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Abstract Lanthanide compositions of 17 Chilean macroalgal
species were analyzed by inductively coupled plasma mass spectrometry. Samples were collected from four distinct areas (from
23° to 53° S) along the coast of Chile, in the spring of 2014.
Lanthanides were confirmed in all samples and were found over
a range of 0.0001–7.62 mg kg−1 dry weight, in agreement with
concentrations found in non-polluted areas around the world.
The concentrations of elements varied among species, phyla,
and, in some cases, by geographical distribution, highlighting
the importance of local factors on lanthanide distribution. The
central and northern zones of Chile contained higher concentrations of lanthanides (in total of all samples with 10.69 and
10.41 mg kg−1 dry weight, respectively), although the northern
samples comprised only one third of the number of samples from
the central zone. The pristine area at the extreme south of Chile

also contained lanthanides in macroalgal biomass, at a total concentration of 4.77 mg kg−1 dry weight. Species with the highest
concentrations of these metals were the brown alga Colpomenia
sinuosa (7.62 mg kg−1 dry weight) and the red macroalga
Gracilaria chilensis (2.92 mg kg−1 dry weight), followed by
Corallina officinalis var. chilensis, and Pyropia sp. Cerium was
normally the main lanthanide (2.99 mg kg−1 dry weight) followed by lanthanum (1.34 mg kg−1 dry weight) and/or neodymium
(1.61 mg kg−1 dry weight). This is the first publication that exclusively covers the distribution of these economically important
metals in Chilean marine biota. We suggest that the brown alga
C. sinuosa could have potential as a bioindicator of lanthanides.
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Many taxonomic groups of macroalgae have been used traditionally both as ingredients in medicine and in food preparations
across different regions of the world, although their biological
properties are not yet fully understood (Mabeau and Fleurence
1993; Astorga-España et al. 2015). Over the past 50 years, industrial uses of algae have increased considerably, with the consequent development of applied research in various related fields
(Goecke et al. 2012; Wells et al. 2016). Macroalgae are currently
used extensively in the pharmaceutical, cosmetics, and food industries (Truus et al. 2001). Their use as ecological and environmental bioindicators has also increased in recent years (Amer
et al. 1999). However, because macroalgae are known to concentrate metals to levels many times higher than those ones found
in surrounding waters (Iwata et al. 1993; Kano et al. 2003;
Serfor-Armah et al. 2006), their elemental composition is important (Truus et al. 2004).
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Studies of the chemical composition of marine biota in
Chile (algae, mollusks, tunicates, crustacean, or fishes) have
usually focused on characterizing the main biomolecular constituents (e.g., amino acids, dietary fiber, fatty acids,
phycocolloids, proteins) and a few micronutrients of economically important resource species (Gras et al. 1993; Manly
et al. 1996; Román-Silva et al. 2003; Ortiz et al. 2009;
Goecke et al. 2012). Other research has concentrated on the
content of toxic metals originating from anthropogenic activities and their effects at different organizational levels
(Ahumada 1994; Castilla 1996; Astorga-España et al. 2005;
Contreras et al. 2010; Castillo and Valdés 2011). Over the last
few decades, a large number of studies in marine biota have
focused on the content of heavy metals and metalloids such as
As, Cd, Hg, and Pb, whose toxic effects are well understood
(Astorga-España et al. 2007; Gaudry et al. 2007a; Díaz et al.
2012). Conversely, much less research has focused on rare
earth elements (REEs) in marine organisms (Liang et al.
2014). These elements are usually not considered in any compositional analysis, and therefore, their biodistribution in natural environments remains unresolved. Because they are considered to be non-essential, not particularly toxic, of low abundance, or simply due to methodological reasons, they have
been neglected (Goecke et al. 2015b). This is particularly true
for South American organisms.
Under the descriptor Brare earth elements,^ 15 lanthanides,
named lanthanum (La), cerium (Ce), praseodymium (Pr), neodymium (Nd), promethium (Pm), samarium (Sm), europium
(Eu), gadolinium (Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium (Er), and ytterbium (Yb), are grouped
together with the non-lanthanides scandium (Sc) and yttrium
(Y) (Brown et al. 1990). They exhibit very similar physical
and chemical properties but differ slightly in atomic number
(Zhu et al. 2012). Despite the name, these elements are widely
dispersed and are generally common in nature, in terrestrial
and marine environments (Brown et al. 1990). On average,
REEs in the Earth’s crust represent 0.015% dry weight (dw)
(Kastori et al. 2010), which compares with that of copper,
lead, or zinc (Hu et al. 2004). Because of their unique physical
and chemical properties, they are used in a growing number of
applications and have become indispensable for a number of
critical technologies in modern commercial, industrial, and
military products (Du and Graedel 2011). Consequently, with
increasing agricultural and industrial uses of REEs, the release
of these elements into the biosphere and their bioaccumulation
has risen (Loell et al. 2011; Liang et al. 2014).
Among the analytical techniques used to quantify lanthanides, inductively coupled plasma mass spectrometry (ICPMS) is nowadays widely employed due to its large dynamic
range, low detection limits (<ng g−1), and the ability to monitor a number of elements simultaneously (Bulska et al. 2012).

