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periods: (1) pre-1900s, from which background lev-
els were estimated, (2) pre-1950, and (3) post-1950. 
Trace element provenance was determined through a 
chemometric approach. Most trace element concen-
trations varied little in the past ~ 100  years, with no 
Co, V, and Zn enrichment, and minor enrichment by 
Cr, Cu, Ni and Pb in a few sections of the cores col-
lected from the deepest locations, within the hypolim-
nion, and by Pb along the shallowest core. In contrast, 
As enrichment in the deep cores reached moderately 
severe levels during the post-1950 period. Cobalt, 
Pb, V, and Zn input to the lake was related to terrig-
enous sources. Lead enrichment was mainly anthro-
pogenic (the shallow coring site is close to human 
settlements). Copper and Cr variability were mostly 

Abstract Lakes provide a wide range of ecosys-
tem services that are increasingly at risk because of 
multiple anthropogenic pressures. Santa María del 
Oro crater lake lies in rural northwest Mexico and is 
of interest for global change studies and as a natural 
resource that sustains the economies of local com-
munities. Temporal trends of trace element (As, Co, 
Cr, Cu, Ni, Pb, V, and Zn) concentrations over the 
past century were assessed in four 210Pb-dated sedi-
ment cores, under the hypothesis that recent anthro-
pogenic activities have promoted increasing trace 
element inputs. Data were analyzed within three 
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the result of diagenetic reactions. Arsenic enrichment, 
however, was attributed to biogeochemical cycling 
processes, likely exacerbated by drought conditions 
and enhanced calcite precipitation. Contradicting our 
hypothesis, recent anthropogenic impact on the lake´s 
environmental quality was small. However, a prelimi-
nary assessment, based on international guidelines, 
indicated that As, Cr, and Ni concentrations could be 
harmful to benthic biota, even at background levels. 
High As concentrations could affect the aquatic food 
web and human health, the latter through fish con-
sumption. Given predictions for increasing droughts 
in the area, which induce greater evaporation and 
lower water levels, this issue could worsen in the 
future. Further studies on As contamination in the 
lake are needed to better understand potential haz-
ards and enhance response capacity. Such data must 
be part of conservation efforts and should be inte-
grated into management policies to ensure the lake’s 
sustainability.

Keywords Tropical crater lake · Trace elements · 
Lacustrine sediments · Arsenic contamination

Introduction

Lakes provide a wide range of ecosystem services, 
such as water supply, biodiversity, fisheries resources, 
and scenic and cultural values. However, these water 
bodies are sensitive ecosystems that are subject to 
change under the influence of external factors in their 
watersheds, aquifers, and the atmosphere. These fac-
tors may be affected by human activities that cause 
lakes to undergo rapid changes, thereby influencing 
aquatic ecosystem functions (USGS 2020).

Input of allochthonous sediments impacts the 
water quality of receiving water bodies, not only by 
increasing water column turbidity, but also by serving 
as diffuse sources and sinks of many contaminants, 
including heavy metals (Ongley 1996). Depending 
on the biogeochemical processes that occur in aquatic 
ecosystems (e.g. formation of organic complexes, 
changes in pH, redox, and salinity), incoming sedi-
ments can release already accumulated heavy metals 
into the overlying water, thereby causing secondary 
pollution, which can affect their ecological status 
(Algül and Beyhan 2020). Lake sediments can also 
serve as effective archives of contamination and can 

be used to infer historical trends of trace element 
accumulation (Ruiz-Fernández et  al. 2004; Yang 
and Rose 2005; Smol 2008; Ontiveros-Cuadras et al. 
2014; Lin et al. 2018; Pelletier et al. 2020).

Santa María del Oro Lake (SAMO) is a small cra-
ter lake in northwest Mexico, characterized by scenic 
beauty and surrounded by rural settlements where 
agriculture and cattle raising are the main economic 
activities. It is close to a small urban area that has 
experienced gradual development as a tourist destina-
tion for at least 40 years, which has accelerated since 
1995. In a very short period, the area has been modi-
fied by poorly planned shoreline constructions (PO 
2003). Tourism can play an important role in diversi-
fying the rural economy, contributing to sustainabil-
ity of the population (Nooripoor et  al. 2021). Tour-
ist activities, however, may indirectly affect the water 
body through catchment changes, or directly impact 
the shoreline and the lake water (Dokulil 2013), con-
tributing to environmental changes, including con-
tamination by trace elements. Furthermore, the nega-
tive effects of these impacts might be exacerbated by 
ongoing global warming that is already affecting in-
lake dynamics of most of Earth’s water bodies (Sahoo 
and Schladow 2008; Jeppesen et al. 2014).

Four 210Pb-dated sediment cores collected in 
SAMO (Ruiz-Fernández et  al. 2022) were used to 
determine the background levels and reconstruct the 
temporal variations in trace element (As, Co, Cr, Cu, 
Ni, Pb, V, and Zn) concentrations and enrichment 
over the past century. We hypothesized that recent 
development of agriculture, cattle ranching, and 
tourism induced deterioration of the environmental 
quality in the lake, owing to increased trace element 
inputs, which would be reflected as sediment con-
tamination. Information on background levels and 
temporal trends of trace elements is relevant to assess 
the contamination status of aquatic ecosystems, and 
this information can be used to develop conservation 
initiatives and lake-management practices designed 
to prevent or control detrimental changes, and thus 
ensure sustainable ecosystem services.

Study site

SAMO is a maar lake that lies within an extinct 
volcanic crater, at 750 m above sea level (a.s.l.), in 
the Trans-Mexican Volcanic Belt (Fig.  1). It is in 
the Municipality of Santa María del Oro (23,477 
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inhabitants; INEGI 2017) in the Mexican State of 
Nayarit, where the main productive activities are 
agriculture, cattle ranching, and tourism. Some 
small areas are exploited for gold (Au) and silver 
(Ag) production (200 ton  day−1; SGM 2020).

The lake is 2 km in diameter, has a surface area 
of 3.7  km2, and a maximum depth of 65  m (Ser-
rano et al. 2002). It is a warm (22.9–31.1 °C water 
temperature) oligomictic lake that remains strati-
fied most of the year, with a thermocline between 
20 and 37 m depth, and has a short and incomplete 
mixing phase during winter (Cardoso et  al. 2019). 
It shows dissolved oxygen stratification during 
almost the whole year, with anoxic deep waters 
(> 30  m). It contains slightly alkaline, moderately 
hard, mesotrophic waters (Caballero et  al. 2013) 
where cyanobacterial blooms occur after turno-
ver (Bustillos et al. 2020). The study area lies in a 
semi-warm sub-humid (A(C) zone; García 1973) 
with a well-defined rainy season from June to Octo-
ber. Meteorological records (1981–2010) from a 
nearby station (CONAGUA station 00018005 Cerro 
Blanco; ~ 960 m a.s.l., ~ 5 km west of SAMO; SMN 
2020) indicate mean annual minimum and maxi-
mum temperatures of 12.3 and 29.6  °C, respec-
tively, a mean annual rainfall of ~ 1146  mm, and a 
mean annual evaporation of ~ 1660 mm. The region 
was reportedly affected by strong to very strong 
droughts between 1950 and 1980 (Hernández Cerda 
and Valdez Madero 2004).

