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Thirty-five near-sur face sed i ment sam ples were re cov ered from the con ti nen tal shelf and up per slope re gions of the north -
west ern (NW) Gulf of Mex ico. The geo chem i cal data of the sed i ments re cov ered were ex am ined to in ves ti gate the weath er -
ing in ten sity, prov e nance, palaeo-ox y gen a tion con di tion, and level of heavy metal con tam i na tion. The sed i ments ana lysed
showed a mod er ate to high in ten sity of chem i cal weath er ing. Ma jor and trace el e ment con cen tra tions in di cated a terrigenous 
or i gin, closely re lated to the weath er ing of rocks rich in aluminosilicates. The re sults of this study fur ther re vealed that ma jor
rivers, the Bravo and Soto La Ma rina, played an im por tant role in de liv er ing sed i ments to the study area. The con cen tra tion of 
tran si tion trace el e ments such as Cr, Cu, Ni, and V re vealed that the sed i ments were de rived from in ter me di ate rocks such
as an de site. The V/Cr, Ni/Co, and Cu/Zn ra tios in the sed i ments were <2, <5, and <1, re spec tively, sug gest ing a depositional
pro cess oc curred un der well-ox y gen ated con di tions. Prin ci ple Com po nent Anal y sis (PCA) did not show a sig nif i cant dif fer -
ence in sed i ment tex ture be tween the con ti nen tal shelf and slope ar eas. The en rich ment fac tor (EF) and Geo-ac cu mu la tion
in dex (Igeo) val ues were <2 and <1, re spec tively, sug gest ing the ab sence of an anthropogenic in put.
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INTRODUCTION

The chem i cal com po si tion of de tri tal sed i ments is com -
monly used as a sen si tive in di ca tor of prov e nance (Verma and
Armstrong-Altrin, 2013, 2016; Basu, 2017; Tzifas et al., 2019),
to iden tify weath er ing con di tions (Gabrielli et al., 2010; Xie and
Chi, 2016; Ndjigui et al., 2019), and in sev eral cases as a tool to
in fer heavy metal con tam i na tion (Ramos-Vázquez et al., 2017;
Ma et al., 2019; Prabakaran et al., 2019). This is be cause sed i -
ment com po si tions are mostly in flu enced by the na ture of the
sed i men tary pro cesses within the depositional ba sin and kind
of dis persal path that links prov e nance to the ba sin (Lin et al.,
2014; Hou et al., 2017; Pandey and Parcha, 2017; Hernández -
-Hinojosa et al., 2018; Spalletti et al., 2019). 

Trace el e ments such as Y, Cr, Th, Zr, Hf, Nb, and Ti are
best suited for prov e nance de ter mi na tion, be cause of their rel a -
tively low mo bil ity dur ing sed i men tary pro cesses (Cullers,
2000). These el e ments oc cur pref er en tially in re sis tant min er -

als and are not re leased dur ing weath er ing and trans por ta tion,
and thus might best re flect the sig na ture of the par ent ma te ri als
(McLennan et al., 1993). There fore, they are ex pected to be
more use ful than ma jor el e ments in dis crim i nat ing source rock
com po si tions (Armstrong-Altrin 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).
Sim i larly, the dis tri bu tion of im mo bile el e ments, such as La and
Th (en riched in silicic rocks) and Cr and Co (en riched in ba sic
rocks rel a tive to silicic rocks), have been used to in fer the rel a -
tive con tri bu tion of fel sic and mafic sources in sed i ments from
dif fer ent sed i men tary en vi ron ments (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 Mex ico is a re gion that boasts oil res er voirs of
com mer cial im por tance, and there are re cords of sev eral 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 Mex ico, and it
con tin ued for roughly nine months. A vol ume of ~ 475,000 met -
ric tons of crude oil was re leased into the sea. The north ern Gulf 
of Mex ico re cently un der went the great est di sas ter in oce anic
oil spill his tory, i.e., the col lapse of the Deep water Ho ri zon plat -
form, the prop erty of Brit ish Pe tro leum (BP) in April 2010, 4.9
mil lion bar rels of oil were spilled within three months (Zhang et
al., 2018). 
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Few stud ies have in ves ti gated the prov e nance of coastal
sed i ments, based on tex tural and geo chem i cal char ac ter is tics,
along the north ern Gulf of Mex ico (Kasper-Zubillaga et al.,
2013; Armstrong-Altrin and Natalhy-Pineda., 2014; Armstrong -
-Altrin et al., 2015b; Hernández-Hinojosa et al., 2018). Kasper -
-Zubillaga et al. (2013) stud ied the geo chem is try of beach
sands from the north ern part of the Gulf of Mex ico and sug -
gested that they may be used to iden tify the depositional en vi -
ron ment of the sed i men tary ba sin. Armstrong-Altrin and
Natalhy -Pineda (2014) in ferred the prov e nance based on sur -
face microtextures on quartz grains from three beach ar eas in
the Gulf of Mex ico. Hernández-Hinojosa et al. (2018) ad -
dressed the tex tural and geo chem i cal char ac ter is tics of beach
sands along the west ern Gulf of Mex ico. Tapia-Fernandez et al. 
(2017) stud ied the chem is try and U-Pb geo chron ol ogy of de tri -
tal zir cons in the Brujas beach and re vealed the im por tance of
rivers in con trib ut ing sed i ments to the South west ern Gulf of
Mex ico. Re cently, Armstrong-Altrin (2015) and Armstrong -
-Altrin and Machain-Castillo (2016) dis cussed the prov e nance
of con ti nen tal slope sed i ments from the south west ern Gulf of
Mex ico. Sim i larly, the heavy metal con cen tra tions of the es tu -
ary sed i ments from the Gulf of Mex ico have been doc u mented
by Botello et al. (2015) and Rosales-Hoz et al. (2015). How -
ever, prov e nance stud ies based on sed i ment geo chem is try in
the NW Gulf of Mex ico are lim ited. 

