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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
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Abstract In this study, the concentration of six
metal(loid)s was examined in the fish Oreochromis
aureus collected from El Comedero dam during
a massive mortality event induced by a mine tail-
ing spill. A major spill (~300,000 m?) of waste was
released into the San Lorenzo River System follow-
ing a rupture in the tailing dam of a mining plant in
NW Mexico; consequently, the discharged material
flowed into El Comedero dam. The accumulation of
metal(oid)s in the tissues of O. aureus showed higher
levels in the liver than in the guts and muscle. Con-
centrations in the liver were high (As, 1.1-1063; Cd,
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8.9-392; Cu, 372-59,129; Hg, 0.46-19.79; Se, 8.7—
748; and Zn, 116-820 pg g~'), revealing that these
fish were exposed to high concentrations of these ele-
ments. The mortality of fish could have resulted from
the combined effect of the six analyzed metal(loid)s,
as well as other residues present in mine tailings.
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Introduction

Pollution from mining activities is one of the most
common sources of highly toxic chemical substances
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in aquatic and terrestrial ecosystems (Mapenzi et al.,
2020). The discharge of large quantities of materi-
als occurs either directly from milling plants, or
indirectly through accidental impoundment failures
(Kossoff et al., 2014). The mining industry produces
enormous volumes of waste, mainly tailings, which
are often stored in impoundments behind dams.
These can fail and have subsequent environmental,
economic, and human health impacts (Kossoff et al.,
2014). The chemical composition of tailings depends
on the mineralogy of the ore body, the nature of the
processing fluids, the efficiency of the extraction pro-
cess, and the degree of weathering during storage in
the impoundment. Metal(loid)s are present in tailings
since no extraction process reaches 100% efficiency,
and As, Cu, Cd, Hg, and Zn are generally present in
high concentrations (Kossoff et al., 2014).

Tilapia is a model fish species commonly used as
a bioindicator of water pollution due to its tolerance
and availability in many contaminated sites (Chatter-
jee et al., 2016; Lin et al., 2005; Ndimele et al., 2017).
This species is useful due to its capacity to accumu-
late metals, its sensitive response to pollutants, and its
distribution in inland and estuarine waters in various
parts of the world (Stickney, 2017). The tilapia is the
fourth largest group of species in global aquaculture
production (FAO, 2021). In Mexico, tilapia is the sec-
ond most important aquaculture group with 53,000
t of production (FAO, 2021). Mexico ranks as the
second most important country in aquaculture fish-
eries, with 116,000 t registered in 2018. Mexico is
also the second largest international market for tilapia
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products, with~228,000 t imported in 2018 (FAO,
2021). Despite the importance of freshwater fish as a
protein source for local diets, pollution of metal(loid)
s has been poorly documented.

Mining in Mexico is a traditional economic activ-
ity, which is predominantly dedicated to the pro-
duction of Cu, Zn, Ag, Fe, Pb, and Au. On the con-
tinental margin of the Gulf of California, numerous
sites of mining interest were or are exploited (Paez-
Osuna et al., 2017). The San Lorenzo basin, located
in the Sinaloa and Durango states, is associated with
about 16 mining sites. One important processing
plant is located in the Santa Maria de Otdez region
in Durango. Here, a tailing spill event occurred on
January 21, 2013, when part of the processing plant’s
tailing pond dike collapsed, and liberated ~ 300,000
m?> of wastes into Los Remedios River, which is asso-
ciated with the main tributary of the upper San Lor-
enzo River and El Comedero (EC) dam (Paez-Osuna
et al., 2015). The site where the failure occurred is
located ~ 150 km from the upper San Lorenzo River
where EC dam is situated (Fig. 1). On April 21, 2013,
fishermen of EC dam reported a massive fish mortal-
ity event when they observed fish in poor condition
with insufficient mobility. The case was investigated
by collecting water samples (Paez-Osuna et al., 2015)
and fish after the tailing spill. The objective of this
study was to examine metal(loid) (As, Cd, Cu, Hg,
Se, and Zn) concentrations in the muscle, liver, and
guts of the blue tilapia O. aureus collected during the
massive mortality event. The biota sediment accumu-
lation factor was estimated to evaluate the potential
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toxicity of suspended sediments. Finally, specia-
tion of the metal(loid)s dissolved in the waters was
developed to identify the chemical forms hypotheti-
cally present during the mortality event. Therefore,
the hypothesis involved is that O. aureus accumulates
metal(loid)s in its tissues, mainly in the liver, which
caused the subsequent mortality event by the inges-
tion of residues from the mine tailing spill.

