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a  b  s  t  r  a  c  t

Geochemical  characteristics  of  stream  sediments  [n  =  31;  Upstream  section:  Zahuapan  River  (1–12)  and
Atoyac  River  (13–20);  Downstream  section  (21–31)]  from  Atoyac  River  basin  of  Central  Mexico  have
been  evaluated.  The  study  focuses  on  the textural,  petrography  and  chemical  composition  of the  flu-
vial  sediments  with  the  aim  of analyzing  their  provenance,  the  chemical  weathering  signature  and  their
potential  environmental  effects.  The  fluvial  sediments  are  mostly  composed  of  sand  and  silt  sized  particles
dominated  by  plagioclase,  pyroxenes,  amphiboles,  K-feldspar,  biotite,  opaque  and  quartz.  The  sediments
were  analyzed  for determination  of  major  (Al,  Fe,  Ca, Mg, Na, K, P, Si,  Ti), trace  elements  (As,  Ba,  Be, Co,
Cr, Cu, Mo,  Mn,  Ni,  Pb, Sc,  V, Y, Zn, Zr, Ga)  and  compared  with  Upper  continental  crust  (UCC),  source
area  composition  and  local  background  values.  The  elemental  concentrations  were  comparable  with  the
average  andesite  and  dacitic  composition  of  the  source  area  and the  local  background  values  except  for
enrichment  of  Cu (56.27  ppm),  Pb  (34  ppm)  and  Zn  (235.64  ppm)  in the  downstream  sediments  suggest-
ing  a significant  external  influence  (anthropogenic).  The  fluvial  sediments  of Atoyac  River  basin  display
low  CIA  and  PIA  values  implying  predominantly  weak  to moderate  weathering  conditions  in  the source
region.  Based  on  the  provenance  discrimination  diagrams  and  elemental  ratios,  it is understood  that  the

collected  sediments  are  derived  from  intermediate  to  felsic  volcanic  rocks  dominated  in  the  study  region.
Metal  contamination  indices  highlight  the  enrichment  of  Cu, Pb,  Zn,  Mo,  Cr and  S clearly  indicating  the
influences  from  natural  (weathering  and volcanic  activity)  and  external  (anthropogenic)  sources.  Ecolog-
ical risk  assessment  results  indicate  that Cr, Ni  and  Zn  will cause  adverse  biological  effects  to  the riverine
environment.

©  2017  Elsevier  GmbH.  All  rights  reserved.
. Introduction

Fluvial systems are the most important dynamic systems,
herein their interaction with continental crust causes constant

ecycling of the materials of the Earth’s crust. In that, rivers are
he prime carrier of sedimentary materials from continents to

he oceans, which result from continental denudation i.e.,  the
ynergetic action of rock weathering and erosion. The deposited
ediments preserve the imprints of all the processes in the pas-

∗ Corresponding author.
E-mail address: mpjonathan7@yahoo.com (M.P. Jonathan).

ttp://dx.doi.org/10.1016/j.chemer.2017.04.005
009-2819/© 2017 Elsevier GmbH. All rights reserved.
sage from source to the sink. The geochemical composition of
deposited stream sediments provide important information about
their origins and can be therefore used to infer weathering trends,
provenance of the sediment, depositional environment and sources
of pollution in the region (Calvert et al., 2001; Glasby et al., 2004;
Naimo et al., 2005; Wei  et al., 2006; Liu et al., 2013).

Geochemical compositions of the fluvial sediments reveal the
average composition of an entire drainage basin (Young et al.,
2013). It is well-known that chemical weathering exerts a major

control on sediment composition strongly affecting the elemental
geochemistry and mineralogy of sediments (Johnsson and Meade,
1990; Van Loon and Mange, 2007; Schneider et al., 2016), where
larger cations (Al2O3, Ba, Rb) remain fixed in the weathering profile

dx.doi.org/10.1016/j.chemer.2017.04.005
http://www.sciencedirect.com/science/journal/00092819
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referentially over smaller cations (Ca, Na, Sr) which are selectively
eached (Nesbitt et al., 1980). These geochemical signatures are ulti-

ately retained in the sediments thus inferring the provenance as
ell as the source area weathering conditions (e.g., Nesbitt and
oung, 1982; Bhatia, 1983; Wronkiewicz and Condie, 1987; Cullers
t al., 1988; Feng and Kerrich, 1990; Fedo et al., 1996; Armstrong-
ltrin et al., 2015; Nagarajan et al., 2014).

Atoyac River, a major river of south-central Mexico flowing
hrough states of Tlaxcala and Puebla is delimited by tectonic fea-
ures like Volcano Iztaccíhuatl, Popocatépetl (active) in the western
ide, and Volcano Malinche in the eastern side. The research area
as witnessed potential industrial (textile, petrochemicals, rubber
tc.) and economic development favoring a demographic growth
f 154.6% during the last two decades (INEGI, 2010). It is one of the
ost contaminated rivers of the country (CONAGUA, 2010) influ-

nced by the natural volcanic inputs in addition with wastewater
ischarges from urban, agriculture and industrial zones. The fluvial
ediments of Atoyac River basin provides an opportunity to gain
nowledge about the influence of different processes on sediment
hemistry, which is used as a proxy in interpretation of provenance,
eathering conditions, source rock characteristics and sources of
ollution in this river basin.

We  present in this paper the texture, petrography, major and
race element composition of sediments to reveal the provenance,
eathering conditions and source rock characteristics. In addition,

eochemical indices such as enrichment factor (EF), geoaccumu-
ation index (Igeo), pollution load index (PLI) and ecological risk
ssessment have been calculated to identify any potential environ-
ental effects.

. Study area description

.1. Regional setting

The Atoyac River basin, lying between 18◦57′02′ ′ N and
8◦15′37′ ′ W in Central Mexico, constitutes Zahuapan River and
toyac River flowing through the rural, urban, agricultural, and

ndustrial regions of Tlaxcala and Puebla City, where it finally
rains into the Manuel Ávila Camacho dam (Fig. 1). This basin
as an extension of 4395 km2, flanked by volcanoes Iztaccíhuatl
nd Popocatépetl (active) in the western side and volcano Mal-
nche in the eastern side. Zahuapan River is fed by the runoff from
ierra de Tlaxco in the north and several minor channels origi-
ating from inland waters and the La Malinche volcano. Atoyac
iver originates from the Sierra Nevada de Toluca as a result of
now melt on the northern rim of Iztaccíhuatl volcano. The down-
tream section in the study area includes the confluence of both
he rivers near Santo Toribio Xicohtzingo entering into the plains
f Puebla. The river basin experiences sub-humid climate with an
verage annual precipitation of 800 mm  and temperature of 22 ◦C.
he dry season corresponds to the months of March-May, the rainy
eason from June-September and winter during October-February
National Meteorological Service, 2010).

.2. Geological setting

Geologically, Tlaxcala region belongs to “Tlaxcala Block” con-
isting of Tertiary volcano-lacustrine sequence, which includes
ell-bedded sandy to silty pyroclastic material and it is overlaid

y ignimbrites (Erffa von et al., 1976; Castro-Govea and Siebe,
007). Upper Cenozoic intermediate tuffs and 2.6 Ma  old Andesitic

pills out crop towards the top of the section (Castro-Goeva, 1999;
NEGI, 1981; Ramírez Rojas, 1986). The Puebla basin is located in
he central part of the Trans Mexican Volcanic Belt and is sur-
ounded by Neogene-Quaternary stratovolcanoes like Iztaccíhuatl
rde 77 (2017) 303–321

(extinct), Popocatépetl (active since 1994) and Malinche (dormant)
(Nelson and Sanchez-Rubio, 1986). The metamorphic Acatlán com-
plex (Paleozoic) forms the basement rocks overlain by sedimentary
carbonaceous deposits (cretaceous) and terrigenous deposits from
Maltrata and Balsas formations (Siebe et al., 1996). The products
of recent volcanic activity (Quaternary) as lava flows, pyroclastic
deposits and laharic flows from Popocatépetl and Iztaccíhuatl are
covering a part of the basin. Calc-alkaline, alkaline and numerous
inter-layered pyroclastic deposits of andesitic to dacitic composi-
tion are also present in the study area (Schaaf et al., 2005; Larocque
et al., 2008). The carbonate rocks in some sections are part of the
mafic replenishment and magma  mixing with andesitic-dacite ori-
gins (Goff et al., 2001). Pink Pumices of 1150 yr B.P and Tutti Frutti
Pumice of 14,000 yr B.P of pyroclastic sequences is also present in
the foot hills of the volcanoes (Siebe and Macías, 2004). The region
is also fed by a number of small springs, which cuts through the qua-
ternary gravels of different sequences overlying the Tertiary Balsas
Conglomerate with modern terrestrial fresh water molluscs (shells)
present in the region (Stevens et al., 2012).