This ar ti cle dis cusses the geo chem is try of sur face sed i -
ments re cov ered from the NW part of the Gulf of Mex ico. It pro -
vides in for ma tion on weath er ing in ten sity, sed i men tary prov e -
nance, palaeo-ox y gen a tion con di tions and quan ti fies the level
of heavy metal con tam i na tion in the sed i ments.

STUDY AREA

The study area ex tends along the NW Gulf of Mex ico be -
tween 25°32’74.33"N–95°44’33.83"W and 22°32’81.83"N–97°
56’94.17" W, in clud ing shelf and up per slope re gions from 48 to
2329 m depth (Fig. 1). This sec tor of the Gulf of Mex ico is
strongly in flu enced by the cy clone and an ti cy clone gyres de rived
from the Loop Cur rent. The sur face oce anic cir cu la tion is pre -
dom i nantly to wards the north, while these cy clonic pro cesses are 
ab sent in the NW part of the Gulf of Mex ico. The sa lin ity and ver -
ti cal den sity pro files ob tained dur ing the win ter sea son in di cated
the in tru sion of cold and di luted wa ter orig i nated from the Lou i si -
ana-Texas con ti nen tal shelf (Monreal- Gómez and Salas de
León, 1990; Salas de Salas-de-Leon et al., 1992). The depositio -
nal con di tions on the shelf are pro foundly in flu enced by the river
run off of three main rivers, namely the Bravo, Soto La Ma rina,
and Panuco, and by the ex port ing ca pac ity of two ma jor coastal
la goons, namely the Madre and Tamiahua (Fig. 1). Deep-wa ter
sed i ments of the Gulf of Mex ico are es sen tially biogenic with a
pre dom i nance of silty clay and are im pov er ished in or ganic ma te -
rial (Botello et al., 2015; Kasper- Zubillaga et al., 2019).

CLIMATE AND SIMPLIFIED 
GEOLOGY

The Gulf of Mex ico cli mate is con sid ered as sub-hu mid to
hu mid (Tamayo, 1991; Salas-Monreal et al., 2018). There are
three well-de fined cli ma tic con di tions in the Gulf of Mex ico:
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Fig. 1. Sim pli fied map of the study area show ing sam ple lo ca tions in the NW Gulf 
of Mex ico (map mod i fied af ter Botello et al., 2015)



– dry (Feb ru ary–May); 

– rainy (June–No vem ber);

– windy (north ern winds, 50–70 knots speed; YaÔez-

 Arancibia and Day, 1982).

 
The out crops along the Gulf of Mex ico are com posed of:

– Qua ter nary al lu vium and soils;

– Ce no zoic and Me so zoic clastic and cal car e ous sed i men -

tary rocks; 

– Ce no zoic vol ca nic rocks of mafic and in ter me di ate type; 

– Pa leo zoic and Pre cam brian meta mor phic rocks com pris ing 

schist and gneiss (Ortega-Gutierrez et al., 1995; Verma,

2015).

MATERIALS AND METHODS

Thirty-five near-sur face sed i ment sam ples were col lected
dur ing an ocean o graphic cam paign con ducted on board the
R/V “Justo Si erra” in July 2010 along the con ti nen tal shelf and
up per slope re gions of the NW Gulf of Mex ico (Fig. 1). Sed i -
ment sam ples were re cov ered us ing a Reineck box-corer at
wa ter depths vary ing from ~48 to 2329 m and stored frozen in
clean con tain ers un til anal y sis in the lab o ra tory.

GRAIN SIZE ANALYSIS

Granulometric anal y sis of sed i ments was car ried out by a
Beckman Coul ter LS230 La ser dif frac tion par ti cle size an a lyser
ad justed with a range size of 0.04 and 2000 mm.

SEM-EDS

Min eral chem is try was mea sured by a PHILLIPS XL-30
scan ning elec tron mi cro scope (SEM) equipped with en ergy
dispersive spec trom e ter (EDS) at UNAM, Mex ico. 

GEOCHEMICAL ANALYSIS

A to tal of 35 sed i ment sam ples were ana lysed for ma jor and 
trace el e ment con cen tra tions. A se quen tial Siemens SRS 3000 
X-ray spec trom e ter, equipped with a 125 µm rho dium tube and
a be ryl lium win dow, was used to mea sure the ma jor (Al2O3,
Fe2O3, MgO) and trace (Cu, Zn, and Pb) el e ment con cen tra -
tions. Er rors es ti mated in the de ter mi na tions are lower than 1%
for ma jor el e ments and lower than 4% for trace el e ments. In all
cases, the cal i bra tion curves have been con structed ac cord ing
to in ter na tional stan dards. The re main ing ma jor el e ments
(SiO2, TiO2, MnO, CaO, MgO, Na2O, and K2O) were ana lysed
by uti liz ing loss on ig ni tion (LOI) per formed on the cast sam ple
(bead). Beads were pre pared by mix ing 1 g of pow dered sam -
ple with 9 g of Li2B4O7-LiBO2 flux mix (50:50 wt.%). Be fore heat -
ing, two drops of LiBr in aque ous so lu tion con cen trated at 250
g/L were added. 

