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determination of concentrations of the chemical ele-
ments. Al, Ca, Fe, K, Mg, Mn, Ni, Pb, Si, Sr, Ti and 
Zn concentrations were determined by the energy-
dispersive X-ray fluorescence (EDXRF) technique. 
Through the enrichment factors and ratios among 
some elements associated with geochronological 
data, it was possible identify geochemical changes 
in sedimentation of sampled points, with increase of 
minerals associated with fine fractions and decrease 
of the proportions of elements associated with 
coarse fractions. The radiometric dating reveals that 
Pb enrichment and the exacerbated increase of Ca 
and Sr enrichment factors are strongly related to the 
anthropic activity in the region.
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Introduction

Estuaries are recognized for their biological richness 
and as important sources of nutrients and shelter for 
different animal and plant species (Whitfield & Elliott,  
2011). These environments are under constant 
anthropogenic threat: half the world’s population liv-
ing in cities with more than 100,000 inhabitants is  
located within a radius of up to 100 km from a coast 
(Barragán & Andrés, 2015). In Brazil, 26.6% of the 
population live in coastal zone cities as a result of 

Abstract The Itapessoca Estuarine Complex is 
characterized by a history of intense economic activi-
ties developed on the banks of its tributary rivers, 
often exercised without any control or planning. In 
order to relate natural and/or anthropic events to the 
sediment age, radiometric dating method was per-
formed by determining excess 210Pb in the sediment 
using the proportional gas flow technique. To inves-
tigate possible disturbances in recent sedimenta-
tion processes in studied area, 20 surfaces sediment 
samples and 2 sediment cores were collected for 
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historical factors relating to the way the territory was 
occupied, causing impacts on the marine biome and 
survival of its species (IBGE, 2011). The estuaries 
are subject to anthropic disturbances such as mining 
and pollution (Davis et  al., 2000). Due their intense 
natural physical–chemical variability, however, 
anthropic alterations are difficult to detect in these 
environments and they can be confused with natural 
stress (Elliot & Quintino, 2007).

The Itapessoca Estuarine Complex is part of Ita-
maracá Estuarine Ecosystem, one of most important 
ecosystems of the Pernambuco State coast, an eco-
logical unit of environmental and socioeconomic sig-
nificance due to its considerable biodiversity and the 
activities developed in region (Medeiros et al., 2001). 
However, the occupation and soil use caused by 
anthropic activities have produced significant changes 
in the environment (Oliveira, 2017). Tourism, fishing, 
sugarcane culture, shrimp farming, sand mining and 
limestone mining are the main local economic activi-
ties (Barreto et  al., 2011; CPRH, 2003). Artisanal 
fishing has played an important role in the survival of 
several traditional fishing communities in region, with 
a predominance of estuarine fishing over marine fish-
ing, since the northern coast concentrates most of the 
estuarine areas of Pernambuco state (CPRH, 2003). 
Although sugarcane monoculture has advanced 
toward the mangrove environment, shrimp farming 
and mining are among the most damaging activities, 
due to the suppression of native vegetation coverage 
on large scale (Oliveira, 2017). Open pit sand min-
ing has created large craters where shrimp farms have 
been implemented to reuse the mined areas (Oliveira, 
2017). Unfortunately, this mining reclamation method 
has caused major environmental impacts such as 
deforestation and chemical pollution (Oliveira, 2017). 
Besides deforestation, urban and industrial develop-
ment have altered the chemical properties in the water 
column, sedimentation patterns and caused metal 
contamination (Lacerda et al., 2006).

A set of analytical techniques can help in under-
standing the environment status. Sediment core geo-
chronology has been used to understand environmen-
tal evolution in coastal areas, providing natural or 
anthropic records of sedimentation patterns (Joshi & 
Ku, 1979). The energy-dispersive X-ray fluorescence 
(EDXRF) is an effective technique for the determina-
tion of chemical elements in different environmental 
matrices (Fernández et  al., 2017), without needing 

sample digestion (Marguí et al., 2005). Multielemen-
tal chemical analysis by EDXRF has been employed 
to investigate metal concentrations in estuarine sedi-
ments (Olsen et al., 1978; Barcellos et al., 2017). The 
variation in concentrations of chemical elements in 
a sediment profile can be related to both natural and 
anthropogenic factors. The geochemical normaliza-
tion technique using a conservative element ena-
bles the detection of anomalies in the concentration 
of these elements, facilitating the identification of 
anthropogenic contamination (Loring, 1991). Differ-
ent conservative chemical elements have been used 
as normalizers, usually Al (Loring, 1991) and Fe 
(Blomqvist et  al., 1992). The ratios between chemi-
cal elements quantified by different techniques can be 
used for several purposes, including acting as indica-
tors of ecological processes (Lopez et al., 2006).

Although there are many studies of anthropic 
impact on the region, this present work has not been 
preceded by other studies that diagnosing the behav-
iour of chemical elements (metals and metalloids) 
over time in the Estuarine Ecosystem of Itamaracá. 
The objective of this study was to investigate the dis-
tribution and evolution of metal concentrations at sev-
eral sampling points in the Itapessoca Estuarine Com-
plex as well as the eventual implications of these on 
the geochemistry of the local sediments.

Materials and methods

Study area

The Itapessoca Estuarine Complex (7°40′S/34°50′W) 
is located on the northern coast of the state of Per-
nambuco, in Brazil, about 70 km from the capital, 
Recife, and approximately 10 km from the border 
of the state of Paraíba. The study area is under the 
influence of the As climate (Köppen-Geiger classi-
fication), or tropical Atlantic, with winter rains and 
annual precipitation average of 1800 mm. The aver-
age temperatures of the area oscillate between 24 °C 
in July and August and 27 °C in February, with low 
annual thermal amplitude (CPRH, 2003).

