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Abstract The failure of a tailings dam occurred in 
January 2013 at the Santa María de Otáez mining 
region (Mexico) released a spill (~ 300,000   m3) on 
Los Remedios River, which was transported through 
the San Lorenzo River, and finally to El Comedero 
(EC) dam. The concentrations of metal(loid)s in the 
muscle, liver, gills, and guts of three fish species 
(Cyprinus carpio, Oreochromis aureus, Micropterus 
salmoides) collected from EC dam were examined 
twenty months later to assess the performance of 
the cleaning operations. The bioaccumulation pat-
terns of the metal(loid)s in the tissues were different 
in the three fish species. Tilapia had the highest Cd 

(11.23 ± 8.53  µg   g−1) and Cu (871 ± 1261  µg   g−1) 
concentrations in the liver, as well as As concentra-
tion (83.6 ± 61.7 µg  g−1) in the gut, while the highest 
Zn concentration (745 ± 356 µg  g−1) was measured in 
the gills of the carp. Such variability can be caused by 
the variant bioavailability of the metal(loid)s and by 
the feeding habits of each species; and also by the fact 
that some metals are essential and better regulated 
by organisms than other non-essential. Compared 
to a study of tilapia carried out 90  days after mine 
spill, a decrease was evident in the liver for As, Cd, 
Cu, and Zn by 129, 5, 10, and 1.7 times, respectively. 
This revealed that cleaning operations were more effi-
cient for As. The target hazard quotient and the haz-
ard index were < 1, which indicates there will be no 
risk of consuming muscle in moderated rations of the 
three fish species.
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Introduction

Past and present mining activities are among the most 
common sources of highly toxic chemical substances 
in aquatic and terrestrial ecosystems. The discharge 
of large quantities of materials occurs either directly 
from milling plants, or indirectly through accidental 
impoundment failures. Tailings are among the main 
wastes that are often stored in impoundments behind 
dams, which can fail and have subsequent environ-
mental, economic, and human health impacts (Kos-
soff et al., 2014). The mining industry is expected to 
grow in the coming decades, following the trends in 
metal demand, which has increased due to a growing 
world population and high per capita requirements 
(Elshkaki et al., 2016). These trends can cause a seri-
ous problem concerning the disposal and manage-
ment of an increasing volume of waste generated by 
the mining industry. Besides, poorly constructed and/
or heavily charged dams eventually lead to the rup-
ture of reservoirs, resulting in frequent (two or five 
per year in the world) accidents that spread pollut-
ants into vast areas (Kossoff et al., 2014). The chemi-
cal composition of tailings from mining activities 
depends on the mineralogy of the ore body, nature 
of the processing fluids, efficiency of the extraction 
process, and the degree of weathering during storage 
in the dam impoundment. Metal(loid)s are present 
in tailings since no extraction reaches complete effi-
ciency; As, Cd, Cu, and Zn, among other elements, 
generally exhibit high concentrations (Kossoff et al., 
2014).

In Mexico, mining is a traditional economic 
activity mainly dedicated to the production of Cu, 
Zn, Pb, Ag, Fe, and Au. On the continental margin 
of the Gulf of California, numerous sites of mining 
interest were or are being exploited (Páez-Osuna 
et  al., 2017). Therefore, the frequency of spills 
associated with mine tailings and dam failures in 
the Gulf of California eco-region is relatively high. 
Between 2013 and 2021, at least nine accidents of 
different magnitudes (10,800–300,000  m3) have 
occurred (Páez-Osuna et  al., 2022). Most of them 
originated on the continental margin of the Gulf. 

Except for the accidents of Cananea (Sonora) and 
Santa María Otáez (Durango), no other studies 
were carried out to assess the environmental impact 
and eventually implement any remediation for the 
remaining spills.

In January 2013, a mine spill (~ 300,000   m3) 
affected Los Remedios (LR) River (a tributary of San 
Lorenzo River), upper San Lorenzo River, and El 
Comedero (EC) dam (Fig. 1). This had a major impact 
on the waters and suspended sediments (Páez-Osuna 
et al., 2015), and it also caused massive fish mortal-
ity (Páez-Osuna et  al., 2022). In September 2014, 
twenty months after the mine spill (~ 17 months after 
the massive fish mortality), the situation changed 
in the spill-affected section (Fig.  1) of the San Lor-
enzo River and EC dam. An emergency soil clean-
up procedure was implemented after the accident 
during a short term (1–2  weeks), which consisted 
simply in remove mechanically the sludge covering 
the site of discharge of LR River. Even with those 
clean-up operations, the affected zone could exhibit 
high/residual concentrations of metal(loid)s. Thus, 
twenty months after the mine spill, we collected a set 
of samples from the EC dam of three fish species to 
assess the bioaccumulation of As, Cd, Cu, and Zn in 
the muscle, gill, liver, and gut of the common carp 
C. carpio, the blue tilapia O. aureus, and the large-
mouth bass M. salmoides. We tested the hypothesis 
that three fish populations with different feeding habit 
exhibit variable accumulation of metal(loid)s in an 
ecosystem previously affected by a mine-tailing spill. 
A second hypothesis is that twenty months after mine 
spill (17  months after massive mortality) a reduc-
tion of the metal(loid) concentrations in fish should 
be reached; and, finally, this reduction must be suf-
ficient so that the muscle does not represent a risk to 
the health of consumers. Therefore, this study has the 
following aims: (1) to determine the concentration of 
metal(loid)s in the three fish species to evaluate the 
differences among fishes and tissues; (2) to assess the 
performance of cleaning operations and pollution sta-
tus through the blue tilapia O. aureus growing in the 
spill-affected dam twenty months after the accident, 
and to compare these results with those obtained 
from the blue tilapia during the massive mortal-
ity event that occurred 3 months after the mine spill 
(Páez-Osuna et al., 2022); and (3) finally, the poten-
tial health risk associated with human consumption of 
muscle of these three fishes was estimated.
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Materials and methods

Study area

El Comedero dam, located (24° 30′ N; 106° 45′ W) 
in the southeastern Gulf of California (Mexico), 
has a surface of ~ 9200  ha and a volume from 400 
to 1900   Mm3 (Fig.  1). The dam can reach a depth 
of 70 m and surficial water temperature ranges from 
21.9  °C in January to 31.2  °C in June. It receives 
waters from the upper San Lorenzo River, which is 
formed in the Sierra Madre Occidental. The com-
mon carp C. carpio, the largemouth bass M. sal-
moides, and the blue tilapia O. aureus were intro-
duced in EC dam for economic, alimentary, and 
tourism purposes (Beltrán Álvarez et  al., 2015), 
tilapia being the main inhabitant of this dam.

Sampling and chemical analysis

A total of 45 fishes were collected in EC dam 
(Fig.  1): C. carpio (n = 7), M. salmoides (n = 22), 
and O. aureus (n = 16). Each specimen was meas-
ured, weighed, and dissected to separate the liver, 
gills, guts, and a portion of muscle (Table  1). Due 
to the limited availability of carp, only seven speci-
mens were worked. Finally, the separated fish tissues 
were preserved in a freezer (−20 °C) for subsequent 
laboratory analysis. The guts with their content were 
examined to evaluate the metal(loid)s levels in the 
diet of the fish. The separated tissues of the three 
fish species were lyophilized (72  h, − 52  °C and 
75 ×  10−3  mbar), pulverized, and homogenized in a 
semiautomatic agate mortar. Acid digestion (5 mL of 
concentrated (~ 70%) nitric acid, Instra-analyzed J.T. 

Fig. 1  Illustration of the spill-affected zone along the Los Remedios River-Upper San Lorenzo River-El Comedero dam (orange 
color); right extreme corresponds to the discharge site where the mine tailings and dam failure occurred
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Baker) of duplicate aliquots (0.250 g) was carried out 
using Teflon vials (Savillex) at 125  ºC for 3 h (Ber-
gés-Tiznado et  al., 2015). Only livers were digested 
using 2 mL of  H2O2 (30%) and 3 mL of concentrated 
 HNO3. Analyses of tissue samples were made by 
AAS. Arsenic was analyzed by AAS with a Zeeman 
correction background effect coupled to a graphite 
furnace oven (AAnalyst 800, Perkin-Elmer). A matrix 
modifier, a solution of Pd(HNO3)2 and Mg(NO3)2, 
was used in each sample atomization for this metal-
loid. To assess the accuracy of the employed proce-
dure, a reference material for fishes DOLT-4 (dogfish 
liver) NRC-CNRC (2008) was analyzed. Concentra-
tions of the analyzed elements were within the certi-
fied values (recoveries 92.2–105.9%, Table 1S). Pre-
cision fluctuated from 0.7% for Cu to 5.2% for Cd. To 
assess contamination, one blank for every 10 samples 
was analyzed using this procedure.