2.3. Industrial set-up

The Puebla and Tlaxcala states are the fourth largest metropoli-
tan area of Mexico and it forms the major industrial corridor in the
center of the country. These states form the major grounds for auto-
mobile manufacturing and they are the prime sites for the origin of
textile industry in Latin America, which favored an increase in the
demographic growth (154.6%) during the last two decades (INEGI,
2010). On the industrial front, the State of Puebla and Tlaxcala
are dominated with manufacturing units of aluminum, ceramic,
food, transport sector, wooden materials, dyes, electrical, petro-
chemical, chemicals, adhesives, colorants, fertilizers, oil lubricants,
synthetic and printing industries, rubber, textile, heavy machines
and automobiles. These industrial complexes are easy sources for
rapid discharge of industrial effluents into the fluvial systems.

3. Materials and methods

3.1. Sample collection

A total number of 31 surface sediment samples were collected
from the main river channels, which includes Zahuapan River (sam-
ple nos. 1–12), Atoyac River (sample nos. 13–20) and downstream
section (sample nos. 21–31) respectively (Fig. 1). The samples were
divided into three sections based on the geomorphological and the
drainage basin features in the mountainous terrain. The samples
were collected using plastic spatula and a small Van-veen grab
was also used where the depth (0.5–2.3 m)  of water column was
more. The samples were immediately packed and transferred to the
lab, where the samples were oven dried at <40 ◦C. Larger particles
(>256 mm)  were eliminated manually before the pulverization pro-
cess. The sediments (<2 mm)  were pulverized using agate mortar
and sieved through ASTM 200 sieves for geochemical study.

Some of the collected samples, especially 1–4 (Zahuapan River),
13, 14 (Atoyac River), were collected from the drainage basins (con-
sidered as non-polluted) in the mountainous region, where smaller
springs feed the main rivers. The above mentioned samples were
used as local reference values to estimate background values in the
present study.

3.2. Grain size and petrographic analysis
The bulk sample was  reduced to the known quantity by con-
ing and quartering method and a portion (∼100 g) of the sample
was used for grain size analysis. Grain size analysis was conducted
by the dry sieving technique (Folk, 1980). Samples containing
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ig. 1. Location and geology map  of the study area showing sampling locations from
ide  (sample nos. 21–31), Puebla, México.

ore than 5% fine fraction (finer than 4�) were analyzed using
he pipette method as described by Griffiths (1951) and Carver
1971). Sediment textural classes were deduced according to Folk
1980). Various grain size parameters were computed based on
sing GRADISTAT software (Blott and Pye, 2001).

Petrographic investigations were carried out for twenty five
12 from Zahuapan River, 7 from Atoyac River and 6 from Down-
tream) sediment samples impregnated with the resin (2:2:1 ratio
f resin, hardener and acetone respectively). The impregnated sed-
ment samples were cut to the size of the glass slide of about 5 mm
hickness using Lortone Lapidary Bench Trim Saw. Samples were
ubsequently grinded using Hillquist Thin Section Grinder with 45,

0 and 25 �m diamond flat lap surfaces of rotation speed (rpm) 45,
0 and 25 respectively until the smooth surface was  obtained. The
olished samples were further polished by using fine carborun-
um powder on a glass plate to attain a smooth surface and the
apan River (sample nos. 1–12), Atoyac River (sample nos. 13–20) and Downstream

samples were then fixed on the glass slides by heating Canada bal-
sam without air bubbles. After drying, the samples were grinded
using Hillquist Thin Section Grinder with 15 �m diamond flat tap
until a desirable thickness was obtained. Meanwhile, the thin sec-
tions were observed under microscope from time to time in order
to obtain an accurate thickness (30 �m)  of grains all showing the
correct order of interference colour. Lastly, the slides were polished
with 600 and 1000 grit carborundum powder on a glass plate and
few samples were further polished using 2000 grit powder. Petro-
graphic examination were carried out at Curtin University, Sarawak
using Nikon Eclipse LV100NPOL polarizing/reflecting microscope
equipped with Nikon DSF12 camera. Measurement and photog-

raphy studies were carried out under the microscope using NIS
Elements Version 4.40 software and plagioclase composition was
determined by the Michel-Levy method.
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.3. Geochemical analysis

Major (Al, Fe, Ca, Mg,  Na, K, P, S, Ti) and trace elements (Ag, As, Ba,
e, Co, Cr, Cu, Mo,  Mn,  Ni, Pb, Sc, Sr, V, Y, Zn, Zr, Ga) were analyzed in
CT Labs, Ontario, Canada. 0.25 g of powdered sample (mesh size:
00 micros) were mixed with HClO4–HNO3–HCl–HF acids (all ana-

ytical grade) and was digested at 260 ◦C, which was  subsequently
ade up with diluted HCl (0.1 M).  Internal quality checks were done

n a frequency of 20% and sample replicates (twice) were done with
nalytical blanks at regular intervals. The metal concentrations
ere determined using inductively coupled plasma-mass spec-

rometry (ICP-MS) and Geochemical Reference Standard Materials
SRMs: GXR-1; GXR-4) were run concurrently with the samples and
he recoveries were between 83.11 and 110.5% and 87.26–107.4%
or trace metals.

.4. Statistical analysis

Statistical calculations for the present data set were performed
sing Statistica software (Version 8.0). The inter-relationship
etween the geochemical elements were identified using cor-
elation analysis with p < 0.05 Factor analysis involving varimax
ormalization in order to minimize the number of variables with

 high loading on each component was performed to ascertain the
ources of contamination (natural and external). In addition, the
actor analysis was also based on the eigen values (more than 1).

.5. Weathering indices

Weathering indices such as chemical index of alteration
CIA = 100(Al2O3/Al2O3 + CaO* + Na2O + K2O)] and plagioclase index
f alteration [PIA = Al2O3−K2O/(Al2O3+ CaO* + Na2O−K2O)] × 100,
here CaO* represents Ca in silicate-bearing minerals only (Nesbitt

nd Young, 1989) are widely used to interpret the weathering his-
ory of modern and ancient sediments. Since we did have the CO2
ata to compute CaO*, the method proposed by Bock et al., 1998 was
dopted. Accordingly, CaO values were accepted only if CaO ≤ Na2O,
therwise the CaO concentration was assumed to be equal to Na2O
Bock et al., 1998). Unweathered rocks have CIA and PIA values of
0 and the degradation of feldspars increases the value up to 100.

The ternary plots A-CN-K and A-CNK-FM are used to deduce
he silicate weathering trends (Fedo et al., 1995; Nesbitt
nd Young, 1984, 1989). The Index of Compositional Variabil-
ty (ICV) = [Fe2O3 + K2O + Na2O + CaO + MgO  + MnO  + TiO2)/Al2O3] is
sed to assess the maturity of sediments (Cox and Lowe, 1995). The

nfluence of sorting processes was deduced through Al2O3-TiO2-Zr
ernary plot by García et al., 1994.

.6. Estimation of metal contamination

The most important factor in the interpretation of geochemical
ata is the choice of background value and the best alternative is
o compare the concentrations between contaminated and uncon-
aminated sediments (Covelli and Fontolan, 1997; Rubio et al.,
000; Sakan et al., 2009). In this research work the background
alues were calculated from the mean concentrations of metals in
ncontaminated sediments of the study area.

.6.1. Enrichment factor (EF)
Enrichment factor (EF) is an effective tool in distinguishing

etals originating from anthropogenic activities and those from

atural crustal contribution (Buat-Ménard and Chesselet, 1979;
akan et al., 2009; Armid et al., 2014; Chen et al., 2016). EF value
etween 0.5 − 1.5 suggests that the metals may  be entirely from the
rustal materials or natural weathering processes, while EF > 1.5
rde 77 (2017) 303–321

indicates that a significant portion of metals is from other exter-
nal sources rather than natural origins (Zhang and Liu, 2002). The
enrichment is evaluated as follows: EF<1 indicates no enrichment;
<3 is minor enrichment; 3–5 is moderate enrichment; 5–10 is mod-
erately severe enrichment; 10–25 is severe enrichment; 25–30 is
very severe enrichment and >50 is extremely severe enrichment.

3.6.2. Geoaccumulation index (Igeo)
The geoaccumulation index (Igeo), proposed by Muller (1981)

permits to assess the extent of sediment contamination which
consists of seven classes. The Igeo ranges from class 0 (<=0:
uncontaminated), class 1 (0–1: uncontaminated to moderately con-
taminated), class 2 (1–2: moderately contaminated), class 3 (2–3:
moderately to strongly contaminated), class 4 (3–4: strongly con-
taminated), class 5 (4–5: strongly to extremely contaminated) and
class 6 ( > 5: extremely contaminated) which is atleast 100 fold
enrichment above the background values (Bhuiyan et al., 2011;
Kalender and Uḉ ar, 2013).

3.6.3. Pollution load index (PLI)
The extent of pollution by trace metals was also assessed by

employing PLI which provides a simple, comparative means for
assessing a site where a value of 0, 1 and >1 indicates absence,
presence and progressive deterioration of sediment quality, respec-
tively (Tomlinson et al., 1980).

3.6.4. Potential ecological risk assessment
The possible ecological risks posed by the presence of metals in

sediments were assessed though comparison with ecotoxicological
values that include effect range low (ERL) and effect range median
(ERM) (Long et al., 1995). The values below ERL suggest no biolog-
ical effects whereas values above ERM indicate harmful effects on
the biological community (USEPA, 2001; Long et al., 1995).