Materials and methods
Study area, sampling, and chemical analyses of fishes

El Comedero dam is located (24°30'N; 106°45'W)
in the southeastern Gulf of California and has a sur-
face of ~9200 ha (Fig. 1). The water availability in the
dam is permanent and the volume varies from 400 to
1900 Mm?®. The basin of the upper San Lorenzo River
drains into EC dam where depths can reach 70 m
and surficial water temperature ranges from 21.9 °C
in January to 31.2 °C in June. The production of fish
exhibits variations that have been related to climate
and overexploitation (Pdez-Osuna et al., 2015). How-
ever, the reduced production in 2013 coincided with
the tailing spill, so a relationship between mining
spills and fish decline is plausible.

A set of 15 fish samples was collected in the sec-
tion of the dam that receives the discharge of the
upper San Lorenzo River 90 days after the tailing
spill event on April 21, 2013. Fish were collected
exactly where the massive mortality event occurred
(gray area of Fig. 1). Special care was taken to choose
those recently dead individuals to avoid working with
decomposing tissues. Each specimen was measured,
weighed, and dissected to separate the liver, guts, and
a portion of the muscle. Separated tissues were lyo-
philized (72 h at—52 °C and 80x 10> mbar) and pul-
verized in a semiautomatic agate mortar. Acid diges-
tion (5 mL of concentrated and purified nitric acid,
Instra-analyzed J.T. Baker concentrated 69-70%) of
duplicate aliquots (0.250 g of dry tissue) was carried
out using Teflon vials with caps (Savillex) at 125 °C
for 3 h (Bergés-Tiznado et al., 2015). Only livers
were digested using 2 mL of H,0, (30%) and 3 mL
of concentrated HNO;. Analysis of As, Cd, Cu, Se,
and Zn was carried out by atomic absorption spectro-
photometry (AAS). Selenium and As were analyzed
by AAS with a Zeeman correction background effect

coupled to a graphite furnace oven (model AAna-
lyst 800, PerkinElmer, USA). A matrix modifier—a
solution of Pd(HNO;), and Mg(NO;),—was used in
each sample atomization for both metalloids. Mer-
cury was determined by AAS coupled to a cold vapor
generator (model VGA110, Varian, USA). Samples
were prepared by adding HNO; (50%) and K,Cr,0;
(1%) before Hg analysis. To assess the accuracy of
the employed procedure, certified reference material
DOLT-4 (dogfish liver, NRC-CNRC, 2008) was ana-
lyzed. Concentrations of the analyzed elements were
within the certified values (recoveries 91.6- 101.3%)
and precision fluctuated from 2.3% for Cu to 8.8% for
Zn. Blanks were analyzed to test for contamination
using the same procedure.

Speciation of metal(loid)s in the water

Inorganic speciation of metal(loid)s was performed
with the speciation program Visual MINTEQ ver-
sion 3.1, considering physicochemical parameters,
such as temperature, pH, dissolved oxygen (DO),
electrical conductivity (ec), major ions, and the mean
concentration determined for each element in the dis-
solved fraction of the waters of EC dam (Paez-Osuna
et al., 2015). Water samples (n=8) were collected
simultaneously with the fish along the portion of
the dam that receives the load of the upper San Lor-
enzo River (gray area in Fig. 1), where the massive
mortality event occurred. Temperature and DO were
measured in the waters using an oxygen meter (model
DO0200, YSI, Ohio, USA), while the pH and ec were
measured with a pH meter (model HI 98,129, Hanna
Instruments, Texas, USA). Calibrations of the instru-
ments were performed using buffers (Orion 910,104,
910,110, Thermo Scientific) and a Hanna solution of
1413 pS cm™! (HI 7031) at 25 °C. Concentrations of
the major components were quantified according to
standard methods (Online Resource).

The selenium: mercury ratio and the biota sediment
accumulation factor

Selenium: mercury molar ratio was calculated from
individual Se and Hg results of each tissue divided
by the molecular weight of each element. The Se
health benefit value (Se-HBV) for edible muscle
was calculated according to Ralston et al. (2016):
HBVg. = ([Se-Hg]/Se) x (Se+Hg). Selenium and Hg

@ Springer



Environ Geochem Health

concentrations are given in nmol g~! on a wet weight
basis. The positive results indicate that Se exceeds
Hg and it is beneficial to consumers, negative values
mean the contrary (Ruelas-Inzunza et al., 2020). The
magnitude of the value indicates Se surplus or deficit
related to the theoretical consumption of the muscle
of O. aureus. The biota sediment accumulation factor
(BSAF) describes the bioaccumulation of metal(loid)
s in the tissues of biota receptors. It also reflects the
efficiency of metal(loid) accumulation in an organism
and estimates the potential toxicity from sediment
contaminants. BASF was calculated using the equa-
tion (Thomann et al., 1995): BASF =concentration of
a chemical substance (metal(loid)s) in the organism/
concentration of a chemical substance in sediments.