Risk assessment

The non-cancer risk assessment was calcu-
lated as the individual target hazard quotient 
(THQ) and the sum of THQs as the hazard 
index (HI) by comparing and estimate of expo-
sure to a reference dose (RfD) for oral expo-
sures (EPA, 2005): THQ = [EF  ×  ED  ×  FIR  ×  C/
RfD × BW × AT] ×  10–3 and HI = ΣTHQ, where EF 
is an exposure frequency of 365 days  year–1, ED is 
a 70-year exposure period, C is the mean concentra-
tion of the element (mg  kg−1), BW is the popula-
tion body weight of 75, 65 and 20 kg for adult men, 
female and children (3–5  years old), respectively, 
AT is the average exposure of 25,500 days and FIR 
means the food ingestion rate under two different 
scenarios of consumption. One according the spe-
cific fish species and the second under an intake 

ration of 200  g  week–1 (28.6  g  day–1) equal to the 
total fish consumption rate per capita of Mexico in 
2020 (SEMARNAT, 2021). The FIR considered for 
each species was for blue tilapia 15 g  week–1 (2.2 g 
 day–1), common carp 3 g  week–1 (0.4 g  day–1) and 
the largemouth bass 6.3  g  week–1 (0.9  g  day–1). 
There will be risk if THQ or HI > 1, the RfD data for 
As, Cd, and Zn were taken from the IRIS Assess-
ment Base (EPA, 2022). It is important to indicate 
that the As average level was considered as inor-
ganic As (Asi) to be conservative about risks; also, 
Cu has not been evaluated. Finally, a safe intake was 
calculated according to the Provisional Tolerable 
Intake (PTI) per body weight (BW) set by the Joint 
FAO/WHO Expert Committee on Food Additives 
(JECFA). The data for each element were (WHO, 
2022): Cd 25 μg  kg−1  BWmonth−1; Cu 0.5 mg  kg−1 
BW  day−1; and Zn 0.3 mg  kg−1 BW  day−1. The PTI 
for As was withdrawn given the last data was con-
sidered no longer protective, with a best estimation 
exposure of 0.1–3  μg   kg−1 BW/day for Asi. Thus, 
the lower limit range was used to evaluate the risk 
(0.1 μg  kg−1 BW  day−1).

Statistical analysis

The databases were done in Excel and the variables 
were tested using STATISTICA (version 7, Stat-
Soft Inc.). The data were normally distributed and 
homoscedastic. The results were statistically com-
pared between tissues, species, elements and molar 
ratios by a one-way ANOVA and Tukey post-hoc 
tests. The associations or correlations established 
among the variables were assessed by a Product-
Moment Correlations test yielding an r statistic.

Table 1  Morphometric variables of species caught in El Comedero dam

O1 Omnivorous but feed primarily on plants, O2 Omnivorous (benthic) but also ingest detritus, P Piscivore (benthopelagic), SD 
Standard deviation, Different superscript letters indicate significantly different (p < 0.05) mean values between the variables of each 
species

Species Diet Total length (cm) Weight (g)

Min Max Mean ± SD Min Max Mean ± SD

C. carpio (n = 7) O1 36.5 47.0 40.3 ± 4.1c 625 1725 1002 ±  400c

O. aureus (n = 22) O2 21.0 34.0 26.3 ± 2.7a 165 670 315 ±  102a

M. salmoides (n = 16) P 24.0 38.0 31.9 ± 4.1b 170 740 490 ±  181b
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Results and discussion

On January 21, 2013, the dam of El Herrero pro-
cessing plant, in the Santa Maria de Otáez min-
ing region, NW Mexico, suffered a rupture and 
released ~ 300,000  m3 of mining tailing into RR 
(Fig.  1) (Páez-Osuna et  al., 2015). The tailing spill 
occurred ~ 150  km away from EC dam. Considering 
the current, sinuosity, and topography of LR (a tribu-
tary of the upper San Lorenzo River that flows into 
EC dam), the material spilled was probably trans-
ported in a period of ~ 35 days. Afterward, the trans-
ported material was accumulated at the entrance of 
EC dam, slowly increasing the volumes of mine tail-
ings in such a way that fishes were exposed to vari-
ous metal(loid)s causing massive (~ 3000  kg) fish 
mortality ~ 90  days after the mine spill occurred; 
The mortality of fish could have occasioned from the 
combined effect of the metal(loid)s, as well as other 
residues present in mine tailings (Páez-Osuna et  al., 
2022). This study was executed twenty months after 
the mine spill (~ 17  months after the massive fish 
mortality). During the subsequent 3–5  weeks of the 

spill, the situation changed on the spill-affected sec-
tion of RR; a clean-up procedure was implemented 
and the sludge was removed from most of the affected 
land. However, the affected zone could exhibit some 
pollution by metal(loid)s even with the clean-up 
operations.

Metal(loid)s in fish tissues

The specimens of the three fish species examined 
exhibited variable sizes (Table 1); however, they cor-
respond to pre-adults and adults. It is known that fish 
morphometrics and sex can influence metal(loid)
s tissue concentrations (Bergés-Tiznado et  al., 2015, 
2021; Páez-Osuna et al., 2022; Phillips, 1980). More-
over, few samples were available for the common 
carp (n = 7); then, it is assumed that results and com-
parisons are interpreted with caution because of that 
variability. However, here is made a robust descrip-
tion of the variability of metal(loid)s concentrations 
considering particularly the tissues of the three fish 
species considering their different feeding habits.

Fig. 2  Concentrations of As, Cd, Cu, and Zn (µg  g−1 ± SD, 
ww) in tissues of fish species: A common carp; B blue tila-
pia; and C largemouth bass. SD = standard deviation; differ-

ent superscript letters indicate significantly different (p < 0.05) 
mean concentrations between tissues of each species
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In general, the sequence of the element con-
centrations was different among tissues and fish 
species (Fig.  2). The sequence was equal only in 
the liver of the tilapia and the largemouth bass 
(Cu > Zn > Cd > As), as well as in the muscle of the 
carp and bass (Zn > Cu > Cd > As). In the remainder 
tissues of the three fishes, the sequence was simi-
lar, with the highest concentrations of Zn and/or Cu 
and the lowest of Cd or As (Fig.  2). Metal(loid) 
concentrations exhibited great variability in the tis-
sues, particularly in the liver and guts of the three 
fish species, being most remarkable in the guts of 
the common carp and blue tilapia. Such variability 
could be explained by the different habitats and dif-
ferent feeding habits of each species, as well as by the 
variable metal(loid) exposure associated with each 
habitat occupied by each fish species; the common 
carp is predominantly omnivorous but feeds primar-
ily on plants; the blue tilapia is omnivorous (benthic) 
but also ingests detritus; and the largemouth bass is a 
benthopelagic piscivore.

Common carp: The As mean concentration in the 
guts was significantly higher (F = 6.9, p < 0.05) than 
in the rest of the analyzed tissues, ranging from 0.08 
to 0.99 µg  g−1 wet weight (ww). Conversely, Cd con-
centration in the liver was higher (F = 8.8, p < 0.05) 
than in the guts, muscle, and gills (Fig. 2). The pat-
tern followed by Cu was similar to Cd, with higher 
averages in the liver. However, it exhibited simi-
lar mean Cu levels in the guts and the lowest in the 
muscle. Zinc concentration was higher in the gills 
(F = 15.2, p < 0.05) compared to the rest of the stud-
ied tissues, followed by the liver, guts, and muscle 
(Fig. 2). The morphometric variables of total length 
(TL) and weight in the common carp were not sig-
nificantly correlated (p > 0.05) to the measured ele-
ments in the studied tissues, except for Cu in the liver, 
which showed a tendency to decrease as the organism 
increased its TL and weight (Fig. 1SM).

Blue tilapia: The levels of As, Cd, and Cu in the 
blue tilapia followed the same tendency as the com-
mon carp, with significantly higher levels of As in the 
guts (F = 30.2, p < 0.05) in comparison with the rest 
of the tissues, and the highest Cd levels in the liver 
(F = 12.6, p < 0.05). The Cu found in the liver of the 
blue tilapia was higher (F = 11.9, p < 0.05) than in the 
guts, gills, and muscle. The content of Zn found in 
the liver of the tilapia was higher (F = 57.0, p < 0.05), 
but statistically there is no difference as the mean 

concentration found in the gills, followed by the guts; 
the lowest Zn concentration was found in the muscle 
(Fig. 2). None of the biometric data of the blue tilapia 
was significantly correlated (p > 0.05) with the meas-
ured elements in the studied tissues.