One important problem in SAMO´s surroundings 
is accelerated catchment erosion, associated with 

agriculture, deforestation, and forest fires (PO 2003). 
Fires are induced by intense droughts, extreme tem-
peratures, and uncontrolled domestic and agricul-
ture waste burning (INIFAP 2012; SEDATU 2013). 
Besides supporting a growing tourism industry, the 
lake is used for sport and commercial fishing, and 
water is extracted for household, agricultural, and 
cattle ranching activities (PO 2003). The lake shore-
line has undergone important modifications, owing 
to the construction of residential areas and tourism 
infrastructure, which have promoted a greater num-
ber of visitors (Moreno Moreno et al. 2015). SAMO 
has also been affected by the proliferation of tour-
ist boats that use fossil fuels and by direct wastewa-
ter discharge, owing to the lack of sanitary drainage 
systems and wastewater treatment plants (PO 2003). 
It has also been used for cage-fish-farming projects 
(Valencia-Plascencia and Jácome-Pérez 1993) and 
receives surface runoff from the surrounding agri-
cultural areas, including from the cultivation of blue 
agave for tequila production, since 1999 (González-
Bernal 2008).

Materials and methods

The methods used for sampling, 210Pb dating, and sed-
iment characterization of the four analyzed cores have 
been reported in detail (Ruiz-Fernández et al. 2022). 
Briefly, the cores were retrieved using a UWITEC™ 
gravity corer (86 mm inner diameter and 1.0-m-long 
transparent PVC tube). SAMO 14–1, SAMO 14–2, 

Fig. 1  Santa María del Oro 
Lake (SAMO), NW Mex-
ico. Left: the inset shows 
Nayarit (black). Orange 
dots are the locations of soil 
samples. Right: deep cores 
SAMO 14–1 (21.369° N, 
104.565° W, 55 m depth), 
SAMO 14–2 (21.370° N, 
104.572° W, 48.2 m) and 
SAMO 14–3 (21.372° N, 
104.572° W, 52 m), and 
shallow core SAMO 18–4 
(21.371° N, 104.577° W, 
30 m)
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and SAMO 14–3 were collected in April 2014 at sam-
pling depths of ~ 50 m, i.e. below the thermocline and 
hereafter referred to as deep cores. SAMO 18–4 was 
collected in May 2018 in 30 m water depth, i.e. near 
the thermocline, and is referred to as the shallow core 
(Fig. 1). The sediment cores were extruded and sec-
tioned into 1-cm intervals (SAMO 14–1 = 84, SAMO 
14–2 = 78, SAMO 14–3 = 91, and SAMO 18–4 = 36 
sections). In May 2019, 10 surface soil samples were 
collected around SAMO (Fig.  1) by inserting PVC 
rings (10-cm diameter, 2-cm thick) into the soil. Soil 
samples were transferred to plastic bags with a plastic 
spatula. Sediment and soil samples were lyophilized 
and ground to powder with a porcelain mortar and 
pestle, except the aliquots used for grain size analysis.

For core dating, alpha particle spectrometry (Alpha 
Ensemble Ortec-Ametek) was used to determine total 
210Pb (210Pbtot; Ruiz-Fernández and Hillaire-Marcel 
2009) and 239+240Pu activities, and gamma-ray spec-
trometry (OrtecHPGe well-detector) was used to 
determine 226Ra (210Pbsup) and 137Cs activities (Ruiz-
Fernández et  al. 2014; Díaz Asencio et  al. 2020). 
Excess 210Pb (210Pbex) was calculated as the differ-
ence between 210Pbtot and 210Pbsup activities.

All sediment and soil samples were analyzed for 
element composition, including trace elements. Sam-
ples were placed into low-density polyethylene cells 
with the bottom covered with Prolene® film, manu-
ally compressed with a Teflon® rod, and analyzed 
by X-ray fluorescence spectrometry (XRF, SPEC-
TROLAB Xepos-3) under He atmosphere. All sedi-
ment samples were analyzed for grain size distribu-
tion by laser diffraction (Malvern Mastersizer 2000E). 
Total, organic and inorganic carbon concentrations 
 (Ctot,  Corg, and  Cinorg, respectively) were determined 
in at least 1 of every 3  cm along the cores, with an 
elemental analyzer (Vario Microcube Elementar™); 
sediment aliquots were treated with 1  M HCl and 
freeze-dried before  Corg analysis; the  Cinorg fraction 
was estimated as the difference between  Ctot and  Corg 
Magnetic susceptibility was determined using a Bar-
tington MS2 system coupled to a  MSG2 frequency 
sensor.

Analysis of certified reference materials provided 
results within the reported range of the recommended 
values: IAEA-300 for 210Pb and 137Cs, LKSD-1 (Can-
metMINING) for element concentrations, QAS3002 
(Quality audit standard, Malvern™) for grain size 
percentages, and soil 502–308 (Leco) for carbon 

concentrations. Replicate analysis of a single sample 
(n = 6) yielded a coefficient of variation < 6% for ele-
ment concentrations, < 5% for grain size fractions and 
 Corg percentages, and < 10% for 210Pb and 137Cs.

Data treatment

Sediment dating

The 210Pb-derived chronologies and mass accumula-
tion rates (MAR) were calculated with the constant 
flux (CF) model (Robbins 1978; Sanchez-Cabeza 
and Ruiz-Fernández 2012), and dating uncertainties 
were estimated by Monte Carlo simulation (Sanchez-
Cabeza et  al. 2014). As SAMO 18–4 was too short 
to reach the equilibrium depth (Electronic Supple-
mentary Material [ESM] Fig. S1) and the dating with 
the CF model requires the total inventory of 210Pbxs, 
the missing 210Pbxs inventory was estimated using an 
independently dated reference layer (where the 137Cs 
maximum was observed, assumed to correspond to 
1963). Activity profiles (ESM Fig. S1) of 137Cs in the 
deep cores and 239+240Pu (only in cores SAMO 14–2 
and SAMO 18–4) were used for 210Pb age-model 
validation.

Data analysis

For analysis, data were grouped as: (1) pre-1900, 
including core sections beyond the dating limit owing 
to the lack of 210Pbex, (2) pre-1950, for sediments 
accumulated from 1900 to 1950, and (3) post-1950, 
for sediments accumulated since 1950 (Ruiz-Fernán-
dez et al. 2022), representing lower and higher global 
economic development, respectively. The year 1950 
was taken as a reference point, owing to the onset 
of the Great Acceleration (Steffen et  al. 2005) and, 
potentially, the Anthropocene epoch (AWG 2019).

Background element concentrations

Two approaches were used to estimate the back-
ground concentrations of trace elements in the sedi-
ment cores. First, we used the mean value of the ele-
ment concentrations in sediments accumulated before 
1900 (pre-1900 group) and second, we computed the 
background values from a distribution function to 
estimate, with statistical reliability, element concen-
trations driven by natural processes (Matschullat et al. 
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2000). This method included three steps: (1) iden-
tify the lower concentrations in the dataset, assumed 
to represent the natural background values (defined 
as the “reduced dataset”) between the minimum and 
the median value, which is not affected by outliers 
or skewed data; (2) create a modified version of the 
“reduced data set” with the original values (element 
concentrations ≤ median) and new values (element 
concentrations > median), calculated as twice the 
median minus each of the original values in the data 
set; and (3) use the new data set to produce a distribu-
tion function from which the mean ± standard devia-
tion represents the normal range of the background 
concentration for each element.