The presence of lanthanides (Pr, Nd, and Sm) was first reported in algae in the calcareous Rhodophyta Lithotamnium
calcareum in Roscoff, France (Servigne and Tchakirian
1939). Further information on REEs has been rather dispersed
since then. More recently, it was discovered that regardless of
size (micro- or macroalgae), structural organization (unicellular, filamentous, crustose, or foliose), type of algal division
(e.g., Chlorophyta, Ochrophyta, Rhodophyta, Charophyta or
Cyanobacteria), or geographical origin, algae contain a diverse spectrum of lanthanides (see Hou and Yan 1998; Fu
et al. 2000; Kano et al. 2001a; Mashitah et al. 2012).
Lanthanides can easily reach 1.3 mg kg−1 of fresh algal
material (Yan et al. 1998), although this is low in comparison
with macroelements such as calcium, sodium, or potassium (see
Hou and Yan 1998; Amer et al. 1999). Worldwide, 37 studies
on the identification and quantification of lanthanides from
macroalgae have been published, most of them being carried
out on Asian species (Table 1). Only two South American
studies have been published so far. In those, the total level of
lanthanides in macroalgae ranged from 0 to 226 mg kg−1 dw.
Over the last decade, China has achieved a monopoly on
REE production (over 95% of world production) with economic and social consequences (Hurst 2010; van Gosen
et al. 2014). Due to increasing interest in REEs and serious
limitations in the market, several efforts worldwide have been
initiated to develop rare earth projects by prospecting for new
ores or re-opening old mines. Chile, with a long tradition in
mining, can produce valuable quantities of raw REEs, encouraging the emergence of companies for their exploration and
production. Therefore, worldwide, there is concern about the
environmental impacts of lanthanides (see Liang et al. 2014).
These widely and frequently used minerals may enter the ecosystem, and consequently, determination of lanthanides in environmental samples (including algae) is becoming a very
important issue (Bulska et al. 2012).
The coast of Chile, more than 4200 km, confers natural
heterogeneity over a great latitudinal range. This variability
generates a marked physical gradient along the coast (Valdés
et al. 2011), which is reflected in significant chemical signatures in algae (Vásquez and Guerra 1996) and population demography (Guillemin et al. 2015).
The aim of this study was to measure the concentration of
lanthanides in 17 macroalgal samples collected along the
Chilean coast and to investigate the biodistribution of those
metals in the country. We hypothesized that the northern zone
of the country, with a large mining industry and with direct
influence of the Atacama Desert, would have the highest concentration of lanthanides. We expect the central and southern
zones of Chile to be next, both having highly populated cities
on the coast, and anticipate the lowest concentration to be in
the austral (extreme south) region, farthest from the continent
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Table 1 Lanthanide content in marine macroalgae around the world.
The detected metal, their concentration range, number of algal species,
geographical origin of the samples, technique used for analysis, and

references are given. Values are expressed in milligram per kilogram,
and it is specified if the results are calculated from fresh weight or from
dry weight

Elements

Concentration

Technique

Spp.

Origin

Reference

Dy

6.12–108.47

SRTXRF

11

Brazil

Ferreira et al. (2012)

Ce, La, Sm

0.14–20.2

INAA

12

Chile

Vásquez and Guerra (1996)

Ce, Eu, Yb

0.021–1.13 (fw)

INAA

1

China

Yan et al. (1998)

Ce, Eu, La, Lu, Nd, Sm, Tb, Yb

0.0253–2.45

INAA

35

China

Hou (1999)

Ce, Eu, La, Lu, Nd, Sm, Tb, Yb
Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Nd, Pr,
Sm, Tb, Tm, Yb
Ce, La, Sm

0.0346–38.5
0.78–49.1

INAA
ICP-MS

35
7

China
China

Hou and Yan (1998)
Shi et al. (2004)

0.118–4.86

INAA

6

China

Hou et al. (1998)

Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Nd, Pr,
Sm, Tb, Tm, Yb
Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Nd, Pr,
Sm, Tb, Tm, Yb
Ce, Eu, La, Nd, Sm, Yb

0.0006–0.085

ICP-MS

1

China

Li et al. (2012)

0.0036–0.9991

ICP-MS

2

China

Yao et al. (2007)

0.018–2.82 (fw)

INAA

8

China

Yan et al. (1999)

Ce, Eu, La, Lu, Sm, Tb, Yb
Eu, La, Lu, Sm, Tb, Yb

0.46–67
0.0–0.12

INAA, ENAA
INAA

2
1

Corsica
Estonia

Roelandts and Monty (1987)
Truus et al. (2001, 2004)

Nd, Pr, Sm
Ce, La, Sm

–
0.176–2.05

–
AAS, others

1
1

France
France

Servigne and Tchakirian (1939)
Coquery et al. (1997)

Ce, Eu, La, Sm, Tb, Yb

0.0005–7.5

INAA, ICP-MS, AES

1

Germany

Amer et al. (1999)

Ce, Eu, Sm, Tb, Yb
La, Sm

0.01–>10
0.04–2.1

INAA
INAA

3
16

Germany
Ghana

Jayasekera and Rossbach (1996)
Serfor-Armah et al. (2006)

Eu

0.01–0.06

INAA

8

Greece

Kanias et al. (1992)

Ce, La, Lu, Sm, Tb, Yb

0.61–1.1

INAA

69

Japan

Yamamoto et al. (1984)

Ce, Dy, Er, Eu, La, Lu, Nd, Pr, Sm, Tb, Yb

0.000–0.0174

INAA

1

Japan

Iwata et al. (1993)

Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Nd, Pr, Sm,
Tb, Tm, Yb
Ce, Eu, La, Lu, Sm, Tb, Yb

L kg–1 (fw)

ICEP-MS

1

Japan

Takata et al. (2010)