Largemouth bass: The highest As mean concentra-
tion (F = 12.2, p < 0.05) was found in the guts with a 
range between 0.19 to 9.08 µg  g−1 (ww), followed by 
the liver, gills, and muscle (Fig. 2). Significant differ-
ences were found between Cd concentration averages 
in the studied tissues (F = 3.6, p < 0.05); the highest 
was in the liver, but they were similar in the gills, and 
guts, while the lowest Cd concentration was found 
in the muscle. Moreover, the highest Cu levels were 
found in the liver, followed by guts, gills, and the 
lowest in muscle. The means of Zn concentration in 
the gills were significantly higher (F = 37.7, p < 0.05) 
than in the guts and muscle, but the mean Zn concen-
tration in the gills was comparable (p > 0.05) with 
the liver. The size (TL) of this fish was significantly 
correlated to As and Cd concentrations in the muscle 
and gills, as well as Zn concentration in the guts. Fur-
thermore, the same significant correlations (p < 0.05) 
were found between the weight and As concentra-
tion in muscle and gills, as well as Cd concentration 
in muscle and gills; weight was also negatively cor-
related to Zn (p < 0.05) concentration in the gills and 
guts (p < 0.05) (Table 2SM).

The accumulation pattern in the tissues was differ-
ent in the fish species and by metal(loid)s. In the three 
fish species, Cd and Cu were consistently higher in 
the liver than in other tissues, while Zn concentration 
showed a different pattern; in the tilapia, the liver had 
the highest level, while the carp and largemouth bass 
exhibited higher concentrations in the gills. Arse-
nic showed a different pattern that was consistent in 
the three fish species; the lowest concentration was 
observed in the muscle and the highest in the guts 
(Fig. 2). In general, this last pattern corresponds with 
some previous studies in freshwater (Yap et al., 2015) 
and marine (Páez-Osuna et al., 2017; Ruelas-Inzunza 
et al., 2011, 2020) fish species related to various types 
of organ exposures to the contaminated aquatic envi-
ronment in the dam as well as the organ specificity 
regarding the uptake, storage, regulation, and excre-
tion abilities (Bergés-Tiznado et  al., 2015) of each 
species. The high accumulation of Cd, Cu, and par-
tially Zn in the liver is directly associated with metab-
olism and respiration (Páez-Osuna et al., 2017), given 
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that diet and water are the main routes of capture and 
assimilation. The liver`s ability to accumulate these 
elements is a result of the activity of the metallothio-
neins, which interact with these elements reducing 
their toxicity (Yap et al., 2015). The metallothioneins 
induction in fish is well known to be high directly in 
tissues involved in metal(loid) uptake, storage, and 
excretion, such as the liver and kidney (Páez-Osuna 
et  al., 2017; Viarengo et  al., 2007). Other factors 
related to the high accumulation of metal(loid)s and 
metallothioneins in fish are the exposure time and the 
metal(loid) concentration.

The liver of the three fish species is highly active 
organ in the uptake, storage, and detoxification of 
metals, particularly of Cd and Cu; therefore, this 
organ has been considered a potential biomoni-
tor of metal pollution since liver concentrations are 
proportional to those present in the environment 
(Yap et  al., 2015). Considering the metal(loid)s lev-
els in the liver of the blue tilapia examined during 
the massive mortality event occurred three months 
after the mine spill (scenario 1: Cd 52.0 ± 24.6, Cu 
8758 ± 3692, Zn 220 ± 50 and As 200 ± 75  µg   g−1 
dw) (Páez-Osuna et al., 2022) versus the ones found 
in this study (20  months after the mine spill) (sce-
nario 2: Fig.  2), the reduction in the concentrations 
is evident for the four metal(loid)s: As 129.0 ± 62.5, 
Cd 4.6 ± 2.2, Cu 10.1 ± 4.2, and Zn 1.7 ± 0.4 times. 
This indicates that the performance of the cleaning 
operations and the natural depuration was more effi-
cient for As and less for Cu, Cd, and Zn. The base-
line levels in the blue tilapia are not available in the 
study area; however, there are experimental studies 
indicating that liver in control organisms accumu-
lates 0.19  µg Cd  g−1 (Allen, 1995). Therefore, the 
concentrations found (Cd 11.2 ± 8.5  µg   g−1) twenty 
months after the mine-tailing spill are yet higher (~ 59 
times). During 2004–2005, Frías-Espericueta et  al. 
(2010) examined the concentrations of Cd, Cu, and 
Zn of blue tilapia in El Salto dam, a close (~ 30 km) 
reservoir which is affected by surface runoff from the 
nearby agricultural areas; the concentrations found in 
the liver were 0.71 ± 0.31 for Cd, 147 ± 67 for Cu, and 
38.9 ± 12.1 µg  g−1 (dw) for Zn. These concentrations 
are lower ~ 16, ~ 6, and ~ 2 times, respectively, than 
those found in our study for EC dam twenty months 
after the mine spill.

The guts and their content reflect the recent uptake 
of the diet consumed by fishes during the last hours 

before specimens are collected. In the present case, 
the concentrations of As, Cd, and Cu were more 
elevated in the blue tilapia than in the other fishes, 
except for Zn. This can be explained by the different 
feeding habits of the three species; the tilapia is an 
omnivore and eventually captures its food (detritus) 
from the sediments, the carp is omnivorous but feeds 
primarily on plants, and the largemouth bass is a pis-
civore. Once ingested, metal(loid) uptake occurs in 
the intestines through membranes via transporter pro-
teins or/and ionic channels (Le Croizier et al., 2018). 
Thus, dietary accumulation first takes place in the 
digestive tract. After reaching the liver, metal(loid)
s are released into the general blood circulation and 
finally reaches secondary accumulation organs, such 
as the muscle. Conversely, metal(loid)s in fishes are 
depurated mainly through urine in the kidney and bile 
excretion from the liver to the intestine, before final 
elimination through feces (Le Croizier et al., 2018).

Although the existence of size and dependent metal 
accumulation by aquatic biota is well known from 
early studies (Phillips, 1980, and references therein), 
the explanation of this behavior for each element is 
difficult to describe. The size effect may be a func-
tion of any one or several age-dependent parameters. 
It may depend on differences between the surface/vol-
ume ratio, as well as the metabolic and feeding rates 
of larger (older) and smaller (younger) individuals 
(Páez-Osuna et  al., 1995). The most frequent is that 
this behavior has been associated with the feeding 
habit differences between older and younger individu-
als (Páez-Osuna et  al., 1995). Nevertheless, an evi-
dent tendency for accumulation of Cu was observed 
in the livers of carps that belonged to smaller organ-
isms (Fig.  1SM). Similarly, the accumulation of Zn 
in guts and As in muscle of the largemouth bass was 
evidenced. In contrast, a higher accumulation of As 
in gills, Cd in muscle, Cd in gills, and Cd in the guts 
was found in the largemouth bass (Fig. 2).

Comparison with other regions

Common carp: a comparison of the concentrations 
of the metal(loid)s in the tissues of the common 
carp found in this study with those reported from 
other areas was carried out (Table  2). The high-
est levels of the four elements were generally found 
in livers, while the lowest in muscle, which is a pat-
tern observed for a wide spectrum of fish species 
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(Páez-Osuna et al., 2017). It is noticeable that As in 
muscle (0.09 ± 0.04 µg  g−1 dw) from this study exhib-
ited similar concentrations to those reported in most 
of the regions with activities associated with agricul-
ture, industry, mining, and urbanism (Table 2). Cad-
mium in muscle (1.07 ± 0.27  µg   g−1 dw) and liver 
(4.45 ± 3.52  µg   g−1 dw) from this study showed the 
highest levels compared to those reported in several 
regions of the world (Table 2). Copper and Zn in both 
tissues of this study showed intermediate concentra-
tions compared to those reported for different types 
of polluted areas (Table  2). From these results, it is 
evident that the carp in EC dam is exposed to higher 
levels of Cd, while the rest of the elements evidenced 
comparable levels.