Enrichment factor

The degree of trace element contamination was eval-
uated through the normalized enrichment factor (EF; 
Buat-Menard and Chesselet 1979). This index is used 
to evaluate enrichment by trace elements above back-
ground levels in sediments and is considered to be the 
most widely used and successful enrichment indicator 
presently in use (Birch 2017). The EF was computed 
as the ratio of the trace element concentration in each 
core section to the background concentration of each 
element, with all concentrations normalized by their 
corresponding Al concentration. Aluminum is used 
as a chemical tracer of aluminosilicates in the detrital 
fraction of the sediments (Loring and Rantala 1992) 
and serves as a proxy for detrital input. Normalization 
with Al is used to correct for dilution and to assess 
the enrichment of the trace elements by non-detrital 
components (Van der Weijden 2002).

To assess the contamination status of the sedi-
ments, the EF values were classified according to 
Birch and Davies (2003): EF < 1–2 indicates no 
enrichment; 2 < EF ≤ 3 minor enrichment; 3 < EF ≤ 5 
moderate enrichment; 5 < EF ≤ 10 moderately 
severe enrichment; 10 < EF ≤ 25 severe enrichment, 
25 < EF ≤ 50 very severe enrichment, and EF ≥ 50, 
extremely severe enrichment.

Lake sediment quality assessment

Lake sediment quality, defined as the ability of sedi-
ment to maintain a healthy benthic population (Birch 
2017), was evaluated through comparison of As, Cr, 
Cu, Ni, Pb, and Zn with their probable effect level 

(PEL) screening values in freshwater sediments 
(Buchman 2008). PEL values refer to concentrations 
above which adverse effects are expected to occur 
frequently (MacDonald et al. 1996). This comparison 
was undertaken to determine which trace elements 
in the lake sediment might have adverse impacts on 
biota and to establish if further site-specific investi-
gation might be needed, e.g. biological and chemical 
testing.

Statistical analysis

The statistical analyses included 22 variables: per-
centages of clay, silt, sand,  Corg, and  Cinorg, and the 
concentrations of Al, As, Ca, Co, Cr, Cu, Fe, Mn, Ni, 
Pb, Rb, S, Sr, Ti, V, Zn, and Zr. Factor analysis (FA) 
was used to identify variable associations, explore 
similarities among cores, and to infer the provenance 
of the trace elements, with 289 analyzed core sections 
in total. We followed a compositional data analysis 
(CoDa) approach, based on the use of centered logra-
tio (CLR) coefficients (Filzmoser et al. 2018). Impu-
tation of missing values and values below the detec-
tion limit, as well as the transformation of the original 
data to CLR coefficients, were performed with the 
R-package robCompositions (Templ et  al. 2021). 
The suitability of the database for FA was evaluated 
through the Bartlett’s test of sphericity, and the Kai-
ser–Meyer–Olkin (KMO) test was used to determine 
the measure of sampling adequacy (MSA) (Hair et al. 
2014). Significant variables for each factor were those 
with loadings ≥ 0.55. FA was performed through 
 Minitab® 15.

Analysis of variance (ANOVA) followed by Tukey 
post-hoc tests was used to test differences between 
mean variable values among cores and among periods 
within the cores. These analyses were performed on 
the CLR-transformed database, at the 95% confidence 
level (p < 0.05).

Results

210Pb dating

The 210Pb dating results are presented in detail in 
Ruiz-Fernández et  al. (2022). All cores provided 
non-monotonic 210Pbxs activity depth profiles (ESM 
Fig.  1a); 210Pbxs activities that departed from an 
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exponential decay trend were interpreted to be a con-
sequence of sediment input variations (Krishnaswami 
et al. 1971), for which the age models and accumula-
tion rates were obtained through the CF dating model, 
that enables inference of temporal variations in SAR 
and MAR (Sanchez-Cabeza and Ruiz-Fernández 
2012). The age models spanned 103 ± 16 yr at 25 cm 
in SAMO 14–1, 97 ± 8 yr at 23 cm in SAMO 14–2, 
106 ± 6 yr at 37 cm in SAMO 14–3, and 66 ± 9 yr at 
36 cm (bottommost section) in SAMO 18–4.

According to the 210Pb age models, the 137Cs maxi-
mum in each core was found at similar 210Pb-dated 
time spans in the deep cores (SAMO 14–1: 16–17 cm, 
1960–1965; SAMO 14–2: 16–17  cm, 1960–1965; 
SAMO 14–3: 28–29 cm, 1962–1964), consistent with 
the period of maximum 137Cs fallout (1962–1964) 
produced by nuclear weapon testing (Bianchi 2007), 
and thus corroborating the 210Pb-derived chronolo-
gies. In SAMO 18–4, the 137Cs maximum (29–30 cm) 
was used to estimate the missing 210Pbxs inventory, 
and the age model was corroborated by using the 
maximum of 239+240Pu found at the same depth.

Mean MAR values in the pre-1950 period 
were comparable among the deep cores, rang-
ing from 0.02 ± 0.01  g   cm−2   yr−1 in SAMO 14–2 
to 0.03 ± 0.01  g   cm−2   yr−1 in SAMO 14–1. Data 
are not available for SAMO 18–4. In the post-1950 
period, MAR values in the deep cores were com-
parable, from 0.06 ± 0.05  g   cm−2   yr−1 in SAMO 
14–2 to 0.13 ± 0.08  g   cm−2   yr−1 in SAMO 14–3, 
but significantly lower than in core SAMO 18–4 
(0.28 ± 0.21  g   cm−2   yr−1). In this period, all cores 
showed considerable MAR fluctuations, particularly 
after the 1980s, and asynchronous maxima (ESM 
Fig.  1b), although MAR values decreased toward 
the surface, with values in the topmost core sections 
mostly within the interval of the pre-1950 mean 
value, except for SAMO 14–3.

Sediment characteristics and element concentrations

The sediment cores were composed mainly of silt 
(60–91%), with variable percentages of clay (7–29%) 
and sand (0–32%). According to ANOVA, the con-
centrations of Ca,  Cinorg, Sr, and Zr were comparable 
among cores (Fig.  2; Table  1), whereas the highest 
mean values of Pb, V, and Zn, and the lowest of silt, 
 Corg, Mn, S, and As were found in the shallow core 

(SAMO 18–4), collected closest to lake shoreline 
(Fig. 1).

Temporal profiles of most variables (Fig. 3) were 
similar among the cores. The grain size fractions 
showed small variations (< 10% for each grain size 
fraction), although the deep cores showed more scat-
tered profiles than SAMO 18–4. During the pre-1950 
period, the depth profiles generally showed decreas-
ing concentrations of Al, Ti, Rb, Zr, Fe, Mn, and 
most trace elements (As, Co, Cr, Cu, Ni, Pb, V, and 
Zn), as well as increasing Ca and Sr concentrations; 
but during the post-1950 period, the records are nois-
ier, with recurrent subsurface minima and maxima. 
Significant differences (p < 0.05) in mean concentra-
tions by period of some elements were consistently 
observed only in the deep cores (Fig. 4), with values 
of As being higher, and values of Co, Cr, Pb, V, and 
Zn being lower, during the post-1950 period than the 
pre-1900 period. Data are not available for pre-1900 
period in SAMO 18–4. Grain size distribution,  Corg 
content, and most element concentrations in the pre-
1900 segment were comparable among the cores, 
except for As and Ni concentrations, which were sig-
nificantly higher (p < 0.05) in SAMO 14–2 than in the 
other two cores (ESM Fig. S2).