<0.01–5.3

INAA

40

Japan

Kawashima et al. (1983)

Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Nd, Pr,
Sm, Tb, Tm, Yb
Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Nd, Pr,
Sm, Tb, Tm, Yb
Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Nd, Pr,
Sm, Tb, Tm, Yb
Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Nd, Pr,
Sm, Tb, Tm, Yb
Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Nd, Pr,
Sm, Tb, Tm, Yb
Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Nd, Pr,
Sm, Tb, Tm, Yb
Ce, Dy, Er, Eu, Ho, La, Lu, Nd, Pr, Sm,
Tb, Tm, Yb
Ce, Tb, Yb
Ce, Eu, Sm, Tb, Yb
Ce, Eu, Sm, Tb, Yb
Ce, Eu, La, Lu, Sm

0.00025–0.174

ICP-MS

5

Japan

Fu et al. (2000)

0.001–1.58

ICP-MS

7

Japan

Kano et al. (2001a)

0.00056–3.25

ICP-MS

21

Japan

Kano et al. (2001b)

0.00145–1.96

ICP-MS

39

Japan

Kano et al. (2003)

0.000–0.97

ICP-MS

29

Japan

Sakamoto et al. (2008)

0.01–26.2

ICP-MS

1

Malaysia

Mashitah et al. (2012)

0.004–226

ICP-MS, INAA

2

Morocco

Gaudry et al. (2007a, b)

0.00–0.3
0.028–13.1
0.01–>10
<0.02–13

INAA
INAA
INAA
INAA

10
2
3
3

Norway
Sri Lanka
Sri Lanka
Yugoslavia

Kleiven (2014)
Jayasekera (1994)
Jayasekera and Rossbach (1996)
Martić et al. (1980)

Nd, Sm

0.001–187

INAA

2

Ukraine

Kravtsova et al. (2014, 2015)

Techniques used for analysis are AAS = flame atomic absorption spectroscopy, ENAA = epithermal neutron activation analysis, ICP-AES = inductively
coupled plasma atomic emission spectroscopy, ICP-MS = inductively coupled plasma mass spectrometry, INAA = instrumental neutron activation
analysis, SRTXRF = synchrotron radiation total reflection X-ray fluorescence analysis
fw fresh weight
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and with fewer anthropogenic influences. In addition, we aim
to identify a suitable species for future biomonitoring studies.

(20 mL) and filled with 0.67% HNO3 (Merck, Suprapure)
(Vítová et al. 2011).
Determination of elemental content (ICP-MS)

Material and methods
Samples
Healthy macroalgal samples from the Chilean coast were
individually handpicked over the period of late spring in
2014. Samples were placed into pre-cleaned polyethylene
bags into thermal boxes filled with ice. Morphologically
complex species as Durvillaea antarctica, Macrocystis
pyrifera, and Lessonia spicata, with large morphological
differences and longer lifetime, were sampled in the stipe
and fronds separately. The rest of the species (mostly smaller than 10 cm and with little morphological differentiation,
if any) were sampled on fronds only. The samples were
transferred to the laboratory, identified, cleaned from sediments and epiphytes, washed several times with (local) filtered seawater, and dried at 60 °C in an oven for at least
2 days to a constant weight (Serfor-Armah et al. 2006;
Sakamoto et al. 2008). We analyzed the dry biomass by
ICP-MS in the National Institute of Public Health,
Czech Republic.
The study was divided into four areas of Chile (Fig. 1,
Table 2):
Northern area: Antofagasta’s coast, specifically Punta
Coloso, Isla Santa María and Caleta Urco beach (between
23°47′08.5″ S; 70°29′19.8″ W and 23°27′57.5″ S; 70°30′
47.2″ W).
Central area: coast of Quintero-Ventanas and Montemar
(between 32°43′12.5″ S, 71°28′42.1″ W and 32°57′46.9″
S, 71°32′49.4″ W).
Southern area: Valdivia’s coast, specifically Niebla and
Mehuin beach (between 39°51′19.8″ S 73°23′35.1″ W
and 39°25′14.53″ S, 73°13′7.98″ W).
Austral zone (extreme South): coast of Magallanes, specifically, Bahía Mansa (53°36′43.71″ S, 70°55′43.21″ W)
and San Juan (53°41′28.64″ S, 70°58′14.53″ W).

Analytical methods
Sample digestion
Samples of dry algal biomass (0.1 g) were digested with 3 mL
of 67% HNO3 (Merck, Suprapure) and 0.5 mL of 30% H2O2
(Merck, Suprapure) in a PTFE vessel in a Milestone MLS1200 MEGA closed microwave device at 250–600 W for
20 min. After evaporation of excess acid in the same system,
the resulting solution was transferred to a volumetric flask

ICP-MS measurements were performed using an Elan DRC-e
(Perkin Elmer, Canada) equipped with a concentric PTFE
nebulizer, a cyclonic spray chamber, a high-efficiency quartz
torch, and a dynamic reaction cell (DRC) for the elimination of
spectral interference. The IS solution for determination of total
metals contained Ge, In, and Re (10 μg L−1) in dilute (1:100)
HNO3 (Suprapur, Merck). Distilled and demineralized water
(Millipore, USA) was used to prepare all solutions. Samples
were passed through a 0.45-μm nylon syringe filter and diluted
1:10 in water. Values are expressed in milligram per kilogram
dw. We corrected for background noise by subtracting the blank
samples from the raw data (Kleiven 2014).
Reference material underwent all the steps as measured
samples; no part of the procedure was skipped. It was mainly
in order to avoid possible loss of analyzed metals in the various treatment steps. The standards were always used during
the measurements because of checking the accuracy of the
results and for controlling of instruments. Samples were always diluted to reach the corresponding concentrations of the
reference solutions.
Statistical analysis
Three replicates (n = 3) of each species (if available) from
each location were used for chemical analysis. Data were statistically analyzed using R version 3.3.1 (R Development
Core Team 2016). We applied a Mann-Whitney U test in order
to determine the existence of differences in REE content
among algal groups, while for differences among algal species
within each zone and among geographical origins, KruskalWallis tests were used at a significance level of α = 0.05.
Furthermore, we used a Dunn test for multiple comparisons
when differences were detected.