Five geological units make up the northern coast 
of Pernambuco state: Barreiras Formation, Beberibe 
Formation, Gramame Formation, Marinha Farinha 
Formation and Itamaracá Formation, belonging to 
Paraíba Sedimentary Basin (Barbosa et  al., 2003; 
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CPRH, 2003). The Gramame and Maria Farinha 
deposits have been intensively exploited by the 
cement industry for limestone to use as raw material 
(CPRH, 2003). Solid waste from mining and lime-
stone processing is commonly disposed in landfills or 
dumped directly onto the land without any process or 
treatment (IPEA, 2011).

The Gramame Formation is the first carbonatic 
unit in the marine domain and occurs on the Itama-
racá Formation (Oliveira, 1940). This unit dates back 
to the Maastrichtian period (Beurlen, 1967), is fos-
siliferous and has alternating deposits of limestones 
and marls on a shallow carbonate platform (Barbosa 
et  al., 2007) that directly reflect the environmental 
changes associated with the marine phase (Westphal, 
2006). The Maria Farinha Formation is composed of 
marine limestones and thick strips of marl in its lower 
portion, with dolomitic fossiliferous limestones in its 
upper portion (Beurlen, 1967). This formation dis-
plays sedimentary deposits characteristic of a regres-
sive phase, from the cretaceous-tertiary age, related to 
the evolutionary process of the Paraíba Basin and the 
expansion of the South Atlantic Ocean (Mabesoone, 
1967).

The Gramame Formation is the most representa-
tive unit of the carbonate sequence of the Itamaracá 
sheet, and its best exposures are contained in the 
Itapessoca Estuarine Complex, especially on Itapes-
soca Island and in the community of Tejucupapo, 
municipality of Goiana (Valença & Souza, 2017). 
On the island of Itapessoca, municipality of Goiana, 
portland cement is manufactured from limestones of 
the Gramame and Maria Farinha Formations, com-
bined with clays of the Barreiras Formation, sands of 
the Beberibe Formation and Plio-Pleistocene deposits 
(Valença & Souza, 2017).

Sampling

Initially, a bathymetric survey of the area was done, 
where sediment samples were collected from the 
surface down to 20 cm deep, at different points dis-
tributed in the estuary, using a Van-Veen grab sam-
pler. Sediment core samples were collected at 2 
points in the study area (Fig.  1) using the pushcore 
method. The accessibility of the estuarine areas and 
the feasibility of penetrating the polyethylene tubes, 
both with diameter 75 mm, were the criteria used to 
choose sample points. The abrupt increase in depth 

made it impossible to sample sediment core at some 
points. This is because the region is located in geo-
logical faults areas, with grabens or tectonic pits, and 
the estuarine system of Itapessoca is considered a ria 
estuary, of tectonic origin (Silva et al., 2011; Topan & 
Lima Filho, 2017).

The collection points of superficial samples and 
sediment cores were executed in intertidal banks, 
divided in sectors: sector A — situated on the Cat-
uama margins, where the superficial samples were 
collected from P6 to P10 and C1 sediment core; sector 
B — opposite margin, on the Itapessoca Island, where 
the superficial samples were collected from P1 to P5 
and C2 sediment core; and sector C — situated on the 
Itapessoca Island, its banks bathed by the Santa Cruz 
Channel, where the points P11 to P20 of the superfi-
cial samples were collected. Seventy-six centimetres 
was recovered for C1 and 52 cm for C2. The samples 
were transported and conditioned at the Environmen-
tal Monitoring Service of the Regional Center for 
Nuclear Sciences of the Northeast (SEAMB/CRCN-
NE). Subsequently, they were thawed and, with the aid 
of a Makita circular saw, longitudinal cuts were made 
in the tubes. The samples were visually described and 
sectioned into 1–2-cm layers, depending on the tex-
ture and sedimentary structures (clay layers allowed 
thicker cuts), totalling 56 samples. The samples were 
dried at 40 °C until they reached a constant weight, 
and then, they were crushed to a particle size of less 
than 80 µm.

As a differentiation and classification factor of sur-
face and subsurface sediments, a visual description 
of the collected samples in terms of texture (sandy/
coarse and mud/fine), sedimentary structures and 
concentration of marine biogenic indicators (biode-
tritic carbonate —  CaCO3) was made before the mac-
eration of the sampled material.

Analytical procedures

Samples of 1 g sediment and reference materials were 
transferred to polyethylene tubes and sealed with 
specific polypropylene films for analysis of EDXRF. 
Measurements were performed on Shimadzu ED-720 
instrument, previously calibrated, with specific setting 
up samples (SUS) and A750 calibration standards.

For the quality assessment of the analytical proce-
dure, two reference materials were used: IAEA-SL-1 
“Trace and Minor Elements in Lake Sediments” and 
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SRM1646a — “Estuarine Sediment”, produced by 
the National Institute of Standards and Technology 
(NIST). The samples and reference materials were 
subjected to an atmospheric vacuum less than 30 Pa 
to measure the fluorescence coming from the sample 
for 300 s, with a maximum Dead Time of 36%.

To increase detection sensitivity, different filters 
have been used for background reduction and interfer-
ence peak filtering, facilitating the detection of target 
peaks (Shimadzu Corporation, 2006). Usually four or  
five filters are needed to cover the entire element range 
(Shimadzu Corporation, 2006). The elements As, Cu, 
Fe, Ga, Mn, Pb, Zn, Sr and Ti were determined with 
a Mo filter and voltage adjusted to 50 kV. The Al, 
Ca, K, Mg and Si elements were measured with an 
Al filter and 15 kV tension. Ba, Ni and V elements  

were measured with Ti filter at 50 kV. The concen-
trations were expressed in milligrams per kilogram. 
Details on the method can be found in Fernández 
et al. (2017).

For the validation of the analytical results the 
Z-score was calculated, which takes into considera-
tion the difference between the obtained and certi-
fied values of the reference material, divided by the 
expected standard deviation, and the En Number, 
which contemplates the expanded analytical uncer-
tainties obtained and certified, in such a way that the 
limits adopted varied from −2 to 2 for Z-score and −1 
to 1 for the En Number, respectively, at a 95% confi-
dence level.