4. Results

4.1. Grain size and petrographic studies

4.1.1. Grain size parameters
The sediments of Atoyac River basin consist almost entirely of

sand and silt sized particles. The mean size (Mz) of Zahuapan River
sediments varies from very coarse sand to coarse silt i.e. −0.63 to
5.83 � with an average of 2.38 � (fine sand) (Table 1). Likewise,
Atoyac River sediments varies from very coarse sand to very coarse
silt (Mz = 0.10 to 4.23 �) and downstream sediments are dominated
by silt ranging between very coarse sand to medium silt (Mz = −0.67
to 6.47 �). The kurtosis value ranges from 0.59 to 3.01 i.e. very
platykutic to extremely leptokurtic strongly suggesting a fluvial
environment, confirming that the sediments are deposited through
various river depositional processes. The skewness ranges from
very coarse skewed to very fine skewed (−0.55 to 2.54), thus indi-
cating the presence of fine fraction and coarse fraction in population
of river sediments. The Zahuapan River sediments are well sorted
(avg. 2.20 �), suggesting a lower energy state when compared to
Atoyac and downstream section sediments which are poorly to very
poorly sorted with values of 1.93 � and 1.50 � respectively indi-
cating glacio-fluvial settings (Friedman, 1961; Blott and Pye, 2001;
Okeyode and Jibiri, 2013).

4.1.2. Sediment mode of transportation
The cumulative curves plotted on the probability ordinate scale

describes the type of sediment transport in the Atoyac River basin

(Fig. 2). The different lengths and slopes of the cumulative curves
are related to the modes of sediment transportation by trac-
tion, saltation and suspension (Visher, 1969). The fluvial samples
show a similar pattern for Zahuapan River, Atoayac River and the
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Table  1
Grain size analysis of the Atoyac River basin sediments, Puebla, Mexico.

Study area Sample no. Phi 5 Phi 16 Phi 25 Phi 50 Phi 75 Phi 84 Phi 95 Mean grain size

River Zahuapan 1 -3.4 -2.5 -1.3 3.2 6 8.1 8.7 2.93
2  1.1 1.5 2 4.5 6.7 8 8.7 4.67
3  -1.8 0 1.4 4.2 7 8.1 8.8 4.1
4  2.1 3.1 3.6 6 8.1 8.4 8.8 5.83
5  -2.4 0.2 1 1.9 2.4 2.7 2.9 1.6
6  1 2 2.3 3 4 5.3 8.3 3.43
7  -4.6 -3.8 -3.2 -1.4 0.5 1.3 2.7 -1.3
8  -1.9 -1.3 -0.8 0.2 1.4 1.8 2.8 0.23
9  2.1 3.1 3.5 5.1 7.4 8.2 8.8 5.47

10  -3.5 -1.8 -1.5 -0.7 0.2 0.6 1.5 -0.63
11  -0.9 -0.6 -0.4 0.2 0.7 0.9 1.4 0.17
12  -1 0.4 1.2 2.3 3.2 3.5 3.9 2.07

River  Atoyac 13 -1.9 0.8 1.9 3.2 4.4 5.7 8.4 3.23
14  -4.6 -3.8 -3.1 -0.6 2.3 3.7 8 0.10
15  1.6 2.2 2.3 2.7 3.1 3.5 3.8 2.80
16  -0.9 -0.3 0.1 0.6 1.3 2.7 7.9 1.00
17  -1.7 -1.3 -0.7 0.7 1.7 2.2 3 0.53
18  -0.8 0.2 0.7 2.1 2.8 3.3 3.9 1.87
19  -0.7 0.3 1.1 2.9 3.5 3.7 4 2.30
20  2.4 3.2 3.4 3.8 4.8 5.7 8.3 4.23

Downstream side 21 -1.8 -1.4 -1 0.3 1.3 1.8 3.2 0.23
22  4.2 4.3 4.4 4.5 4.8 4.9 5 4.57
23  -4.5 -3.5 -2.6 0.1 1.1 1.5 2 -0.67
24  -0.6 0.2 0.4 1.4 3 3.5 4.1 1.7
25  2.2 2.8 3.3 6.1 7 8.2 8.7 5.7
26  0.3 1 1.3 2.1 2.7 2.8 3.3 1.97
27  - - - - - - - -
28  -3.70 -3.10 -2.60 -1.50 -0.30 0.40 1.60 -1.40
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29  4.3 4.9 

30  - - 

31  4.5 5.1 

ownstream section. They are characterized by a well-developed
raction/saltation population with 74.18, 65.01 and 58.49 percent-
ge of distribution in the three zones respectively. The truncation
etween traction and saltation was between 3� and 4�. Trunca-
ion between saltation and suspension was at 8 � with (Fig. 2) a
ercentage of 16.79, 31.73 and 32.23 for the three zones respec-
ively. Likewise, suspension load ranged between 3.26 and 9.28%.
umulative curves of the present study indicate that traction is the
ajor process of transport though saltation and suspension have

lso played some role during the deposition of these sediments (e.g.
arhat and Salem, 2015).

.1.3. Petrography
Texturally, the sediments are coarse to fine in nature and are

ominated by fragments (lithic + volcanic glass) than the min-
ral grains. The mineral grains are dominated by plagioclase,
yroxenes (clino and ortho pyroxenes), amphiboles, K-feldspar,
iotite, opaque, traces of altered olivine grains and quartz. Pla-
ioclases constitute the major part of the mineral grains, which
hows normal polysynthetic twinning and disequilibrium fea-
ures such as complex zoning pattern and sieve texture (Fig. 3a),
ften filled with glassy inclusions (e.g. Nelson and Montana, 1992;
eidendorfer et al., 2014). The melt inclusions are elongated par-

llel to polysynthetic twin plan. Plagioclases with polysynthetic
winning dominate over zoned plagioclases and their compo-
ition mainly between albite to andesine. Lithic fragments are
olcanic and pyroclastic in nature. Three major types of lithic
re observed, such as porphyritic, aphyric and hypo-crystalline
Fig. 3b). Felty/hyalopilitic textures are also noticed in several lithics
here microlites of plagioclase show random orientation (Fig. 3c).
lomeroporphyritc textures are also noticed in few lithics (e.g.

halifa et al., 2011). Some of the samples show highly ferrugenised

ithic fragments (sample 3; Fig. 3d) and are mostly sub-rounded,
hereas mineral grains vary between anhedral to subhedral and

arely of euhedral crystals. Pyroclastic fragments are altered and
5.6 6.7 8.2 8.7 6.23
- - - - -

5.8 8.3 8.6 8.8 6.47

exhibits grey and brown colour under plane polarized light. Most
of the vitric and/or glass shards showed dirty brown to black
colour, which are the matrix for any lithics (Fig. 3e) (e.g. Krippner
et al., 1998). Pumice fragments are common and are mostly vitric
to crystal tuff, some samples show lithic tuff and or ignimbrites
lithics (Fig. 3f). Rhyolitic and dacitic tuffs are also observed along
with andesitic fragments showing bimodal distribution of plagio-
clase phenocrysts. Porphyritic fragments show many phenocrysts,
such as plagioclase, hornblende, pyroxenes (mostly clinopyroxene),
biotite and opaque minerals (Fig. 3g). Hornblende phenocrysts in
the lithics are rimmed by iron oxides and show corrosion features.
Sanidine is common in some of the fragments but mostly less than
plagioclases. Hornblende shows simple twinning, corrosion fea-
tures within the lithic grain and are altered to opaque mineral.
Biotite in the lithics also shows corrosion feature. Replacement of
pyroxene by hornblende, hornblende by biotite, biotite by chlorite
and plagioclase by epidote and clay are also noticed. Vitric banded
lithics are also observed. Carbonates are not common in all the
sediments, except one sample where carbonate grains is observed
(Fig. 3i). Fe-Ti oxides are the most common accessory phase, occur-
ring as microphone crysts and as small inclusions in the hornblende,
pyroxene etc (e.g. Schmitz and Smith, 2004). Heavy minerals such
as magnetites, sphene and zircon (trace) were noted in the lithic
grains of some samples and likewise, bioclasts are common in few
samples (Sample Nos. 5 and 12) (Fig. 3j). Overall the mineral grains,
matrix and volcanic pyroclastic lithics are felsic to intermediate in
nature. Similarly, glass and microlites acts as matrix and ground-
mass in the pyroclastic and volcanic fragments (e.g. D’Oriano et al.,
2014).

4.2. Geochemistry
4.2.1. Major elements
The major elemental compositions in the fluvial sediments of

Atoyac River basin are listed in Table 2. The concentration pat-
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Table 2
Major and trace elemental concentrations in Atoyac River basin sediments, Puebla, México.