Blue tilapia: In general, the four metal(loid)s 
showed that the highest levels were found in livers 
and the lowest in the muscle, a pattern observed for a 
wider variety of species of tilapias. Arsenic in muscle 

(0.09 ± 0.07 µg  g−1 dw) and liver (1.55 ± 1.20 µg  g−1 
dw) from this study showed comparable or low 
concentrations compared to the compiled studies 
(Table 3), in which levels have been associated with 
groundwater and several activities such as textile, 
agriculture, and urban sewage. It is noticeable that 
Cd concentrations in muscle (3.10 ± 0.94 µg  g−1 dw) 
and liver (11.2 ± 8.5  µg   g−1 dw) of O. aureus from 
this study exhibited higher concentrations than those 
reported for several tilapia species from polluted 
regions (Table 4). In our case, Cu (1.48 ± 0.49 µg  g−1 
dw) and Zn (14.6 ± 4.1  µg   g−1 dw) in the muscle 
showed low or intermediate concentrations compared 
to those registered in several tilapia species associ-
ated with polluted areas (Table  4). Similarly, Cu 
(871 ± 1261  µg   g−1 dw) and Zn (89.6 ± 33.8  µg   g−1 
dw) concentrations in the liver from EC dam were 
high or comparable to Cu levels in those observed in 
polluted regions (Table  4). Clearly, these tendencies 

Table 2  Ranges and mean concentration (µg  g−1 dw) of arsenic, cadmium, copper, and zinc in the common carp from around the 
world

– Not analyzed, moisture levels considered to change from wet weight to dry weight, muscle 83.2%, liver 80.5%, and guts 74.3% in 
viscera

Tissue As Cd Cu Zn Type of pollution Region References

Muscle – 0.72 ± 0.01 – Exposure: 30 days 
100 µg  L−1  CdCl2

Experimental Rajeshkumar et al. 
(2017)Liver – 0.93 ± 0.04 – –

Muscle – 0.9 ± 0.1 15.9 ± 7.8 46.9 ± 5.9 Agriculture and 
aquaculture

Keban Dam lake, 
Turkey

Danabas et al. (2020)
Liver – 3.1 ± 0.5 38.2 ± 7.3 301.8 ± 11.4
Muscle – 0.02 ± 0.04 7.92 ± 7.99 120.9 ± 106.2 Agriculture and 

farmed fish
Alagol wetland, Iran Zafarzadeh et al. 

(2018)
Liver – 1.57 ± 0.2 72.6 ± 3.42 519 ± 44 Gradient of pollu-

tion (urban)
Flanders river sys-

tem, Belgium
Delahaut et al. (2019)

Muscle 0.70–2.90 0.28–0.82 0.63–2.01 104–305 Agriculture, indus-
trial and urbanism

Mangla lake, 
Pakistan

Saleem et al. (2021)

Muscle – – 0.05–0.23 0.19–0.97 Industrial River Swat, Paki-
stan

Alam et al. (2002)
Liver – – 3.2–11.4 26.9–80.3
Muscle – 2.27 1.6 24.3 Agriculture Karacaoren dam, 

Turkey
Kalyoncu et al. 

(2012)
Muscle 0.08 0.28 4.35 11.5 Electronics, mining 

industry
Nansi lake, China Zhu et al. (2015)

Muscle 0.166 0.011 2.46 271 Urbanism Chaohu lake, China Fang et al. (2017)
Muscle 0.095 0.009 0.249 5.43 Agriculture, indus-

trial, urban
Lake Kasumigaura, 

Japan
Alam et al. (2002)

Muscle 0.044–0.193  < 0.004 0.36–2.39 8.8–16.0 Agriculture and 
suburban area

Chapala lake, 
Mexico

Alvarado et al. (2021)
Liver 0.038–0.126 0.013–0.472 6.4–47.8 38.4–265.0
Muscle 0.09 ± 0.04 1.07 ± 0.27 1.26 ± 0.51 19.2 ± 4.2 Mining tailing 

spill (after of 
20 months)

El Comedero dam, 
NW Mexico

This study
Liver 0.15 ± 0.07 4.45 ± 3.52 18.6 ± 12.3 264 ± 228
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showed that the blue tilapia in EC dam is exposed to 
higher levels of Cd, while the rest of the elements evi-
denced comparable levels with other localities. The 
higher levels of Cd in the tilapia can be explained by 
the bioavailability of this metal which may be associ-
ated with the mine tailing of the region; and the feed-
ing habit of this fish, which is omnivorous benthic 
and also ingest detritus. 

Largemouth bass: The As concentrations in muscle 
(0.11 ± 0.23 µg  g−1 dw) and liver (1.07 ± 0.48 µg  g−1 
dw) from EC dam were within the range reported 
in various regions of the world, where some type of 
pollution has been registered (Table  5). Similar to 
the tilapia and carp, the largemouth bass fish exhib-
ited high Cd levels in muscle (1.70 ± 0.58  µg   g−1 
dw) and liver (3.90 ± 4.63  µg   g−1 dw) compared to 
the compiled studies (Table 5), in which an oil spill, 
agriculture, and urbanism had been registered. Cop-
per (1.00 ± 0.24 µg  g−1 dw) and Zn (22.0 ± 4.8 µg  g−1 

dw) concentrations in the muscle of the largemouth 
bass samples of our study showed comparable or low 
levels to those registered in diverse studies world-
wide (Table 5) where mining activity has been prac-
ticed. The liver of the largemouth bass from our study 
exhibited the highest level of Cu (390 ± 476  µg   g−1 
dw) and Zn (73.4 ± 10.1  µg   g−1 dw) compared to 
those reported elsewhere (Table  5) associated with 
mining and agriculture activities.

Although regional comparisons constitute a robust 
approach to examining concentration levels in organ-
isms from different regions due to exclusion of vari-
ous variables involved (size, age, sex, etc.), this exer-
cise allows us to generalize that the three fish species 
are exposed to high levels of bioavailable Cd in EC 
dam. In the particular case of the largemouth bass, 
which is predominantly piscivore, it is evident that 
Cu and Zn are highly accumulated in the liver, also 

Table 3  Ranges and mean concentration (µg  g−1 dw) of arsenic in tilapia worldwide

– Not analyzed, moisture levels considered to change from wet weight to dry weight, muscle 83.2%, liver 80.5%, and guts 74.3% in 
viscera

Species As Type of pollution Region References

O. niloticus Agricultural and industrial Manzala lake, Egypt Sallam et al. (2019)
 Muscle 3.45–3.87

O. niloticus Urban sewage and agriculture Lake Phewam, Nepal Rosseland et al. (2017)
 Liver 1.0 (0.3–2.1)

O. niloticus Industrial Koka lake, Ethiopia Dsikowitzky et al. (2013)
 Muscle 0.034–0.056
 Liver 0.077–0.568

O. niloticus Textile, ceramics, and municipal Awasa lake, Ethiopia Dsikowitzky et al. (2013)
 Muscle 0.045–0.260
 Liver 0.267–0.437

O. niloticus Agriculture and wastewater Tula river watershed, Mexico Rubio-Franchini et al. (2016)
 Muscle 0.018–0.089

S. melanotheron Agriculture and industrial Awba dam, Nigeria Adeogun et al. (2020)
 Muscle 1.79

O. mossambicus As in groundwater Farms SW coastal area Taiwan Huang et al. (2003)
 Muscle 0.858

O. mossambicus As in groundwater Farms south of Taiwan Lin et al. (2005)
 Muscle 1.90 ± 1.31

O. mossambicus As in groundwater, industrial and 
agriculture

Farms west coast of Taiwan Ling et al. (2013)
 Muscle 8.57 ± 3.99

O. aureus Mine tailing spill (after 20 months) El Comedero dam NW Mexico This study
 Muscle 0.09 ± 0.07
 Liver 1.55 ± 1.20
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Table 4  Ranges and mean concentration (µg  g−1 dw) of cadmium, copper, and zinc in tilapia fish worldwide

– Not analyzed, moisture levels considered to change from wet weight to dry weight, muscle 83.2%, liver 80.5%, and guts 74.3% in 
viscera

Species Cd Cu Zn Type of pollution Region References

O. niloticus Municipal Yaounde lake, Cam-
eroon

Léopold et al. (2015)
 Muscle 0.11–0.23 0.59–4.11 15.4–47.2

O. niloticus Wastewater ponds Wetland, East Cal-
cutta, India

Chatterjee et al. 
(2016) Liver – 320 315

O. niloticus Mining towns Kafue River, Zambia Mbewe et al. (2016)
 Muscle 0.30 2.8 –
 Liver 2.0 49.5 –

O. niloticus Sewage urban and 
agriculture

Lake Phewam, Nepal Rosseland et al. (2017)
 Liver 1.3 (0.4–1.8) 660 (120–988) 97 (61–132)

O. niloticus Agriculture, indus-
trial, and urbanism

Mariut and Edku 
lakes, Egypt

Abdel-Moneim et al. 
(2016) Liver 0.036–0.205 1.26–3.29 4.3–23.4

O. niloticus Industrial Ologe lagoon, Owo 
and Etegbin River, 
Nigeria

Ndimele et al. (2017)
 Muscle – 34.7 10.5

O. niloticus Mining area La Angostura dam, 
Sonora, Mexico

Martínez-Durazo et al. 
(2021) Muscle – 35.5 ± 10.0 18.7 ± 6.5

 Liver – 649 ± 298 51.7 ± 10.1
O. niloticus Mining area El Cajon de Onapa 

dam, Sonora, 
Mexico

Martínez-Durazo et al. 
(2021) Muscle – 18.5 ± 1.4 37.5 ± 7.3

 Liver – 660 ± 393 46.5 ± 17.6
O. niloticus Mining area El Oviachic dam, 

Sonora, Mexico
Martínez-Durazo et al. 