Results
Lanthanides were detected in all macroalgal samples collected
from different areas of the Chilean coast, within a range of
0.0001–7.61 mg kg−1 dw. All lanthanides detected, their concentrations, and localities are shown in Table 3 (only species of
concentrations equal or above 0.01 mg kg−1 dw are displayed in).
The compact brown alga Colpomenia sinuosa from central
and northern Chile had the highest concentration (Table 3).
The concentration of total lanthanides found in red algae was
significantly lower than that observed in brown algae (U test,
W = 68, P = 0.01723), ranging from 0.13 to 2.96 mg kg−1 dw.
Among Rhodophyta, the highest concentration was found in
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Fig. 1 Map of Chile showing the
sampling sites

Gracilaria chilensis from southern Chile (Table 3). Results
show differences in the total amount (sum of all samples) of
lanthanides found in macroalgae at different localities, although no significant latitudinal patterns of metal content in
relation to sampling sites were observed within individual
species (Kruskal-Wallis test, chi-squared = 8.027, df = 3,
P = 0.05). The central and northern zones of Chile exhibited
the highest concentrations of lanthanides (total of 10.69 and

10.41 mg kg−1 dw, respectively), although the northern samples comprised only one third of the number of samples from
the central zone. The pristine area in the extreme south of
Chile also exhibited lanthanides in macroalgal biomass, at a
concentration of 4.77 mg kg−1 dw.
In all samples, cerium was the lanthanide found in
highest concentrations, ranging from 0.0001 to 2.99 mg kg1
dw (Table 3), except in the case of Corallina officinalis
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Table 2 List of macroalgae
investigated in the present study
according to the different
geographical localities from
which they were isolated. They
were divided into northern area
(N, divided into sector s1 = Caleta
Urco, sector s2 = Santa María,
and sector s3 = Punta Coloso),
central area (C, divided into sector
s1 = Montemar and sector
s2 = Quintero), southern area (S,
divided into sector s1 = Mehuín
and sector s2 = Niebla), and
extreme southern or austral zone
(A, divided into sector s1 = San
Juan and sector s2 = Bahía
Mansa) of Chile. Species names
are according to Algaebase (see
Guiry and Guiry 2015)

Algae division

Locality
N

C

S

A

s1, 2

s2

s1, 3

s1, 2

s2

Div. Ochrophyta
Adenocystis utricularis (Bory de Saint-Vincent) Skottsberg
Colpomenia sinuosa (Mertens ex Roth) Derbés and Solier
Desmarestia ligulata (Stackhouse) Lamouroux
Desmarestia sp.

s2
s2

Durvillaea antarctica (Chamisso) Hariot (frond)
Durvillaea antarctica (Chamisso) Hariot (stipe)

s1, 2
s1, 2

Lessonia spicata (Suhr) Santelices (frond)

s1, 2

Lessonia spicata (Suhr) Santelices (stipe)
Lessonia spp.
Lessonia flavicans Bory de Saint-Vincent
Macrocystis pyrifera (Linnaeus) C Agardh (frond)

s1, 2
s3
s1, 2

Macrocystis pyrifera (Linnaeus) C Agardh (stipe)
Div. Rhodophyta
Chondrus sp.

s2

s1, 2

s2
s2

s2
s2

Corallina officinalis var. chilensis (Decaisne) Kützing
Gracilaria chilensis CJ Bird, McLachlan and EC Oliveira
Iridaea cordata (Turner) Bory de Saint-Vincent
Mazzaella laminarioides (Bory de Saint-Vincent) Fredericq
Nothogenia fastigiata (Bory de Saint-Vincent) PG Parkinson
Pyropia sp.
Sarcothalia crispata (Bory de Saint-Vincent) Leister

var. chilensis from the austral zone, which had slightly
higher levels of Nd, followed by La and Ce. Samples from
the northern area of Chile contained lanthanides in the
order Ce > Nd > La > Gd (with Sm > Dy > Pr also in
considerable concentrations). Samples from the central
and southern areas contained Ce > La/Nd > Nd/La > Pr,
while samples from the austral zone contained
Ce > La > Nd as the main lanthanides. The main lanthanides and their concentrations in the different macroalgal
species by zone are displayed in Table 3. Samples such as
Lessonia spp. (s3) in the north, D. antarctica and L. spicata
in the central zone, and L. flavicans in the austral zone that
contained less than 10−5 mg kg−1 dw are not displayed in
table, but did contain lanthanides.
Certain species collected from distant localities
contained similar concentrations of total lanthanides:
Nothogenia fastigiata (0.24–0.62 mg kg − 1 dw),
C. officinalis var. chilensis (1.03–1.13 mg kg−1 dw), and
Mazzaella laminarioides (0.14–0.53 mg kg−1 dw), the latter in samples extracted from central, southern, and austral
zones of the country (Table 3). Other species showed
great variation in the concentrations of total lanthanides.
For example, samples of C. sinuosa from the central part
of Chile and from two localities in the north contained the
highest concentration of total lanthanides, but samples of