Risk assessment

The non-cancer risk assessments were calculated
by comparing an estimate of exposure to a refer-
ence dose (RfD) for oral exposures (EPA, 2005)
using the individual target hazard quotient (THQ)
and the sum of THQs as the hazard index (HI):
THQ =[EF X ED X FIR x C/RfD x BW X AT] x 1073
and HI=XTHQ. EF is an exposure frequency of
365 days year™!, ED is a 70-year exposure period, C
is the mean concentration of the element (mg kg™),
BW is the population 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 is the food ingestion rate under
two different scenarios; in the first, a specific tilapia
consumption of 15 g week™! (2.2 g day™') was con-
sidered, and the second was under an intake ration
of 200 g week™ (28.6 g day™!) equal to the total
fish consumption rate per capita of Mexico in 2020
(SEMARNAT, 2021). There will be a risk if THQ or
HI> 1; also, the RfD data for As, Cd, Hg, Se, and Zn
were obtained from the IRIS Assessment Base (EPA,
2022). It is important to notice that the As average
level was considered as inorganic As (As;) and the
total Hg average as methyl-Hg to be conservative
about risks; also, Cu has not been evaluated. Finally,
a safe intake was calculated according to the Provi-
sional 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 pg kg=! BWmonth™!;
Cu 0.5 mg kg~! BWday™!; Methyl-Hg 1.6 pg kg™!
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BWweek™!; and Zn 0.3 mg kg~! BWday™!. 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 pg kg=! BWday~! for As. Thus,
the lower limit range was used to evaluate the risk
(0.1 pg kg™! BWday™); Se has no evaluation.

Statistical analysis

The results obtained from each variable were statis-
tically analyzed by a Kruskal-Wallis nonparamet-
ric ANOVA followed by U Mann—Whitney multiple
comparison test to compare molar ratios among tis-
sues. Spearman rank correlations yielding an R statis-
tic were used to determine associations among vari-
ables. Finally, mathematical models were applied to
correlate element concentrations with the different
variables (Zar, 2010).

Results and discussion

The tailing spill occurred~150 km away from EC
dam on January 21, 2013, and the massive fish mor-
tality transpired~90 days later. Considering the cur-
rent, sinuosity, and topography of Los Remedios
River (a tributary of the upper San Lorenzo River that
flows into EC dam), the material spilled was probably
transported in a period of~35 days. This indicates
that the first fragments of the spill arrived at EC dam
on February 25, 2013. Subsequently, the transported
material that accumulated at the entrance of the dam
slowly increased the mine tailings volume in such a
way that fish were exposed to acute toxicity, causing
massive mortality in April 2013.

Speciation of metal(loid)s

Water samples from EC dam, the pH varied from
5.06 to 8.51 (mean 7.34+1.24), and conductiv-
ity from 131 to 197 uS cm™' (17027 pS cm™).
The temperature registered during the sampling
was 26.5+ 1.6 °C. During the collection fish collec-
tion, the concentrations (mean+SD) of the major
components registered in the water samples were:
Ca®* 23.8+4.2, Mg*" 19.5+15.3, Nat 13.4+3.2,
K* 3.0+09, SO,/ 14.1+32, CI° 6.9+2.5,
CO;>~ 9.8+45, HCO,” 160+68, and SiO,
12.0+4.4 mg L', Concentrations of trace elements
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quantified in water samples from EC dam for the dis-
solved and suspended fraction were (Paez-Osuna
etal., 2015): 7.10+0.46 ug L' and 101 +10.0 ug g~
for As, 0.314+0.025 ug L™! and 3.63+0.50 pg g~
for Cd, 6.01+0.03 pg L™ and 67.7+3.8 ug g~' for
Cu, 0.109+0.083 pg L~ and 0.497 +0.023 pg g~! for
Hg, and 1068 +59 ug L™! and 803 +64 g g~! for Zn,
respectively. These dissolved concentrations were rel-
atively low and below the upper limit value for drink-
ing water established by the World Health Organiza-
tion (UNEP, 2008): As (10 ug L™1), Cd (3.0 ug L71),
Cu (2000 pg LY, Hg (1.0 ug L1, and Zn (3000 pg
L‘l). In contrast, the suspended concentrations were
relatively high. Particularly, the concentration of As,
Zn, Cd, and Hg exceeded the probable effect level
(PEL) established by the Canadian Sediment Quality
Guidelines for the Protection of Aquatic Life (CCME,
2001). The discussion of the comparison of these
high levels with those from other regions is presented
in Paez-Osuna et al. (2015).