Study area Sample Nos. Al Fe Ca Mg Na K P S Ti Ag As Ba Be Co Cr Cu Mo  Mn Ni Pb Sc Sr V Y Zn Zr Ga

Zahuapan River 1* 9.26 4.14 2.62 1.10 2.02 1.30 0.041 0.03 0.49 <0.3 < 3 492 2 21 135 22 3 780 65 < 3 12 384 91 17 59 135 30
2*  9.29 3.66 2.76 0.87 2.19 0.99 0.042 0.03 0.26 <0.3 < 3 411 2 18 108 13 2 782 48 8 11 417 49 15 61 97 29
3*  9.51 3.75 1.82 0.80 1.74 0.99 0.055 0.02 0.34 <0.3 4 443 2 14 114 19 5 526 33 6 12 345 58 15 88 134 32
4*  8.48 3.09 2.63 0.85 2.03 1.11 0.032 0.03 0.39 <0.3 4 369 2 14 153 12 4 595 33 8 11 388 81 16 61 129 27
5  7.83 6.30 4.59 1.92 2.70 1.41 0.079 0.16 0.20 <0.3 < 3 372 1 26 330 16 < 1 754 71 14 14 516 84 12 100 53 27
6  9.47 3.31 3.49 1.32 2.85 1.24 0.026 0.02 0.48 <0.3 < 3 274 2 14 175 8 7 483 45 5 12 502 93 13 53 100 29
7  8.29 3.35 3.33 1.42 3.25 1.67 0.057 0.07 0.28 <0.3 < 3 502 1 14 159 11 3 536 29 19 11 572 61 12 70 69 27
8  8.34 3.42 3.80 1.45 3.09 1.29 0.090 0.15 0.40 <0.3 < 3 426 1 15 184 17 9 651 31 25 11 546 92 12 101 96 28
9  9.14 3.61 2.98 0.95 2.09 1.11 0.048 0.34 0.43 0.5 9 394 2 14 83 34 4 540 36 22 12 418 95 18 124 136 29

10  8.37 2.94 3.26 1.33 3.25 1.56 0.055 0.09 0.35 <0.3 < 3 430 1 15 189 9 7 500 24 8 10 554 82 13 67 89 26
11  8.64 2.82 3.50 1.28 3.33 1.39 0.049 0.11 0.33 <0.3 4 445 1 18 156 9 9 544 25 15 10 604 81 13 67 79 26
12  9.29 3.11 4.06 1.44 3.20 1.51 0.053 0.04 0.36 0.7 4 335 1 13 232 11 8 721 33 36 11 603 146 13 615 357 28

Avg.(5-12) 8.67 3.61 3.63 1.39 2.97 1.40 0.06 0.12 0.35 0.38 4 397.25 1.25 16.13 188.50 14.38 6 591.13 36.75 18 11.38 539.38 91.75 13.25 149.63 122.58 27.50
Atoyac  River 13* 9.29 2.87 3.44 1.28 2.91 1.35 0.031 0.03 0.41 <0.3 3 328 2 11 204 9 9 402 38 7 10 482 76 13 57 93 28

14*  8.18 4.15 3.42 2.19 2.18 1.07 0.081 0.04 0.45 <0.3 < 3 351 1 24 212 14 5 1170 72 14 15 395 100 14 83 120 26
15  8.97 3.39 3.89 1.71 2.90 1.42 0.041 0.04 0.42 <0.3 < 3 281 1 15 246 10 9 573 51 5 12 522 92 12 62 111 27
16  9.03 3.20 3.31 1.25 2.69 1.34 0.064 0.15 0.34 <0.3 3 275 2 13 214 19 6 470 47 12 12 446 79 14 96 113 29
17  7.26 4.47 3.63 2.87 2.73 1.32 0.072 0.08 0.47 <0.3 < 3 317 1 22 259 18 3 825 73 30 15 381 107 14 94 115 24
18  7.81 4.47 3.43 2.41 2.62 1.14 0.060 0.13 0.24 <0.3 < 3 241 1 20 337 14 < 1 751 69 24 14 400 80 13 115 69 25
19  8.53 3.26 3.31 1.55 2.82 1.41 0.050 0.16 0.37 <0.3 < 3 302 2 14 123 17 2 526 47 16 11 431 85 12 80 94 27
20  7.65 2.86 3.06 1.47 2.65 1.47 0.083 0.27 0.28 <0.3 5 299 1 15 702 22 47 490 56 17 9 378 74 10 106 77 23

Avg.(15-20) 8.21 3.61 3.44 1.88 2.74 1.35 0.06 0.14 0.35 0.30 3.33 285.83 1.33 16.50 313.50 16.67 11.33 605.83 57.17 17.33 12.17 426.33 86.17 12.50 92.17 96.50 25.83
Downstream side 21 6.84 4.65 3.43 2.62 2.75 1.23 0.078 0.12 0.53 <0.3 < 3 331 1 24 358 13 9 806 68 6 13 400 121 12 92 119 25

22  7.35 3.97 3.40 1.27 2.25 1.32 0.150 0.48 0.4 1.7 14 389 1 14 127 72 3 632 38 61 11 418 110 13 336 102 25
23  8.56 3.85 3.53 1.57 3.25 1.54 0.064 0.10 0.55 0.3 5 390 1 17 102 22 2 570 34 7 11 604 109 12 86 79 27
24  8.74 3.48 3.97 1.88 3.10 1.36 0.069 0.21 0.40 <0.3 6 303 1 20 281 24 13 586 58 12 12 529 93 13 99 88 27
25  6.05 2.53 12.8 1.30 1.96 0.78 0.159 0.47 0.30 0.4 4 212 <1 11 259 35 13 437 42 19 9 638 73 9 149 71 19
26  7.01 3.53 4.12 2.47 2.98 1.09 0.057 0.10 0.36 <0.3 < 3 321 1 20 397 15 9 625 97 < 3 9 489 90 8 83 112 26
27  2.42 1.22 20.4 0.75 0.69 0.33 0.255 0.82 0.08 1.1 5 149 <1 7 281 83 17 309 40 24 < 4 753 45 5 411 13 9
28  7.56 3.72 5.69 1.91 2.90 1.53 0.147 0.19 0.37 1.1 3 443 1 17 182 76 6 624 65 147 12 518 97 13 119 101 25
29  2.86 1.73 17 0.89 0.86 0.41 0.335 0.87 0.17 1.3 5 164 <1 11 104 110 7 317 46 32 4 635 54 6 475 13 9
30  7.67 3.22 4.85 1.71 3.13 1.32 0.071 0.18 0.24 <0.3 6 244 1 17 139 18 2 544 43 12 10 538 63 10 112 68 23
31  3.00 1.69 13.3 0.84 0.82 0.44 0.519 0.97 0.14 2.4 5 200 <1 12 487 151 28 399 57 51 4 508 62 7 630 13 10

Avg.(21-31) 6.19 3.05 8.41 1.56 2.24 1.03 0.17 0.41 0.32 0.86 5.36 286 1 15.45 247 56.27 9.91 531.73 53.45 34 9 548.18 83.36 9.82 235.64 70.82 20.45
†Overall  avg. 7.47 3.36 5.69 1.58 2.59 1.23 0.11 0.25 0.34 0.57 4.44 321.56 1.16 15.92 244.24 33.36 9 568.52 49 24.88 10.52 516.12 86.72 11.56 173.68 93.48 24
STD  1.96 1.02 4.75 0.55 0.77 0.36 0.11 0.27 0.12 - 2.47 92.13 - 4.30 138.55 36.43 9.87 135.40 17.65 29.06 2.89 93.75 22.01 2.81 172.59 63.82 5.95
NASC  8.94 3.95 2.59 1.72 0.84 3.30 0.06 - 0.42 - 28.4 6.36 - 25.7 125 - - 0.05 58 - 14.9 142 130 35 - 200 -
UC  8 3.49 3.0 1.32 2.89 2.82 - - - - 1.5 550 - 10 35 25 - 0.06 20 - 11 350 60 22 71 190 -
Wedephol (1995) 7.97 3.18 3.03 1.39 2.64 2.65 0.07 - 0.32 55 2 668 3.1 12 35 14 1.4 0.05 19 17 7 316 53 21 52 237 14

*1−4: Background Samples for Zahuapan River; *13−14: Background Samples for Atoyac River. †  Overall avg. (Expect Background samples).
Major elements are represented in % and trace elements in ppm. NASC = Average North American Shale; UC = Upper Crust (data from Taylor and McLennan, 1985).
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Fig. 2. Visher plot displaying di

ern reveals that Al content in Zahuapan River and Atoyac River
how minor variations (7.83–9.51 and 7.26–9.29%) than the down-
tream side (2.42–8.74%). Fe concentrations in the region show a
ecreasing trend towards the downstream section (3.05%) when
ompared with Atoyac River (3.61%). While, Ca content indicate a

wo-fold (8.41%) increase in the downstream sediments compared
o Zahuapan River (3.63%) and Atoyac River (3.44%). Mg  content
n the sediments show higher values in Atoyac River (1.88%) than
n Zahuapan River (1.39%) and downstream side (1.56%). Na and K
t modes of sediment transport.

content indicate higher values in Zahuapan River (2.97 and 1.40%)
and Atoyac River (2.74 and 1.35%) than downstream (2.24 and
1.03%). P and S are recorded with higher concentrations (0.17 and
0.41%) in downstream side than in the upstream side.
4.2.2. Trace elements
The higher averages (in ppm) of trace elemental concentrations

are recorded from Zahuapan River for Ba (397), V (92), Y (13), Zr
(123), Ga (28); from Atoyac River for Be (1.33), Co (16.5), Cr (314),
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Fig. 3. a–j Thin-section photomicrographs of selected samples showing detrital modal compositions. a) plagioclase showing polysynthetic twinning; b) different types of
lithic;  c) Felty/hyalopilitic texture; d) Ferrugenised lithic fragments; e) Vitric/glass shards; f) lithic tuff or ignimbrites lithics; g) phenocrysts such as plagioclase, hornblende,
pyroxenes, biotite and opaque minerals; i) carbonate grains and j) bioclasts.
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o  (11.33), Mn  (606), Ni (57), and Sc (12.17) and from downstream
or Ag (0.86), As (5.36), Cu (56), Pb (34), Sr (548), Zn (236) respec-
ively (Table 2). In the downstream sediments an increasing trend
or metals such as As, Cu, Pb and Zn are observed.

