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� Total contents of Cd, Co, Cr, Cu, Ni & Zn were above threshold values in many soils.
� Ni, Co and Cr tended to accumulate in the more weathered soils.
� Cd mobility was highest in older soils, while Ni mobility was lowest.
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a b s t r a c t

While the Gal�apagos Islands have been renowned for their unique flora and fauna since the time of
Charles Darwin, the soils of the isolated island chain have been mostly overlooked and little information
on their heavy metal contents is available. The aim of this study was therefore to examine the total heavy
metal (Cd, Co, Cr, Cu, Ni, Pb, U, Zn) contents of soils from the agricultural areas on islands Isabela, Santa
Cruz and San Crist�obal, and identify trends with duration of exposure to weathering processes. Addi-
tionally, the mobility of these elements was assessed using ammonium nitrate extraction. In general,
levels of Cd, Co, Cr, Cu, Ni and Zn were high compared to other world locations, while Pb levels were low
and U levels were similar. Ni, Co, Cr, and to a lesser extent Pb and U tended to accumulate with increasing
weathering duration. Soil concentrations of Cd, Zn, Cu, and possibly Pb and U, may have been influenced
by use of agrochemicals, particularly on Santa Cruz Island. Mobility of Cd displayed an increasing trend
with soil age, while Ni mobility decreased. Many soils had total contents of Cd, Co, Cr, Cu, Ni and Zn above
threshold values indicating possible ecological or health risks. Systematic examination of trace element
contents in soils from pristine national park areas would further assist in the delineation of background
levels and the development of soil quality standards to ensure crop quality, animal and human health on
this unique island chain.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Soil formation is controlled primarily by parent material,
climate (temperature and precipitation), biological organisms,
topography and the length of time these forces have had to act
upon the soils (Kabata-Pendias, 2010). The development of the soil
h, University of Natural Re-
ienna, Austria.
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profile largely depends on weathering conditions involving a
complex interplay of the lithosphere, hydrosphere, atmosphere and
biosphere (Taboada et al., 2016). Consequently, major and trace
element contents in soils depend on parent material, weathering
processes and biocycling (Martínez Cortizas et al., 2007), as well as
element additions via atmospheric deposition (e.g. Chadwick et al.,
1999), direct application of fertilizers and other agrochemicals
(Alloway, 2013a) and on oceanic islands, nesting seabirds (e.g.
Mallory et al., 2015). Which of these factors is most important for
determining the elemental assemblage of a particular soil depends
on the specific environmental setting, the degree of soil evolution
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and the mobility of the elements within the soil matrix (Martínez
Cortizas et al., 2003).

The studied soils of the Gal�apagos Islands have formed on
basaltic parent material (White et al., 1993), which due to its rapidly
weathering nature tends to contribute more elements to younger
and less weathered soils than to older and more weathered soils
(Chadwick et al, 1999, 2003; Martínez Cortizas et al., 2007). Specific
characteristics of volcanic soils, such as the presence of non-
crystalline materials and high concentrations of organic matter,
facilitate the retention of trace elements both natural and anthro-
pogenic in origin (Ugolini and Dahlgren, 2002), and as these ele-
ments do not degrade in the soil over time they constitute a
persistent environmental hazard (Margesin et al., 2011). The
importance of studying contamination in Gal�apagos soils, in
particular arising from agrochemicals, has recently been recognized
by Izurieta et al. (2018).