In the dissolved fraction, metal(loid)s were found
as free ions in negligible proportions (<0.03%)
except for Cd (6.3%), reducing the health risks of
organisms. In natural waters, inorganic As can be
found as As (V) and As (III), which are the most toxic
chemical species for aquatic organisms (Osuna-Mar-
tinez et al., 2021). However, As was found entirely as
As (V) in this study, mainly as HASO42_ (94.4%) and
AsO43_ (5.6%) (Fig. 2). The rest of the analyzed met-
als were found mainly as hydroxides and carbonates,
e.g., CdCO; (47.5%), Cu(OH), (49.1%), Hg(OH),
(99.6%), and Zn(OH), (91.4%) (Fig. 2), which are
considered chemical species of lower toxicity and
bioavailable to biota.

Metal(loid)s in fish tissues

Concentrations of As, Cd, Cu, Hg, Se, and Zn in the
liver, muscle, and guts are presented in Fig. 3. The
sequence of the elements quantified in the muscle,
liver, and guts was Zn>Se>Cu>As>Hg>Cd,
Cu>Zn> As>Se>Cd>Hg, and As>Zn>Cu> Se >
Cd > Hg, respectively. Metal(loid) concentrations
exhibited great variability, particularly, in the liver
and guts. Moreover, element concentrations in the
liver were high, revealing that these fish were exposed
to high levels of the six elements. The accumulation
pattern of the six elements in the blue tilapia was

consistently higher in the liver than in the guts and
muscle except for As, with a higher concentration in
the guts. This pattern agrees with previous studies
in freshwater (Yap et al., 2015) and marine (Bergés-
Tiznado et al., 2021; Paez-Osuna et al., 2017; Rue-
las-Inzunza et al., 2011, 2020; Sujitha et al., 2019)
fish species. Significant differences among the liver
and the other two tissues for the same element were
evident for Cu, Hg, Se, and Zn (Fig. 3). This pat-
tern is certainly related to various types of fish organ
exposure to a contaminated aquatic environment in
the dam, as well as organ specificity in the uptake,
storage, regulation, and excretion abilities (Bergés-
Tiznado et al., 2015). The high accumulation of the
six elements in the liver followed by the muscle is
related to the main routes of capture and assimilation
through diet and water, which is directly associated
with metabolism and respiration (Ruelas-Inzunza
et al., 2011). The liver’s capacity to accumulate these
elements results from metallothionein activity, which
interacts with such elements and reduce their toxic-
ity (Yap et al., 2015). Other factors related to the high
accumulation of metal(loid)s and metallothioneins in
fish are the exposure time and the metal(loid) concen-
tration (Mieiro et al., 2011). The liver of O. aureus
is a highly active organ in the uptake, storage, and
detoxification of metals, particularly for Cd, Cu, Hg,
and Se. Therefore, this organ has been considered a
potential biomonitor of metal pollution given its con-
centrations are proportional to those in the environ-
ment (Yap et al., 2015).

The guts and their content reflect the recent food
uptake during the last hours before sampling. The O.
aureus individuals collected during the massive mor-
tality event exhibited high levels of the six elements,
with As reaching the highest concentrations in the
guts (Fig. 3). The low metal(loid) levels in the mus-
cle reflect the low concentrations of binding proteins
compared to the liver.

Once the metal(loid) is ingested, uptake occurs
in the intestinal tissue through membranes via trans-
porter proteins or/and ionic channels (Le Croizier
et al., 2018). Thus, dietary accumulation initiates in
the digestive tract. After entering the liver, metal(loid)
s are released into the general blood circulation,
reaching secondary accumulation organs such as the
muscle. Metal(loid)s in fish are depurated mainly
through urine in the kidney and bile excretion into the
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Fig. 2 Distribution of chemical species of the metal(loid)s (as %) in the waters of El Comedero dam for As (a), Cd (b), Cu (c), Hg

(d), and Zn (e)

intestine before final elimination through feces (Le
Croizier et al., 2018).

The high element concentrations found in the blue
tilapia sampled after the tailing spill (90 days) showed
great variability among individuals (Fig. 3). This
could be explained by the different habitats within
the dam and the upper San Lorenzo River, as well as
the variable duration and concentration of metal(loid)
exposure. Another relevant factor to consider is that
the mine tailings transported from the spill point to

@ Springer

the dam could be heterogeneous. Mine tailings are a
mixture of minerals, fluids, washeries, and concentra-
tors with a variable chemical composition (Kossoff
et al., 2014).

Metal(loid)s and body size
The O. aureus specimens exhibited variable sizes.

Total length ranged from 22.2 to 41.3 cm (with a
mean+SE of 32.5+6.1 cm), while body weight
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Fig. 3 Metal(loid) mean (ug g~' + SE; wet weight) concentrations in tissues of O. aureus (n=15); MLP, maximum permissible limit
(dotted lines); different letters above bars indicate significant differences (p < 0.05) between means of the tissues

ranged from 200 to 840 g (523 +60 g). Thus, the tila-
pias collected during the mortality event were mainly
pre-adults and adults. Table S1 (online resource) shows
the correlation values of element levels in the three
analyzed tissues, including weight and total length.