The elemental concentrations of Zahuapan, Atoyac Rivers and
ownstream sediments were normalized against UCC and local
ackground values (Fig. 4a–b) in order to highlight the differences
etween the three zones. In comparison with UCC it is observed
hat Zahuapan River sediments are enriched in Cr, Mo,  Sr, Zn and
a and are depleted in other elements except Fe, Ca, Mg,  Co, and
n.  Likewise, Atoyac River sediments are enriched in Ca, Mg,  Cr,
o,  Mn,  Ni, Sr Zn and Ga, and depleted in few elements. Down-

tream sediments show a different trend compared to Zahuapan
iver and Atoyac River sediments and are enriched in Ca, Mg,  P, Cr,
u, Mo,  Ni, Pb, Sr, Zn and Ga. All the samples show depletion in the
oncentrations of K, Ba, Be, Y and Zr. All the elemental concentra-
ions recorded in the studied sediments (except P, Pb content in the
ownstream sediments) are comparable with the average andesite
nd dacite composition from the source area (Fig. 4a) (Obenholzner
t al., 2003). In comparison with local background values, Zahuapan
iver and Atoyac River sediments are equivalent except Mg,  Ba, Ni,
u, Pb, Zn, and Zr. The elements Ca, P, Cu, Pb and Zn are enriched

n downstream sediments compared to other upstream river sedi-
ents, which can be related to the anthropogenic inputs from the

tudy region (Fig. 4b).

. Discussion

.1. Geochemistry

The higher concentration of Ca in the downstream sediment
8.41%) suggests that it has been contributed from altered carbon-
tes from volcanic and pyroclastic lithic fragments and bioclasts
n addition to mafic igneous minerals rather than limestones or
alcareous minerals, the later has less significant effect on the
otal Ca content of the samples. The average CaO reported for
rown and white pumice from Popocatepetl volcanic eruption in
997 was 6.30 and 5.34 wt% (Witter et al., 2005). The source of

 in the sediments is from the mafic magmas of volcanic origin.
he primitive lavas of this region contain high concentration of S
hich is readily available under high pressure conditions forming

ther metal complexes during early crystallization (Cervantes and
allace, 2003; Schaaf et al., 2005). The higher averages of Cr, Cu,

i, Zn and Mo  in the fluvial sediments indicate that they are from
he non-crystalized particles often discharged from active volcano
opocatépetl which is situated on the western side of the study area
Obenholzner et al., 2003), consisting mainly of andesite, dacite,
nd minor amount of basaltic andesite. Increasing trends for metals
uch as As, Cu, Pb and Zn in the downstream sediments are mainly
ourced from the upstream side and the industrial input from the
uebla city limits. In addition, the higher values are also due to the
recipitation of metal sulphides from the pumices (Larocque et al.,
008).

The correlations of individual geochemical elements were per-
ormed as one single analysis for each section with the p values
t 0.05 (Table 3). The strong correlation of Al vs Na (r2 = 0.97), K
r2 = 0.96), Ti (r2 = 0.83), Sc (r2 = 0.93), Y (r2 = 0.88), Ga (r2 = 0.98),
e (r2 = 0.87), and Zr (r2 = 0.85) in downstream sediments indicates
hat they are of detrital origin with the presence of either feldspar
r heavy minerals (Cox and Lowe, 1995; Pe-Piper et al., 2005).
he negative correlation of Al vs Ca (r2 = −0.92), P (r2 = −0.84),

u (r2 = −0.77), Sr (r2 = −0.51), Zn (r2 = −0.85), and Mo  (r2 = −0.63)
uggests that these elements are associated with volcanic lithic
ragments (carbonates and sulphates). The strong association of
l vs Ti and Y also supports that the sediments are detrital with
rde 77 (2017) 303–321 311

phyllosilicates and mafic minerals (Ahmad and Chandra, 2013).
Zone based analysis revealed that the ferromagnesium elements
[Co (r2 = 0.83, 0.90, 0.87), Cr (r2 = 0.57), and Ni (r2 = 0.84, 0.86)] are
correlated with Fe rather than Mn,  suggesting their bonding to
Fe-oxides. The positive relationship of Cr vs Mo  (r2 = 0.80) and Ni
(r2 = 0.62) in downstream sediments indicates that these elements
are from a similar source, which is mainly from metal based chem-
ical industries, where they are widely used as anti-corrosive agent.
Likewise, the positive relationship of Mo  vs S dictates its presence as
sulphur bearing minerals like pyrite. In Zahuapan River and Atoyac
River sediments, the association of Ca with Mg (r2 = 0.92, 0.11),
Na (r2 = 0.72, 0.58), K (r2 = 0.62, 0.25), Cr (r2 = 0.82, −0.44), and Sr
(r2 = 0.78, 0.79) indicate their association with plagioclase feldspars
and Ca bearing pyroxenes and pyroclastic materials from the vol-
canic source region. It is derived from the volcanic activity which
brought xenocrysts of carbonate and skarn from the bottom of the
arc (Witter et al., 2005). In downstream sediments, the association
of Ca with P (r2 = 0.72), S (r2 = 0.86), Cu (r2 = 0.65), Mo  (r2 = 0.56), Sr
(r2 = 0.77) and Zn (r2 = 0.71) infers that Ca is not mainly controlled
by plagioclase feldspar but may  be controlled by more than one
source such as carbonate bioclastic materials and chalcophile ele-
ments under acidic conditions. The non-association of Cr, Pb and Ni
with other geochemical elements suggests that these elements are
due to the anthropogenic inputs especially from the electroplating
industries (Hanif et al., 2016; Takarina, 2010).

Factor analysis was  performed for all the three zones separately
to identify the geochemical processes distinctly. The factor scores
were derived based on the Eigen values (<1) for each zones. The
cumulative factor scores (in%) for Zahuapan River, Atoyac River and
downstream sediments were 90.61, 93.83 and 92.68 with 6, 5 and
4 factors, respectively (Table 4). The factor analysis results in the
three zones clearly indicate the geochemical processes that control
the chemistry of the sediments. The “Fe-Mn Factor” is represented
by the positive loadings of Fe, Mn,  Mg,  P, Co, Ni, Sc, Pb, Cr in Factor 2
(Zahuapan River) and Factor 1 (Atoyac River and downstream sedi-
ments) indicating that they are adsorbed on to Fe-Mn oxides in the
sediments. “Carbonate Mineral Factor” indicates positive values of
Ca, Mg,  Na, K, Cr, Pb, Sr, V, Zn, Zr in Zahuapan River (F1), Atoyac
River (F3) and downstream sediments (F3) inferring that consid-
erable weathering is taking place in the lower part of the region.
The “Chalcophile-Anthropogenic Factor” is dominated by positive
values of S, As, Cu, Mo,  Cr and Cu in Zahuapan River (F4), Atoyac
River (F2), downstream sediments (F2) indicating the presence of
chalcophile elements and the influence of anthropogenic sources
in the study area. The “Pb-Factor” is dominated by Pb, V, Zn, Zr,
Cu in Zahuapan River (F3), downstream sediments (F4) indicating
the natural influence (through detrital minerals) as well as anthro-
pogenic source. Finally, the “P-Factor” is dominated mainly by P in
Zahuapan River (F6) and Atoyac River (F5) indicating some organic
material input in the upstream side of the rivers especially from the
mountains and S due to the volcanic peaks and P from agricultural
region in the downstream region.

5.2. Weathering and sorting characteristics

The calculated CIA (%) results for the present study were
between 59 and 75 percentage (Zahuapan River: 59–75, Atoyac
River: 61–68 and downstream sediments: 59–67), suggesting weak
to moderate weathering in the source area (Fig. 5a). Low CIA values
in the present study are attributed to the influx of less weathered
detrital minerals from a tectonically active region and semi-arid
conditions, which leads for mechanical erosion (e.g. Nehyba and

Roetzel, 2015; Sharma et al., 2013). The PIA values of Zahuapan
River (61–78), Atoyac River (60–70) and downstream sediments
(60–70) suggest moderate degradation of plagioclase feldspar into
clay minerals (Nesbitt and Young, 1982).
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Table 3
Correlation analysis of Atoyac River basin sediments, Puebla, Mexico.