While concentrations of trace elements in volcanic soils and
their provenance have received some attention in the literature
(e.g. Adamo et al., 2003; Martínez Cortizas et al., 2007; 2003;
Takeda et al., 2004), only a few studies provide data from the
agricultural soils of volcanic island chains (e.g. Dœlsch et al., 2006;
Gunkel-Grillon et al., 2015; Mendoza-Grim�on et al., 2014; Parelho
et al., 2014). Information about trace elements in the soils of the
Gal�apagos Islands is currently limited to a study on chemical
weathering (Taboada et al., 2016) and a conference abstract
(Rodriguez Flores et al., 2006), both based on a 1962 geo-
pedological expedition on Santa Cruz Island (Stoops, 2013). Data
on MehlichIII-extractable fractions of Mn, Cu and Zn were recently
published in a study involving two farms on the islands Santa Cruz
and San Crist�obal (Gerzabek et al., 2019). Our study provides the
most detailed information on trace elements in Gal�apagos soils to
date, and the most comprehensive overview of heavy metals in
soils from the agricultural zones. As agricultural soils are suscep-
tible to heavy metal accumulation via the use of fertilizers and
other agrochemicals (Alloway, 2013a; Bigalke et al., 2017; Oorts,
2013), systematic information on soil trace element contents is
vital for the establishment of a baseline against which future fluc-
tuations (natural or anthropogenic) can be evaluated (Davidson,
2013), as well as for the identification of potential health risks of
high heavy metal concentrations in soil (e.g. Cabral Pinto et al.,
2015; Kelepertzis et al., 2015) due to uptake by crops and livestock.

This study is part of a larger research effort based on three soil
scientific expeditions during the years 2016 and 2017, of which one
important aimwas a systematic characterization of the agricultural
soils of the Gal�apagos Islands. Here we evaluate the total contents
and mobile fraction of eight heavy metals (Cd, Co, Cr, Cu, Ni, Pb, U,
Zn) in the agricultural topsoil (0e20 cm) of three islands in the
Gal�apagos archipelago. The specific aims of the study were i) to
identify trends in trace element concentrations with island age, and
therefore in response to duration of weathering exposure, ii) to
compare the trace element levels in the agricultural soils of the
Gal�apagos to those reported for other world locations, and iii) to
determine the risk of heavy metal leaching and plant uptake by
assessing their mobility.

2. Materials and methods

2.1. Study area

Geology

The Gal�apagos Islands are located directly on the equator
1100 km west of Ecuador. The island chain is formed by hotspot-
induced volcanism under the Nazca tectonic plate as it drifts
eastward from the hotspot at a rate of approximately 51 km Ma�1
2

(Argus et al., 2011; Harpp and Geist, 2018). The current location of
the hotspot approximated by Hooft et al. (2003) is indicated in
Fig. 1. The oldest island, San Crist�obal, first emerged around 2.4 Ma
and consists of lava flows in three magma series: mildly alkaline,
ocean island basalt (OIB) tholeiites and low K2O, mid-ocean ridge
basalt (MORB)-like tholeiites (Geist et al., 1986). The lavas of Santa
Cruz Island are composed of both tholeiitic and transitional alkali
basalts (White et al., 1993) which formed during two eruptive
phases between approximately 1.6 Ma and 20 ka (Schwartz, 2014).
Isabela is the youngest island in this study, where soil samples were
collected from the south-east slope of its most voluminous volcano,
Sierra Negra, whose lavas have an estimated age of 3e5 ka and are
described as transitional between tholeiitic and alkaline (Reynolds
and Geist, 1995).

Climate

The climate of the Gal�apagos Islands varies between a cool
season (JuneeDecember) and a warm season (JanuaryeJune) due
to the north-south migration of the Inter-Tropical Convergence
Zone (Trueman and D’Ozouville, 2010). The higher standing islands
exhibit pronounced climate zonation on the windward south-
eastern sides as heavy rain showers attributable to orographic lift
occur during the warm season, and extensive stratus clouds during
the cool season cause increased precipitation at higher elevations
in the form of lower-intensity rainfall and fog (Pryet et al., 2012;
Stoops, 2013; Trueman and D’Ozouville, 2010). Median annual
rainfall in the lower-elevation arid zone on Santa Cruz is recorded
at 277 mm, range 64e2769 mm (Trueman and D’Ozouville, 2010),
while rainfall in the humid zone has been recorded up to
1665e2656 mm on Santa Cruz (Stoops, 2013) and 1500e2000 mm
on San Crist�obal (Adelinet et al., 2008).