Significant negative correlations (p <0.05) were found
for As concentrations in the muscle between both
total length (R=— 0.60) and weight (R=— 0.53).
No other associations were found between the rest of
the elements in the muscle (p>0.05). Instead, total
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length and weight were positively related to levels of
As (R=0.57), Cu (R=0.57), Hg (R=0.61), and Se
(R=0.61) in the liver (Table S1). The correlation val-
ues of the six metal(loid)s observed in the guts were
not significant (p>0.05).

The relationship between size and metal accumula-
tion in aquatic biota is well known (Phillips, 1980).
However, the explanation of this phenomenon for
each element remains scarcely understood. The effect
of size may be a function of one or several age-related
parameters such as differences between the surface/
volume ratio, or metabolic and feeding rates of larger
(older) and smaller (younger) individuals (Phillips,
1980). This has been associated with feeding habit
differences between older and younger individuals
(Paez-Osuna et al., 1995). Nevertheless, an evident
accumulation tendency of As, Cu, Hg, and Se was
observed in the livers of larger organisms.

Selenium health benefit value (HBVg,) and the
selenium-to-mercury ratio

The HBVg, in the muscle, liver, and guts were posi-
tive (Table S2 online resource). The results are cer-
tainly surprising since these fishes were exposed to
the mining material transported from the spill site and
could hypothetically be used for human consump-
tion. However, ingestion is out of consideration as
a result of the elements accumulated in the tissues.
The Se:Hg molar ratio in the muscle, liver, and guts
was>1 (Table S2), indicating that Se is incorpo-
rated in selenoproteins (Bergés-Tiznado et al., 2015).
Owing to the high affinity between Hg and Se, the
formation of an Hg-Se complex has been suggested
as the responsible mechanism for the protective effect
of Se (Ralston et al., 2016). The variation of the
Se:Hg molar ratio with size was negatively correlated
(»<0.05) with total length (R=— 0.62) and weight
(R=- 0.64) (Fig. S1 Online resource). These associ-
ations between Se and Hg and the molar ratios in the
tissues suggest that there was enough Se to counter
the toxicity action of Hg during the mortality event.

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

There are various criteria to discern acceptable or

adverse levels in the context of human health by
consuming the edible fraction of fish. The muscle
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is generally the focus since it is the main support of
the human diet. The local human population con-
sumes the fillet of tilapia produced in Mexico, which
was 116,000 t in 2018, with an average consumption
of 3.08 kg per capita (FAO, 2021). Therefore, it is
important to generate information, given most of the
tilapia fisheries in NW Mexico occur in areas influ-
enced by mining.

The Mexican (DOF, 2011) and international
(Nauen, 1983) legal Cd levels are 0.5 ug g~' wet
weight (ww) in muscle, and no individual had con-
centrations above the limit (Fig. 3). Mean concentra-
tions of As and Hg in muscle were below the maxi-
mum permissible limit (MPL) considered in the
Mexican legislation (DOF, 2011) for fish and seafood
(As: 80 ug ¢! ww and Hg as CH;Hg, 1.0 pg g!
ww). Copper, Zn, and Se are not considered in the
Mexican norm. Nonetheless, countries such as Aus-
tralia and India established an MPL of 10 pug g~' ww
for Cu, and 40 and 150 ug g~' ww for Zn in New Zea-
land and Australia, respectively. However, no speci-
men exhibited levels in the muscle above these limits
(Fig. 3). Regarding Se, all specimens were above the
threshold (0.3 pg g~' ww) for fish and fish products
established in Chile, but 60% of the muscle samples
were below the limit of New Zealand (2.0 pug g~! ww)
for any type of foodstuff (Nauen, 1983).

Fish collected from a mortality event are not suit-
able for human consumption. However, this study
evidenced that the element concentrations in the
edible portion were low and below the MPL with the
partial exception of Se (Fig. 3), generated from indi-
vidual toxicological protocols for each metal(loid).
The calculated risk assessments were different for
both proposed scenarios (Table 1). There was no risk
of adverse health effects in a consumption of 15 g
of tilapia muscle in a week (all THQ and HI<1).
However, a portion of 200 g of muscle consumed
weekly could be negative for children, presenting an
HI> 1; this intake did not represent a risk for men
and women. Additionally, the removal of the liver and
guts to avoid risks is recommended in cases where O.
aureus appears healthy but with suspected metal(loid)
pollution.