Background element concentrations were esti-
mated from cores SAMO 14–1, SAMO 14–2, and 
SAMO 14–3, since core SAMO 18–4 lacked a pre-
1900 segment; the background values obtained from 
both methodologies (BC and  BCM; Table 1, ESM Fig. 
S3) were comparable for each element (p > 0.05).

Sediment quality assessment and enrichment factors

Benchmark PEL values were exceeded only by As 
in all cores (including the background values), and 
in some pre-1900 sections by Ni in SAMO 14–2 and 
SAMO 14–3, and by Cr in SAMO 14–3 (Table 1).

The enrichment factors, calculated using the 
BC values in each core, were < 2 for most elements 
(Fig.  5). A few exceptions, observed mostly within 
the post-1950 period, include: SAMO 14–1 (2.2–5.0 
for As, 2.1–2.2 for Cu and 2.3 for Pb in a single sec-
tion); SAMO 14–2 (2.1–7.5 for As, 2.0–3.9 for Cu 
and 2.0–3.8 for Ni); SAMO 14–3 (2.0–5.8 for As, 
2.0–2.3 for Cr and 2.0–2.1 for Cu, and 2.2 for Pb in a 
single section) and SAMO 18–4 (2.7 in a single sec-
tion for Cu and 2.0–3.0 for Pb).
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Fig. 2  Boxplots of grain size distribution, magnetic susceptibility (MS), organic and inorganic carbon, and element concentrations 
in sediment cores from Santa María del Oro Lake, Mexico
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Table 1  Summary of sediment characteristics, element composition, and background values in sediment cores from Santa María del 
Oro Lake, NW Mexico

Sand Silt Clay MS Al Ti Rb Zr Fe Mn S

Core SAMO 14–1
N 83 84 84 84 84 84 84 84 84 84 84
Min  < DL 60.9 8.1 29.5 3.1 0.2 41.7 41.2 0.4 0.5 0.1
Max 29.6 89.8 28.4 337 11.1 0.7 124 296 6.5 6.2 1.7
Mean 2.8 83.6 13.6 136 7.9 0.4 88.5 141 3.8 2.0 0.6
SD 4.7 4.9 3.0 72.7 1.8 0.1 20.2 44.4 1.4 1.0 0.3
Core SAMO 14–2
N 72 76 76 77 78 78 78 78 78 78 78
Min  < DL 60.4 7.3 26.3 1.9 0.2 34.7 38.0 0.3 0.5 0.3
Max 31.7 91.2 25.0 196 12.2 0.5 128 187 7.1 13.9 2.7
Mean 3.9 83.7 12.7 94.8 7.3 0.4 86.5 130 3.9 3.5 0.6
SD 5.9 5.4 3.1 41.0 2.7 0.1 26.2 40.4 2.0 2.5 0.4
Core SAMO 14–3
N 90 90 90 91 91 91 91 91 91 91 91
Min  < DL 61.5 8.8 27.1 3.4 0.2 42.5 52.9 0.6 0.4 0.1
Max 22.4 88.6 29.4 204 10.7 0.6 121 244 6.5 5.4 1.3
Mean 4.0 82.6 13.4 93.1 6.9 0.4 81.5 139 3.3 2.0 0.5
SD 4.7 5.1 3.4 46.6 1.8 0.1 19.5 43.3 1.5 1.1 0.3
Core SAMO 18–4
N 36 36 36 36 36 36 36 36 36 36 36
Min 0.6 76.3 9.6 82.2 7.0 0.4 90.6 105 4.2 0.9 0.1
Max 12.4 85.2 16.0 214 10.2 0.5 127 161 6.8 2.0 0.6
Mean 4.6 82.3 13.0 162 8.3 0.5 106 139 5.0 1.3 0.3
SD 2.8 2.2 1.4 32.7 0.7 0.03 9.6 14.0 0.6 0.3 0.1
Background values
BC 4.3 82.0 13.8 133 8.4 0.5 95.3 154 4.5 2.6 0.5
uBC 5.9 5.6 3.6 52.8 1.5 0.1 17.2 30.6 1.3 1.8 0.3
BCM – – – – 7.8 – – – – – –
uBCM – – – – 2.5 – – – – – –
BCB – – – – – – – – – – –
TEL – – – – – – – – – – –
PEL – – – – – – – – – – –

Ca Sr Corg Cinorg As Co Cr Cu Ni Pb V Zn

Core SAMO 14–1
N 84 84 45 45 84 84 84 84 84 84 84 84
Min 1.8 254 0.9 0.2 37.4  < DL 12.9 18.2 7.2  < DL 50.6 50.5
Max 18.7 2246 6.5 6.0 236 25.5 92.2 34.3 32.7 47.6 169 172
Mean 7.8 623 2.7 2.2 92.7 13.4 36.7 26.0 20.7 15.3 115 114
SD 4.4 437 1.0 1.6 43.8 5.6 14.2 2.6 5.7 11.4 29.4 29.7
Core SAMO 14–2
N 78 78 41 41 78 78 78 78 78 78 78 78
Min 1.5 257 1.3 0.2 50.9  < DL 15.2 20.3 19.8  < DL 47.4 41.0
Max 18.5 2313 8.6 5.7 281 24.1 46.2 30.1 48.5 22.8 178 167
Mean 7.6 663 3.3 2.6 130 12.9 31.1 25.6 36.0 7.4 118 109
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Trace element provenance

Because anomalous trace element concentrations are 
not always the result of anthropogenic contamination, 
and can instead reflect differences in sediment sources 
(Loring and Rantala 1992), factor analysis (FA) was 
used to infer the provenance of the trace elements, 
especially As, which showed the highest enrichment 
factors in the deep cores (Fig.  5). Bartlett’s test of 
sphericity yielded a p-value < 0.05, confirming that 
the dataset has significant correlations among at least 
some of the variables; and the KMO test provided an 
overall MSA = 0.88 and values > 0.5 for all variables 
(Table 2), corroborating the suitability of the database 
for FA.

Three factors (eigenvalues > 1.0) explained 75% of 
the dataset variance (Table  2, Fig.  6). Factor 1 (F1, 

54% explained variance—ev) represents sedimen-
tary matter; it included as significant variables Ca, 
 Cinorg,  Corg, Sr, As, S and silt with negative values, 
and Fe, Rb, Ti, Zr, and Al (detrital proxies; Sageman 
and Lyons 2004) and the trace elements Zn, Pb, Co, 
and V with positive values. Factor 2 (F2, ev = 12%) 
denotes grain size variability; it included silt and clay 
with negative loadings and sand with positive load-
ing. Factor 3 (F3, ev = 9%) represents diagenetic 
effects; it included Mn with positive loadings, as well 
as Cu and Cr with negative loadings.