Al Fe Ca Mg  Na K P S Ti As Ba Cd Co Cr Cu Mo  Mn  Ni Pb Sc Sr V Y Zn Zr Ga

River Zahuapan (n = 12) Al 1.00 - -0.55 -0.63 -0.46 -0.53 -0.60 - 0.52 - - - - -0.59 -  - - - - - - - 0.52 - 0.50 0.76
Fe  1.00 - - - - - - - - - - 0.83 0.57 -  -0.66 0.52 0.84 - 0.90 - - - - - -
Ca  1.00 0.92 0.72 0.62 0.50 - - - - - - 0.82 -  - - - 0.56 - 0.78 0.52 -0.68 - - -0.62
Mg  1.00 0.71 0.73 0.59 - - - - - - 0.89 -  - - - - - 0.73 - -0.77 - - -0.53
Na  1.00 0.83 - - - - - - - 0.49 -0.60 0.57 - - 0.50 - 0.98 - -0.81 - - -0.73
K  1.00 - - - - - - - 0.55 -  - - - - - 0.82 - -0.64 - - -0.66
P  1.00 - - - - - - 0.50 -  - - - - - - - -0.52 - - -
S  1.00 - 0.77 - - - - 0.69 - - - - - - - - - - -
Ti  1.00 - - - - - -  - - - - - - - - - - -
As  1.00 - - - - 0.76 - - - - - - - 0.63 - - -
Ba  1.00 - - - -  - - - - - - - - - - -
Cd  1.00 - - -  - - - - - - - - - - -
Co  1.00 0.51 -  -0.51 0.61 0.81 - 0.57 - - - - - -
Cr  1.00 -  - - - - - 0.53 - -0.68 - - -
Cu  1.00 - - - - - -0.54 - 0.70 - - 0.50
Mo  1.00 - -0.66 - -0.60 0.54 - - - - -
Mn  1.00 0.68 - - - - - - - -
Ni  1.00 - 0.81 - - - - - -
Pb  1.00 - 0.59 0.64 - 0.76 0.58 -
Sc  1.00 - - - - - -
Sr  1.00 - -0.79 - - -0.72
V  1.00 - 0.81 0.77 -
Y  1.00 - - 0.50

Zn  1.00 0.93 -
Zr  1.00 -
Ga  1.00

River  Atoyac (n = 8) Al 1.00 -0.64 - -0.77 0.54 - -0.72 - - - - - -0.74 -0.50 -0.63 - - -0.86 - -0.50 0.82 - - - - 0.92
Fe  1.00 - 0.95 -0.51 -0.75 - - - -0.50 - - 0.90 - -  -0.51 0.74 0.86 - 0.94 -0.50 - 0.54 - - -
Ca  1.00 - 0.58 - - -0.75 - - - - - - -0.69 - - 0 0.79 0.80 0.63 0.73 -
Mg  1.00 - -0.58 - - - - - - 0.89 - -  - 0.69 0.87 - 0.85 -0.51 - - - -0.61
Na  1.00 0.81 -0.67 - - .- - - -0.73 - -  - -0.59 -0.78 - -0.54 0.78 - 0.58 0.57 -
K  1.00 - - - 0.53 - - -0.75 - -  - -0.68 -0.73 - -0.76 0.54 - -0.55 0.42 -
P  1.00 0.50 - 0.41 - - 0.65 0.53 0.75 - 0.54 0.66 - - -0.64 - -0.64
S  1.00 -0.67 0.59 - - - 0.70 0.86 0.66 - - - - -0.54 -0.51 -0.63 -0.23 -0.50
Ti  1.00 -0.45 0.68 - - -0.54 -  - - - - - - – 0.50 -0.13 -
As  1.00 - - 0.84 -  0.90 - - - -0.60 - - -0.72 0.39 -
Ba  1.00 - - - -  - - - - - - 0.50 - -
Cd  1.00 - - -  - - - - - - - - -
Co  1.00 - -  - 0.88 0.94 - 0.87 -0.59 - - -0.58
Cr  1.00 0.53 0.91 - - - - - - -0.70 - -0.72
Cu  1.00 0.50 - - - - -0.68 - - - -0.52
Mo  1.00 - - - -0.63 - - -0.80 - -0.51
Mn  1.00 0.67 - 0.81 - - 0.50 - -
Ni  1.00 - 0.77 -0.79 - - -0.50 -0.51 -0.70
Pb  1-.00 - - 0.71 - 0.71 0.62
Sc  - 1.00 - - 0.73 - -
Sr  1.00 0.61 - 0.71 0.78 0.68
V  1.00 - 0.86 0.92 -
Y  1.00 - -

Zn  1.00 0.96 -
Zr  1.00 -
Ga  1.00
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Downstream (n = 11) Al 1.00 0.87 -0.92 0.70 0.97 0.96 -0.84 -0.91 0.83 - 0.79 - 0.74 - -0.77 -0.63 0.78 - - 0.93 -0.51 0.76 0.88 -0.85 0.85 0.98
Fe  1.00 -0.94 0.83 0.87 0.90 -0.77 -0.87 0.93 - 0.86 - 0.87 - -0.69 -0.62 0.97 - - 0.95 -0.75 0.94 0.88 -0.76 0.94 0.93
Ca  1.00 -0.78 -0.92 -0.93 0.72 0.86 -0.84 - -0.84 - -0.86 - 0.65 0.56 -0.90 - - -0.89 0.77 -0.85 -0.86 0.71 -0.88 -0.95
Mg  1.00 0.81 0.68 -0.74 -0.88 0.73 - 0.61 -0.55 0.94 - -0.76 - 0.88 0.69 - 0.78 -0.63 0.70 0.56 -0.81 0.87 0.80
Na  1.00 0.94 -0.88 -0.97 0.80 - 0.76 -0.53 0.82 - -0.82 -0.64 0.80 - - 0.90 -0.50 0.71 0.79 -0.91 0.85 0.96
K  1.00 -0.79 -0.89 0.83 - 0.89 - 0.74 - -0.66 -0.68 0.81 - - 0.93 -0.55 0.80 0.92 -0.79 0.84 0.95
P  1.00 0.92 -0.72 - -0.58 0.61 -0.65 - 0.95 0.73 -0.69 - - -0.82 - -0.60 -0.63 0.95 -0.81 -0.86
S  1.00 -0.82 - -0.73 0.61 -0.83 - 0.88 0.64 -0.82 - - -0.89 - -0.72 -0.72 0.96 -0.88 -0.94
Ti  1.00 - 0.82 - 0.78 - -0.67 -0.55 0.85 - - 0.88 -0.57 0.95 0.83 -0.73 0.85 0.87
As  1.00 - 0.64 - - - - 0.03 -0.50 - - - - -
Ba  1.00 - 0.64 - -0.40 -0.56 0.80 - - 0.82 -0.62 0.88 0.87 -0.59 0.82 0.84
Cd  1.00 -0.45 - 0.66 0.50 - - - - - - 0.73 - -
Co  1.00 - - - 0.91 0.57 - 0.80 -0.74 0.76 0.67 -0.71 0.81 0.80
Cr  1.00 - 0.80 - 0.62 - - -0.22 - - - - -
Cu  1.00 0.58 -0.63 -0.20 0.50 -0.74 - - -0.51 0.93 -0.73 -0.78
Mo  1.00 -0.50 0.15 - -0.59 - - -0.52 0.61 -0.54 -0.61
Mn  1.00 0.44 - 0.90 -0.82 - 0.80 -0.69 0.93 0.87
Ni  1.00 - - - - - -0.28 0.45 -
Pb  1.00 - - - - - -
Sc  1.00 -0.61 0.86 - -0.84 0.92 0.95
Sr  1.00 -0.72 -0.63 0.25 -0.70 -0.59
V  1.00 0.85 -0.60 0.87 0.84
Y  1.00 -0.63 0.79 0.87

Zn  1.00 -0.81 -0.86
Zr  1.00 1.00
Ga  1.00

(p > 0.05).
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ackground values of the study area.

In the A-CN-K diagram (Fig. 5a), the sediments fall parallel to the
-CN line and are clustered close to plagioclase indicating weak

o moderate weathering in the source region. The sediments of
ahuapan River fall slightly away from the feldspar joining line
uggesting a moderate weathering condition. In A-CNK-FM ternary
lot, most of the samples fall between andesite and feldspar con-

rming weak to moderate weathering, wherein the sediments are
ainly composed of detrital minerals than clay minerals, which is

urther supported by grain size analysis and ICV values (0.73 to 1.45
or Zahuapan River, 0.93 to 1.52 for Atoyac River and 1.09 to 1.61 for
ac River and Downstream side, Puebla, México normalized against (a) UCC and (b)

downstream sediments) (Fig. 5b). The sediments show a backward
projection of the linear trend in the A-CN-K ternary plot suggest-
ing andesitic-granodiorite source area composition (Fig. 5a). The
above inference is very well supported by the A-CNK-FM triangular
plot indicating the clustered nature of samples in the same region
between feldspar, smectite suggesting that the source area consists

of intermediate to mafic (Dacites to basaltic andesites) igneous rock
series (Fig. 5b).

The ICV values can be used to distinguish the source rocks and
compositional maturity of the sediments (Cox and Lowe, 1995).
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Table  4
Factor analysis of three distinct zones from Atoyac River basin sediments, Puebla, Mexico.