If the PTI of each element is considered to esti-
mate a safe weekly ration, the portions could be
exaggerated for the essential elements Cu and Zn
(from 17.5 kg in children to 1094 kg in adult men).
For a non-essential risk scenario of Cd and Hg,
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Table 1 Non-cancer risk

. Element THQ (15 g/week) THQ (200 g/week)
assessment by population
group from tilapia Children Women Men Children Women Men
consumption
As 0.05 0.02 0.01 0.67 0.21 0.18
Cd 0.01 <0.002 <0.002 0.07 0.02 0.02
Hg 0.05 0.02 0.01 0.72 0.22 0.19
Se 0.03 0.01 0.001 0.34 0.10 0.09
Children BW =20 kg, Zn <0.001 <0.001 <0.001 0.01 <0.004 <0.004
Women BW =65 kg, and HI 0.14 0.05 003 18 0.55 0.48

Men BW =75 kg

children must consume 2.5 and 4.5 kg, women 8.2
and 14.6 kg, and men 9.5 kg and 16.8 kg of muscle.
Finally, the safe intake of blue tilapia muscle pro-
posed in this study would be 100, 325, and 375 g a
week for children, women, and men, respectively, to
avoid risks of adverse health effects by As; and other
metal exposure.

Comparison with other regions

Concentrations of metal(loid)s in the blue tilapia
quantified in this study were compared with those
reported in tilapias from other areas (Tables 2, 3).
The highest levels of the six elements are gener-
ally found in the liver and the lowest in the muscle,
which is a pattern observed for a wide spectrum of
fish species. It is noticeable that Cd in the muscle
(0.28 +0.06 pg g~! dw) of O. aureus from this study
exhibited similar concentrations to those previously
found in most regions where mining and agriculture
pollution have been reported in tilapias (Table 2).
Interestingly, the Cd found in our study and most
studies from other regions is 3—5 times more elevated
than the reported for the control in experiments with
O. aureus (Allen, 1995). In this study, Cd exhib-
ited the highest levels (52.0+24.6 ug g~! dw) in the
liver compared to most regions, but lower than those
reported in the tilapia of Lhasa, Tibet (China) (Jiang
et al., 2014). Cadmium in the liver of O. aureus
was ~267 times higher in the present study compared
to the baseline (0.19 ug g~! dw, Allen, 1995).

Copper in the muscle (1.48+0.41 pg g~ dw) was
comparable to most studies, except for Jiang et al.
(2014) in the Mozambique tilapia O. mossambicus,
Ndimele et al. (2017) in the Nile tilapia O. niloticus
from the Owo and Etegbin River (Nigeria) impacted
by industrial activities, and O. niloticus from
three dams in Sonora (Mexico) (Martinez-Durazo

et al.,, 2021) impacted by mining activities. Con-
versely, the highest concentration of Cu in the liver
(8758 +3692 pg g~! dw) corresponded to O. aureus
of the present study. The Zn concentrations in the
muscle (14.7+1.0 pg g~') were comparable to or
lower than most studies (Table 2). The Singida tila-
pia O. esculentus from Rukwa lake (Tanzania) (Map-
enzi et al., 2020), and O. niloticus from Yaounde lake
(Cameroon) (Léopold et al., 2015) exhibited higher
levels than O. aureus from this study. In contrast, O.
aureus from this study showed the highest Zn levels
in the liver (220+50 pg g~' dw) compared to other
studies.

Although the information on As is limited, it is
evident that O. aureus showed intermediate concen-
trations in the muscle (0.82+0.14 ug g~! dw) com-
pared to those reported in most regions of the world
(Table 3). The highest levels reported in the muscle
correspond to O. mossambicus from farms on the
west coast of Taiwan (Ling et al., 2013), which are
influenced by industry, agriculture, and groundwater
with As. Arsenic exhibited high levels in the liver
(200+75 pg g~' dw); however, they were lower than
those registered in O. mossambicus reared in farms
on Lhasa, Tibet (China) (Jiang et al., 2014). Sele-
nium in the muscle (10.7+0.4 ug g~' dw) and liver
(152+46 pg g7') of O. aureus showed higher levels
compared to the limited number of studies (Table 3).
Mercury in both muscle and liver exhibited a variable
concentration between species and regions. How-
ever, Hg levels of O. aureus were intermediate in
the present study (Table 3). The muscle and liver of
O. aureus had levels 12-times higher in this study
compared to the Hg baseline (0.31 pg g~! dw; Allen,
1994).