In the FA biplot of F1 and F2, which explained 
most of the dataset variance, the sections of cores 
SAMO 14–1, SAMO 14–2, and SAMO 14–3 are scat-
tered throughout both factors, although most samples 
from the post-1950 period are distributed on the neg-
ative side of factor 1 (quadrants III and IV); whereas 

Table 1  (continued)

Ca Sr Corg Cinorg As Co Cr Cu Ni Pb V Zn

SD 4.6 484 1.8 1.5 58.5 6.2 7.3 2.0 7.9 8.0 38.3 36.3
Core SAMO 14–3
N 91 91 47 47 91 91 91 91 91 91 91 91
Min 1.7 249 1.1 0.2 31.8 3.1 15.8 20.8 11.9  < DL 59.1 51.3
Max 16.7 2146 5.6 7.2 267 23.1 157 46.2 46.9 33.3 167 177
Mean 7.8 712 3.0 2.3 95.8 12.3 51.4 28.9 23.4 10.3 104 104
SD 4.0 463 1.0 1.6 44.9 4.4 27.9 4.1 6.4 9.2 24.9 27.4
Core SAMO 18–4
N 36 36 36 36 36 36 36 36 36 36 36 36
Min 1.7 264 1.2 0.3 52.9 12.9 28.5 23.3 19.6 26.8 129 117
Max 8.9 999 4.1 2.5 91.2 24.5 42.1 82.2 31.0 46.9 205 183
Mean 5.7 652 2.3 1.4 63.5 17.1 35.9 27.7 26.1 33.7 154 143
SD 1.7 169 0.6 0.5 8.6 2.9 3.1 9.4 2.7 5.4 18.8 16.1
Background values
BC 5.9 430 2.3 1.6 88.9 15.4 44.9 27.4 29.1 14.5 127 122
uBC 3.4 141 0.7 1.1 38.5 4.2 22.8 3.6 8.9 9.7 26.3 26.5
BCM – – – – 83.2 13.6 34.9 26.6 24.9 18.2 116 117
uBCM – – – – 24.1 4.8 8.5 2.5 6.7 10.2 31.1 35.5
BCB – – – – 1.1 10.0 7–13 10–25 9.9 4–17 50 7–38
TEL – – – – 5.9 – 37.3 35.7 18.0 35.0 – 123
PEL – – – – 17.0 – 90.0 197 36.0 91.3 – 315

Sand, silt, clay,  Corg,  Cinorg, Al, Ti, Fe, and Ca are in %, magnetic susceptibility (MS) in  10–5 SI, Mn in mg  g−1, Rb, Zr, S, Sr, As, Co, 
Cr, Cu, Ni, Pb, V and Zn in µg  g−1

BC background values from data for the pre-1900 period, uBC uncertainty of BC (1 σ);
BCM = background values derived from Matschullat et  al. (2000);  uBCM = uncertainty of  BCM (from cores SAMO14-1, 14–2 and 
14–3; see explanation in the text)
BCB = background level, TEL = threshold effect level, and PEL = probable effect level for lake sediments from Buchman (2008)
 < DL = below limit of detection (sand: 0.5%, Co: 3 µg  g−1, and Pb: 1 µg  g−1)
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almost all sections of core SAMO 18–4 were grouped 
on the positive side of both factors (quadrants I and 
II).

In the FA solution it was noted that: (1) silt per-
centages have cross-loadings with similar significant 
values (-0.56 in F1, and -0.60 in F2), which indicates 
that silt contributes to explain two separate concepts 
(Hair et al. 2014), and (2) despite the fact that Ni had 
an acceptable MSA (0.66, Table 2), it showed a low 
communality (0.14) and did not have significant load-
ings in any factor, which indicated that the variance 
shared by Ni concentrations with other variables is 
low, so Ni variability is not accounted for by the FA 
solution (Hair et al. 2014).

Trace element concentrations in soils

The trace element concentrations in soils collected 
in the SAMO surroundings (ESM Table  S1) fell 
mostly within the range of values observed in the 
SAMO sediment cores, except for As, which were 

considerably lower than the As concentrations in the 
deep cores.

Discussion

The element concentration ranges observed in SAMO 
are comparable to those reported for other lakes 
(Table  3), including (i) non-contaminated environ-
ments (e.g. Cr and Ni in Bafa Lake, Turkey (Manav 
et al. 2016) or Zn in Popradske Lake, Slovakia (Rec-
zýnski et  al. 2020)), or (ii) contaminated environ-
ments (e.g. As in Paulina Lake, USA (Lefkowitz 
et  al 2017), Co in Bizerte Lagoon, Tunisia (Mna 
et al. 2017), Cu, Pb and Zn in Uru Uru Lake, Bolivia 
(Tapia and Audry 2013)). Some concentrations 
reported for non-contaminated environments are sim-
ilar to those reported for contaminated environments 
(Table  3), because trace element concentrations can 
be influenced by sediment geochemical proper-
ties (e.g. grain size, carbonates, or organic matter 

Fig. 4  Boxplot of trace 
element concentrations by 
periods, in sediments from 
Santa María del Oro Lake, 
NW Mexico. Trace element 
concentrations are in µg  g−1
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concentrations; Horowitz 1985) and are also strongly 
dependent on the mineralogical composition of catch-
ment sediments, which mostly defines the background 
concentrations.

The background concentrations of trace elements 
in SAMO were estimated from the pre-1900 data in 
the deep cores, which were not available for SAMO 
18–4. Although a few significant differences were 
observed for some element concentrations among the 
cores, we considered that an overall interval from the 
three deep cores better represents the concentrations 
in the lake. Between the sixteenth and eighteenth 
centuries, during the Spanish occupation of Mexico, 
three small gold mines (reales) operated within the 
current territory of Santa María del Oro Municipal-
ity, although those mining centers were abandoned 
after the Mexican War of Independence in 1810 
(Gómez-Cancino 2016; INAFED 2010). There is 
no information on the impacts of those mining cent-
ers on SAMO; thus, the background values reported 
here may not represent natural values, but serve as a 
baseline to evaluate trace element contamination over 
the past century. The background values of Co, Cu, 
and Pb were comparable to background values for 
freshwater sediments in the NOAA Screening Quick 
Reference Tables (Buchman 2008), although higher 
values were observed for Cr, Ni, V, and Zn (~ 3 times 
higher), and As (~ 81 times higher).