Land Use

All soil samples analyzed in this study were collected from the
designated agricultural areas on islands Isabela, Santa Cruz and San
Crist�obal. Agricultural activities began in the higher-elevation hu-
mid zones of the islands during the 1800s with the arrival of the
first colonizers and farmers from the Ecuadorianmainland (Gu�ezou
et al., 2007; O’connor Robinson et al., 2017; Villa and Segarra, 2010).
Today, most of these humid zones have been cleared for agriculture
(O’connor Robinson et al., 2017) and converted to pasture or
cropland, which is typically cultivated by hand. Mineral fertilizers
as well as poultry or pig manure are applied in more intensive
farming operations, which consist of short cycle (vegetables and
grains) and long cycle (banana, sugar cane and fruits) crop culti-
vation (Villa and Segarra, 2010). Abandonment of agricultural land
is widespread, and subsequently encroachment of invasive species
has occurred on over half of the designated agricultural areas (Villa
and Segarra, 2010).

2.2. Soil sampling

The soil samples were collected in 2016 by the Ministry of
Agriculture and Livestock (MAG) as part of a larger reservoir
installation project in the agricultural areas of islands Isabela, Santa
Cruz and San Crist�obal. The analyzed samples are a sub-sample of a
homogenized mixture of 15e20 samples collected on a 2500 m2

plot from a depth of 0e20 cm. The number of samples collected
were as follows: 26 from Isabela, 46 from Santa Cruz and 53 from
San Crist�obal. The samples were collected from an elevation range
of 146e920 m a.s.l. on Isabela, 130e572 m a.s.l. on Santa Cruz and
176e604 m a.s.l. on San Crist�obal (Fig. 1). In 2019, the authors
collected rock and plant samples from one of the farms on Santa



Fig. 1. Location of the sampling points within the agricultural zones of islands Isabela, Santa Cruz and San Crist�obal (reprinted from Dinter et al. (2020)). Current location of the
hotspot, as approximated by Hooft et al. (2003) is indicated by a red circle. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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Cruz Island where soil Cd levels above 4.0 mg kg�1 were found.
2.3. Physical and chemical analyses

Selected trace elements (Cd, Co, Cr, Cu, Ni, Pb, U, Zn) and
phosphorus (P) in soil and rock samples were extracted by hotplate
aqua regia acid digestion. For soil and rock samples, 0.5 g of ground
oven-dried sample was mixed with 4.5 mL of 37% HCl and 1.5 mL of
65% HNO3, while for digestion of plant leaves 0.2 g of sample was
mixed with 5.0 mL of HNO3 and 1 mL of H2O2. All samples were
heated to 150 �C for 3 h following an 18 h reaction period at room
temperature (Austrian Standards, 1999).

Extracted elements were measured by inductively coupled
plasma - mass spectrometry (ICP-MS; Elan 9000 DRCe, Perki-
nElmer), except P which was measured by inductively coupled
plasma optical emission spectroscopy (ICP-OES; OPTIMA 8300,
PerkinElmer). As aqua regia does not dissolve soil constituents
strongly bound in silicate minerals, it cannot be considered an
extraction of the true total element concentrations (Alloway,
2013a). Nevertheless, it is often used to approximate the total
concentrations of heavy metal pollutants (Sabien€e et al., 2004);
therefore, the trace element contents extracted with aqua regia are
in this study referred to as total contents.

The mobile metal fraction of the trace elements (Cd, Co, Cr, Cu,
Ni, Pb, U, Zn) was determined by extractionwith ammonium nitrate
(NH4NO3), as it generally does not precipitate with metals in
3

complexation reactions and NO3
� is the main anion in soil solutions

of most arable soils (Sch€oning and Brümmer, 2008). For this
extraction, 10 g of sieved (<2mm), oven-dried soil was shakenwith
25 mL of 1 M NH4NO3 solution for 2 h at 20 revolutions per minute
at room temperature. Concentrations of extracted elements were
measured by ICP-MS as described above. The limit of quantification
was defined as the standard deviation of the experimental blanks
multiplied by 10. Percent mobility was calculated as follows:

% mobility ¼ concentration of NH4NO3eextractable metal/con-
centration of aqua regia-extractable metal.