From this robust contrasting (Tables 2, 3), it is pos-
sible to generalize that O. aureus collected during the
mortality event in EC dam showed the highest levels
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Table 2 Ranges and mean concentration (ug g~' dw) of cadmium, copper, and zinc in tilapia worldwide

Species Cd Cu Zn Type of pollution Region Reference

O. niloticus Municipal Yaounde lake, Cam- Léopold et al. (2015)
Muscle 0.11-0.23 0.59-4.11 15.4-47.2 eroon

O. niloticus Wastewater ponds Wetland, East Cal-  Chatterjee et al.
Liver _ 320 315 cutta, India (2016)

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

O. niloticus Agriculture, indus- Mariut and Edku Abdel-Moneim et al.
Liver 0.036-0.205 1.26-3.29 4.3-234 trial, and urbanism  lakes, Egypt (2016)

O. niloticus Industrial Ologe lagoon, Owo  Ndimele et al. (2017)
Muscle - 34.7 10.5 and Etegbin River,

Nigeria

O. niloticus Mining area La Angostura dam,  Martinez-Durazo et al.
Muscle - 355100 18765 Sonora, Mexico (2021)
Liver - 649 +298 51.7+10.1

O. niloticus Mining area El Cajon de Onapa  Martinez-Durazo et al.
Muscle - 18.5+ 1.4 37.5+7.3 dam, Sonora, (2021
Liver - 660 +393 465+17.6 Mexico

O. niloticus Mining area El Oviachic dam, Martinez-Durazo et al.
Muscle - 203+3.0 17.1£6.9 Sonora, Mexico (2021
Liver - 521+232 89.3+£28.9

Tilapia zillii Agriculture, indus-  Cross River, SE Okogwu et al. (2019)
Muscle - 1.50 20.0 trial Nigeria

0. esculentus Agriculture, mining  Rukwa lake, Tan- Mapenzi et al. (2020)
Muscle - 0.25-1.52 64.0-133.5 zania

O. mossambicus Mining activities Yonki dam, Papua Kapia et al. (2016)
Muscle <0.01 2.64 New Guinea

0. mossambicus Ponds influenced by Malaysia Yap et al. (2015)
Muscle 034-0.84  14-2.1 157256  domestic effluents
Liver 1.28-3.05 8.9-269 53.5-101.9

O. mossambicus Mining and agricul-  Aquaculture farms,  Jiang et al. (2014)
Muscle 21.9 338 _ ture Lhasa Tibet, China
Liver 320 4225 -

O. mossambicus Lagoons influenced  Valley Culiacan, NW Izaguirre-Fierro et al.
Muscle 0.4-0.6 4.6-6.0 14-19 by agriculture and Mexico (1992)

livestock

O. aureus Mining area El Salto dam, NW Frias-Espericueta
Muscle 028+0.03 098+0.53  121+26 Mexico etal. (2010)
Liver 0.71+031 147+67 389+12.1

O. aureus Mining tailing spill ~ El Comedero dam,  This study
Muscle 028+0.06 148+041  147+1.0 NW Mexico
Liver 52.0+24.6 8758+3692  220+50

—, 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. *Median
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Table 3 Ranges and mean concentration (ug g~' dw) of arsenic, selenium, and mercury in tilapia worldwide

Species As Se Hg Type of pollution Region Reference

O. niloticus Agricultural Fish Sabal drainage Authman et al.
Muscle _ _ 837-39.1 Municipal Canal, Egypt (2013)

O. niloticus Wastewater ponds ~ Shanawan canal, Khallaf et al. (2003)
Liver - - 47.8 Al-Minufiya,

Egypt

O. niloticus Agricultural, Manzala lake, Sallam et al. (2019)

Muscle 345-3.87 - 0.11-0.43 domestic and Egypt
industrial

O. niloticus Urban sewage and ~ Lake Phewam, Rosseland et al.
Liver 1.0 (0.3-2.1) 9.8 (4.7-15.0) - agriculture Nepal (2017)

O. niloticus Artisanal mining Barekese dam, Gymabh et al. (2018)
Muscle _ _ 3.33 and agriculture Ghana

Tilapia zillii
Muscle - - 542

O. niloticus Domestic and Senegal River, El Mahmoud-Hamed
Muscle _ _ 0.02-0.53 industrial Mauritania et al. (2019)

O. niloticus Industrial Koka lake, Ethiopia Dsikowitzky et al.
Muscle 0.034-0.056  0.007-0.008  0.059-0.071 (2013)
Liver 0.077-0.568 0.001-0.017  0.024-0.111

O. niloticus Textile, ceramics Awasa lake, Ethio-  Dsikowitzky et al.
Muscle 0.045-0.260 0.001-0.002  0.045-0.241 ~ municipal pia (2013)
Liver 0.267-0.437 0.002-0.003  0.089-0.164

Sarotherodon mel- Agriculture, indus-  Awba dam, Nigeria Adeogun et al. (2020)
anotheron trial
Muscle 1.79 - 1.54

0. mossambicus Mining activities Yonki dam, Papua  Kapia et al. (2016)
Muscle - - <0.1 New Guinea

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

0. mossambicus As in groundwater ~ Farms south Taiwan Lin et al. (2005)
Muscle 1.90+1.31 2.50+0.36 -