Indeed, As, Cr, and Ni background concentra-
tions in SAMO are high, and according to the PEL 
benchmark, these concentrations could be harmful to  
benthic biota. The high background values in SAMO 
could be related to the volcanic lithology and the 

Table 2  Factor analysis for elemental composition in sedi-
ment cores from Santa María del Oro Lake NW Mexico

MSA measure of sampling adequacy from the Kaiser–Meyer–
Olkin (KMO) test; overall value = 0.88. Significant elements 
(in bold) have loadings > 0.55)

Variable MSA Factor1 Factor2 Factor3 Communality

Ca 0.82 − 0.96 − 0.03 − 0.04 0.92
Cinorg 0.95 − 0.94 0.02 0.07 0.89
Corg 0.91 − 0.91 − 0.08 − 0.14 0.85
Fe 0.90 0.90 − 0.09 0.27 0.90
Rb 0.92 0.90 − 0.34 0.00 0.93
Zn 0.91 0.90 − 0.35 − 0.06 0.94
Ti 0.93 0.87 − 0.18 − 0.14 0.81
Sr 0.92 − 0.86 − 0.08 − 0.31 0.84
Zr 0.88 0.85 − 0.07 − 0.11 0.74
Pb 0.84 0.85 0.19 − 0.14 0.78
Al 0.86 0.84 − 0.27 0.14 0.79
Co 0.95 0.83 − 0.13 0.09 0.72
V 0.93 0.81 − 0.35 0.05 0.78
As 0.89 − 0.78 − 0.42 0.26 0.85
S 0.67 − 0.71 − 0.28 0.33 0.70
Sand 0.51 0.20 0.85 − 0.06 0.76
Clay 0.71 − 0.10 − 0.72 − 0.10 0.54
Silt 0.80 − 0.56 − 0.60 − 0.30 0.77
Cu 0.64 − 0.26 − 0.33 − 0.75 0.75
Mn 0.67 − 0.38 − 0.10 0.67 0.60
Cr 0.51 0.23 0.26 − 0.58 0.45
Ni 0.66 0.30 − 0.22 0.04 0.14
Explained 

variance 
(%)

54 12 9

Fig. 6  Factor analysis 
biplot for geochemical 
variables and trace element 
concentrations in sediment 
cores from Santa Maria del 
Oro Lake, NW Mexico. 
Biplot quadrants are indi-
cated by Roman numerals
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Table 3  Trace element concentrations in lakes around the world (concentrations are in µg  g−1)

C contaminated, NC not contaminated, NA not available
Data source: This  study1, Ruiz-Fernández et al. (2004)2, Ontiveros et al. (2014)3, Ontiveros-Cuadras et al. (2014)3, Hernández-Rivera 
(2018)4, Hernández-Rivera (2018)4, Ruiz-Fernández et al. (2007)5, Coxon et al. (2016)6, Lefkowitz et al. (2017)7, Malkiewicz et al. 
(2016)8, Reczýnski et al. (2020)9, Manav et al. (2016)10, Li et al. (2017)11, Meena et al. (2017)12, Ayyanar and Thatikonda (2020)13, 
Lintern et al. (2016)14, Mna et al. (2017)15, Li et al. (2020)16, Tapia and Audry (2013)17

Study site As Co Cr Cu Ni Pb V Zn Status

Santa María del Oro 
 Lake1

31.8–280.8 3.1–25.5 12.9–156.7 18.2–82.2 7.2–48.5 1.2–47.6 47.4–204.9 41.0–182.9 NC

Espejo de Lirios 
Lake,  Mexico2

NA 38.8–67.1 42.9–67.1 20.5–30.8 39.8–61.1 53.8–116.0 37.7–61.1 102–148 C

Santa Elena Lake, 
 Mexico3

5.0–8.2 NA 42.3–53.4 8.7–15.0 NA 24.6–31.7 63.6–90.7 50.1–75.1 NC

Chapala Lake, 
 Mexico3

6.0–9.4 NA 43.7–57.6 23.4–28.3 NA 18.8–31.0 86.2–111 85.1–198 C

El Sol Lake, 
 Mexico4

2.1–6.3 7.7–15.2 35.6–54.1 35.6–63.5 14–22 33.6–142 68.0–100.9 96.3–156 C

La Luna,  Mexico4 1.6–7.9 8.7–32.1 36.8–53.0 30.8–67.9 14–26 24.2–172 50.9–99.2 88.9–184 C
Lago Verde, 

 Mexico5
NA NA NA 54.3–169.5 NA 2.1–65.5 NA 35.3–143.4

Holiday Lake, 
 EUA6

17.4 NA 26.6 86.6 NA 23.7 NA 88.7 C

Germantown Lake, 
 EUA6

28.3 NA 25.3 46.9 NA 26.0 NA 88.9 C

Bear Creek Lake, 
 EUA6

27.7 NA 25.4 31.5 NA 15.9 NA 90.2 C

Chesdin Lake, 
 EUA6

18.1 NA 24.2 50.4 NA 25.0 NA 88.8 C

East Lake,  EUA7 22–34 4–6 6–14 5–15 4–6 0–3 62–88 11–24 C
Paulina Lake.  EUA7 33–247 16–67 0–8 1–8 41–144 0–8 54–138 21–63 C
Wielki Staw Lake, 

 Poland8
NA NA NA 3.4–19.1 NA 4.9–75.0  < 0.4–31.6 11.7–55.0 C

Lago Smreczýnski, 
 Poland9

NA NA 12.3–37.4 18.4–43.6 NA 146.1–352.6 NA 133.0–537.8 C

Lago Popradske, 
 Slovakia9

NA NA 9.9–18.5 8.6–22.1 NA 13.7–18.2 NA 126.1–190.9 NC

Bafa Lake,  Turkey10 NA NA 214–288 NA 297–460 8.3–19.1 NA 67.5–89.9 NC
Erhai Lake,  China11 NA NA 93–179 56–117 52–92 53–75 NA 120–164 C
Rewalsar Lake, 

 India12
NA 10.5–16.3 64.7–165.0 24.6–97.0 23.3–50.0 19.7–29.0 NA 84–116 C

Hussian Sagar 
Lake,  India13

8.4–20.8 8.3–15.1 67.2–105.8 52.6–137.5 26.6–70.6 50.7–134.8 NA 96.7–441.9 C

Willsmere Billa-
bong,  Australia14

2.5–7.0 NA 33.0–37.0 9.0–14.0 17–23 13.0–17.0 NA 30.0–64.0 NC

Bizerte Lagoon, 
 Tunisia15

NA 17.0–24.0 155–210 0.3–22.0 52–88 100–190 NA 163–257 C

Dianchi Lake, 
 China16

21.5–64.4 NA 57.2–113 57.3–114 33–59.8 44.1–105 NA 132–606 C

Uru Uru Lake, 
Bolivia (north)17

37–76 NA NA 43–81 NA 33–60 NA 107–183 C
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presence of mineralized zones in the catchment. Con-
centrations of As in volcanic rocks are generally low 
(e.g. 3.2–5.4 µg  g−1 for rhyolite, and 0.18–113 µg  g−1 
for basalt, the predominant rock types in the SAMO 
catchment), although As can be enriched in sulfide 
mineral veins in volcanic rocks (Smedley and Kin-
niburgh 2002).

Most trace element concentrations showed nar-
row variations within the past 100  years (Fig.  3). 
The enrichment factors in SAMO cores (Fig. 5) were 
usually low, ranging from no enrichment (EF < 2) by 
Co, V and Zn, to mostly minor enrichment by Cr, 
Cu, Ni and Pb in at least one of the deep cores, but 
only by Pb in SAMO 18–4. This means that, from 
the inorganic geochemical point of view, SAMO is 
still a well-preserved environment, barely affected 
by human impact during the past century—but not 
pristine, since the human imprint is everywhere and 
truly pristine environments are essentially nonexist-
ent (Stahn et  al. 2017). The exception was As, for 
which EF > 2 was observed since the early 1900s in 
SAMO 14–2 and, during the post-1950 period, the 
EF reached values as high as ~ 7 (moderately severe 
enrichment) in the deep cores (Fig. 5).