Zinc, nickel and lead concentration values were 
compared with the Canadian Council of Ministers 
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of the Environment (2001) guidelines for marine and 
freshwater sediments. Threshold effect levels (TELs) 
and probable effect levels (PELs) guideline choice is 
justified by information on degree of sediment con-
tamination based on toxicological studies. TEL and 
PEL values are used to relate chemical concentra-
tions of a given element to its biological effects: (a) 
concentration values below the TEL suggest mini-
mal effect range, with rare occurrence of adverse 
effects; (b) the range of values between TEL and 
PEL indicates possible adverse effects; and (c) values 
above the PEL indicate likely occurrence of frequent 
adverse effects.

Geochronology

The geochronology had been previously performed 
by the unsupported (excess) 210Pb activity method, 
adapted from Godoy et al. (1998), with the 210Pb radi-
onuclide being used as a geochronological marker for 
determining sedimentation rates of coastal environ-
ment (Wanderley et al., 2014). 210Pb radionuclide was 
determined by the proportional gas flow technique, 
through the Canberra proportional gas flow counter, 
model Tennelec Series 5 XLB, a gaseous ionization 
detector device used to measure ionizing radiation 
particles (Knoll, 2010). The activity concentration of 
210Pb was determined from its decay product,  210Bi, 
after reaching secular equilibrium. Only the beta 
activity of 210Bi was measured because the filter paper 
used to cover the sample filters retains the low-energy 
beta particles of 210Pb and the alpha ingrown parti-
cles of 210Pb (Albuquerque et  al., 2019). Sedimenta-
tion rates of 0.84 ± 0.07 cm  year−1 and 1.03 ± 0.22 
cm  year−1 were determined for sediment cores 1 and 
2, respectively, and reported by Albuquerque et  al. 
(2019), where further details on radiometric dating 
can be found.

Geochemical normalization and ratios between 
chemical elements

The enrichment factor (EF) in metals is an indicator 
used to assess the presence and intensity of deposi-
tion of anthropogenic contaminants in soil and is 
calculated by normalizing a metal concentration 
in the soil higher than the concentration of a refer-
ence element (Barbieri, 2016). The enrichment fac-
tor is expressed as follows: EF = (Metal/RE)soil/

(Metal/RE)background, where, RE is the value of metal, 
adopted as reference element (Barbieri, 2016). The 
reference element is a stable element in the soil, 
which is characterized by the absence of vertical 
mobility and/or degradation phenomena (Barbieri, 
2016). The chosen constituent should also be associ-
ated with finer particles, and its concentration should 
not be anthropogenically altered (Ackerman, 1980). 
Some elements are widely used, such as Al and Fe, 
for example (Barbieri, 2016). Aluminium considered 
a conservative element and an important constitu-
ent of clay minerals, widely used successfully (Balls 
et al., 1997; Sinex & Wright, 1988). Fe (Iron) is not 
a matrix element because of its geochemistry simi-
lar to that of many trace elements in oxic and anoxic 
environment (Barbieri et  al., 2014); however, it has 
been successfully used by many scientists working 
with estuarine sediments (Emmerson et  al., 1997; 
Lee et al., 1998; Liu et al., 2003).

Enrichment factor values of 0.5 ≤ EF ≤ 1.5 sug-
gest that the trace metal concentration may come 
entirely from natural weathering processes (Zhang 
& Liu, 2002). EFs above 1.5, however, indicate that 
a significant proportion of these elements originated 
from anthropogenic processes (Garcia-Ordiales et al., 
2014). Enrichment factor values < 3 indicate little or 
poor enrichment, 3–5 moderate enrichment, 5–10 
severe enrichment, 25–50 very severe and > 50 indi-
cate extremely severe enrichment (Szefer et al., 1998). 
For the calculation of the enrichment factor, the ref-
erence values proposed by Turekian and Wedepohl 
(1961) were used.

Additionally, the following elemental ratios were 
calculated: Mg/Ca, Mn/Sr, Al/Fe, Ti/Fe, Si/Fe, Mn/
Fe and Fe/Ca determined in the samples of the sedi-
ment cores. The Mg/Ca ratio was used to distinguish 
sediments originating in limestone taken from the dif-
ferent formations of the Paraiba basin, as proposed 
by Nascimento-Silva et  al. (2011). The Mn/Sr ratio 
was used to distinguish sediments from carbonates of 
different degrees of diagenetic alteration (Nagarajan 
et al., 2008), on the assumption that the proportions 
between both reflect the carbonate characteristics of 
the source area where Mn/Sr < 2 ratios did not indi-
cate diagenetic alteration; the sediments would have 
originated from predominantly detritus carbonates. 
Mn/Sr > 2 ratios confirm diagenetic change (Jacobsen 
& Kaufman, 1999). For surface sediments, only the 
Mg/Ca and Mn/Sr ratios were used.
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Some minerals are associated with sediments with 
different granulometries. Aluminium and iron, for 
example, are associated with fine particles of sedi-
ment (Araújo et  al., 2002; Biscaye, 1965). Fe and 
Al have also been used as river proxies for sediment 
transport (Nizou et al., 2010). In this regard, the Ti/
Fe ratio consists of an indicator of sediment prove-
nance (Konfirst et al., 2011), since iron (Fe) and tita-
nium (Ti) represent chemical proxies of the contribu-
tion of terrestrial material as they are associated with 
essentially clay minerals and siliceous components, 
respectively (Arz et al., 1998). Si is used as a proxy 
for the contribution of terrestrial sediments (Blanchet 
et  al., 2007; Kleiven et  al., 2007) and in studies of 
provenance (Frenz et  al., 2009). The Mn/Fe ratio is 
used as an indirect measure of the redox potential of 
sediment, since Mn can be mobilized under suboxic 
conditions, separating from Fe during diagenesis 
(Marsh et al., 2007). Constant Mn/Fe ratios indicate 
oxic conditions and Mn/Fe peaks occur during sub-
oxic diagenesis (Thomson et  al., 1993). The Fe/Ca 
ratio was used as a proxy for sediment provenance, 
considering that these two elements reflect marine 
production and terrestrial input, respectively (Nizou 
et al., 2010).