Factors/ Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6

Elements RZ RA DS RZ RA DS RZ RA DS RZ RA DS RZ RA RZ
Al  −0.71 −0.83 0.63 – – – 0.35 – 0.72 – – – – – –
Fe  – 0.94 0.83 0.90 – – −0.12 – 0.54 – – – – – –
Ca  0.83 – −0.83 – – – 0.27 0.64 −0.50 – – – – – –
Mg  0.83 0.98 0.59 – – −0.52 0.11 – 0.59 – – – – – –
Na  0.88 −0.57 0.56 – – – 0.14 – 0.79 – – – – – –
K  0.85 −0.64 0.67 – – – 0.16 – 0.67 – – – – – –
P  – 0.56 – – – – 0.08 – −0.90 – – – – 0.71 0.76
S  – – −0.51 – – – −0.06 – −0.84 0.96 – – – – –
Ti  – – 0.73 – – – 0.14 – 0.56 – 0.79 – – – −0.74
As  – – – – 0.87 0.80 0.14 – – 0.88 – – – – –
Ba  – – 0.75 – – – −0.27 – – – 0.91 – −0 to 87 – –
Co  – 0.95 0.72 0.87 – – −0.23 – – – – – – – –
Cr  0.66 – – – 0.88 −0.78 0.19 – – – – – – – –
Cu  – – – – – – – – −0.87 0.82 – – – – –
Mo  – – – −0.70 0.91 – – – −0.72 – – – – – –
Mn  – 0.75 0.86 0.73 – – – – – – – – – – –
Ni  – 0.94 – 0.97 – −0.86 – – – – – – – – –
Pb  – – – – – – 0.72 0.85 – – – 0.95 – – –
Sc  – 0.84 0.72 0.80 −0.52 – – – 0.65 – – – – – –
Sr  0.88 −0.59 −0.94 – – – – 0.57 – – – – – – –
V  – – 0.87 – – – 0.81 0.91 – – – – – – –
Y  −0.68 – 0.78 – −0.85 – – – – – – – – – –
Zn  – – – – – – 0.96 0.96 −0.92 – – – – – –
Zr  – – 0.76 – – – 0.95 0.93 0.57 – – – – – –

R

T
e
s
1
f
f
s
c
t
d
C
v
I
o
I
g
m
d
s
c
F
<
d
E

i
(
t
Z
o
i
r
d
b
c
(
s
m

Ga  −0.87 −0.69 0.71 – −0.70 – – 

Z = River Zahuapan; RA = River Atoyac; DS = Downstream.

ypical rock forming minerals (feldspars, amphiboles and pyrox-
nes) show ICV values >0.84, whereas typical alteration products
uch as kaolinite, illite, and muscovite show <0.84 (Cox and Lowe,
995).The ICV values for the present study ranged from 0.73 to 1.45
or Zahuapan River, 0.93 to 1.52 for Atoyac River and– 1.09 to 1.61
or downstream sediments. The higher ICV values in the present
tudy indicates the dominance of rock forming minerals than the
lay minerals which dictates that they are physically eroded, imma-
ure and mostly consist of first cycled sediments. Likewise, the
ownstream sediments show very high ICV values due to higher
aO content. The variations of ICV values can be related to either
ariation in the source rock composition and/or weathering. The
CV values were plotted against CIA to understand the influence
f source rock and weathering (Fig. 6a after Potter et al., 2005).
n the plot, most of the samples fall between fresh andesite to
ranite and nearer to the fresh source rocks indicating weak to
oderate weathering and the source rocks mostly being interme-

iate to felsic in nature. Some of the samples from downstream
ediments fall away from the weathering trend due to high CaO
ontent. In addition, the dominance of plagioclase feldspar over K-
eldspar in the sediments is confirmed by K2O/Na2O ratio value of
1 in all the studied sediments (Zahuapan River, Atoyac River and
ownstream) and from the petrographic studies (Dey et al., 2009;
ffoudou-Prisoa et al., 2014).

It is well known that transport and deposition of clastic sed-
ments involves mechanical sorting basically fractionating Al2O3
clay minerals) from SiO2 (quartz and feldspars). Sorting also frac-
ionates TiO2, mostly present in clay minerals and Ti-oxides, from
r present in zircon, and sorted with quartz. Ternary plots based
n Al2O3, TiO2, and Zr eliminate the weathering effects and may
llustrate the presence of sorting-related fractionations which are
ecognizable by simple mixing trends on a ternary Al2O3-TiO2-Zr
iagram (García et al., 1994). The fluvial sediments of Atoyac River
asin show a limited range of TiO2-Zr variations suggesting low
ompositional maturity and insignificant sorting of the sediments

Fig. 5c). Generally, the Cr/Zr and Zr/Sc ratios increase during the
edimentary process such as sorting and recycling due to accu-
ulation of zircon crystals. Cr/Zr and Zr/Sc ratios in the present
– 0.68 – – – – –

study (Cr/Zr = 1.81, 3.20, 7.90 and Zr/Sc = 10.89, 8.21, 7.11 for Zahua-
pan River, Atoyac River and downstream respectively) suggests no
sorting effect (Huntsman-Mapila et al., 2005).

5.3. Provenance

Trace elements such as Sc, Ti, Co, Zr, Hf, Th, and Nb are relatively
immobile during surficial processes as they are resistant to chemi-
cal weathering and are mostly bound in mineral lattices (Rollinson,
1993). As these elements undergo very little geochemical fraction-
ation, they are used for determining provenance of the sediments
in fluvial environment.

In provenance discrimination studies, transitional elements
such as Cu, Zn, Pb, Mn,  Cr, Fe, and Ni show wide variation in flu-
vial sediments due to natural effects and contamination during
sediment transport/deposition (Li et al., 2001). Al2O3/TiO2 ratios
are generally used to trace the source rock composition, since
Al mainly hosts in feldspars, whereas Ti in mafic minerals such
as olivine, pyroxene, hornblende, biotite, and ilmenite (Hayashi
et al., 1997) and thus Al/Ti ratios increases with increasing Si in
igneous rocks. According to Hayashi et al. (1997), Al2O3/TiO2 ratios
increase as 3–8; 8–21 and 21–70 in mafic, intermediate and felsic
igneous source rocks respectively. It is also accepted that this ratio
of clastic sedimentary rocks are identical to the parental igneous
rocks (Sawyer, 1986; Maynard, 1992; Hayashi et al., 1997). The
Al2O3/TiO2 ratio is considered to remain constant during surficial
weathering, hydrothermal alteration and volcanic processes and is
widely used to identify the source rocks (Hayashi et al., 1997; He
et al., 2010; Shao et al., 2016). In the present study, the Al2O3/TiO2
ratios varied from 21.4 to 44.4 for Zahuapan River, 17.5–36.9 for
Atoyac River and 14.6–36.2 for downstream sediments indicat-
ing that they are derived from intermediate to felsic volcanic
source rocks. The source rocks exposed in this region are mainly
andesitic to rhyodacitic composition and show Al2O3/TiO2 ratios

as 12.46–26.15 for andesites; 16–29 for dacites and 10.93–13.08
for basaltic andesites respectively (Luhr et al., 2006). The studied
samples also show that the Al2O3/TiO2 ratios are comparable to the
ratios in the source area lithology.
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Figure 5. a–c a) A-CN-K, b) A-CNK-FM and c) Al2O3-Zr-TiO2 ternary plo

The major element based provenance discrimination diagram
y Roser and Korsch (1988) was used to distinguish the provenance
haracters of the present study since this plot can successfully
ifferentiate the four different provenance areas as mafic, interme-
iate, felsic and quartzose recycled. Based on the Roser and Korsch
1988) plot, the present study sediments are relatively evolved
rom intermediate source (Fig. 6b). The samples fall along the mag-

atic evolution trend from basalt to rhyolite which indicates a
ypical pattern of first cycle volcanogenic suites (Roser and Korsch,
988; Purevjav and Roser, 2012). However, few sediment deviated
rom the magmatic trend due to recycled sediments and more car-
onate influences (i.e. in the downstream sediments). Overall, the
ediments have undergone little modification of bulk chemistry
rom the source. The above inference was also confirmed by Ti-
r diagram of Pearce (1982), where present study samples fall on
he boundary line between mafic and felsic provenance area with

ew samples scattered towards the felsic source (Fig. 6c) suggest-
ng that the source area is dominated by intermediate to felsic arc
olcanic rocks. Petrographically the sediments of the study area
m Zahuapan River, Atoyac River and Downstream side, Puebla, México.