s1

s1

s1
s1, 2

s2
s2
s1
s1, 2
s2

s1

s2
s1

the same species extracted in the extreme south (austral
zone of Chile) contained only low levels of those elements (Table 3). Another brown macroalga, M. pyrifera,
also showed variations in the concentrations of metals,
although they were less evident (0.0001 in central Chile
to 0.65 mg kg−1 dw in the south).
Despite this variation among algal species, only Ce was
present in C. sinuosa at a concentration significantly higher
than other lanthanides (Dunn test, H = 44.8, df = 13, P < 0.01).

Discussion
Lanthanides were present as trace elements in all macroalgae
sampled from different geographical sites. This result confirms
the presence of these non-essential elements in macroalgae, living either with or without anthropogenic influences. REEs are
usually not measured when performing elemental analyses of
living organisms, making comparisons difficult. In Chile, a large
number of studies on the composition of sediments have considered many elements but, as is also the case for marine biota,
almost none included lanthanides (e.g., Salamanca et al. 1986;
Ramírez et al. 2005; Valdés et al. 2011; Chandía and Salamanca
2012; Astorga-España et al. 2015). On the contrary, many
Chilean land studies associated with environmental research,

Och
Och
Rho

Och
Och
Och
Och
Och
Och
Och
Rho
Rho
Rho

Och
Och
Och
Rho
Rho
Rho
Rho
Rho

Och
Och

C. sinuosa s3

M. pyrifera (f) s2

Chondrus sp. s2

Total10.41
A. utricularis s1

A. utricularis s2

C. sinuosa s1

C. sinuosa s2

L. spicata (f) s1

L. spicata (s) s1

M. pyrifera (f) s2

C. officinalis v. chilensis s1

M. laminarioides s1

N. fastigiata s1

Total 10.69
D. antarctica (f) s1

M. pyrifera (f) s1

M. pyrifera (f) s2

G. chilensis s2

I. cordata s1

M. laminarioides s1

M. laminarioides s2

P. columbina s2

Total 6.15
A. utricularis s2

C. sinuosa s2

A

S

C

Och

C. sinuosa s1

N

Division

Species name

Location

0.03 ±
0.005
0.27 ±
0.04

0.03 ±
0.002
0.24 ±
0.02
0.09 ±
0.005
1.32 ±
0.04
0.09 ±
0.005
0.09 ±
0.006
0.16 ±
0.04
0.45 ±
0.02

0.16 ±
0.03
0.12 ±
0.06
2.99 ±
0.2
0.36 ±
0.04
0.02 ±
0.004
0.01 ±
0.002
0.03 ±
0.001
0.32 ±
0.06
0.06 ±
0.004
0.09 ±
0.004

2.41 ±
0.08
1.41 ±
0.06
0.03 ±
0.005
0.05 ±
0.003

Ce

0.03 ±
0.002

–a

0.01 ±
0.002
0.09 ±
0.002
0.02 ±
0.005
0.02 ±
0.003
0.02 ±
0.002
0.05 ±
0.003

0.01 ±
0.002

a

–

0.04 ±
0.004
–a

0.02 ±
0.003
0.01 ±
0.002
0.23 ±
0.02
0.03 ±
0.002
–a

a

–

0.38 ±
0.04
0.09 ±
0.02
–a

Dy

0.02 ±
0.004

0.01 ±
0.002
0.03 ±
0.002

0.05 ±
0.002
–a

–
a

–a

–
a

0.02 ±
0.003

0.12 ±
0.01
0.01 ±
0.001

0.01 ±
0.003
–a

0.18 ±
0.02
0.04 ±
0.001

Er

0.01 ±
0.001

0.01 ±
0.002

a

–

a

–

0.03 ±
0.001
–a

–
a

–
a

0.01 ±
0.003

0.07 ±
0.06
0.01 ±
0.001

a

–

–a

0.11 ±
0.015
0.03 ±
0.001
–a

Eu

0.03 ±
0.002

–a

0.01 ±
0.003
0.12 ±
0.02
0.02 ±
0.005
0.02 ±
0.003
0.03 ±
0.002
0.06 ±
0.002

–a

0.01 ±
0.001

0.05 ±
0.003
–a

0.02 ±
0.003
0.01 ±
0.002
0.32 ±
0.04
0.04 ±
0.002
–a

–
a

0.40 ±
0.02
0.12 ±
0.02
–a

Gd

Table 3 Concentrations of single lanthanides in the selected marine macroalgae collected at four
distant coastal areas of Chile: northern zone (N), central zone (C), southern zone (S), and extreme
south or austral zone (A) from different sites (s1, s2, s3 behind species names). For more details of
sampling places, see Table 2. Arithmetic mean from three analyses and their standard deviations are
shown. The total concentration of lanthanides (TCLn) and origin of the samples expressed as algal

–

a

–

a

–

a

0.02 ±
0.002

–

a

–
a

0.04 ±
0.002
+

–
a

–a

0.07 ±
0.006
0.02 ±
0.001

Ho

0.02 ±
0.004
0.13 ±
0.004

0.02 ±
0.003
0.12 ±
0.02
0.05 ±
0.005
0.56 ±
0.03
0.10 ±
0.05
0.08 ±
0.002
0.14 ±
0.04
0.22 ±
0.03