Anal y sis of trace el e ments was per formed us ing a pressed
sam ple, which is pre pared by pro fusely mix ing 6 g of fine pow -
der (par ti cle size <74 mi crons) with 0.6 g of Hoechst wax C as a
bind ing agent. The mix is pressed at 30 tons, and the pres sure

is sus tained for 30 sec onds. The de vice be ing used is a
Graseby/Specac press, as well as a pel let cast ing die, mea sur -
ing 4 cm in di am e ter. The die is equipped with a mech a nism
that evac u ates gas, thus avoid ing pel let sur face ir reg u lar i ties.
For sam ple se ries, one du pli cate is pre pared per 10 sam ples to
ver ify rep e ti tion of prep a ra tion con di tions.

RESULTS

MAJOR ELEMENT CONCENTRATIONS

The ma jor el e ment data are listed in Ta ble 1. The ma jor el -
e ment con cen tra tions were nor mal ized with av er age up per
con ti nen tal crust val ues (UCC; Tay lor and McLennan, 1985)
and are shown in Fig ure 2. Rel a tive to UCC the sed i ment sam -
ples are slightly en riched in TiO2, Al2O3, MnO, and CaO con -
tents. The vari a tion in MnO con tent among sed i ment sam ples
is sig nif i cant, and is higher than in av er age UCC. The K2O and
Na2O con tents in sed i ments are slightly de pleted rel a tive to
UCC. 

Al2O3 con tent dis played a very uni form dis tri bu tion, with
slightly higher val ues at sta tions 3, 9, 12 and 17, with a range
from ~16.2 to 16.9 wt.% (num ber of sam ples n = 35), at shal -
low depth (<500 m isobaths). Low con cen tra tions of Al2O3 (the
mean with one-stan dard-de vi a tion value be ing 13.3 ±1.7)
were ob served in lo ca tions in front of the rivers Bravo, Soto La
Ma rina, and Panuco (Fig. 3A). The av er age Al2O3 con tent in
deep-sea sed i ments re ported by Ches ter (2000) is 9.5 wt.%.
How ever, sed i ments of this study dis played con cen tra tions
higher than this value (~9.5–16.9%; 13.3 ±1.7), which is prob -
a bly due to the higher amount of terrigenous ma te ri als in the
NW Gulf of Mex ico. On the other hand, the be hav iour of Fe2O3

(~3.58–5.81 wt.%; 5.16 ±0.47) is quite sim i lar to that of Al2O3,
which likely in di cates its terrigenous or i gin (Fig. 3B). The high
Fe2O3 con tents (~5.50 to 5.81 wt.%) are ob served at <500 m
isobaths, in sta tions 3, 4, 7, 14, 17, 18, 19, 23, and 24. The
Fe2O3 con tent de creases be tween 500 and 1500 m isobaths
(5.02%) and at the mouth of the River Bravo (3.58 wt.%).

The MgO con tent var ies be tween 1.69 and 2.83 wt.% (2.44
±0.22, n = 35). The high MgO con tents are ob served in sta tions
7, 13 and 14, which vary be tween 500 and 1000 m isobaths and 
are low in the sur round ing ar eas (Fig. 3C). The low est MgO val -
ues are ob served in sta tions 1 and 26 at ~1500 m isobaths
(1.69 and 1.87 wt.%, re spec tively), which are lo cated in front of
the river mouth (River Bravo). Ex cept sta tion 1, the re main ing
sta tions ex hib ited val ues above the Mg base line for deep wa ter
sed i ments pro posed by Ches ter (2000), which is 1.8%. The
high MgO con tents at sta tions 7, 13, and 14 are prob a bly due to
the con cen tra tion of or ganic mat ter, which tends to trap cer tain
met als to form che lates (Ta ble 1).

The cor re la tion be tween SiO2 and Al2O3 is sta tis ti cally not
sig nif i cant at 99% con fi dence level (r = –0.34, n = 35; crit i cal t
value for 99% con fi dence level is 0.418; Verma, 2005), in di cat -
ing that SiO2 con tent is mainly con trolled by quartz (Nagarajan
et al., 2015, 2017). Sim i larly, a sta tis ti cally in sig nif i cant cor re -
la tion be tween Al2O3 and TiO2 con tents (r = 0.39, n = 35) sug -
gests that clay min er als are not the main con trol ler of TiO2

con cen tra tion in sed i ments (Zaid and Gahtani, 2015; Anaya-
 Gregorio et al., 2018). A sig nif i cant cor re la tion be tween Fe2O3

and TiO2 con tents (r = 0.56, n = 35) prob a bly in di cates the con -
cen tra tion of de tri tal min er als like mag ne tite and il men ite
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(Armstrong-Altrin et al., 2012; Hou et al., 2017). This in ter pre -
ta tion is fur ther sup ported by the SEM-EDS anal y sis, in which
mag ne tite and il men ite are iden ti fied (Fig. 4). Based on the
chem i cal clas si fi ca tion di a gram the sed i ments are clas si fied
as shale and wacke types (Fig. 5; Herron, 1988).