Major natural sources of As in lakes include the 
weathering of As-bearing minerals such as sulfides 
and sulfo-salts (Schaufelberger 1994) and ground-
waters enriched with geogenic As, i.e. associ-
ated with mineral deposits, volcanic or hydrother-
mal processes. Residues from diverse anthropic 
activities, such as mining of metal ores, use of 
wood preservatives, pesticides, fertilizers, and 
sewage discharge, among others (Camacho et  al. 
2011) can be responsible for arsenic contamina-
tion in surface water and groundwater. Regarding 
As particulate transport, neither the sediment nor 
soil data support that the As enrichment has an 
anthropic origin, since: (a) As concentrations in 
SAMO 18–4, collected closer to the shoreline, and 
thus more influenced by anthropogenic activities, 
were comparable to background As concentrations 
(89.9 ± 40.2 µg  g−1) in the lake, and (b) As concen-
trations in the soils collected around the lake (ESM 
Table S1), with a mean value of 39.7 ± 54.0 µg  g−1, 
were lower than those observed in the sediment 
cores, and in only two of the soil samples collected 
in the southern part of the lake, As concentrations 
(S-01: 136 µg  g−1 and S-02: 146 µg  g−1) were com-
parable to the background values in SAMO cores. 

Concentrations of As in stream sediments from 
mineralized areas in the SAMO surroundings (CRM 
1996) are considerably higher (770–1043  µg   g−1; 
Table EMS S1). Thus, underground transfer of As 
to SAMO may be possible, but no information on 
As concentrations in groundwater is yet available to 
support this surmise.

Trace element provenance

According to the factor analysis, F1 (sedimentary 
matter, ev = 54%) indicated that autochthonous pro-
duction and terrigenous input are the main processes 
that regulate trace element composition in SAMO 
sediments. The terrigenous input resulting from 
catchment erosion, as indicated by the lithogenic ele-
ments Fe, Al, Ti, Rb, and Zr in the negative-loading 
assemblage, is the main source of Co, Pb, V, and Zn, 
as these elements can be firmly bound in mineral lat-
tices (Boyle et  al. 2002); the scavenging of As by 
endogenic/authigenic phases (carbonates, organic 
matter, and sulfides), however, largely influences the 
accumulation of As in the sediments, as indicated by 
the positive-loading assemblage (Ca, Sr,  Corg,  Cinorg, 
As, S, and silt).

The depth profile of factor scores (Fig.  7, Fac-
tor 1) showed that alternation between the two pro-
cesses is more relevant for the deep cores, since along 
core SAMO 18–4, which covers only the post-1950 
period, the factor scores are mostly positive, indicat-
ing the stronger influence of terrigenous input on the 
trace element distribution at the shallowest sampling 
location. The distribution of the core sections in the 
FA biplot (Fig. 6) reflected the main influence of land 
sources of Pb on SAMO 18–4, which showed the 
highest Pb concentrations among the cores (Fig.  4), 
accounting for Pb enrichment (EF > 2, Fig.  5). This 
minor Pb contamination might be caused by (i) long-
distance transport of Pb deposited on catchment soils 
and transported to the lake by runoff (Rose et  al. 
2012), and (ii) human activities near the lake shore, 
which may include the use of household products 
such as leaded paint, solder, wood finishes, shot and 
bullets, jewelry, leaded ceramic and crystal containers 
for food and beverages, and improper waste manage-
ment (e.g. disposal of electronic waste and lead bat-
teries, and open burning of residues) (Laquatra 2014; 
ATSDR 2019). Domestic and agricultural (sugar 
cane) waste burning is a known issue in Santa María 
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del Oro Municipality, which also produces recurrent 
forest fires in the surroundings (SEDATU 2013). 
Open burning of waste can produce emissions of a 
variety of heavy metals, including Pb, through gase-
ous emissions and fly- and bottom-ash, creating the 
potential for further air, water, and soil contamination 
(Cogut 2016).

Accumulation of carbonates (represented by the 
grouping of Ca, Sr,  Cinorg) in the deep cores seems to 
counterbalance that of trace elements supplied from 
catchment runoff. Silt is included in the positive-load-
ing assemblage of F1 (Table 2), likely because most 
carbonate deposition occurs as mud-sized material 
(Gierlowski-Kordesch 2010). Despite the small grain 
size, generally associated with a higher capacity to 
concentrate trace elements, carbonate minerals con-
tain considerably lower trace element concentrations 
than do aluminosilicates (Veizer 1983), and together 

with other assumed non-trace element-bearing mate-
rials (e.g. quartz and coarse-grained materials), are 
often considered diluents of trace element concen-
trations in sediments (Horowitz 1985). This dilution 
process is confirmed by the opposite concentration 
trends (Fig.  3) and loading signs (Table  2) between 
Ca and most trace element concentrations (Co, Cr, 
Ni, Pb, V, Zn).

Higher accumulation of carbonates was identified 
during the post-1950 period in all cores (relatively 
high Ca,  Cinorg, and Sr concentrations in Fig. 3), nota-
bly in the deep cores (Fig.  6). Carbonate deposition 
may be induced by water-borne clastic input, eolian 
supply, concentration through evaporation, and bio-
genic activity (Gierlowski-Kordesch 2010). Given 
the opposite loading signs of carbonate and detrital 
indicators in F1, the clastic origin of carbonates is 
unlikely. Carbonate precipitation in SAMO may be 

Fig. 7  Depth profile of factor scores, from the factor analysis for geochemical variables and trace element concentrations in sedi-
ment cores from Santa Maria del Oro Lake, NW Mexico
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influenced by cyanobacterial blooms after turnover 
(Caballero et al. 2013; Bustillos et al. 2020), as they 
are known to be responsible for large-scale precipi-
tation of  CaCO3, together with organic compounds 
(Kamennaya et  al. 2012). The temporal changes in 
carbonate production can be related to cyclic climate 
patterns (humidity/aridity and temperature) that may 
promote algae productivity and carbonate precipita-
tion by concentration (Gierlowski-Kordesch 2010). A 
previous study of sediments accumulated within the 
past 2000 years in SAMO (Rodríguez-Ramírez et al. 
2015) attributed increased carbonate deposition to 
low water levels, owing to lower rainfall and higher 
evaporation rates.

The association of As with the negative-loading 
assemblage is explained by biogeochemical pro-
cesses, including carbonate precipitation (indicated 
by the grouping of Ca,  Cinorg, and Sr), as well as 
organic matter complexation and trapping in authi-
genic sulfide minerals, as per the grouping of  Corg 
and S. Primary production causes an increase in pH 
and precipitation of calcium carbonate, the removal 
of trace metals by their incorporation into algal tis-
sues and new mineral phases, and provides active 
surfaces for adsorption (Salomons and Förstner 
1984). In aqueous environments, the most abundant 
inorganic As species are arsenate (As(V)) and arsen-
ite (As(III)), and the mobility of these species is 
influenced by pH and the redox potential, as well as 
the presence of adsorbents, such as Fe- Mn- and Al-
oxides, sulfide minerals, phyllosilicates (e.g. micas 
and clays), carbonates and organic matter (Magal-
hães 2002; Neff 2002; Panagiotaras and Nikolopou-
los 2015). Although arsenate is favored in oxic con-
ditions and arsenite in anoxic conditions, both As 
species are found in reduced and oxidized settings 
(Nicomel et  al. 2015). Under oxic conditions As is 
mostly adsorbed to metal oxides, whereas in reduc-
ing conditions, metal oxide dissolution releases As 
and it can be trapped in authigenic sulfide minerals 
(Costagliola et al. 2013), calcite (either incorporated 
in the calcite crystal lattice or adsorbed at the min-
eral surface; Renard et al. 2015), or can complex with 
natural organic matter (Catrouillet et al. 2016), whose 
diverse functional groups (e.g. carboxylic, amino, 
sulfhydryl, hydroxyl) are efficient geochemical traps 
for As, under both oxic and reducing conditions (Zhu 
et al. 2017).