(2021) Muscle – 20.3 ± 3.0 17.1 ± 6.9
 Liver – 521 ± 232 89.3 ± 28.9

Tilapia zillii Agriculture and 
industrial

Cross River, SE 
Nigeria

Okogwu et al. (2019)
 Muscle – 1.50 20.0

O. esculentus Agriculture and 
mining

Rukwa lake, Tan-
zania

Mapenzi et al. (2020)
 Muscle – 0.25–1.52 64.0–133.5

O. mossambicus Mining activities Yonki dam, Papua 
New Guinea

Kapia et al. (2016)
 Muscle  < 0.01 2.64 –

O. mossambicus Ponds influenced by 
domestic effluents

Malaysia Yap et al. (2015)
 Muscle 0.34–0.84 1.4–2.1 15.7–25.6
 Liver 1.28–3.05 8.9–269 53.5–101.9

O. mossambicus Lagoons influenced 
by agriculture and 
livestock

Valley Culiacan, NW 
Mexico

Izaguirre-Fierro et al. 
(1992) Muscle 0.4–0.6 4.6–6.0 14–19

O. aureus Mining area El Salto dam, NW 
Mexico

Frías-Espericueta 
et al. (2010) Muscle 0.28 ± 0.03 0.98 ± 0.53 12.1 ± 2.6

 Liver 0.71 ± 0.31 147 ± 67 38.9 ± 12.1
O. aureus Mine tailing 

spill (after of 
20 months)

El Comedero dam, 
NW Mexico

This study
 Muscle 3.10 ± 0.94 1.48 ± 0.49 14.6 ± 4.1
 Liver 11.2 ± 8.5 871 ± 1261 89.6 ± 33.8
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revealing an elevated bioavailable fraction for these 
two metals in EC dam.

Metal(loid)s in muscle, food safety guidelines, and 
risk assessment

In the context of human health by the consumption of 
the edible fraction of fish, the muscle is frequently the 
focus since it is the main support of the human diet 
(Bergés-Tiznado et al., 2015). The local human popu-
lation consumes the three fish species, but mainly tila-
pia fillet, with an average consumption per capita in 
Mexico of 3.08 kg (FAO, 2021). Regarding As, mean 
concentrations in the muscle of the three fish species 
were below (< 0.03 µg  g−1, wet weight) the maximum 
permissible limit (MPL) considered in the Mexican 
legislation (80  µg   g−1 ww, DOF, 2011) for fish and 
seafood. The legal Cd MPL in Mexico (DOF, 2011) 
and internationally (FAO, 1983) is 0.5  µg   g−1 (ww) 
in muscle and no individual of the common carp 
and largemouth bass had concentrations above this 
value (Fig. 2; Fig. 2SM); in contrast, the blue tilapia 
exhibited an average (0.62 ± 0.21 µg  g−1 ww) exceed-
ing the MPL (64% of individuals). Cu and Zn are 
not considered in the Mexican guidelines. Nonethe-
less, countries such as Australia and India established 

a MPL of 10 µg   g−1 ww for Cu, and 40 µg   g−1 ww 
for Zn in New Zealand (FAO, 1983); the FAO/WHO 
(1989), and the European Union (MAFF, 2000) use 
a MPL of 30 and 20 µg   g−1 ww for Cu, and 40 and 
50  µg   g−1 ww for Zn, respectively. However, no 
specimen exhibited levels in the muscle above such 
limits (Fig. 2; Fig. 2SM). Evidently, fishes collected 
after a mine-tailing spill should be considered with 
extreme caution when taken for human consumption, 
and other elements potentially associated with mine-
tailing should be examined as well. This study shows 
that the element concentrations quantified in the edi-
ble portion, with the partial exception of Cd, are low 
and below the MPL (Fig. 2; Fig. 2SM).

The calculated risk assessments from the first sce-
nario into a specific ration of consumption according 
to each fish species were all THQ’s values < 1 and the 
sums of the individual hazard quotients as HI were 
also lower than 0.1 in all the population considered 
(Table 6). These results indicate the consumption of a 
meal of 15 g of tilapia, 3 g of common carp, and 6.3 g 
of largemouth bass in a week is harmless and there 
will be no risk of adverse health effect. If an intake 
of 200 g   week−1 of each one of the three species is 
consumed (Table 6), there might be risk from Cd in 
children feeding on muscle of blue tilapia due its HI 

Table 5  Ranges and mean concentration (µg  g−1 dw) of arsenic, cadmium, copper, and zinc in the largemouth bass worldwide

– Not analyzed, moisture levels considered to change from wet weight to dry weight, muscle 83.2%, liver 80.5%, and guts 74.3% in 
viscera

Tissue As Cd Cu Zn Type of pollution Region Reference

Muscle 0.1–0.3 0.1 0.6–1.0 11.2–21.1 Urban and oil spill Reedy River 
watershe, South 
Carolina, USA

Otter et al. (2012)
Liver 0.1–0.3 0.3–0.7 6.5–48.6 47.1–87.3

Muscle 0.78 ± 0.25 0.06 ± 0.03 1.08 ± 0.24 26.7 ± 3.90 Agriculture and 
industrial

Pearl River Delta, 
China

Leung et al. (2014)

Muscle 0.18 ± 0.00 0.06 ± 0.00 1.55 ± 0.18 – Nuclear weapons 
production facility, 
USA

Savannah river, USA Burger et al. (2002)

Muscle 0.041–1.181 – – – Agricultural and 
industrial

Tablas de Daimile 
Nationa Park, Spain

Fernández-Trujillo 
et al. (2021)

Muscle – – 19.0–23.2 9.5–14.9 Mining area La Angostura dam, 
Sonora, Mexico

Martínez-Durazo et al. 
(2021)Liver – – 7.1–23.5 29.8–33.5

Muscle – – 11.9–14.9 9.4–37.6 Mining area El Cajon de Onapa, 
Sonora, Mexico

Martínez-Durazo et al. 
(2021)Liver – – 7.1–11.9 11.9–32.7

Muscle – – 13.0–15.5 11.9–15.3 Mining area El Oviachic dam, 
Sonora, Mexico

Martínez-Durazo et al. 
(2021)Liver – – 7.5–12.2 48.2–58.5

Muscle 0.11 ± 0.23 1.70 ± 0.58 1.00 ± 0.24 22.0 ± 4.8 Mine tailing spill 
(after of 20 months)

El Comedero dam, 
NW Mexico

This study
Liver 1.07 ± 0.48 3.90 ± 4.63 390 ± 476 73.4 ± 10.1
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is nearly 1, so attention must be paid in this popula-
tion strata. All the others THQ’s and HI’s were < 1, 
meaning there will be no risk of consuming common 
carp nor largemouth bass.

By using PTI’s data to estimate a safe intake of the 
three species according to every measured element, it 
could be noted that estimates for essential elements 
like Cu and Zn presented extremely high consump-
tion rates to be harmful to human health. For exam-
ple, children must consume 2.1 and 37.1 kg  day−1 of 
blue tilapia to be at risk from Zn and Cu, respectively. 
For a 70 kg BW person the intake must be of 7.2 and 
129.6  kg  day−1, respectively. These intake rates are 
quite unreal to be consumed and were similar to the 
data from common carp and largemouth bass, even 
higher in some cases. But for the non-essential ele-
ments the intake rations decreased considerably com-
pared to Cu and Zn. The levels of As in the three spe-
cies were very low (< 0.03 µg  g−1) but considered in 
its inorganic form, the consumption weekly rates for 
blue tilapia and common carp were 700 g for children 
and higher for woman and men (2.3 and 2.6 kg). The 
intake recommended for not to be in risk from Asi 
exposure if largemouth bass filet is consumed would 
be 500  g for children and, also higher for woman 
and men (1.5 and 1.8 kg). The intake rates decreased 
when Cd was involved, especially in the blue tila-
pia muscle; children must consume a maximum of 
200 g   week−1 to avoid adverse health effects by Cd, 
instead men and women could consume up to 700 and 

800 g  week−1, respectively, for not be at risk. Finally, 
the proposed weekly safe intake for children feeding 
on common carp is to consume no more than 500 g, 
and for men and woman up to 1.8 kg and when the 
meal is muscle of largemouth it is recommended a 
ration under 300 g for children and 1 kg for men and 
women.