TRACE ELEMENT CONCENTRATIONS

The trace el e ment con cen tra tions are re ported in Ta ble 2
and the UCC nor mal ized trace el e ment pat terns are shown in
Fig ure 6. In com par i son with UCC the con cen tra tions of the sur -
face sed i ment sam ples are gen er ally low in Sr, Zr, Ba, Ni, and
Nb. Ex cep tion ally, sed i ments from a few sta tions are en riched
in Th and Cu (Fig. 6).

The Cu con tent var ies from 26 to 39 µgg–1 with a mean
value of 32 ±3.9 µgg–1. The high est con cen tra tions, i.e.
46 µgg–1, 39 µgg–1, 38 µgg–1, 36 µgg–1, and 35 µgg–1 are re -
corded at sta tions 15, 16, 25, 26 and 35, re spec tively, lo cated at 
>500 m isobaths (Fig. 7A). In con trast, the Cu con tents are low

T a  b l e  1

Ma jor el e ment con cen tra tions [weight %] for the surficial sed i ments of the NW Gulf of Mex ico

Sam ple SiO2 TiO2 Al2O3 Fe2O3
* MnO MgO CaO Na2O K2O P2O5 LOI To tal 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

2 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 2.13 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 2.4 ±0.2 7 ±3 3.2 ±0.4 2.6 ±0.2 0.13 ±0.01 15 ±3 100 ±.2 65 ±11

Fig. 2. Multi-el e ment di a gram of ma jor el e ment con cen tra tions 
nor mal ized against av er age up per con ti nen tal crust 

(Tay lor and McLennan, 1985)



in the sta tions lo cated closer to the mouth of the Rio Bravo (sta -
tion 1), Madre La goon (sta tion 20), and be tween the Soto La
Ma rina and Panuco rivers (21, 30 and 31; Fig. 1). Sim i larly, the
Cu con tent de creases as the dis tance from the coast in creases. 
Cu con cen tra tions at all sta tions are higher than the sed i ment
qual ity guide line Ef fects Range Low (ERL) value for sed i ments
re ported by Long et al. (1995), which is 34 µgg–1; they are, how -
ever, lower than the con cen tra tion re ported by Ches ter (2000),

which is 200 µgg–1. The low Cu con cen tra tion of this study com -
pared with the av er age val ues men tioned above in di cates that
the Cu is of lithogenic or i gin. 

The Pb con cen tra tion var ies from 15 to 25 µgg–1, with a
mean value of 20 ±3 µgg–1. The Pb con tent is high
(~23–24 µgg–1), at sta tions 11, 19, and 23, which are lo cated at
~ 500 m isobaths, where the sed i ment dis charge from Madre
La goon ex erts sig nif i cant de tri tal in flu ence. Sim i larly, the Pb
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Fig. 3. Spa tial dis tri bu tions of ma jor el e ment con cen tra tions
in surficial sed i ments, NW Gulf of Mex ico

A – Al2O3, B – Fe2O3, C – MgO
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Fig. 4. SEM-EDS spec trum

A – mag ne tite (sam ple no. 1), B – il men ite (sam ple no. 32)

Fig. 5. Geo chem i cal clas si fi ca tion di a gram us ing log
(Fe2O3/K2O) ver sus log (SiO2/Al2O3) (Herron, 1988)

T a  b l e  2

Trace el e ment con cen tra tions [ppm] for the surficial sed i ments of the NW Gulf of Mex ico

Sam ple Ba Co Cu Cr Nb Ni Pb Rb Sr Th V 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 12 ±2 31 ±3 75 ±17 10 ±2 31 ±5 20 ±3 110 ±9 230 ±103 10 ±1 121 ±14 27 ±2 101 ±8 148 ±23



con cen tra tion de creases in sta tions far ther away from the coast 
(Fig. 7B). The Pb con cen tra tions at all 35 sta tions are be low the
ERL value re ported for ma rine sed i ments (46.7 µgg–1; Long et
al., 1995), as well as the av er age value (200 µgg–1) re ported by
Ches ter (2000). The dis tri bu tion of Zn in sed i ments var ies from
75 to 114 µgg–1 with a mean value of 101 ±8 µgg–1. The sta tions 
that re corded the high est Zn con tents are lo cated at ~500 m
isobaths. Also, ex cept sta tions 1, 30, 31 and 32, lo cated near to
the coast, other sta tions re corded Zn con cen tra tions be tween
100 and 114 µgg–1 (Fig. 7C). The Zn con tents of this study are
be low the ERL value of ma rine sed i ments re ported by Long et
al. (1995) and Ches ter (2000), which is 150 µgg–1. Hence, the
low Zn con tent of this study may sug gest that the or i gin of Zn is
terrigenous. The av er age val ues of tran si tion trace el e ments Cr 
(75 ±16) and Ni (31 ±5) are also near to the ERL val ues of ma -
rine sed i ments (81 and 20.9 µgg–1, re spec tively) re ported by
Long et al. (1995), in di cat ing terrigenous or i gin (Ramos-
 Vázquez et al., 2018; Taheri et al., 2018). A wide vari a tion in Zr
(~117–211 µgg–1) and Sr (~122–449 µgg–1) con tents in sed i -
ments among sta tions prob a bly in di cates the frac tion ation of
min er als dur ing trans por ta tion and de po si tion (Tapia -Fernan -
dez et al., 2017). 