Statistical analysis

The sediment dataset consists of 11 variables in 20 
surface samples and 56 samples of C1 (32 samples) 
and C2 (24 samples) cores. Descriptive statistics for 
the surface samples and the control samples were 
developed, as well as multivariate analysis with 
the STATISTICA (v.10) software support. Facto-
rial analysis was used to reduce the dimensions of 
the data and to identify concentration patterns of 
measured elements in superficial sediment samples. 
The factors were calculated by the principal factor 
method and rotated by Varimax method (Kaiser, 
1958) in order to maximize the loadings of some 
variables of different factors for the production of 
simple structures (Thurstone, 1947) more easily 
interpreted. The Kaiser (1960) rule was used for 
the choice of factors — the factors with eigenval-
ues greater than 1 being chosen. The communality 
is the proportion of each variable’s variance that 
can be explained by the factors and can be defined 
as the sum of squared factor loadings for the vari-
ables (Field, 2009). Communalities were estimated 

by squared multiple correlation (SMC) of loadings 
for the corresponding variables. According to Hair 
et  al. (2006) in factor analysis, a variable needs 
to have a large proportion of common variance to 
function well. A variable that does not present spe-
cific variance would have a communality of 1, while 
a variable that does not share variance with any 
other variable would have a communality value of 0. 
Generally, the communality must have a minimum 
value of 0.5 to be considered satisfactory. Simple 
linear regressions between the concentrations of the 
chemical normalizing element candidate metals (Al 
and Fe) and other metals were adjusted, where the 
highest adjusted R2 values were used to choose of 
the normalizing element. All graphics were made 
with STATISTICA (v.10), Origin (v.8.0) and Ink-
scape software.

Results and discussion

Figure  2 shows the validation of the analytical pro-
cedure with En number values for the analytical por-
tions of the SRM-1646a and IAEA-SL-1 certificates. 
Fe, K, Mn, Ni, Pb, Sr, Ti and Zn values are at the 95% 
significance level (−1 < En < 1) of both certificates, 
while Al, Ca, Mg and Si are not certified for IAEA-
SL1. The elements As, Cu, Ga and V are below the 
minimum detectable concentration (MDC).

Fig. 2  Quality control of the analytical procedure for SRM-
1646a and IAEA-SL1 certificates
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Surface sediment

According to Table  1, the average of the concentra-
tions of the some elements in sector B (Itapessoca 
Island) is close to an arithmetic mean between the 
concentrations of sediments collected in sectors A 
and C. Despite this, the sampling system does not 
allow to us state that sector B is a mixing zone of 
marine and terrestrial materials. The average con-
centrations of zinc and lead found in all surface sedi-
ment samples are below the TEL values (124 mg 
 kg−1 and 30.2 mg  kg−1, respectively), although the 
maximum values of Pb concentrations (24 mg  kg−1) 
in the sectors B and C are close to the TEL in some 
points. Considering only the maximum values, the 
surface sediments reveal that sector A had the low-
est concentrations of the elements. Sector B showed 
the highest maximum concentration of elements com-
monly associated with fine particles, such as Al, Fe, 
Mn and trace metals Ni, Zn and Pb (Kouassi et  al., 
2018). For the nickel element, all concentrations of 
were below the TEL and PEL values — 18 mg  kg−1 
and 35.9 mg  kg−1, respectively, except for the maxi-
mum concentration value (19 mg  kg−1), which was 

higher than the TEL value in C2. In contrast, sector C 
showed higher maximum concentration for Ti and Si 
elements, commonly associated with coarse sediment 
fractions, together with Ca, Sr, K and Mg associated 
with marine sediment.

Factorial analysis supported the identification 
of intercorrelation patterns between the variables, 
allowing a geochemical characterization of the sedi-
ment samples. Three factors were extracted, explain-
ing 82.1% of the variance. The results of the factorial 
analysis for the three factors solution can be seen in 
Table 2.

The factor 1, denominated “fine sediments”, pre-
sents high positive load for Al (0.89), Fe (0.99) and 
Zn (0.91) and high negative load for Si (−0.81), 
denoting the presence of two groups: Al, K, Fe, Mn, 
Mg and Zn, usually associated with fine sediment 
particles, and Si, associated with coarse particles 
(quartz). Negative correlations between Fe–Si and 
Al–Si were also reported by Delgado et  al. (2010). 
Factorial loads represent higher proportions of fine 
sediments in sector B (Itapessoca) at points P1, P2, 
P3 and P4, as seen in Fig.  3. In sectors A and C, 
the fine fractions tend to be proportionally smaller, 

Table 1  Descriptive statistics for the surface sediment sam-
ples collected in sectors A (P6–P10), B (P1–P5) and C (P11–
P20) in milligrams per kilogram (Dm, descriptive measure; 

Min, minimum; Max, maximum; Med, median; Sd, standard 
deviation; n, no. of samples; AM, arithmetic mean)

Sector DM Mn Fe Ni Zn Pb Sr Ti Mg Al Si K Ca

A Min 94 7800 3 11 11 251 3157 4868 16652 219400 7710 48960
Max 144 16000 14 36 20 578 3873 7564 49810 331500 11560 75300
Med 122 11000 5 20 16 481 3373 6786 41420 256000 10500 55540
AM 119 11440 7 21 16 454 3452 6335 37115 260920 10082 60760
Sd 18.9 3285.3 4.3 8.9 3.4 121.7 298.5 1199.2 12542.9 43715.2 1443.1 11391.7
n 5 5 5 5 5 5 5 5 5 5 5 5

B Min 113 9100 6 20 14 475 3015 6174 27749 196500 9090 61880
Max 164 19600 19 46 24 942 4190 8247 78254 264400 12000 90930
Med 134 15000 11 25 18 757 3609 7439 59442 225700 10750 78980
AM 137 14420 12 31 19 749 3636 7339 53240 229200 10704 78892
Sd 19.8 4183.9 5.3 11.2 4.1 171.3 484 830.8 20262.5 28330.6 1120.8 11803.1
n 5 5 5 5 5 5 5 5 5 5 5 5

C Min 129 7000 1 2 8 562 3357 1135 11369 219800 9030 69260
Max 161 9800 9 22 24 1090 5163 11014 43254 2629200 14450 131260
Med 138 8500 5 16 11 733 3828 6952 26905 252400 12725 104940
AM 141 8500 5 14 12 770 3966 7272 25992 493370 12217 101011
Sd 11.5 1088.3 2.5 6.2 4.7 163.2 573.5 2771.2 11505.3 750842.1 1926.6 20763.8
n 10 10 10 10 10 10 10 10 10 10 10 10
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contrasting with an increase in the detritus fractions 
of Si, especially in sector C, located in an area under 
the influence of the Rio Botafogo and the ocean.

