-1.01 -0.28 -0.09
14 -1.24 -0.97 -0.23 -0.83 -0.83 -0.58 —-1.06 -0.15 0.07
15 -1.14 -0.67 0.06 -1.15 -0.69 -0.67 -0.37 -0.42 -0.11
16 -1.30 -0.77 0.02 -1.18 -0.76 -0.77 -0.37 -0.49 -0.13
17 -1.37 -0.97 -0.32 -0.67 -1.04 -0.42 -1.31 -0.36 -0.05
18 —1.44 -0.97 -0.27 -0.62 -1.09 -0.42 -1.85 -0.38 -0.01
19 -1.30 -1.21 -0.37 -0.85 -1.14 -0.03 -1.64 -0.27 0.02
20 -1.03 -1.35 -0.37 -0.89 -1.34 -0.21 -1.74 -0.32 -0.08
21 -1.07 -1.09 -0.42 -1.03 -1.40 -0.42 -1.52 -0.73 -0.20
22 -1.21 -0.87 -0.37 -0.29 -1.19 -0.15 -1.84 -0.48 -0.01
23 -1.30 -0.97 -0.23 -0.92 -1.09 -0.03 -1.52 -0.26 0.03
24 -1.32 -1.35 -0.23 -0.77 -1.09 -0.42 -1.32 -0.34 -0.01
25 -1.15 -0.97 -0.06 -0.62 -0.87 -0.77 -0.67 -0.41 -0.12
26 -1.17 -0.97 -0.06 -1.10 -0.92 -0.77 -0.64 -0.51 -0.12
27 -1.29 -1.09 -0.32 -0.79 -1.24 -0.35 -1.79 -0.53 -0.15
28 -1.21 -1.09 -0.32 -0.35 -1.24 -0.28 -1.86 -0.55 -0.08
29 -1.22 -1.21 -0.32 -0.09 -1.24 -0.35 -1.75 -0.42 -0.13
30 -1.48 -1.09 -0.53 -1.21 -1.52 -0.67 -0.09 -0.76 -0.39
31 -1.29 -1.09 -0.37 -1.05 -1.34 -0.50 -1.50 -0.80 -0.28
32 -1.42 -1.09 -0.32 -0.81 -1.40 -0.21 -1.41 —-0.65 -0.15
33 -1.38 -0.97 -0.27 -0.85 -1.24 -0.28 -2.11 -0.41 -0.09
34 -1.32 -1.09 -0.23 -0.94 -1.04 -0.15 -1.27 -0.42 -0.01
35 -1.30 -0.97 -0.10 -1.08 -0.96 -0.35 -0.61 -0.61 -0.16
Mean -12+01 | -1+02 | -02+0.2 | -0.8+0.3 | -1.1+0.2 | -04+0.2 | -1.3+0.6 | -0.4+0.2 | —0.1 0.1

nated). The Iy, values calculated for the surficial sediments are CONCLUSIONS

<0 and within Class 0 (practically uncontaminated; Table 6). This

interpretation is consistent with EF values, which indicates that 1. The major element concentrations indicated that the sedi-
the concentration of heavy metals in sediments is not due toan  ments were derived from an intermediate rock composition,
anthropogenic source. probably andesite located along the coastal areas of the NW

Gulf of Mexico.
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2. The weathering indices demonstrated that the sedi-
ments were derived from moderately to highly weathered
source area.

3. Major and trace element concentrations in the surface
sediments are statistically shown to be of lithogenic origin,
chiefly brought into the marine depositional environment by
rivers. The Rio Bravo and Soto La Marina rivers played an im-
portant role in delivering sediments to the study area.

4. The Cr, Cu, and V contents also reveal that the sedi-
ments received a major contribution from intermediate source
rocks. The V/Cr, Ni/Co, and Cu/Zn ratios in sediments from the
NW Gulf of Mexico are <2, <5, and <1, respectively, which sup-
port that these sediments were deposited in well-oxygenated
conditions.

5. The EF for Ba, Co, Cu, Cr, Ni, Pb, Sr, V, and Zn are <2.
This indicates a low probability of anthropogenic input, because
they are neither enriched nor moderately enriched, and are sim-
ilar to the values expected under natural circumstances. The
statistical parameters also indicate the association of these ele-
ments with detrital constituents.
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