consist of volcanic (andesite-rhyo-dacite) and pyroclastic (vitric −
crystal tuff) fragments as sand grains in addition to the individ-
ual mineral grains which are derived from the source region. This
is consistent with the geology of the source area and tectonics.
Likewise, the lithology of Iztaccihuatl volcano is divided into two
main series as older and younger volcanic series (> and <0.6Ma vice
versa) (Nixon, 1989). Older series consist of augite hypersthene-
pyric lavas and pyroclastic breccias (older andesites and dacites)
while younger series mainly consists of hornblende-pyric rocks
(younger andesites and dacites) that are differentiated to lavas
and pyroclastic breccias. Similarly, lithology of Popocatépetl con-
sists of interlayered lava flows and pyroclastic deposits (andesitic
to dacitic composition). Previous studies (Cantagrel et al., 1984;
Robin, 1984; Boudal and Robin, 1989; Kolisnik, 1990) indicated
that at Popocatépetl volcanic eruptions are the product of mix-
ing and mingling of distinct mafic and silicic magmas. The volcanic

and pyroclastic lithics observed in the present study samples are
mainly derived from this volcanic region and these sediments are
geochemically characterized by intermediate to felsic signature.
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The geochemical composition of Cr is a powerful tool in iden-
ifying the accessory detrital components like chromite, which
re commonly derived from mafic to ultramafic sources includ-
ng ophiolites (Zimmermann and Bahlburg, 2003). The compatible
erromaganesian trace elements such as Cr, Ni, Co and V have
imilar behavior in the magmatic processes, but are often frac-
ionated during the weathering process (Feng and Kerrich, 1990;
ollinson, 1993). The higher concentration of Cr (>150 ppm) and Ni
>100 ppm) and their ratio values varies from 1.3 to 1.6 suggesting
he presence of ultramafic rocks in the source region (Garver et al.,
996). In the present study, the average Cr and Ni content are (all
alues in ppm) 189, 37 for Zahuapan River; 314, 58 for Atoyac River
nd 247, 54 for downstream sediments respectively. The higher
ontent of Cr with higher variation, low content of Ni with limited
ariation and the high average of Cr/Ni ratios (avg. 4.65, 5.16, 4.60
or R. Zahuapan, R. Atoyac and Downstream side) depict the pres-
nce of heavy minerals and anthropogenic input from the local area
in selected samples collected adjacent to City area).

The input of mafic or ultramafic sources could be identified
sing the Cr/V and Y/Ni ratios (Hiscott, 1984; McLennan, 1993).
he Cr/V and Y/Ni ratios in the studied samples are 0.87–3.93 and
.17–0.54 for Zahuapan River, 1.45–9.49 and 0.18–0.34 for Atoyac

iver; 0.94–7.85 and 0.08–0.35 for downstream respectively, which
hows that only Cr is enriched compared to other ferromagne-
ian elements. Thus, the enrichment of Cr/Ni (>2) and depletion
d Korsch (1988) and c) Ti vs Zr for Zahuapan River, Atoyac River and Downstream

of Y/Ni values (<1) confirm the presence of heavy minerals such as
chromite, which may  be derived from mafic source rocks (Young
et al., 2013). Cr concentration in Zahuapan River sediments are
mainly derived from the source area and are correlated with ferro-
magnesium minerals such as Mg  (r2 = 0.89), Y (r2 = 0.70). However,
the elevated concentration of Cr in Atoyac River and downstream
sediments are mainly attributed to anthropogenic inputs particu-
larly from steel, chemical, and electroplating industries apart from
the natural sources (intermediate volcanic rocks). It is, further con-
firmed from a strong relationship between Cr with Mg  (r2 = 0.89,
0.94), Mo  (r2 = 0.91, 0.80) in Atoyac River and downstream sedi-
ments, and no or weak correlation of Cr with other ferromagnesium
minerals.

5.4. Metal contamination in the fluvial sediments

In order to understand the sediment quality and discern the
metal contamination in the fluvial sediments of Atoyac River basin,
geochemical normalization of enrichment factor (EF) was widely
employed for environmental assessment. The EF values of Zahua-
pan River sediments suggest a moderate enrichment of S and Pb

along with minor enrichment of Zn, Mo,  and Cr (Fig. 7a). Atoyac
River sediments are moderately enriched with S and minor enrich-
ment of Pb, Mo,  Cr and Cu is observed. The downstream sediments
displays a minor enrichment of As, Cr, Sr, Ni and V and moder-
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ig. 7. a–e Metal contamination assessment: a) Enrichment Factor (EF); b–d) Igeo

éxico and e) potential ecological risk assessment values (ERL/ERM).

te enrichment of Mo.  Significant enrichment of Pb, Cu and Zn
s well as very high enrichment of S is observed in the down-
tream sediments. In all the river samples S is significantly enriched,
hich is derived from active volcano and its recent volcanic
eposits. Among the different zones, the downstream sediments
how higher enrichment of metals due to impact of industrial and
gricultural effluents derived from the urban zone of Puebla city.

The geoaccumulation index (Igeo) is a common geochemical cri-
erion used to evaluate the metal contamination in sediments. The
geo values for Zahuapan River, Atoyac River and downstream sed-
ments are represented in Fig. 7b–d. In Zahuapan River sediments,
he Igeo values of S and Pb fall in class 2 indicating a moderate con-
amination and Zn in class 3 with moderate to heavy contamination.
toyac River sediments consist of S (Class 2 and Class 3), Cr (Class
) and Mo  (Class 3) suggesting moderate to heavily contamination
f these elements. Cr and Mo  are attributed to the industrial and
xternal inputs from the study area. In the downstream section the
lements Ca, P, S, Ag, As, Cu, Mo,  Pb, and Zn fall in class 2 and class
. The higher concentrations of Ca and P in the downstream region

s due to the presence of carbonate rocks with Ca bearing minerals
uch as plagioclase and pyroxenes along with the sewage/industrial
ffluents and agricultural runoff in this region. The agricultural
ctivities such as application of pesticides, fertilizers and animal
anure are the common sources of Cu and Zn (Nicholson et al.,

003; Lu et al., 2012), while Pb is mainly attributed to the automo-
ile exhausts (from primary federal highway) and direct discharges
rom industries (Micó et al., 2006; Zaborska, 2014). In Atoyac River
asin several agricultural practices and presence of waste-water
reatment plants has led to significant concentrations of Cu and Zn
n the river sediments. The Mexico-Puebla highway, the local road
raffic present in the roads that crosses the river basin would prob-
bly add to the increased concentrations of Pb in the sediments
y surface runoff. A significant enrichment of S is observed in all

he three zones, which might be derived from active volcano and
ts volcanic deposits through atmospheric deposition and runoff
espectively.
 for sediments from Zahuapan River, Atoyac River and Downstream side, Puebla,

The calculated PLI values varied from 0.93 to 1.42 for Zahuapan
River, 0.94–1.28 for Atoyac River and 0.96–1.51 for downstream
sediments and average PLI values for these sediments were 1.15,
1.07 and 1.17, respectively. The above values indicate that the sed-
iments of all the three zones are moderately polluted.

The ecological risk assessment was  done on individual samples
from the three distinct regions. The results indicate that Cu (77%),
Zn (84%), As (97%) and Pb (90%) values were below ERL values
(Fig. 7e). It also suggests that more than 75% of the river sediments
are not toxic and do not have any ecological risk. All the studied
metals such as Cr (90%), Ni (65%), Cu (23%), Zn (3%), As (3%), and
Pb (10%) were between ERL and ERM, respectively, indicating rela-
tively less potential ecological risk. In particular, Cr (10%), Ni (35%),
and Zn (13%) were higher than the ERM values. Most of these sam-
pling sites which exceeded the ecological risk assessment values
were from Atoyac River and downstream section, which received
the industrial effluent discharges. Based on this assessment it can
be concluded that Cr, Ni and Zn will have an adverse effects on sed-
iment dwelling biota in Atoyac River and downstream sediments
(Smolders et al., 2004; Kasprzak and Salnikow, 2007).

6. Conclusion

This study combines texture, petrography, major and trace ele-
ment geochemistry of the fluvial sediments from Atoyac River basin
and yields the following conclusions concerning the provenance,
chemical weathering conditions and their potential environmental
effects:

• The fluvial sediments of Atoyac River basin are almost entirely
of sand and silt sized particles mainly transported by traction

mode in both upstream and downstream sections of the river.
The petrographic analysis reveals that the sediments are rich in
plagioclase, pyroxenes, amphiboles, K-feldspar, biotite, opaque
and quartz.
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The geochemical concentrations of these sediments show the
characteristics of UCC-like sediments and they are likely derived
from a source area with dominant andesitic and dacitic com-
positions. Based on the concentration pattern, the elements are
mainly controlled by either Fe or Mn  oxides rather than Al (or clay
minerals). The enrichment of some elements (Cu, Zn, Pb, Mn,  Cr,
Fe, Ni) is due to the presence of active volcano in the upstream
side and the industrial corridor in the downstream side of the
Atoyac River basin.
The sediments have undergone weak to moderate weathering as
confirmed by CIA, PIA, ICV indices, A-CN-K and A-CNK-FM ternary
plots. The results indicate that the fluvial sediments of Atoyac
River basin are physically eroded, immature, mostly consist of
first cycled sediments and experience a less intense chemical
weathering.
The provenance discrimination diagrams, Al2O3/TiO2, Ti-Zr, Cr/V
and Y/Ni ratios suggested that the fluvial sediments were derived
from intermediate to felsic volcanic source rocks.
The enrichment pattern of trace elements (especially Cr, Cu, Pb,
Zn, Mo  and S) is clearly justified by the higher order of naturally
occurring elements and few anthropogenic sources. Cr, Ni and Zn
are likely to create adverse effects on sediment dwelling biota
based on ecological risk assessment studies.
The association of elements clearly justifies that mafic input is
more from the western side of the study region, where the active
volcano (Popocatépetl) is located emitting low level eruptions at
regular intervals from past one decade and the vast development
of industrial complexes in the Puebla City in Central Mexico also
adds to the enrichment pattern.
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