0.28 ±
0.04
0.05 ±
0.006
0.07 ±
0.002

a

–

0.09 ±
0.002
0.06 ±
0.02
1.34 ±
0.06
0.17 ±
0.02
0.02 ±
0.003
–a

1.11 ±
0.07
0.68 ±
0.02
0.03 ±
0.005
0.06 ±
0.002

La

–

a

0.02 ±
0.005
+

–
a

–a

–
a

Lu

–a

–

a

Tm

–a

–

a

Yb

0.42

0.13

0.07

3.34

6.87

TCLn

0.02 ±
0.005
0.14 ±
0.02

0.02 ±
0.002
0.13 ±
0.02
0.06 ±
0.005
0.49 ±
0.04
0.08 ±
0.005
0.09 ±
0.002
0.12 ±
0.04
0.24 ±
0.02

0.20 ±
0.03
0.03 ±
0.002
0.05 ±
0.002

a

0.04 ±
0.004

–a

0.03 ±
0.002
0.01 ±
0.005
0.12 ±
0.02
0.02 ±
0.005
0.02 ±
0.002
0.03 ±
0.004
0.03 ±
0.002

–a

0.01 ±
0.001

0.05 ±
0.004
–a

0.03 ±
0.004

–a

0.03 ±
0.002
0.01 ±
0.002
0.10 ±
0.05
0.02 ±
0.005
0.02 ±
0.003
0.02 ±
0.002
0.03 ±
0.002

–a

0.01 ±
0.001

0.04 ±
0.003
–a

–

a

0.02 ±
0.002

–

a

–

a

0.04 ±
0.06
+

–

a

–

a

0.02 ±
0.006
+

–

a

0.02 ±
0.002

–

a

–

a

–

a

0.01 ±
0.002

0.01 ±
0.02

–

a

a

–

0.10 ±
0.06
+

–

a

0.70

0.07

1.12

0.53

0.34

0.35

2.92

0.25

0.55

0.09

0.24

0.14

1.01

0.06

0.87

7.62

0.29

0.03

–a

0.07 ±
0.003
0.02 ±
0.001

Tb

–

0.02 ±
0.002
0.01 ±
0.02
0.32 ±
0.02
0.04 ±
0.002
–a

–
a

0.38 ±
0.04
0.12 ±
0.003

Sm

0.01

0.02 ±
0.002
0.02 ±
0.02
0.40 ±
0.02
0.05 ±
0.002
–a

–
a

0.33 ±
0.03
0.17 ±
0.02
–a

Pr

0.08 ±
0.002
0.06 ±
0.02
1.61 ±
0.06
0.16 ±
0.06
0.02 ±
0.004
–a

1.43 ±
0.06
0.64 ±
0.041
0.01 ±
0.002
0.02 ±
0.003

Nd

division (Rhodophyta—BRho^ or Ochrophyta—BOch^) or algae section (frond—Bf^ or stipe—Bs^)
are given. All results are expressed in milligram per kilogram dry weight. Lanthanides were
detected within a range of 0.0001–7.61 mg kg−1 dw (only species of concentrations equal or
above 0.01 mg kg−1 dw are illustrated in this table)
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0.64

0.49

–

a

0.34
–

0.06 ±
0.003
0.02 ±
0.003
0.03 ±
0.005
0.03 ±
0.004

0.06 ±
0.002
0.02 ±
0.003
0.01 ±
0.005
0.03 ±
0.004

–

a

0.01 ±
0.003
–a

–

a

0.06 ±
0.001
0.14 ±
0.02
0.07 ±
0.004
0.03 ±
0.005
0.28 ±
0.03
0.08 ±
0.003
0.10 ±
0.05
0.15 ±
0.04

0.01 ±
0.001
0.03 ±
0.004
0.02 ±
0.004
–a

0.02 ±
0.001
0.03 ±
0.004
0.01 ±
0.002
–a

–

a

Tb

–

a

–

a

–
–

a

–

a

Och

Och

Rho

Rho

Rho

Rho

L. flavicans s2

M. pyrifera (f) s2

C. officinalis v. chilensis s2

M. laminarioides s1

N. fastigiata s2

S. crispata s1

Total 4.77

Och
Desmarestia sp. s2

The species with concentrations below 0.01 mg kg−1 dw
a

–

a

0.02 ±
0.004

–

a

0.06 ±
0.004
0.02 ±
0.003
0.01 ±
0.005
0.03 ±
0.004
0.04 ±
0.003
–a

–

a
a

0.02 ±
0.004
–a

0.01 ±
0.001
–a

0.01 ±
0.003
–a

–

a

0.01 ±
0.002

0.06 ±
0.001
0.12 ±
0.03
0.12 ±
0.03
0.05 ±
0.005
0.27 ±
0.03
0.09 ±
0.004
0.15 ±
0.05
0.14 ±
0.04
0.02 ±
0.001
0.04 ±
0.004
0.01 ±
0.002
–a
–a
–a

0.02 ±
0.001
0.04 ±
0.004
–a
Och
D. ligulata s2

0.07 ±
0.001
0.18 ±
0.04
0.15 ±
0.04
0.10 ±
0.005
0.24 ±
0.05
0.09 ±
0.004
0.19 ±
0.05
0.24 ±
0.04