Factor 2 distinguishes sediments based on the con-
traposition between quartz (Si) and carbonates (Ca), 
two chemically distinct groups, exhibiting negative cor-
relation for metalloid Si (−0.51), high positive factorial 
load for Ca (0.90) associated with carbonates and high 
load for K (0.97). This is because the distributions of K 

and Ca are commonly related to drainage basin lithol-
ogy, which explains a higher percentage of K associated 
mainly with sedimentary feldspar (Araújo et al., 1998). 
The increasing tendency of Ca at estuary points flow-
ing into the sea is a result of the sediment mixing with 
materials originating from the adjacent marine plat-
form, including biogenic material. Oliveira et al. (2017) 
observed an import of marine biogenic sandy gravel sed-
iments, which are brought by the high tide to the lower 

Table 2  Factorial 
analysis results for surface 
sediment and individual 
explained variance for each 
factor. The estimation of 
communalities is given by 
SMC (squared multiple 
correlation)

Chemical element Factor 1 Factor 2 Factor 3 Communality 
(SMC)Fine sediments Marine sediments Coarse sediments

Mn 0.023 0.22 0.79 0.69
Fe 0.99 −0.06 −0.09 0.99
Zn 0.91 −0.13 0.26 0.93
Sr 0.09 0.68 0.54 0.83
Ti −0.08 −0.02 0.73 0.58
Mg 0.18 0.77 −0.02 0.79
Al 0.89 0.22 −0.31 0.97
Si −0.81 −0.51 −0.02 0.98
K 0.10 0.97 0.2 0.94
Ca −0.15 0.90 0.2 0.89
Explained variance% 39.3 28.9 13.9 -

Fig. 3  3D scatter plots of 
factor 1, against factor 2 
and factor 3 indicate the 
sample provenance P4
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Itapessoca estuary, through the discharge of the system 
(Barra de Catuama), at each tidal cycle. However, fac-
tor values suggest that higher factorial loads associated 
with sector B (P1 to P5) may be justified by the lime-
stone deposits, abundant in the region (Beurlen, 1967) 
and outcropping in the areas immediately adjacent to the 
sediment core C2 and sampling stations B. Thus, factor 
2 has been called “marine sediments”, whose elements 
are associated with both shallow marine detritus and the 
carbonate depositional system, also of marine origin.

Factor 3, named “coarse sediments”, explains the 
distribution of higher granulation particles of the sur-
face sediment, considering the higher load values for 
Ti, usually associated with heavier mineral particles 
(Araújo et al., 2002). For factor 3, Si presents a charge 
very close to zero (−0.02), denoting little representa-
tiveness in this factor, probably associated with the 
minor influence of siliciclastic of the Gramame Forma-
tion (Barbosa et al., 2007). The higher factor loads of 
Ti in samples collected in sector C, more specifically at 
points P11 to P15, indicate a greater marine influence 
concerning the composition of this sediment, directly 
related to the closer proximity to the system outflow 
(Barra de Catuama) in relation to the collection stations 
of A and B, probably due to the presence of ilmen-
ite  (FeTiO3) and rutile  (TiO2), common in the region 
(Valença & Souza, 2017). Ilmenite can be transformed 
into leucoxene due to the loss of iron in its structure 
during the natural weathering process, implying a 
progressive enrichment of titanium (Deysel, 2007), 
which justifies lower iron loads for the factor. For the 
other points, the factor 3 values reflect a mobilization 
of heavy minerals, with a tendency to accumulate non-
resuspended materials at points less influenced by the 
estuarine hydrodynamics. The higher loads for the Mn 
element, on the other hand, suggest that this sediment is 
related to the limestone from the Gramame Formation, 
whose carbonates have high levels of Mn (Nascimento-
Silva et al., 2011).

Sediment core — geochemical normalization, 
concentrations and ratios between chemical elements

Geochemical normalization

Considering the significance of the adjusted determi-
nation coefficients, Fe was best for the normalization 
of most elements. Al showed slightly better correla-
tion only with Ni, Pb and Si (Table 3).

The chemical element concentrations in the profiles 
and enrichment factor

The results of the elements Al, Ca, Fe, K, Mg, Mn, 
Ni, Pb, Si, Sr, Ti and Zn concentrations in analytes of 
the two cores are summarized in Table 4. Higher con-
centrations for the elements Fe, Al and Si and lower 
concentrations for Mn, Pb, Zn and Ni are observed. It 
is noted that, in general, the C2 core presents higher 
concentrations for Mn, Fe, Ni, Pb, Al, Sr and Ca, con-
sidering the maximum values, which denote greater 
relationship with limestone, given the proximity with 
outcrops of local carbonate source rocks. Differently, 
the C1 sediment core presents higher maximum val-
ues of Si, which denotes its greater association with 
siliceous terrigenous sediments. Thin to thick silica 
sand palimpsests are the main components of the 
unconsolidated sediments that make up the coastal 
plains, beaches and estuarine-lagunar channels of 
Pernambuco state (Manso et al., 2018).