A geochemical mass balance approach (Brimhall and Dietrich,
1987) was used to calculate Cd enrichment in the surface soil
(0e20 cm) of one farm on Santa Cruz Island where total soil Cd was
above 4.0 mg kg�1. The mass balance calculation was made as
follows:

ε ¼ ½rrockTirock�
rsoilTisoil

� 1 t ¼ ½rsoilCdsoil�
rrockCdrock

ðεþ 1Þ � 1 (1)

where r is bulk density, Ɛ denotes the strain and measures changes
in volume based on the index element Ti, and t is the mass fraction
of Cd gained or lost relative to the mass originally present in the
parent material. The values for Ti concentration in the rock and soil
on this farm were 1.3 mg kg�1 and 1.8 mg kg�1, respectively.
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The analyses of particle size distribution, soil organic carbon
(SOC), electrical conductivity (EC), dithionite-extractable iron (Fed)
and soil pH in water and sodium fluoride (NaF) were carried out
using standard methods. In Dinter et al. (2020), the details and
references are provided.

2.4. Statistical analyses

Boxplot figures were made using SigmaPlot software version
12.5. All other statistical analyses were performed using the soft-
ware ‘R’, version 3.4.1. The principal component analysis (PCA) was
performed with the R package “FactoMineR”, and is described in
detail in Dinter et al. (2020). Outliers were left in the dataset and
included in all calculations. For correlation analysis, we therefore
used the Spearman’s rank correlation coefficient (Table S1).

3. Results and discussion

3.1. Trace element contents in agricultural soils of the Gal�apagos

A summary of basic soil properties of the three islands studied,
based on analyses by Dinter et al. (2020), is included in Table 1.
Table 2 lists descriptive statistics for total contents (aqua regia) of
trace elements in the studied agricultural soils, along with
threshold values given by the Ministry of Environment, Finland
(MEF, 2007) recently applied to European agricultural land by T�oth
et al. (2016), and Soil Quality Guideline (SQG) values for agricultural
soil from the Canadian Council of Ministers of the Environment
(CCME, 2007). Reference values for agricultural production systems
in Ecuador are not currently available (Chavez et al., 2015).

Soil Cd values on Santa Cruz were above the MEF threshold
value of 1.0 mg kg�1 for 70% of the samples, with the maximum
value reaching 4.11 mg kg�1 (Table 2). Cd concentrations on Isabela
and San Crist�obal Island were lower, with means of 0.942 and
0.684 mg kg�1, respectively. The maximum Cd value for San
Crist�obal Island, 1.73 mg kg�1, was only slightly above the CCME
SQG value of 1.4 mg kg�1. Mean Co values were all higher than the
MEF threshold value, and on islands Santa Cruz and San Crist�obal
maximumvalues exceeded the MEF guideline value for agricultural
soil, which indicates possible ecological or health risks (MEF, 2007).
The MEF guideline value for Cr was exceeded by almost all soils on
San Crist�obal andmany on Santa Cruz. Almost all soils exceeded the
CCME SQG value for Cu, with the maximum values on all islands
exceeding the MEF guideline value. All Ni concentrations were
below the CCME SQG value on Isabela Island, while on San Crist�obal
Island all concentrations were above this value. The maximum Ni
concentration on San Crist�obal was five times higher than the MEF
guideline value. Most Zn values were below MEF and CCME SQG
Table 1
Summary statistics of basic soil properties (0e20 cm depth) by island (based on Dinter e

Island pH H2O pH NaF EC BD Fed

mS cm�1 g cm�3 g kg�1

Isabela Mean 6.5 10.2 393 0.51 39.7
(n ¼ 26) SD 0.5 0.3 131 0.11 13.0

Median 6.5 10.2 376 0.55 42.0

Santa Cruz Mean 6.0 9.7 335 0.83 50.3
(n ¼ 46) SD 0.3 0.5 72.3 0.1 13.2

Median 6.0 9.6 321 0.87 47.1

San Crist�obal Mean 5.6 9.0 221 0.91 62.9
(n ¼ 53) SD 0.8 0.4 67 0.11 16.6

Median 5.7 9.0 206 0.90 63.6

EC: electrical conductivity; BD: bulk density; PO4 e ret: phosphate retention; SOC: soil o