0. mossambicus As in groundwater, Farms west coast Ling et al. (2013)
Muscle 8574399 235446 - industrial and Taiwan

agriculture

0. mossambicus Mining and agri- Aquaculture farms, Jiang et al. (2014)
Muscle 1702 _ _ culture Lhasa, Tibet,
Liver 3113 - - China

O. aureus Mining area Picachos dam, NW  Ruelas-Inzunza et al.
Muscle - - 0.12-0.36 Mexico (2015)
Liver - - 0.57

O. aureus Mining tailing spill ~ El Comedero This study
Muscle 0.82+0.14 107+04  032+0.01 dam Northwest
Liver 200475 152+46 381+1.21 Mexico

‘~’ 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. *Median
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of Cu and Se in the liver, and the second highest con-
centrations of As, Cd, Hg, and Zn in the same organ.
Conversely, Cd, Cu, Zn, Hg, and As in the muscle
showed similar or lower levels compared to most
studies reported in the same and other species of tila-
pia. The limited number of studies does not allow a
suitable comparison for Se. However, this confirms
the great regulation capacity of elevated concentra-
tions of the six metal(loid)s through the liver of O.
aureus, in which concentrations were very high.

The biota sediment accumulation factor (BSAF)

Blue tilapia consume a heterogeneous diet with a
wide range of natural foods such as benthic organ-
isms, plankton, detritus, and decomposing organic
matter (Stickney, 2017). Tilapias inhabit the bot-
tom layer of the water column where they feed by
digging through sediment in search of food. There-
fore, high element concentrations found in the pre-
sent study could be associated with the ingestion of
detritus including mine tailings, together with other
natural food items. Subsequent (2 days) to the sam-
pling of fish, a set of eight surface water samples
was collected in the upper San Lorenzo River and
EC dam (Paez-Osuna et al., 2015). The results indi-
cated that sediment-suspended concentrations were
high and most of the samples exceeded the prob-
able effect level (PEL) for the protection of aquatic
life (CCME, 2001). The BSAF was estimated using
sediment-suspended and liver concentrations given
this organ quantitatively reflects environmental lev-
els (Yap et al., 2015). BASF values were 71.2-134.7
for Cu; 8.3-16.8 for Cd; 3.5-7.6 for Hg; 1.5-2.1 for
As; and 0.12-0.30 for Zn. The BASF values > 2 indi-
cate that O. aureus is a macro-concentrator of Cu,
Cd, Hg, and partially As. But BASF values< 1 indi-
cate that this fish deconcentrates Zn (Thomann et al.,
1995). Metal(loid)s present in the suspended particles
enriched with tailing material occurred as multiple
mixtures, whose concentrations were relatively high.
The effect of metal(loid) mixtures on aquatic biota
depend on the concentrations, type, the number of
metal(loid)s involved, the animal taxa, exposure time
(Arreguin Rebolledo et al., 2021), and speciation. In
most metal mixture experimental studies, synergis-
tic effects have been observed in aquatic organisms
(Arreguin Rebolledo et al., 2021; Frias-Espericueta

@ Springer

et al., 2008; and references therein). During the mas-
sive mortality of this study, O. aureus was exposed to
a wide mixture of at least six metal(loid)s, probably
under the synergistic effect of As, Cd, Cu, Zn, and the
antagonistic effect caused by the excess of Se on Hg.

Conclusions

From the results of the present study, the toxic-
ity associated with the high concentrations of the
metal(loid)s can be partially responsible for the
massive mortality of fish in EC dam. However, it
is important to consider that other toxic elements
could have been present and contributed to the mas-
sive mortality. In addition, suspended sediment dur-
ing torrential rains can also cause acute fish mortality
(Swinkels et al., 2014). Finally, although less likely,
the effect of metal(loid)s could have first caused a
depression of the fish’s immune system, which was
then affected by a disease.

It is important to highlight the limitations related to
the sampling of this study, i.e., the difficulty of deter-
mining the cause of death at sublethal concentrations
of metal(loids) when sampling after an event, par-
ticularly where water and suspended sediment met-
alloid concentrations may be variable and not fully
representative of what the fish have been exposed to
(overall, what would be an ideal post-spill sampling
strategy). Conversely, the results of this study reveal
that the tilapia is an effective biomonitor of water and
sediment contamination during mine spill events, par-
ticularly via their liver concentrations.

Future research is needed to confirm the toxicity
of different and multiple mixtures of metal(loid)s pre-
sent in mine tailings to establish if the effects of such
elements are synergetic or antagonist, or simply addi-
tive. Moreover, it is important to establish the chemi-
cal forms of the toxic elements present in the mine
tailings to investigate effective remediation measures
when mining spills occur.
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