The enrichment factor ranges for the metals and 
metalloids analysed in C1 were as follows: Mn 
0.29–0.49 (mean 0.39), Ni 0.37–0.52 (mean 0.88), 
Zn 0.65–1.15 (mean 0.85), Pb 0.96–2. 80 (mean 
1.67), Sr 0.75–5.12 (mean 1.67), Ti 1.91–2.98 (mean 
2.35), Mg 0.77–1.41 (mean 1.01), Al 0.89–1.41 
(mean 1.19), Si 1.15–2.02 (mean 1.53), K 0.65–0.98 
(mean 0.8) and Ca 0.69–6.22 (mean 2.52). For C2 
are Mn 0.32–0.45 (mean 0.39), Ni 0.56–1.43 (mean 
0.98), Zn 0.76–1.08 (mean 0.92), Pb 0.96–3.14 
(mean 1.68), Sr 2.05–5.49 (mean 3.76), Ti 1.89–2. 

Table 3  Adjusted coefficients of determination (R2) values 
between Fe and Al and the other elements (95% confidence 
interval)

Dependent 
variable

Fe Al

Adjusted R2 p Adjusted R2 p

Ca 0.291 <0.0001 0.005 0.2334
K 0.708 <0.0001 0.468 <0.0001
Mg 0.411 <0.0001 0.165 0.0001
Mn 0.719 <0.0001 0.534 <0.0001
Ni −0.027 0.7714 0.139 0.0239
Pb 0.186 0.0369 0.208 0.0281
Si 0.294 <0.0001 0.435 <0.0001
Sr 0.719 <0.0001 0.028 0.0697
Ti 0.874 <0.0001 0.624 <0.0001
Zn 0.792 <0.0001 0.754 <0.0001
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29 (mean 2.05), Mg 0.66–1.38 (mean 0.93), Al 
1.03–1.51 (mean 1.32), Si 0.99–1.54 (mean 1.22), 
K 0.55–0.84 (mean 0.67) and Ca 2.32–6.32 (mean 
4.24) (Fig.  4). K, Mn and Zn metals are unen-
riched in both C1 and C2 — the zinc concentrations 
between 20 and 55 mg  kg−1 in both controls imply 
little enrichment, with values below TEL values 
(124 mg  kg−1). Mg and Ni reveal poor enrichment 
(Figs. 4 and 5), not anthropogenic. For the sediment 
cores, there is a difference in the distribution table 
between elements associated with fine and coarse 
sediment fractions: in general, the C1 core has more 
Si enrichment and less Al enrichment compared to 
the C2 core.

Although the poor enrichment (< 1.5) of the alu-
minium element in C1 and C2 cores indicates ori-
gin in natural processes, the highest peaks occur in 
the 1960s: 1963 (EF 1.41) in C1 and 1969 (1.49) 
in C2 (Fig.  5). In general, Ti and Si present little 
enrichment and a slight tendency towards impov-
erishment, with little variation along the profiles, 
although there were some oscillations. In C1, the 
most prominent peak of Ti occurred in 1963 (EF 
2.98) and in C2, in 2009 (EF 2.29). For Si, there was 
a peak from 1952 (EF 2) in C1. In C1, enrichment 
peaks for Ca, Mg, Mn and Si elements are notice-
able in 1934. After 1934, there was a decrease in 
the enrichment factors, with subsequent enrichment 

Table 4  Descriptive 
statistics with results of 
analyte concentrations from 
the sediment cores (D.M, 
descriptive measurements; 
Med, median; Max, 
maximum; Min, minimum; 
AM, arithmetic mean; Sd, 
standard deviation; n, no. of 
samples)

Core D.M Mn Fe Ni Zn Pb Sr Ti Mg Al Si K Ca

C1 Med 123 15600 13 30 28 373 3552 6775 48566 235647 11504 54503
Max 150 18696 15 47 30 813 4203 8967 61675 276094 12312 84311
Min 101 13116 12 20 24 126 2956 5261 33812 210210 10142 10098
AM 122 15934 13 31 28 458 3560 6837 48805 238391 11323 47768
Sd 12 1683 1 6 2 266 340 954 7027 18911 660 27688
n 32 32 8 32 5 32 32 32 32 32 32 32

C2 Med 137 17133 13 34 30 812 3363 7062 59941 218884 10864 78412
Max 175 22524 19 38 40 1015 4196 8940 82983 235017 11615 97300
Min 120 15057 12 26 24 512 3138 5713 46736 188591 10036 49705
AM 139 18316 14 33 30 775 3568 7132 62219 216941 10843 74865
Sd 15 2601 2 3 5 155 360 851 11909 11473 374 15186
n 24 24 16 15 8 24 24 24 24 24 24 24
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Fig. 4  Box plots of enrichment factors for metals and metalloids in C1 and C2 cores
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of the elements Al, Ca, K, Mg, Mn, Si and Sr in 
1952. In C2, there was an increase in the enrich-
ment factors of the elements Al, Ca, Mg, Sr, Ti and 
Zn in 1969. After that, the enrichment of the other 
elements did not accompany the enrichment of Ca 
and Sr — the Ca, which presented low enrichment 
until 1982, started to present severe enrichment in 
1994. The Sr, in turn, was little enriched until 1986, 
starting to be severely enriched from 2005.

The Ca and Sr concentrations were the most 
enriched in both cores (Figs. 4 and 5). In C1, the Ca 
enrichment occurs from 1966 (EF 1.15), with peaks 
in 1979 (EF 5.35), 1984 (EF 6.22) and 1996 (6.10). 
Since then, there has been a retreat and the severe 
enrichment has been moderate. In C2, Ca has shown 
little enrichment since 1966 (EF 2.32), but moderate 
enrichment in 1982 (EF 3.15). From 1994, the enrich-
ment has been severe (EF 5.06), with highest peaks 
in 1996 (EF 6.32) and 2005 (EF 6.07). Unlike C1, 

the behaviour of Ca in C2 does not show significant 
attenuation and the enrichment remains severe up to 
the most recent layers. The behaviour of the Sr ele-
ment follows the behaviour of the Ca element in both 
cores. The persistence of the severe enrichment of 
Ca and Sr in C2 may justify the higher rate of sedi-
mentation of this core, collected in a place strongly 
influenced by limestone mining for Portland cement 
manufacture, whose industrial plant is installed in the 
Itapessoca island, officially in operation since 1951 
(Brazil, 1951), fact that justifies the behaviour of 
some elements around 1950.