4

values, with the exception of a few soils on islands Isabela and Santa
Cruz (maximum ¼ 267 and 430 mg kg�1 respectively). Pb and U
concentrations were far below all guideline values. In general, the
levels of Cd, Co, Cr, Cu, Ni and Zn were high compared to other
world locations, while Pb values were comparatively low and U
values were similar to those found in Japanese Andosols and Swiss
agricultural soils (Table 3). The locations with the most comparable
values for the studied elements were other volcanic island chains
formed by basaltic lavas (e.g., Hawaii, La Reunion, Cape Verde,
Iceland, Canary Is.). This reflects the inherently high levels of many
trace elements in basalts compared to other lithologies (Kabata-
Pendias, 2010).
3.2. Changing trace element contents with weathering duration

The differences in trace element contents among the three
islands studied is illustrated in Fig. 2. For the youngest island Isa-
bela, the mean concentrations decreased in the order:
Zn > Cu > Cr > Co > Ni > Pb > Cd > U. On the oldest island, San
Crist�obal, the means decreased in the order:
Cr > Ni > Zn > Cu > Co > Pb > U > Cd. With increasing duration of
weathering, Cr and Ni have accumulated relative to the other
elements.

The relationship between trace element contents and weath-
ering duration was further illustrated by principal component
analysis (PCA; Fig. 3). The first two components accounted for 66%
of the total variance. Component 1 (38% of the total variance) had
high loadings of Ni, Cr and Co, and was associated with increasing
distance from the hotspot, clay content, and Fe oxide formation, as
well as decreasing soil properties SOC, EC, pH in NaF and pH in
water.

The exceptionally high levels of Ni, Cr and Co found on the oldest
island, San Crist�obal (Fig. 2), may result from the combined effect of
their high concentrations in basaltic parent material and their
tendency to accumulate in highly weathered soils. Total Co con-
tents may especially be influenced by the presence of Fe and Mn
oxides, which have a high affinity for selective Co adsorption
(Kabata-Pendias, 2010) and Ni concentrations in Galapagos soils
have been related to olivine content according to De Paepe and
Stoops (1969) as referenced by Martínez Cortizas et al. (2003).
Many studies of trace elements in volcanic soils have attributed
these elements to lithology rather than anthropogenic influences
(Burt et al., 2003; Cabral Pinto et al., 2015; Dœlsch et al., 2006;
Kelepertzis, 2014; Martínez Cortizas et al., 2003; Panek and
Kepinska, 2002), or mainly lithology with localized influence
from anthropogenic sources (Mendoza-Grim�on et al., 2014). How-
ever, Takeda et al. (2004) suggested elevated Cr and Ni found in
Japanese soils may come from P fertilizer, sewage sludge or
t al., 2020).

Feo:Fed Alo þ 1/2 Feo Clay Silt Sand PO4-ret SOC content

%

0.75 4.2 21.4 52.5 26.1 96.7 15.9
0.23 1.2 6.0 9.3 8.4 4.0 5.2
0.70 4.1 20.3 54.7 26.3 98.8 16.4

0.30 2.4 60.7 33.3 6.0 85.6 6.6
0.11 1.6 16.9 15.3 7.2 14.4 2.0
0.28 1.9 64.4 27.6 4.6 91.2 6.2

0.09 0.7 72.8 23.2 4.0 68.6 4.5
0.07 0.4 8.8 7.6 3.3 12.0 1.2
0.07 0.6 75.5 21.0 3.1 66.4 4.3

rganic carbon.



Table 2
Descriptive statistics for aqua regia-extractable concentrations of trace elements in the studied soils (0e20 cm depth) by island in mg kg�1.