DISCUSSION

WEATHERING CONDITION IN THE SOURCE AREA

The de gree of al ter ation of feld spars to clays in di cates both
the de gree of weath er ing of source rocks and that of the
diagenesis ex pe ri enced by the sed i ments since de po si tion
(Nesbitt et al., 1997; Liu et al., 2016; Yang and Du, 2017). Var i -
ous weath er ing in di ces have been de vel oped and are ex ten -
sively used by re search ers to iden tify the chem i cal weath er ing
in ten sity of the source area (e.g., Price and Velbel, 2003; Lee,
2009; Armstrong-Altrin et al., 2014). Some ex am ples are
weath er ing in dex of Parker (WIP; Parker, 1970), chem i cal in -
dex of weath er ing (CIW; Harnois, 1988), chem i cal in dex of al -
ter ation (CIA; Nesbitt and Young 1982) and Plagioclase in dex
of al ter ation (PIA; Fedo et al., 1995). Among these weath er ing
in di ces, a chem i cal in dex widely used to de ter mine the de gree
of source area weath er ing is the chem i cal in dex of al ter ation

(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 cal cu lated us -
ing the for mula (mo lec u lar pro por tions):

CIA = [Al2O3/(Al2O3 + CaO* + Na2O + K2O)] × 100

where: CaO* is the amount of CaO in cor po rated in the sil i cate frac -
tion of the rock. 

In gen eral, the Ca con tent in sed i ments is sourced from in -
or ganic car bon and Na may be as so ci ated with sea-salt. The
Ca con tent in the sil i cate frac tion was cal cu lated by the equa tion 
(Mar ti nez et al., 2010): 

Ca = CaOt–CaOtrg and CaOtrg = Al2O3t × (CaO/Al2O3)UCC 

where: “t” = the to tal abun dance in the sam ple and “trg” =
terrigenous. 

Sim i larly, ex cess Na (Naex cess) in sed i ments was cal cu lated
by the equa tion: 

Naex cess = (Na2O × 0.7419) – (0.1 × Al2O3 × 0.5292)

where: Naex cess is the pore wa ter salt com po nent of Na (Murray and
Leinen 1996; Armstrong-Altrin and Machain-Castillo, 2016).

Ac cord ing to Nesbitt and Young (1982), CIA val ues of un al -
tered plagioclase and K-feld spar are ap prox i mately equal to 50
and higher CIA val ues (>70) are in dic a tive of in tense chem i cal
weath er ing. The CIA val ues for the sed i ment sam ples range
from ~43 to 84, which in di cate a mod er ate to high in ten sity of
chem i cal weath er ing in the source area (Ta ble 1). This re sult is
also in agree ment with the slightly el e vated Rb/Sr ra tios (>1) of
the sur face sed i ments (~0.84–1.13), be cause in ten sive chem i -
cal weath er ing may lead to in crease the Rb/Sr ra tio, and high
ra tios (>1) are in di ca tors of in tense weath er ing (McLennan et
al., 1993). 

SEDIMENT PROVENANCE

The discriminant func tion di a gram pro posed by Roser and
Korsch (1988) is fre quently used by many re search ers to in fer
sed i ment prov e nance (Tawfik et al., 2017, 2018). This di a gram
helps to dis crim i nate four prov e nance cat e go ries, i.e., mafic (P1), 
in ter me di ate (P2), fel sic (P3) and quartzose re cy cled (P4). On
this di a gram, sed i ment sam ples plot in the in ter me di ate ig ne ous
prov e nance field (Fig. 8). It seems that the sur face sed i ments of
the NW Gulf of Mex ico were de rived mostly from the con tri bu tion
of in ter me di ate ig ne ous rocks (e.g., an de site). Sim i larly, based
on the (SiO2)adj con tent the sed i ments are clas si fied mainly as of
in ter me di ate type (Fig. 9; Le Bas et al., 1986; Armstrong-Altrin,
2009), which is con sis tent with our in ter pre ta tion based on the
Roser and Korsch (1988) prov e nance clas si fi ca tion. 

High con cen tra tions of Cr (>150 ppm) and Ni (>100 ppm) in
sed i ments are sug ges tive of ultra mafic rocks in the source area
(Garver et al., 1996; Armstrong-Altrin et al., 2004). The Cr and
Ni con tents in the sed i ments vary be tween ~54–117 ppm and
~22–43 ppm, re spec tively, in di cat ing that the sed i ments were
likely de rived from in ter me di ate rocks (Ta ble 2). In ad di tion, in
the ter nary di a gram of Ni-Th*10-V the sed i ments plot near to
the av er age com po si tion of an de site, which also sug gests that
the sed i ments were de rived by the weath er ing of in ter me di ate
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Fig. 6. Multi-el e ment di a gram of trace el e ment 
con cen tra tions nor mal ized against av er age up per 

con ti nen tal crust (Tay lor and McLennan, 1985)

https://gq.pgi.gov.pl/article/view/25954/pdf


rocks (Bracciali et al., 2007; Fig. 10). Av er age geo chem is try
data of the prob a ble source rocks plot ted in Fig ure 10 are com -
piled from Verma (1999, 2000, 2001a, b), Carrasco -NúÔez et
al. (2005), and Schaaf et al. (2005), which are lo cated along the
coastal ar eas of the Gulf of Mex ico.