For toxic metal Pb, some samples showed concen-
trations below the detection limit of the method; how-
ever, the remaining samples (5 samples in C1 and 9 
samples in C2) were sufficient to identify enrichment 
in both cores. In C1, all layers analysed showed poor 
Pb enrichment, with higher values in recent layers 
and all concentrations below TEL values. Barcellos 
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et  al. (2017) found Pb concentrations with similar 
enrichment (EF < 3) in deposits collected from the 
Capibaribe River estuary, which is about 45 km from 
Itapessoca Island and attributed the geogenic origin 
to Pb enrichment. In C2, in the 12-cm-deep layer, 
which corresponds to the year 1999 (Albuquerque 
et al., 2019), the concentration of Pb exceeds the TEL 
reference value (30.2 mg  kg−1), reaching 40 mg  kg−1 
of Pb. The layer at 18 cm in C2 (1990) (Albuquerque  
et al., 2019) also presents values above the TEL lim-
its, with 33 mg  kg−1 Pb. The moderate enrichment 
of Pb in C2 since 1978 could be related to sugarcane 
cultivation, because the application of fertilizers and 
pesticides contributes to the increase of toxic met-
als in the soil and sediments, such as Cr, Zn and Pb 
(Yadav et  al., 2009). It should be noted, however, 
that (1) the sugarcane monoculture in the region has 
been going on since the sixteenth century (Schwartz, 
2005); (2) curiously, it is observed that Pb in C1 has 
been enriched since 1927. In these circumstances, it 
cannot be safely said that sugarcane monoculture is 
responsible for the enrichment of Pb, because the 
import and use of organosynthetic pesticides in Bra-
zil took place around 1950 (Moragas & Schneider, 
2003). The region also has old calcination furnaces 
— vestiges of lime production for civil construc-
tion, built by Portuguese and Dutch colonialists in 
the seventeenth century (Santos & Oliveira, 2015); 
however, this fact does not justify the enrichment of 
Pb in the 1920s, being more likely that enrichment in 
this period is associated with the urban development 
of the Recife Metropolitan Region (RMR). In C2, 
it was only possible to identify Pb enrichment from 
1978 onwards. Albuquerque et  al. (2019) reported a 
peak Hg increase in sediment core collected on the 
Itapessoca island around 1980. Although there is 
some relationship between Pb and Hg enrichment in 
the environment due to the proximity of events, geo-
chronological evidence indicates a higher relation-
ship between Pb enrichment and the cement industry 
— in C1, it was possible to identify an increase in Pb 
enrichment from 20 mg  kg−1 in 1927, to 27 mg  kg−1 
in 1948 (increase of 35%), a bit before the official 
start of operation of industry-scale limestone mining 
and cement manufacturing. The cement industry can 
contaminate the soil through emissions of particu-
late matter released by calcination furnaces, with the 
emission of toxic metals originating from the burning 
of raw materials and mainly fuels used in the clinker 

production process (Freitas & Nóbrega, 2014) — up 
to 1993 Pb was used as a gasoline additive in Brazil 
(Ministério do Meio Ambiente, 1993). Part of the Pb 
retained and accumulated in old diagenetic processes, 
associated with local sources, for example, the car-
bonate sediments themselves (Barcellos et al., 2017), 
may have been made available through burning. 
Cement dust released by industry may contain toxic 
metals such as lead, chromium, nickel and mercury 
(Baby et  al., 2008). Holban et  al. (2015) report that 
the air pollutants generated by the cement industry 
produce significant pollution: they found a concentra-
tion of 41.9 mg  kg−1 of Pb in a soil sample near a 
cement plant. A similar value has found in the present 
work, of 40 mg  kg−1 in C2 (Itapessoca Island).

The concentration of the analysed elements is sub-
ject to local hydrology, because salinity and total sus-
pended solids (TSS) tend to be lower during the rainy 
season (Albuquerque et al., 2019). Despite the higher 
contribution of fine sediment and higher dilution of 
the elements, in the rainy season, under appropri-
ate hydrodynamic conditions, the fine sediments are 
enriched and precipitated, enriching the deep sedi-
ments (Xavier et al., 2016). It is conceivable that the 
concentration of many elements is associated with the 
cycles and scales of limestone/cement production. In 
this context, Albuquerque et al. (2019) noted that the 
decrease in mercury (Hg) concentration along with 
the release of this element into the environment was 
associated with a decrease in the operation of mining 
activities on Itapessoca Island, where suspended sedi-
ments and residual organic matter from mining would 
act as the adsorption medium for Hg.

Ratios between chemical elements

The superficial sediments had low Mg/Ca ratios 
(0.008 to 0.13). This means that the relations between 
Ca and Mg are more compatible with the ratios pre-
sent in carbonates from the Gramame Formation (0.02 
to 0.09), indicating that it is more exploited in the 
region than the carbonates from the Itamaracá For-
mation (around 0.5), for example (Nascimento-Silva 
et al., 2011). The mean Mg/Ca ratios were within the 
range of the Gramame Formation (0.02–0.09) for both 
cores; however, in C2, the Mg/Ca ratios are closer: in 
C1 0.062 to 0.63 (mean 0.22) and in C2, 0.06 to 0.14 
(mean 0.09). The increase in the Mg/Ca ratio found in 
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C1 reveals a sharp peak in 1948, reinforcing the pos-
sibility that limestone mining on the island of Itapes-
soca began before the concession for cement pro-
duction in the 1950s, also corroborated by the more 
enriched contents of Pb. This is possible considering 
the existence of the installation phase before the oper-
ation and marketing stages of the limestone/cement 
production chain. The decline of the Mg/Ca ratio from 
the 1960s in C1 and C2 cores seems to be related 
to the enrichment of Ca and Sr caused by limestone 
mining. The results of Mn/Sr ratios indicated that all 
samples in the C1 and C2 cores had Mn/Sr < 2 ratios, 
not indicating diagenetic alteration, as mentioned by 
Jacobsen and Kaufman (1999). The Mg/Ca and Mn/
Sr ratios are shown in Fig. 6. The Mn/Sr and Mg/Ca 
ratios indirectly point to a decrease in Fe (most visible 
in C1), considering that Ca is a typical anti-Correlate 
of Fe and other earth elements (MacLeod et al., 2001).