Island Cd Co Cr Cu Ni Pb U Zn

Isabela Mean 0.942 37.3 67.6 109 29.5 3.08 0.529 226
(n ¼ 26) Min 0.623 19.4 45.3 70.8 15.5 2.18 0.188 164

25th 0.833 29.1 58.1 93.7 23.8 2.51 0.379 196
Median 0.945 36.3 61.9 112 27.5 3.06 0.459 208
75th 1.08 41.3 72.8 125 31.6 3.56 0.661 239
Max 1.44 53.1 86.1 150 35.7 5.00 0.950 267

Santa Cruz Mean 1.89 63.7 181 108 141 7.10 0.763 215
(n ¼ 46) Min 0.239 22.5 52.1 26.3 35.3 0.855 0.210 86.8

25th 1.28 46.2 138 84.4 86.0 5.50 0.476 139
Median 1.94 62.8 177 104 150 7.47 0.686 190
75th 2.44 76.3 226 128 171 9.03 1.03 261
Max 4.11 117 312 168 289 11.6 1.54 430

San Crist�obal Mean 0.684 83.6 409 119 285 7.57 0.925 130
(n ¼ 53) Min 0.078 18.1 194 67.4 68.7 2.65 0.375 64.7

25th 0.173 46.1 338 100 215 5.84 0.643 89.1
Median 0.587 85.3 415 116 252 6.82 0.818 120
75th 0.834 112 463 133 369 8.90 1.04 149
Max 1.73 180 648 170 524 11.5 1.59 194

MEF threshold valuea 1.0 20 100 100 50 60 200
MEF guideline valueb 10 100 200 150 100 200 250
CCME guideline valuec 1.4 40 64 63 50 70 23 200

a Soils exceeding this value must be assessed for contamination and remediation needs according to Finnish legislation (MEF, 2007).
b Agricultural soils exceeding this value have contamination level with ecological or health risks (MEF, 2007).
c Soil quality guideline (SQG) value for agricultural soil set by Canadian Council of Ministers of the Environment (CCME, 2007).

Table 3
Mean concentrations (mg kg�1) of trace elements in upper soil layers at various locations. Mean values refer to agricultural soils (A), non-agricultural (pristine) soils (N) or a
mix of both agricultural and non-agricultural land use (M).

Location Land Use Depth (cm) Cd Co Cr Cu Ni Pb U Zn Reference

Brazil (Ferralsols) M “topsoil" 0.8 de Oliveira et al. (2014)
Cape Verde N 15 0.21 46 135 52 137 6 84 Cabral Pinto et al. (2015)
Croatia A 10 0.66 21 50 26 78 Romic and Romic (2003)
Europea A “topsoil" 0.35 40 26 30 41 99 Ultermann et al. (2012)
Europeb A 20 0.18 Birke et al. (2017)
Greece A 20 0.54 22 83 75 147 20 75 Kelepertzi (2014)
Iceland N 5 0.63 97 5.8 83 Panek and Kepinska (2002)
Italy A 0-30/40 19 46 58 83 16 63 Facchinelli et al. (2001)
Japan (Andosols) M 20 0.36 26 59 73 28 23 1.5 100 Takeda et al. (2004)
La Reunion M various 0.19 301 58 206 34 162 Doelsch et al. (2006)
Portugal (Azores) A 20 0.44 33 81 40 34 217 Parelho et al. (2014)
Spain (Alicante) A 25 0.34 7.1 27 23 21 23 53 Mic�o et al. (2006)
Spain (Canary Is.) M 15 1.3 44 87 44 103 85 Mendoza-Grim�on et al. (2014)
Spain (Castell�on) A 25 0.33 7.7 33 37 19 56 79 Peris et al. (2008)
Switzerland A 20 2.25 Bigalke et al. (2017)
USA (Hawaii) N “surface soil" 1.08 35 375 94 154 19 132 Hawaii Department of Health (2012)