According to the FA biplot (Fig. 6, quadrant IV), 
carbonate and As accumulation are more relevant 
in the deep cores than in the shallow one, especially 
during the post-1950 period, when minor to moder-
ately severe enrichments were observed (Fig. 5). The 
deep cores were collected below the oxycline, where 
anoxic conditions are almost permanent (Caballero 
et al. 2013), and reducing conditions would favor the 
availability of effective scavengers for As, such as 
inorganic sulfides, Mn(II)-bearing carbonates (rho-
dochrosite,  MnCO3) (Johnson et al. 2016) and the sul-
fur-enrichment of organic matter (Urban et al. 1999).

As indicated by F2, the grain size variability in 
SAMO sediments refers mostly to the sand and clay 
percentages in the sediments (highest loadings in F2), 
which are the less represented in the cores (all cores 
have > 60% of silt; Table  1). These variations are 
much more intermittent in the deep cores than in the 
shallow one (Fig.  7, Factor 2); however, their influ-
ence on the accumulation of trace elements seems to 
be minimal, as none of them have significant loadings 
in this factor.

According to F3, the variation of Cr and Cu con-
centrations in the sediments is most likely driven by 
diagenetic processes, as suggested by the significant 
loading of the redox-sensitive element Mn in this fac-
tor. This would imply that the profiles of the three 
elements are likely influenced by post-depositional 
migration and reprecipitation as a consequence of 
the seasonal cycle of lake stratification. Mn and Fe 
undergo oxidation and reduction as lakes periodi-
cally overturn and stagnate; in the oxidized state, both 
of them are insoluble and precipitate as Mn and Fe 
oxides, carrying adsorbed ions to the sediments, 
whereas under anoxic conditions they solubilize, 
release the adsorbed ions, which diffuse upward and 
precipitate as oxides in the oxidizing part of the sedi-
ment sequence or are released to the water column 
(Balistrieri et al. 1992; Howard and Chisholm 1975); 
however, the oxidation of Mn is much slower and the 
reductive dissolution of Mn oxyhydroxides faster, 
than that of Fe (Davison 1993). The contrasting trends 
of Cr and Cu in comparison to Mn (Fig.  3; oppo-
site loading signs in F3, Table  2) can be explained 
by the different effects of redox processes on these 
elements. Under reducing conditions, whereas Mn 
solubilizes, Cr tends to precipitate as Cr(OH)3 or 
be adsorbed onto mineral phases, such as Al and Fe 
oxides, calcite, and organic matter coatings, whereas 
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under oxidizing conditions Mn precipitates and Cr is 
generally soluble and rarely forms precipitates (Mur-
ray et al. 1983; Gorny et al. 2016). Regarding Cu, it 
is generally associated with clay mineral fractions, 
especially those rich in coatings that contain organic 
carbon and oxides of Fe and Mn (Callender 2003), 
whereas under reducing conditions, Cu is released 
to solution and diffuses downward within the sedi-
ments, where it can be fixed by coprecipitation with 
sulfide phases or by incorporation into authigenic 
clay minerals (Pedersen et al. 1986). Variations in the 
depth profiles (Fig. 7, Factor 3) in the shallow core, 
which covers only the post-1950 period, are minimal 
in comparison with the deep cores, which seem to be 
more affected by diagenetic processes, owing to the 
greater depth and almost permanent anoxic condi-
tions that prevail in the hypolimnion.

The FA was not useful to explain the variability 
of Ni in the cores, because the variance shared with 
the other variables in the analysis was low. This might 
be because Ni is less particle-reactive than other ele-
ments analyzed, such as Pb, Co, Cu, or Zn (Balls 
et  al. 1989; Burton et  al. 1993). The dominant form 
of Ni in natural freshwaters is soluble  Ni2+ (Bin et al. 
2018) and the free ionic form  Ni2+ is stable over a 
range of redox conditions. Nickel can form soluble 
complexes with inorganic and organic ligands, and/
or is associated with suspended mineral colloids. 
Thus, geogenic Ni can be mobilized to a considerable 
amount, depending on both the redox potential and 
pH of the environment (Rinklebe and Shaheen 2017).

In summary, the main provenance of the trace ele-
ments in the cores is terrigenous for Co, Pb, V, and 
Zn, and hydrogenous for As (owing to sorption or 
coprecipitation with endogenic/authigenic phases) 
and Cu and Cr (diagenetic reactions). Climate change 
can affect trace element deposition in lakes through 
multiple processes, including variations in tempera-
ture and rainfall rates, which could alter mixing and 
stratification patterns and reduce lake water levels, 
which may intensify heavy metal cycling in lake sedi-
ments (Zhang et al. 2018). According to data from the 
Cerro Blanco meteorological station, located ~ 5  km 
NW of SAMO, precipitation decreased significantly 
between 1960 and 2010 (Ruiz-Fernández et al. 2022). 
Reduced rainfall would likely have favored increased 
lake water evaporation and endogenic carbonate 
precipitation, and this process may have contrib-
uted to high As enrichment in the deep cores. Since 

increasing drought periods are foreseen in the area, 
and SAMO water extraction might also contribute to 
lowered lake water levels (PO 2003), As enrichment 
could increase in the future.

Conclusions

Temporal changes in environmental conditions at 
crater lake Santa María del Oro (NW Mexico) were 
evaluated through analysis of trace element concen-
trations (As, Co, Cr, Cu, Ni, Pb, V, and Zn) in four 
210Pb-dated sediment cores. Background trace ele-
ment concentrations were established from lake sedi-
ments accumulated before the 1900s and can serve 
as a baseline for future studies and lake management 
programs.

As, Cr and Ni concentrations were found to be 
naturally high, and enrichment factors of most trace 
elements implied negligible recent anthropogenic 
contamination. Nonetheless, moderately severe As 
enrichment was observed in the deep lake cores, 
attributed to biogeochemical processes, notably car-
bonate precipitation, likely driven by climate vari-
ability. According to international benchmarks, As 
concentrations could be deleterious to benthic biota 
and to humans, through fish consumption, for which 
specific studies on As toxicity are recommended.

Considering that drought conditions might pro-
mote further As enrichment, evaluation of As concen-
trations in water and fish, and surveillance of the lake 
water level (owing to water extraction and droughts) 
is also advisable. So far, anthropogenic activities in 
the proximity of the lake within the past 100  years 
have had a small impact on the environmental qual-
ity of the lake, at least regarding trace element con-
tamination. However, anthropogenic activities in the 
catchment should be monitored to preserve the condi-
tions of this valuable water resource.
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