The higher concentration of Fe in C2 denotes ter-
restrial origin associated with mining (Fig.  7). The 
Al/Fe ratio increases slightly in the C1core in mid-
1950. In C2, the Al/Fe ratio increases quite sharply, 
with a more evident increase in the 1980s. The Si/Fe 
ratio in C1 shows many oscillations, but with slight 
depletion over the years in C1, with an increase in 
the Al/Fe ratio. In summary, the Ti/Fe, Si/Fe ratios 
indicate an increase in the Ti and Si ratios in C2 and 
a slight depletion in C1. The Al/Fe ratio indicates 
an increase in the proportion of aluminium in both 
ratios, although there is a more marked increase 
in C2 from 1965 onwards, when there is also an 

increase in the Si/Fe ratio in C2. Considering the 
above, it can be concluded that there is a decrease 
in the proportion of denser elements associated with 
thicker sediment, an increase in the proportion of ele-
ments associated with finer fractions of sediment and 
a lower proportion of quartz sand in C1. In C2, the 
availability of silica components from mining and 
limestone processing waste on the island of Itapes-
soca may explain the increased proportion of Al, Ti 
and Si in C2. Clays are one of the largest impurities 
in carbonated rock: alumina, silica and iron oxides 
in the form of clay minerals are the most common 
(Sampaio & Almeida, 2005). This also includes the 
leaching of exhausted mines. One should also con-
sider the proximity of outcrops of the carbonate 
source rock and the resulting natural contribution of 
limestone sediments from the Gramame Formation 
to C2. The terrestrial material and marine carbonates 
reason expressed by Fe/Ca indicates an increase in 
the proportion of Ca in the two cores; however, there 
is a sharp drop in the Fe/Ca ratio in C1, from a peak 
in 1952. The Mn/Fe ratio shows an almost stationary 
behaviour along the C1 and C2 profiles, with peaks 
revealing suboxic conditions; however, the diage-
netic formation of carbonates still depends on avail-
able metabolizable organic matter (Coleman et  al.,  
1993) and on concentrations of dissolved oxygen 
and sulphate ions in the interstitial water of the pores 
(Curtis, 1987). The concentrations of Fe (in mg  kg−1) 
and the Fe/Ca, Al/Fe, Mn/Fe, Si/Fe and Ti/Fe ratios 
over time can be seen in Fig. 7.

Fig. 6  Mg/Ca and Mn/Sr 
ratios in C1 and C2 cores
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As mentioned, the Mn/Sr, Mg/Ca and Fe/Ca ratios 
indicate an increase in the proportion of these ele-
ments in the two cores, again suggesting the influence 
of mining on local sedimentation through the greater 
contribution especially of Ca and Sr. The availabil-
ity of these and other elements through the loading 
of suspended particulate material (MPS), total sus-
pended solids (TSS) and consequent accumulation of 
sediment in the study area seems to have favoured, for 
example, the advancement of the mangrove swamp, 
generating positive feedback on account of the man-
grove’s own nutrient retaining nature (Tam & Wong, 
1993). Pélage et  al. (2019) reached similar conclu-
sions and found general growth in the mangrove sys-
tem attributed to increased salinity. The high rates of 
sedimentation observed in both cores (C1: 0.84 ± 0.07 
cm  year−1 and C2: 1.03 ± 0.22 cm  year−1) when com-
pared, for example, with the rate of the mid and low 

Capibaribe estuaries 70 km south, 0.55 cm  year−1 and 
0.44 cm  year−1, respectively (Barcellos et  al., 2017; 
Xavier et  al., 2016), corroborate these geochemical 
indications, which may be related to the high mobil-
ity and morphosedimentary dynamics of intertidal 
banks, associated with the expansion of the fringe of 
mangroves adjacent to C1 and C2 cores.

Conclusion

The analysis of superficial sediments and sediment 
cores suggests the influence of both natural and 
anthropic components in the sedimentation pro-
cess. The geochemical composition of the super-
ficial sediments enabled the identification of three 
factors related to finer terrestrial material, coarser 
sediments and calcareous/carbonate sediments of 

Fig. 7  Fe concentration for both cores. Al/Fe, Fe/Ca, Mg/Ca, Mn/Fe, Mn/Sr, Si/Fe and Ti/Fe ratios in C1 and C2 cores
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marine origin. The variations in the distributions 
of elements such as Al, Fe and Si seem to reflect 
different granulometric fractions, since Si is the 
main constituent of coarse particles (quartz), while 
Al and Fe compose the enrichment of clay miner-
als. The multielementary approach also allowed 
the identification of the variations in the concen-
trations of the elements for the two deposits, sig-
nalling geochemical changes in the sedimentation 
of the points sampled in the Itapessoca Estuarine 
Complex. This assertion is supported by radiomet-
ric dating, which identified a higher sedimentation 
rate in C2, a strong indication of the influence of 
cement industry and limestone mining, officially in 
operation since the 1950s. The quantitative analysis 
of the elements in the sediment cores in association 
with radiometric dating enabled the identification of 
a change in the element ratios associated with fine 
fractions and greater sediment granulation, with an 
increase in elements associated with fine fractions 
and associated with carbonates from mining.

These ratios between the chemical elements 
which reinforce the results of the enrichment factors 
assist in the understanding of two important issues 
involving the geochemistry of local sedimentation: 
(1) recent sediments have their origin mostly in the 
region’s own carbonate system, especially the Gra-
mame Formation; (2) there is a clear increase in 
the proportion of elements associated with carbon-
ates in periods very close to the official start of the 
operational phase of limestone mining and cement 
manufacturing. From the evidence, it can be con-
cluded that man-made activities related to mining 
and cement manufacturing have disturbed local sed-
imentation, leading to increased concentrations of 
the toxic metal lead in the region.
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