PALAEO-OXYGENATION CONDITION

In many stud ies, the V/Cr ra tio has been used as an in dex to 
iden tify the paleo-ox y gen a tion con di tion (Dill et al., 1988; Jones

and Man ning, 1994; Morford and Em er son, 1999; Hu et al.,
2017; Bansal et al., 2018). Cr is mainly in cor po rated in the de tri -
tal frac tion of sed i ments, and it may sub sti tute for Al in the clay
struc ture (Riquier et al., 2006). Va na dium may be bound to or -
ganic mat ter by the in cor po ra tion of V4+ into por phy rins, and is
found in sed i ments de pos ited un der re duc ing en vi ron ments
(Shaw et al., 1990). If the val ues are >2, it in di cates anoxic con -
di tions, whereas val ues <2 sug gest more ox i diz ing con di tions
(Jones and Man ning, 1994). In the pres ent study, the av er age
V/Cr ra tio in the sed i ments (~0.82–2.14; 1.68 ±0.33) is gen er -
ally <2, which in di cates that these sed i ments were de pos ited
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Fig. 7. Spa tial dis tri bu tion of trace el e ment con cen tra tions
 in surficial sed i ments, NW Gulf of Mex ico

A – Cu, B – Pb, C – Zn
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mostly in an oxic en vi ron ment. How ever, slight dif fer ences in
the V/Cr ra tio among var i ous sta tions may sug gest a change in
the depositional con di tions or pos si bly vari a tions in the ox y gen
level of the depositional en vi ron ment.

Nu mer ous stud ies have ap plied Ni/Co ra tio as a re dox in di -
ca tor (Dypvik, 1984; Dill, 1986; Hua et al., 2013; Arora et al.,
2015; Armstrong-Altrin and Machain-Castillo, 2016). Jones and
Man ning (1994) sug gested that a Ni/Co ra tio <5 in di cates an oxic 
en vi ron ment, whereas >5 sug gests sub-oxic and anoxic en vi ron -
ments. The Ni/Co ra tios in these sed i ments are very low
(~1.69–3.10; 2.50 ±0.30), which sug gest that they were de pos -
ited in an ox y gen ated en vi ron ment. Ac cord ing to Hallberg
(1976), the high Cu/Zn ra tio (>1) in di cates a re dox depositional
con di tion, while low Cu/Zn ra tio (<1) sug gests an oxic con di tion.
The low Cu/Zn ra tios (~0.26–0.46; 0.32 ±0.05) in the sed i ment
sam ples in di cate that the sed i ments were de pos ited in a well -
oxidized con di tion.

STATISTICAL ANALYSIS

PEARSON CORRELATION

To eval u ate the as so ci a tion among var i ous el e ments in the
surficial sed i ments, a Pearson cor re la tion anal y sis was per -
formed. A sta tis ti cally sig nif i cant cor re la tion of Al2O3, Fe2O3 and
MgO was ob served with Pb, Zn and OM con cen tra tions (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, re spec tively, n = 35); this im plies con ti nen tal der i va tion of
trace el e ments com bined with terrigenous ma te ri als. A sig nif i -
cant cor re la tion ob tained be tween MnO and CaO (r = 0.61) in di -
cates its der i va tion from a sim i lar source, most prob a bly
biogenic. On the other hand, Fe2O3 and Zn showed an in sig nif i -
cant cor re la tion with sand per cent age (r = –0.51 and –0.36, re -
spec tively; n = 35), which in di cates that these el e ments have no
af fin ity with coarse-grained ma te ri als. OM did not show sig nif i -

cant cor re la tion with sand, silt, and clay (r = –0.14, 0.15, and
–0.13, re spec tively), whereas it is sig nif i cant against Al2O3 (r =
0.43, n = 35), Fe2O3 (r = 0.39), MgO (r = 0.41), Pb (r = 0.51), and
Zn (r = 0.37, n = 35), which sug gests that in some cases it may
form che lates. A sta tis ti cally in sig nif i cant cor re la tion be tween
sand and clay (r = –0.72, n = 35) may cor re spond to grain size
vari a tions (Ta ble 3).

CLUSTER ANALYSIS

Clus ter anal y sis is an ex plor atory data tech nique em ployed
to clas sify groups and sub groups based on the sim i lar i ties and
dis sim i lar i ties among vari ables (Hair et al., 2001; Verma, 2005). 

Fig. 8. Ma jor el e ment prov e nance discriminant func tion 
di a gram for the sed i ments (Roser and Korsch, 1988)

The discriminant func tions are: discriminant func tion 1 = (–1.773 ×

TiO2) + (0.607 × Al2O3) + (0.760 × Fe2O3) + (–1.500 × MgO) + (0.616 ×

CaO) + (0.509 × Na2O) + (–1.224 × K2O) + (–9.090); discriminant func -

tion 2 = (0.445 × TiO2) + (0.070 × Al2O3) + (–0.250 × Fe2O3) + (–1.142 ×

MgO) + (0.438 × CaO) + (1.475 × Na2O) + (1.426 × K2O) + (–6.861)

Fig. 9. The Al2O3/TiO2 ver sus (SiO2)adj plot of the surficial 
sed i ments, mod i fied af ter Armstrong-Altrin (2009)

n = num ber of sam ples

Fig. 10. Ni-Th*10-V ter nary di a gram of the surficial 
sed i ments from the NW Gulf of Mex ico