Conclusions

The accumulation patterns in the tissues were differ-
ent in the fish species and metal(loid)s, which confirm 
the first hypothesis, in which was proposed that the 
three fish species with different feeding habit exhibit 
variable metal(loid)s accumulation. In the three fish 
species, Cd and Cu concentrations were consist-
ently higher in the liver than in other tissues, while 
Zn concentration showed a different pattern; in the 
tilapia, the liver had the highest level, and in the carp 
and largemouth bass, the gills exhibited higher con-
centrations. Arsenic showed a different pattern that 
was consistent in the three fish species, with higher 
levels in the guts. Such variability can be caused 
mainly by the distinct feeding habit of each fish spe-
cies. Tilapias consume a heterogeneous diet (benthic 
organisms, plankton, and detritus); therefore, high 
element concentrations found in its tissues and their 

Table 6  Non-cancer risk assessment by population group from specific and total fish per capita rations for blue tilapia, common 
carp and largemouth bass; children BW = 20 kg, women BW = 65 kg, and men BW = 75 kg

Element THQ blue tilapia (15 g  week−1) THQ common carp (3 g  week−1) THQ largemouth bass (6.3 g 
 week−1)

Children Women Men Children Women Men Children Women Men

As 0.007 0.002 0.002 0.001  < 0.001  < 0.001 0.005 0.001 0.001
Cd 0.066 0.020 0.018 0.004 0.001 0.001 0.019 0.006 0.005
Zn 0.001  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001 0.001  < 0.001  < 0.001
HI 0.075 0.023 0.020 0.006 0.002 0.002 0.024 0.007 0.006

Element THQ blue tilapia (200 g  week−1) THQ common carp (200 g  week−1) THQ largemouth bass (200 g 
 week−1)

As 0.095 0.029 0.025 0.095 0.029 0.025 0.143 0.044 0.038
Cd 0.888 0.273 0.237 0.329 0.101 0.088 0.601 0.185 0.160
Zn 0.014 0.004 0.004 0.020 0.006 0.005 0.025 0.008 0.007
HI 0.997 0.307 0.266 0.444 0.137 0.118 0.770 0.237 0.205
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bioconcentration could be associated with the inges-
tion of detritus, including residues of the mine-tailing 
spill.

Compared to a study carried out 90 days after the 
mine spill during a massive mortality of tilapia in 
EC dam (Pàez-Osuna et  al., 2022), metal(loid)s lev-
els decreased 129, 5, 10, and 1.7 times for As, Cd, 
Cu, and Zn, respectively, 20  months after the spill 
(present study), which confirms the second hypoth-
esis stated in the present study, in which a reduction 
of the metal(loid) concentrations in fish should be 
reached after the mine spill. This robust comparison 
reveals that cleaning operations were more efficient 
for As and less for Cu, Cd and Zn. Furthermore, con-
centrations in this study were ~ 16, ~ 6, and ~ 2 times 
higher for Cd, Cu, and Zn, respectively, compared to 
those registered in the liver of tilapia studied in a dam 
(~ 30 km from EC dam; 2004–2005) affected by agri-
culture. These results indicate that tilapia from this 
study accumulated higher levels than those observed 
previously in the region.

Acknowledgements This work was carried out with the 
collaboration of the fishermen of El Comedero dam Jorge 
Zazueta, Miguel Urrea, and Pedro Murguía. Authors thank H. 
Bojórquez-Leyva for his assistance in the analytical work.

Authors contribution All authors contributed to the study 
conception and design. Federico Páez-Osuna conceived the 
ideas and designed the research; material preparation, data 
collection and analysis were performed by Magdalena Ber-
gés-Tiznado, Marcela Guillermina Fregoso-López, Gladys 
Valencia-Castañeda, Jesús Armando León-Cañedo, Juan Fran-
cisco Fierro-Sañudo, Javier Ramírez-Rochín; the first draft of 
the manuscript was written by Federico Páez-Osuna and all 
authors commented on previous versions of the manuscript. All 
authors read and approved the final manuscript.

Funding Work supported by the Dirección General de Asun-
tos del Personal Académico, Programa de Apoyo a Proyectos 
de Investigación e Innovación Tecnológica and the Universidad 
Nacional Autónoma de México (DGAPA, PAPIIT, UNAM) 
Project IN203922 titled “Metales, metaloides y microplásticos 
en organismos de importancia ecológica y comercial de la eco-
región del Golfo de California”.

 Data availability The datasets used and/or analyzed during 
the current study are available from the corresponding author 
on reasonable request.

Declarations 

Conflict of interest The authors declare that they have no 
competing interests.

Consent to participate Not applicable.

Consent for publication Not applicable.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Abdel-Moneim, A. M., Essawy, A. E., El-Din, N. K. B., & 
El-Naggar, N. M. (2016). Biochemical and histopatho-
logical changes in liver of the Nile tilapia from Egyptian 
polluted lakes. Toxicology and Industrial Health, 32, 
457–467.

Adeogun, A. O., Ibor, O. R., Omiwole, R., Chukwuka, A. 
V., Adewale, A. H., Kumuyi, O., & Arukwe, A. (2020). 
Sex-differences in physiological and oxidative stress 
responses and heavy metals burden in the black jaw tila-
pia, Sarotherodon melanotheron from a tropical fresh-
water dam (Nigeria). Comparative Biochemistry and 
Physiology Part C, 229, 108676.

Alam, M. G. M., Tanaka, A., Allinson, G., Laurenson, L. J. 
B., Stagnitti, F., & Snow, E. T. (2002). A comparison of 
trace element concentrations in cultured and wild carp 
(Cyprinus carpio) of Lake Kasumigaura, Japan. Ecotox-
icology and Environmental Safety, 53, 348–354.

Allen, P. (1995). Chronic accumulation of cadmium in the 
edible tissues of Orechromis aureus (Steindachner): 
Modification by mercury and lead. Archives of Environ-
mental Contamination and Toxicology, 29, 8–14.

Alvarado, C., Cortez-Vallalodid, D. M., Herrera-López, E. J., 
Godínez, X., & Ramírez, J. M. (2021). Metal bioaccumu-
lation by carp and catfish cultured in Lake Chapala and 
weekly intake assessment. Applied Sciences, 11, 6087.

Beltrán Álvarez, R., Sánchez Palacios, J., & Arroyo Bustos, 
G. (2015). Diagnóstico Limnológico de los Principales 
Embalses de Sinaloa. (In Spanish).

Bergés-Tiznado, M. E., Márquez-Farías, F., Lara-Men-
doza, R. E., Torres-Rojas, Y. E., Galván-Magaña, F., 
Bojórquez-Leyva, H., & Páez-Osuna, F. (2015). Mer-
cury and selenium in muscle and target organs of scal-
loped Hammerhead sharks Sphyrna lewini of the SE 
Gulf of California: Dietary intake, molar ratios, loads, 
and human health risks. Archives of Environmental Con-
tamination and Toxicology, 69, 440–452.

http://creativecommons.org/licenses/by/4.0/


 Environ Geochem Health

1 3
Vol:. (1234567890)

Bergés-Tiznado, M. E., Márquez-Farías, F., Osuna-Martínez, 
C. C., & Páez-Osuna, F. (2021). Arsenic in the top pred-
ators sailfish (Istiophorus platypterus) and dolphinfish 
(Coryphaena hippurus) off the southeastern Gulf of 
California. Environmental Geochemistry and Health, 
43, 3441–3455.

Burger, J., Gaines, K. F., Boring, C. S., Stephens, W. L., 
Snodgrass, J., Dixon, C., McMahon, M., Shukla, S., 
Shukla, T., & Gochfeld, M. (2002). Metal levels in fish 
from the Savannah river: Potential hazards to fish and 
other receptors. Environmental Research, 89, 85–97.

Chatterjee, S., Datta, S., Das, T. K., Veer, V., Mishra, D., 
Chakraborty, B., Datta, S., Mukhopadhyay, S. K., & 
Gupta, D. K. (2016). Metal accumulation and metal-
lothionein induction in Oreochromis niloticus grown in 
wastewater fed fishponds. Ecological Engineering, 90, 
405–416.

Danabas, D., Kutluyer, F., Ural, M., & Kocabas, M. (2020). 
Metal bioaccumulation in selected tissues of barb (Bar-
bus sp.) and common carp 31 (Cyprinus carpio, Lin-
naeus 1758) from the Keban Dam lake Turkey. Toxin 
Reviews, 39, 78–85.

Delahaut, V., Daelemans, O., Sinha, A. K., De Boek, G., & 
Bervoets, L. (2019). A multibiomarker approach for 
evaluating environmental contamination: Common 
carp (Cyprinus carpio) transplanted along a gradient of 
metal pollution. Science of the Total Environment, 669, 
481–492.