0.06 ±
0.003
0.02 ±
0.003
–a

Sm
Pr
Nd
Lu
La
Ho
Gd
Eu
Er
Dy
Ce
Division
Species name
Location

Table 3 (continued)

1.10

a

0.18

0.38

0.61

0.26
–a

Tm

Yb

TCLn

J Appl Phycol

mining, and geology measured lanthanides in the elementary
composition of soil and rock (e.g., Cortés et al. 1980;
Montecinos et al. 2008; Ruggieri et al. 2012).
The tendency worldwide is not different; we found only 37
studies on the trace element composition of macroalgae that
measured environmental concentrations of lanthanides
(Table 1). The total amount of REEs measured in those studies
ranged from 0.0001 to 226 mg kg−1 dw. Only two cases involved
South American species, from which, one case corresponded to
Brazilian macroalgae and the other to Chilean macroalgae. In the
latter research, Vásquez and Guerra (1996) studied 12
macroalgal species from the north of Chile and found four
REEs (La, Ce, Sm, Sc). In the present study, we confirmed the
presence of those elements and incorporated others in the latitudinal sampling, counting 14 lanthanides in 17 macroalgal species. Nevertheless, the concentrations that we observed were
lower than observed by those authors.
Although it was not possible to establish a clear latitudinal
gradient in the concentration of lanthanides, north-central samples contained the highest concentrations of lanthanides by biomass unit (the total of all samples) in comparison with the southern samples (south and austral zones of Chile). This result was
expected since the distribution of REEs on the Earth’s crust is not
homogeneous. Topographical and climatic conditions, orogenetic processes, submarine groundwater discharge, hydrothermal
inputs, and recent volcanic activities increase metal concentrations (Vásquez and Guerra 1996; Schacht et al. 2010; Takata
et al. 2010). Geographical variations are likely due to the presence of intensive mining activity and a desert climate in the
northern zone, whereas the central zone of Chile is associated
with the most urban areas of the country, although activities
related to mining processing are also carried out in this region.
The lowest content of lanthanides by biomass unit
corresponded to the pristine austral zone. Nevertheless, lanthanides were detected in all macroalgal samples (Table 3).
This suggests that anthropogenic pollution is not the only
source of these metals and indicates the importance of local
natural factors such as rainfall, wind, rivers, erosion, and presence of natural mineral ores on the presence of lanthanides in
macroalgae. Among them, annual rainfall and consequent
weathering effect on land are extremely important sources of
REEs; this changes drastically in the country according to
latitude. In Chile, annual precipitation increases southward
from a few millimeters per year in the north of Chile
(Antofagasta = 1.7 mm) to more than 2000 mm in the southern
part of the country, e.g., central area/Valparaíso = 386 mm,
south area/Valdivia = 2138 mm, and austral zone/Punta
Arenas = 376 mm of rainfall a year (Quintana and Aceituno
2012; Herrera and Custodio 2014). Factors such as wind are
also important because they serve as a vector of dust from
inland. For example, evidence suggests that high concentrations of lanthanides in fresh snow of the austral zone of Chile
(Grigholm et al. 2009) may represent a natural input of dust
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from a crustal source. Kim et al. (2015) also detected a concentration of trace elements including REEs in ice or snow
one or two orders of magnitude higher than that in seawater
from Antarctica. Even the influence of volcanic ashes carried
by wind may contribute to REEs in the area, as shown by
Ruggieri et al. (2012).
Furthermore, natural continental runoff and atmospheric
deposition of trace elements to the oceans can be dramatically
increased in coastal waters due to anthropogenic activities
(Kravtsova et al. 2015). Important anthropogenic sources of
REEs are phosphoric mineral fertilizers, phosphorus plaster,
industrial wastewater, sewer mud, mining processes, and atmospheric depositions (Volokh et al. 1990; Olmez et al. 1991;
Elbaz-Poulichet and Dupuy 1999; Kulkarni et al. 2006; Sahoo
et al. 2012; Zhu et al. 2012; Liang et al. 2014). Gaudry et al.
(2007a) observed a drastic increase in the concentration of
lanthanides such as Ce (an increase of 31,667%), La (an increase of 45,200%), Nd (an increase of 30,222%), and Dy (an
increase of 45,100%), among other metals, in macroalgae under the influence of wastewaters coming from the phosphoric
acid production/industry in Morocco. In agreement with this,
the central zone of Chile exhibited the highest concentration
of lanthanides, although concentrations were still in line with
others found in non-polluted areas around the world (Table 1).
In the north of Chile, Vásquez and Guerra (1996) studied
the concentrations of elements in macroalgae from polluted
and non-polluted intertidal areas and found a higher concentration of REEs in samples associated with polluted coasts.
Chile is an important mining country, with a great number of
metallic and non-metallic deposits. The northern region is the
zone where the principal and larger mines of copper ores are
located, representing one of the most important global reserves of this element. The mining of copper ores has produced adverse effects on the environment due to discharge
of tailing wastes into rivers or sea and release of particulate
material and gases into the atmosphere by the smelters, etc.
(Castilla 1996; De Gregori et al. 2003). Lanthanides associated with copper extraction and processing have already been
determined (Cortés et al. 1980). Dust elements coming from
the Atacama Desert also represent an important natural source
of metals found in the water of the adjacent bay (Salamanca
et al. 2000). In agreement, our samples from northern Chile
also contained high concentrations of lanthanides.
The present findings are comparable with the relative abundance of lanthanides found generally in macroalgae.
Irrespective of geographical origin, Ce is usually the most abundant lanthanide found in macroalgae (Martić et al. 1980;
Kawashima et al. 1983; Iwata et al. 1993; Hou et al. 1998;
Yan et al. 1999; Kano et al. 2001a, b; Yao et al. 2007). Our
results on macroalgae from four geographically distinct areas of
Chile support this pattern. Probably this is related to the natural
abundance of this lanthanide, the highest when comparing the
upper crust abundances of REEs (Liang et al. 2014). In algae,