 (af ter Bracciali et al., 2007)

1 – this study, 2 – av er age data for com par i son are from Verma

(2001a, b), Verma (2015) and Ortega-Gutierrez et al. (1995)



Dis played groups are set by vari ables (Fig. 11). Prac ti cally, one
sin gle group is ob served in which a greater sim i lar ity among
con cen tra tions of Al2O3, Pb, CaO, Fe2O3, MgO, OM, MnO, and
sand is iden ti fied, due to their terrigenous or i gin and to the high
af fin ity of these el e ments with OM par ti cles to form che lates.
These vari ables ex hib ited very sim i lar spa tial dis tri bu tion, with
ac cu mu la tion to wards shal low wa ters (Figs. 3A–C and 7A–C).
The sub group of silt and Zn was amal gam ated to this group,

sug gest ing that some of the el e ments men tioned are trans -
ported in fine-grained (silt) par ti cles pres ent in the sed i ments.
An other sub group was amal gam ated to the one men tioned pre -
vi ously, in which con cen tra tions of Cu are linked to per cent ages 
of clay; this group was dom i nated by fine par ti cles, to which Cu
showed a high af fin ity. As a re sult, it was highly dis sim i lar to the
main group of terrigenous ma te ri als (Fig. 11).
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T a  b l e  3

Pearson cor re la tion ma trix for ma jor el e ments, trace met als, or ganic mat ter (OM in %), and tex tural
pa ram e ters (sand, silt, and clay in %) in the surficial sed i ments, NW Gulf of Mex ico (n = 35; p £0.050)

Al2O3 CaO Fe2O3 MgO MnO Pb Cu Zn Sand Silt Clay OM

Al2O3 1.00

CaO 0.51 1.00

Fe2O3 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 0.43 –0.52 0.39 0.41 –0.54 0.51 –0.63 0.37 –0.14 0.15 –0.13 1.00

Fig. 11. Dendrogram for the vari ables mea sured in the sed i ments

Met rics used: pearson cor re la tion; type of amal gam ation: dis tant neigh bours



PRINCIPAL COMPONENT 
ANALYSIS 

PCA is a sta tis ti cal tech nique used to iden tify im por tant fac -
tors that ex plain the vari ance of a sys tem (Ouyang, 2005). This
anal y sis was per formed to eval u ate the pos si ble prov e nance of
trace met als, for which three fac tors ex plain 82% of sys tem
char ac ter is tics (Ta ble 4). Upon ap pli ca tion of the varimax ro ta -
tion func tion for each fac tor, in ter pre ta tion can be given, and
sta tis ti cal loads were de ter mined.

The first fac tor showed three sig nif i cant vari ables that ex -
plain 39% of the vari ance. The Al2O3 and Fe2O3 con tents in the
sed i ments are pri mar ily of terrigenous or i gin, de rived by the
weath er ing of rocks mainly com posed of aluminosilicates
(Ramos-Vázquez et al., 2017). This first fac tor was ac cord ingly
des ig nated as “terrigenous in put” and was sup ported both by
the Pearson cor re la tion anal y ses and the as so ci a tion of the
main group in clus ter anal y sis. The load ing of Zn with Al2O3 and
Fe2O3 con tents in fac tor 1 also in di cates the as so ci a tion of Zn
with aluminosilicates.

The sec ond fac tor also pro vided three sig nif i cant vari ables,
ex plain ing 30% of sed i ment char ac ter is tics such as the quan tity 
of sand, silt, and clay. Tex tur ally, the sed i ments are clas si fied
as clayey silt, which was ho mog e neous, and did not show a sig -
nif i cant dif fer ence be tween the con ti nen tal shelf and slope ar -
eas or with re spect to wa ter depth (Fig. 12).

In the third fac tor, two sig nif i cant ob serv able vari ables ex -
plain 13% of the char ac ter is tics of the sys tem, i.e., the per cent -
age of OM and Cu con cen tra tions. Cu is of lithogenic or i gin
rather than be ing as so ci ated with an other source, which may
be the rea son that fac tor 3, did not ex plain the sig nif i cance of
these vari ables (Ta ble 4). How ever, through the cor re la tion ma -
trix, it can be in ferred that the sig nif i cant loads of these vari -
ables in both sta tis ti cal meth ods are a re sult of the ab sence of
af fin ity be tween Cu and OM. Thus, OM did not cap ture this
metal or form che lates with it.

HEAVY METAL CONTAMINATION

ENRICHMENT FACTOR

A num ber of re search ers have pro posed the use of En rich -
ment fac tors (EF) to quan tify the de gree of anthropogenic in -
flu ence in sed i ments (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 cal cu lated ac cord -
ing to the for mu lae:

EF = (M/Al)sam ple/(M/Al)crust, 

where: M is the value of ana lysed metal con cen tra tion (Wedepohl,
1995).