DOF (2011). Norma oficial Mexicana NOM-242-
SSA1–2009, productos y servicios. Productos de la 
pesca frescos, refrigerados, congelados y procesados. 
Especificaciones sanitarias y métodos de prueba. Secre-
taría de Salud (in Spanish).

Dsikowitzky, L., Mengesha, M., Dadebo, E., de Carvalho, C. 
E. V., & Sindern, S. (2013). Assessment of heavy metals 
in water samples and tissues of edible fish species from 
Awassa and Koka Rift Valley Lakes, Ethiopia. Environ-
mental Monitoring and Assessment, 185, 3117–3131.

Elshkaki, A., Graedel, T. E., Ciacci, L., & Reck, B. (2016). 
Copper demand, supply, and associated energy use to 
2050. Global Environmental Change, 39, 305–315. 
https:// doi. org/ 10. 1016/j. gloen vcha. 2016. 06. 006

EPA. (2005). Human Health Risk Assessment Protocol. 
Chapter  7: Characterizing Risk and Hazard. Retrieved 
August 17, 2022, from https:// archi ve. epa. gov/ epawa ste/ 
hazard/ tsd/ td/ web/ pdf/ 05hhr ap7. pdf

EPA. (2022). Integrated Risk Information System (IRIS). 
Retrieved August 17, 2022, from https:// www. epa. gov/ 
iris

Fang, T., Lu, W., Li, J., Zhao, X., & Yang, K. (2017). Levels 
and risk assessment of metals in sediment and fish from 
Chaohu Lake, Anhui Province, China. Environmental 
Science and Pollution Research, 24, 15390–15400.

FAO. (1983). Compilation of legal limits for hazardous sub-
stances in fish and fishery products. FAO Fisheries Cir-
cular, 764, 102.

FAO. (2021). Tilapia aquaculture in Mexico: assessment with 
a focus on social and economic performance. NFIA/
C1219. FAO Fisheries and Aquaculture Circular. Food 
and Agriculture Organization of the United Nations.

FAO/WHO. (1989). Evaluation of certain Food additives 
and the contaminants Mercury, Lead and Cadmium. 
WHO Technical Report Series, No. 505. WHO: Geneva, 
Switzerland. Retrieved November 25, 2021 from https:// 
apps. who. int/ iris/ bitst ream/ 10655/ 40985/ WHO_ TRS_ 
505. pdf

Fernández-Trujillo, S., López-Perea, J. J., Jiménez-Moreno, 
M., Martín-Doimeadios, R. C. R., & Mateo, R. (2021). 
Metals and metalloids in freshwater fish from the flood-
plain of Tablas de Daimiel National Park. Spain. Ecotoxi-
cology and Environmental Safety, 208, 111602.

Frías-Espericueta, M. G., Quintero-Alvarez, J. M., Osuna-
López, J. I., Sánchez-Gaxiola, C. M., López-López, G., 
Izaguirre-Fierro, G., & Voltolina, D. (2010). Metal con-
tents of four commercial fish species of NW Mexico. Bul-
letin of Environmental Contamination & Toxicology, 85, 
334–338.

Huang, Y. K., Lin, K. H., Chen, H. W., Chang, C. C., Liu, C. 
W., Yang, M. H., & Hsueh, Y. M. (2003). Arsenic spe-
cies contents at aquaculture farm and in farmed mouth-
breeder (Oreochromis mossambicus) in blackfoot disease 
hyperendemic areas. Food and Chemical Toxicology, 41, 
1491–1500.

Izaguirre-Fierro, G., Páez-Osuna, F., & Osuna-López, J. I. 
(1992). Heavy metals in fishes from Culiacán valley, 
Sinaloa, Mexico. Ciencias Marinas, 18, 143–151.

Kalyoncu, L., Kalyoncu, H., & Arslan, G. (2012). Determi-
nation of heavy metals and metals levels in five fish spe-
cies from Isikli Dam Lake and Karacaoren Dam Lake 
(Turkey). Environmental Monitoring and Assessment, 
184, 2231–2235.

Kapia, S., Rao, B. K. R., & Sakulas, H. (2016). Assessment 
of heavy metal pollution risks in Yonki Reservoir envi-
ronmental matrices affected by gold mining activity. 
Environmental Monitoring and Assessment, 188, 586.

Kossoff, D., Dubbin, W. E., Alfredsson, M., Edwards, S. 
J., Macklin, M. G., & Hudson-Edwards, K. A. (2014). 
Mine tailings dams: Characteristics, failure, environ-
mental impacts, and remediation. Applied Geochemis-
try, 51, 229–245.

Le Croizier, G., et  al. (2018). Significance of metallothio-
neins in differential cadmium accumulation kinetics 
between two marine fish species. Environmental Pollu-
tion, 236, 462–476.

Léopold, E. N., Jung, M. C., & Emmanuel, E. G. (2015). 
Accumulation of metals in three fish species from the 
Yaounde Municipal Lake in Cameroon. Environmental 
Monitoring and Assessment, 187, 560.

Leung, H. M., Leung, A. O. W., Wang, H. S., Ma, K. K., 
Liang, Y., Ho, K. C., Cheung, K. C., Tohidi, F., & Yung, 
K. K. L. (2014). Assessment of heavy metals/metalloid 
(As, Pb, Cd, Ni, Zn, Cr, Cu, Mn) concentrations in edi-
ble fish species tissue in the Pearl River Delta, China. 
Marine Pollution Bulletin, 78, 235–245.

Lin, T. S., Lin, C. S., & Chang, C. L. (2005). Trace elements 
in cultured tilapia (Oreochromis mossambicus): Results 
from a farm in Southern Taiwan. Bulletin of Environ-
mental Contamination and Toxicology, 74, 308–313.

Ling, M., Wu, C., Yang, K., & Hsu, H. (2013). Differen-
tial accumulation of trace elements in ventral and dor-
sal muscle tissues in tilapia and milkfish with different 

https://doi.org/10.1016/j.gloenvcha.2016.06.006
https://archive.epa.gov/epawaste/hazard/tsd/td/web/pdf/05hhrap7.pdf
https://archive.epa.gov/epawaste/hazard/tsd/td/web/pdf/05hhrap7.pdf
https://www.epa.gov/iris
https://www.epa.gov/iris
https://apps.who.int/iris/bitstream/10655/40985/WHO_TRS_505.pdf
https://apps.who.int/iris/bitstream/10655/40985/WHO_TRS_505.pdf
https://apps.who.int/iris/bitstream/10655/40985/WHO_TRS_505.pdf


Environ Geochem Health 

1 3
Vol.: (0123456789)

feeding habits from the same cultured fishery pond. 
Ecotoxicology and Environmental Safety, 89, 222–230.

MAFF. (2000). Monitoring and surveillance of non-radi-
oactive contaminants in the aquatic environment and 
activities regulating the disposal of wastes at sea. In 
Aquatic Environment Monitoring Report No. 52. Center 
for Environment, Fisheries and Aquaculture Science. 
Lowestoft, UK.

Mapenzi, L. L., Shimba, M. J., Moto, E. A., Maghembe, R. S., 
& Mmochi, A. J. (2020). Heavy metals bio-accumulation 
in tilapia and catfish species in Lake Rukwa ecosystem 
Tanzania. Journal of Geochemical Exploration, 208, 
106413.

Martínez-Durazo, A., Cruz-Acevedo, E., Betancourt-Lozano, 
M., & Jara-Marini, M. E. (2021). Comparative assessment 
of metal bioaccumulation in Tilapia and Largemouth Bass 
from three dams of the Yaqui River. Biological Trace Ele-
ment Research, 199, 3112–3125.

Mbewe, G., Mutondo, M., Maseka, K., & Sichilongo, K. 
(2016). Assessment of heavy metal pollution in sedi-
ments and Tilapia fish species in Kafue River of Zambia. 
Archives of Environmental Contamination and Toxicol-
ogy, 71, 383–393.

Ndimele, P. E., Pedro, M. O., Agboola, J. I., Chukwuka, K. 
S., & Ekwu, A. O. (2017). Heavy metal accumulation in 
organs of Oreochromis niloticus (Linnaeus, 1758) from 
industrial effluent-polluted aquatic ecosystem in Lagos. 
Nigeria. Environmental Monitoring and Assessment, 
189, 255.

NRC-CNRC (2008). DOLT-4, Dogfish liver certified ref-
erence material for trace metals. Ottawa: National 
research council Canada—conseil national de 
recherches Canada, Ottawa.

Okogwu, O. I., Nwonumara, G. N., & Okoh, F. A. (2019). 
Evaluating heavy metals pollution and exposure risk 
through the consumption of four commercially impor-
tant fish species and water from Cross River ecosystem, 
Nigeria. Bulletin of Environmental Contamination and 
Toxicology, 102, 867–872.