Ce normally has values of 26.2 mg kg−1 dw (Mashitah et al.
2012), a value ten times higher than our highest results, but it
has been reported to reach 114.0 mg kg−1 dw in polluted environments (Gaudry et al. 2007a). Other frequently found lanthanides are La, Nd, Sm, Gd, and Dy (see Roelandts and Monty
1987; Fu et al. 2000; Gaudry et al. 2007a; Sakamoto et al.
2008), which were within the ranges observed here. The less
abundant lanthanides found in macroalgae, as recorded in our
results, corresponded to Lu, Tm, and Tb (Shi et al. 2004; Takata
et al. 2010; Mashitah et al. 2012; Table 3).
Concentrations of lanthanides varied greatly within the same
algal division and even the same species, depending on geographical locations (Table 3). Nevertheless, our results do not
allow for comparisons among all species because there was not
a significant number of shared species in the sampled sectors.
Nevertheless, our data confirms that the environment as well as
characteristic features of each taxonomic group (e.g., morphological characteristics, growth strategy) are important factors in determining the pattern of lanthanide bioaccumulation (Yamamoto
et al. 1984; Kawashima et al. 1983; Yan et al. 1999; Fu et al.
2000; Kano et al. 2001a, b; Sakamoto et al. 2008; Kleiven 2014;
Kravtsova et al. 2015). As an example, in the austral zone of the
country, the alga with the highest concentration of lanthanides
was C. officinalis var. chilensis. We speculate that this high content of lanthanides may be a consequence of the ability of this
calcareous Rhodophyta to replace calcium with these metals (see
Goecke et al. 2015a).
It is known that metal accumulation can vary in algal thalli
structures, for instance, in holdfasts, stipes, and fronds; this has
been well described, especially for morphologically complex
species within the kelps (e.g., Sáez et al. 2012; Stengel et al.
2005). In the present study, there was no clear difference on the
REE content between fronds and stipe in morphologically complex species such as D. antarctica, M. pyrifera, and L. spicata
(Table 3). Nevertheless, the latter two species do presented differences at Quintero area (sector s2), according to which part of
the algae were sampled. Such potential variation in patterns of
metal accumulation in the algal thallus may have implications for
biomonitoring and need to be well considered.
The measurement of trace elements in marine organisms is
critical for ecological studies, as well as for a better understanding
of their functions in biological processes and the cycling of materials throughout the biosphere (Martić et al. 1980; Kano et al.
2001a; Sakamoto et al. 2008). The reason algae accumulate lanthanides remains unknown. These elements might be non-essential, but it has been repeatedly reported that high concentrations
of lanthanides can be toxic to algae, plants, and animals. Low
concentrations of lanthanides, on the other hand, may produce
beneficial effects (e.g., Hu et al. 2004; Goecke et al. 2015a).
Nevertheless, the waste footprints and environmental impacts
from mining operations that extract rare earth mineral ores are
expected to be significant (EPA 2012; Liang et al. 2014). In areas
where REE contamination is likely, the slow accumulation of
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these elements in the environment could become problematic
(Thomas et al. 2014), emphasizing the urgency to support additional environmental and ecological studies on REEs, and to use
this information to conduct risk assessments related to REE mining, processing, transport, and recycling (Goecke et al. 2015b).
Almost nothing is known about the concentration of lanthanides in Chilean wildlife, so there is no comparison on a
national scale. This is the first study of lanthanides in Chilean
marine organisms, focusing on those metals at different and
distant geographical areas. The Chilean environmental legislation is quite recent, and over the last few years, work has
been dedicated to the generation of environmental regulations
and especially, the configuration of environmental quality
guidelines (Valdés et al. 2011). Lanthanides are not yet considered in the aquatic environmental regulations from Chile
(e.g., CONAMA 2003), but because of the uncertainty of the
effect of lanthanides on plants, animals, and human health,
knowledge of their content in algae is necessary (Yan et al.
1998; Kleiven 2014).
If the implementation of industries related to the exploitation of rare earth elements in Chile succeeds, the present study
will serve as a precedent for future environmental impact studies. Furthermore, according to our results, we are able to identify the brown algae C. sinuosa as an interesting organism
with potential as an environmental bioindicator of lanthanides.
This species is cosmopolitan, is commonly presented in many
coastal areas of Chile, and is relatively easy to identify, and
because of its compact (round) body, there is no need to classify different sections of the algae for analysis. This alga clearly showed different concentrations of lanthanides at different
geographical localities but has not yet been considered as an
economic resource in Chile.

Conclusion
We have used ICP-MS to detect all 14 lanthanides in Chilean
macroalgae growing in four distinct geographical areas. The
concentrations of the REEs are comparable to those obtained
by other authors in not severely polluted zones in different
areas of the world. Local as well as species-specific factors
influence the concentration of lanthanides in algae. We suggest that the influence of deserts, mining industry, and closeness to populated urban areas enhances the local concentration
of lanthanides, although those elements are common in biological samples. Macroalgae such as C. sinuosa may be useful
bioindicators of pollution related to this mineral industry.
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