Among other ma jor el e ments, we pre ferred Al2O3 con tent
as a ref er ence for nor mal iza tion, be cause Al2O3 is con sid ered
as an im mo bile el e ment, which rep re sents the clay frac tion in
sed i ment (Prabakaran et al., 2019). If an en rich ment fac tor is
equal to one, the met als are con sid ered as a nat u ral source, if
it is >2 it sug gests an anthropogenic in put. EF val ues are cal -
cu lated based on av er age UCC con cen tra tions (Tay lor and
McLennan, 1985) for the el e ments Ba, Co, Cu, Cr, Ni, Pb, Sr,
V, and Zn. The EF val ues are lower than 2, which in di cate that
there is no sig nif i cant anthropogenic in put (Ta ble 5). This cor -
rob o rates with our in ter pre ta tions based on sta tis ti cal meth -
ods; nei ther en riched nor mod er ately en riched, and metal con -
cen tra tion was equal to the val ues ex pected un der nat u ral cir -
cum stances.
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Fig. 12. Sand–silt–clay ter nary di a gram for the surficial 
sed i ments, NW Gulf of Mex ico (mod i fied af ter Shepard, 1954)

T a  b l e  4

Fac tor anal y sis through main com po nents, 
varimax ro ta tion; significant loads >0.70

Vari ables Fac tor 1 Fac tor 2 Fac tor 3

Al2O3 0.790514 0.132282 0.210483

CaO 0.403417 0.336511 –0.2111251

Fe2O3 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

Vari ance 3.413190 2.766915 2.009526

% fac tor 39.09824 29.54873 13.24934

% ac cu mu lated 39.09824 68.64698 81.89631



GEO-ACCUMULATION INDEX

Geo-ac cu mu la tion in dex (Igeo) can be cal cu lated by an equa -
tion, log2 (Cn/1.5 x Bn) (Müller, 1969, 1979), where Cn is the mea -
sured con cen tra tion of the metal “n” in the sed i ment sam ple, Bn is 
the geo chem i cal back ground con cen tra tion of metal “n”. The Igeo

value of 1.5 is a fac tor that con sid ers pos si ble vari abil ity gen er -
ated by lithological vari a tions. The Igeo con sists of seven grades,
i.e. Class 0 (Igeo = <0, prac ti cally un con tam i nated), Class 1 (Igeo =
<1, un con tam i nated to mod er ately con tam i nated), Class 2 (Igeo =
be tween 1 and 2; mod er ately con tam i nated), Class 3 (Igeo = 2–3,
mod er ately to highly con tam i nated), Class 4 (Igeo = 3–4, highly
con tam i nated), Class 5 (Igeo = 4–5, highly to ex tremely con tam i -
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T a  b l e  5

En rich ment Fac tor (EF; Wedepohl, 1995) val ues for the surficial sed i ments, NW Gulf of Mex ico, 
cal cu lated based on av er age UCC val ues (Tay lor and McLennan, 1985)

Sam ple Ba Co Cu Cr Ni Pb Sr V Zn

1 1.15 1.22 1.79 2.24 0.80 1.60 0.67 1.42 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 1.11 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 1.47 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 1.5 ±0.3 1.1 ±0.3 0.8 ±0.2 1.3 ±0.2 0.8 ±0.4 1.3 ±0.1 1.6 ±0.1



nated). The Igeo val ues cal cu lated for the surficial sed i ments are
<0 and within Class 0 (prac ti cally un con tam i nated; Ta ble 6). This 
in ter pre ta tion is con sis tent with EF val ues, which in di cates that
the con cen tra tion of heavy met als in sed i ments is not due to an
anthro pogenic source.

CONCLUSIONS

1. The ma jor el e ment con cen tra tions in di cated that the sed i -
ments were de rived from an in ter me di ate rock com po si tion,
prob a bly an de site lo cated along the coastal ar eas of the NW
Gulf of Mex ico. 
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T a  b l e  6

Geo-ac cu mu la tion In dex (Igeo; Müller, 1979) val ues for the surficial sed i ments, NW Gulf of Mex ico, 
cal cu lated based on av er age UCC val ues (Tay lor and McLennan, 1985)

Sam ple Ba Co Cu Cr Ni Pb Sr V 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 –1.2 ±0.1 –1 ±0.2 –0.2 ±0.2 –0.8 ±0.3 –1.1 ±0.2 –0.4 ±0.2 –1.3 ±0.6 –0.4 ±0.2 –0.1 ±0.1



2. The weath er ing in di ces dem on strated that the sed i -
ments were de rived from mod er ately to highly weath ered
source area.

3. Ma jor and trace el e ment con cen tra tions in the sur face
sed i ments are sta tis ti cally shown to be of lithogenic or i gin,
chiefly brought into the ma rine depositional en vi ron ment by
rivers. The Rio Bravo and Soto La Ma rina rivers played an im -
por tant role in de liv er ing sed i ments to the study area.

4. The Cr, Cu, and V con tents also re veal that the sed i -
ments re ceived a ma jor con tri bu tion from in ter me di ate source
rocks. The V/Cr, Ni/Co, and Cu/Zn ra tios in sed i ments from the
NW Gulf of Mex ico are <2, <5, and <1, re spec tively, which sup -
port that these sed i ments were de pos ited in well-ox y gen ated
con di tions.

5. The EF for Ba, Co, Cu, Cr, Ni, Pb, Sr, V, and Zn are <2.
This in di cates a low prob a bil ity of anthropogenic in put, be cause 
they are nei ther en riched nor mod er ately en riched, and are sim -
i lar to the val ues ex pected un der nat u ral cir cum stances. The
sta tis ti cal pa ram e ters also in di cate the as so ci a tion of these el e -
ments with de tri tal con stit u ents.
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