Otter, R. R., Schreiber, E. A., Van den Hurk, P., & Klaine, 
S. J. (2012). Assessment of heavy metal and PAH expo-
sure in largemouth bass (Micropterus salmoides) in the 
Reedy river watershed, South Carolina, USA: A multi-
season assessment of metallothionein and bile fluores-
cence. Environmental Toxicology and Chemistry, 31, 
2763–2770.

Páez-Osuna, F., Álvarez-Borrego, S., Ruiz-Fernández, A. 
C., García-Hernandez, J., Jara-Marini, M. E., Bergés-
Tiznado, M. E., Piñón-Gimate, A., Alonso-Rodríguez, 
R., Soto-Jiménez, M. F., Frías-Espericueta, M. G., Rue-
las-Inzunza, J. R., Green-Ruiz, C. R., Osuna-Martínez, 
C. C., & Sanchez-Cabeza, J. A. (2017). Environmental 
status of the Gulf of California: A pollution review. 
Earth-Science Reviews, 166, 181–205.

Páez-Osuna, F., Bergés-Tiznado, M. E., Fregoso-López, 
M. G., Valencia-Castañeda, G., León-Cañedo, J. A., 
Alarcón-Silvas, S. G., Fierro-Sañudo, J. F., & Ramírez-
Rochín, J. (2022). High accumulation of metals and 
metalloids in the liver of the blue tilapia (Oreochromis 
aureus) during a massive mortality event induced by a 

mine-tailing spill. Environmental Geochemistry and 
Health. https:// doi. org/ 10. 1007/ s10653- 022- 01399-2

Páez-Osuna, F., Bojórquez-Leyva, H., Bergés-Tiznado, M. 
E., Rubio-Hernández, O., Fierro-Sañudo, J. F., Ramírez-
Rochín, J., & León-Cañedo, J. A. (2015). Heavy metals 
in waters and suspended sediments affected by a mine 
tailing spill in the upper San Lorenzo River, NW Méx-
ico. Bulletin of Environmental Contamination and Toxi-
cology, 94, 583–588.

Páez-Osuna, F., Pérez-González, R., Izaguirre-Fierro, G., 
Zazueta-Padilla, H. M., & Flores-Campaña, L. M. 
(1995). Trace metal concentrations and their distribution 
in the lobster Panulirus inflatus (Bouvier, 1895) from 
the Mexican Pacific coast. Environmental Pollution, 90, 
163–170.

Phillips, D. J. H. (1980). Quantitative Aquatic Biological 
Indicators. Applied Science Publishers Ltd.

Rajeshkumar, S., Liu, Y., Ma, J., Duan, H. Y., & Li, X. 
(2017). Effects of exposure to multiple heavy metal son 
biochemical and histopathological alterations in com-
mon carp, Cyprinus carpio L. Fish Shellfish Immun, 70, 
461–472.

Rosseland, B. O., Teien, H. C., Borgstrøm, S. B. R., & 
Sharma, C. M. (2017). Trace elements and organochlo-
rine pollutants in selected fish species from Lake Phewa 
Nepal. Toxicollogical & Environmental Chemistry, 99, 
390–401.

Rubio-Franchini, I., López-Hernández, M., Ramos-Espinoza, 
M. G., & Rico-Martínez, R. (2016). Bioaccumulation of 
metals arsenic, cadmium, and lead in zooplankton and 
fishes from the Tula River watershed Mexico. Water 
Air and Soil Pollution, 227, 5. https:// doi. org/ 10. 1007/ 
s11270- 015- 2702-1

Ruelas-Inzunza, J., Amezcua, F., Coiraton, C., & Páez-
Osuna, F. (2020). Cadmium, mercury, and selenium in 
muscle of the sacalloped hammerhead Sphyrna lewini 
from the tropical Eastern Pacific: Variation with age, 
molar ratios and human health risk. Chemosphere, 242, 
125180.

Ruelas-Inzunza, J., Vega-Sánchez, B., Ramos-Osuna, M., 
& Páez-Osuna, F. (2011). Trophic transfer and dietary 
mineral intake of essential elements in thunus albacares 
and Katsuwonus pelamis from the Eastern Pacific. Bio-
logical Trace Element Research, 143, 231–239.

Saleem, M., Shi, Z., & Shah, M. H. (2021). Evaluation of 
contamination status and health risk assessment of 
essential and toxic metals in Cyprinus carpio from Man-
gla Lake, Pakistan. Biological Trace Element Research, 
199, 4284–4294.

Sallam, K. I., Abd-Elghany, S. M., & Mohammed, M. A. 
(2019). Heavy metal residues in some fishes from 
Mazala lake, Egypt, and their health-risk assessment. 
Journal of Food Science, 84, 1957–1965.

SEMARNAT. (2021). Consulta Temática. Consumo Nacional 
Aparente por destino y especie. Retrieved August 17, 
2022, from http:// dgeia wf. semar nat. gob. mx: 8080/ ibi_ 
apps/ WFSer vlet? IBIF_ ex= D2_ PESCA 03_ 02& IBIC_ 
user= dgeia_ mce& IBIC_ pass= dgeia_ mce& NOMBR 
EANIO= *〹

Viarengo, A., Lowe, D., Bolognesi, C., Fabbri, E., & Koe-
hler, A. (2007). The use of biomarkers in biomonitoring: 

https://doi.org/10.1007/s10653-022-01399-2
https://doi.org/10.1007/s11270-015-2702-1
https://doi.org/10.1007/s11270-015-2702-1
http://dgeiawf.semarnat.gob.mx:8080/ibi_apps/WFServlet?IBIF_ex=D2_PESCA03_02&IBIC_user=dgeia_mce&IBIC_pass=dgeia_mce&NOMBREANIO=*
http://dgeiawf.semarnat.gob.mx:8080/ibi_apps/WFServlet?IBIF_ex=D2_PESCA03_02&IBIC_user=dgeia_mce&IBIC_pass=dgeia_mce&NOMBREANIO=*
http://dgeiawf.semarnat.gob.mx:8080/ibi_apps/WFServlet?IBIF_ex=D2_PESCA03_02&IBIC_user=dgeia_mce&IBIC_pass=dgeia_mce&NOMBREANIO=*
http://dgeiawf.semarnat.gob.mx:8080/ibi_apps/WFServlet?IBIF_ex=D2_PESCA03_02&IBIC_user=dgeia_mce&IBIC_pass=dgeia_mce&NOMBREANIO=*


 Environ Geochem Health

1 3
Vol:. (1234567890)

A 2-tier approach assessing the level of pollutant 
induced stress syndrome in sentinel organisms. Com-
parative Biochemistry and Physiology Part C, 146, 
281–300.

WHO. (2022). World Health Organization. Evaluations of 
the Joint FAO/WHO Expert committee on food additives 
(JECFA). Retrieved August 17, 2022, from https:// apps. 
who. int/ food- addit ives- conta minan ts- jecfa- datab ase/

Yap, C. K., Jusoh, A., Leong, W. J., Karami, A., & Ong, 
G. H. (2015). Potential human health risk assessment 
of heavy metals via the consumption of tilapia Oreo-
chromis mossambicus collected from contaminated and 
uncontaminated ponds. Environmental Monitoring and 
Assessment, 187, 584.

Zafarzadeh, A., Bay, A., Fakhri, Y., Keramati, H., & Pouya, 
R. H. (2018). Heavy metal (Pb, Cu, Zn, and Cd) 

concentrations in the water and muscle of common carp 
(Cyprinus carpio) fish and associated non-carcinogenic 
risk assessment: Alagol wetland in the Golestan. Iran, 
Toxin Reviews, 37, 154–160.

Zhu, F., Qu, L., Fan, W., Wang, A., Hao, H., Li, X., & Yao, 
S. (2015). Study on heavy metal levels and its health 
risk assessment in some edible fishes from Nansi Lake. 
China. Environmental Monitoring and Assessment, 187, 
161.

Publisher’s Note Springer Nature remains neutral with 
regard to jurisdictional claims in published maps and 
institutional affiliations.

https://apps.who.int/food-additives-contaminants-jecfa-database/
https://apps.who.int/food-additives-contaminants-jecfa-database/

	Metal(loid)s (As, Cd, Cu, and Zn) in three fish species from a dam after a mine-tailing spill: differential bioaccumulation and potential health risk
	Abstract 
	Introduction
	Materials and methods
	Study area
	Sampling and chemical analysis
	Risk assessment
	Statistical analysis

	Results and discussion
	Metal(loid)s in fish tissues
	Comparison with other regions
	Metal(loid)s in muscle, food safety guidelines, and risk assessment

	Conclusions
	Acknowledgements 
	References