a Median value for heavy metal contents in European soils with volcanic parent material.
b median value for Cd contents from 33 European countries with different lithologies.
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compost, and Parelho et al. (2014) proposed historical uncontrolled
exposure to agrochemicals as an explanation for Cr and Ni
enrichment of traditionally farmed soils on the Azores. On Isabela
Island, Cr and Ni contents were strongly correlated with MgO in the
lavas of the Sierra Negra volcano (Reynolds and Geist, 1995). This
suggests parent material is an important source of these elements;
however, we cannot rule out additional anthropogenic inputs.
Levels of Cd and Zn on San Crist�obal Island were low compared to
the other islands (Fig. 2), which may be attributable to greater
mobility and subsequent leaching of these elements caused by
lower pH values there (mean pH ¼ 5.6, compared to 6.5 and 6.0 for
islands Isabela and Santa Cruz, respectively; Dinter et al., 2020).

Possible relationships between climate, notably moisture, and
trace element concentrations can be derived from Table S1, which
lists correlations between elevation (a proxy for moisture), soil
properties and trace elements on the three islands studied. Except
5

for Co (rs ¼ 0.54, p < 0.01), trace elements on Isabela did not show
any trends with increasing elevation. On Santa Cruz, Cd, Pb and U
were all positively correlated with elevation (rs > 0.4, p < 0.01), as
was phosphorus (Table S1), suggesting some of these elements (in
particular Cd, but possibly Pb and U as well) may be co-varying
primarily with P rather than moisture. By contrast, on San
Crist�obal, Cd, Co, Cu, and Zn were negatively correlated with
elevation (rs < �0.39, p < 0.01), while P was positively correlated
(rs ¼ 0.38, p < 0.01). It is possible that these inconclusive results
and, in general, the lack of relationship with elevation of many of
the studied trace elements is because the agricultural study areas
mainly occupy the humid highlands and do not cover the complete
elevation/moisture range including the drier lowlands of the
islands.



Fig. 2. Aqua regia-extractable concentrations of heavy metals in the soils of islands Isabela, Santa Cruz and San Crist�obal. Horizontal bars represent minimum, 25th percentile,
median, 75th percentile and maximum. Mean is indicated by the symbol x. Dots indicate outliers. Soils exceeding the threshold value indicated by the dashed horizontal line must
be assessed for contamination and remediation needs according to Finnish legislation (MEF, 2007) recently applied to European agricultural land by T�oth et al. (2016).

Fig. 3. Principal component analysis (a) and associated factor scores (b) of aqua regia-extractable concentrations of heavy metals (Cd, Co, Cr, Cu, Ni, Pb, U, Zn) for all islands together
with associated variables aqua regia-extractable phosphorus (P), clay content (Clay), electrical conductivity (EC), pH in H2O, pH in sodium fluoride (NaF), soil organic carbon (SOC)
content, and distance from the hotspot (Distance). Enlarged symbols in (b) indicate the mean value for each island and shaded circles reflect the 0.95 confidence interval.
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3.3. Anthropogenic influence on trace element concentrations

The second principal component (28% of total variance) had
high loadings of Zn, Cd and Cu (0.92, 0.85 and 0.57, respectively;
Fig. 3, Table S2). Previous studies on agricultural soils have vari-
ously attributed Zn to lithology (Dœlsch et al., 2006), anthropogenic
sources (Kelepertzis, 2014; Martínez Cortizas et al., 2003) or both
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(Cabral Pinto et al., 2015; Mic�o et al., 2006). After comparing Zn
contents in agricultural and non-agricultural soils of La Reunion,
Dœlsch et al. (2006) concluded basaltic parent material was the
source of the high Zn levels, rather than anthropogenic activity.
High contents of soil Zn (up to 257 mg kg�1) in Cape Verde were
determined to be from both parent material and anthropogenic
sources such as fertilizers and agricultural sprays (Cabral Pinto



Table 4
Spearman correlation of P and selected heavy metals on Santa Cruz Island.

P Cd Cu Pb U Zn

P 1
Cd 0.37* 1
Cu 0.33* 0.74*** 1
Pb 0.53*** 0.52*** 0.34* 1
U 0.71*** 0.45** 0.34* 0.86*** 1
Zn 0.55*** 0.78*** 0.82*** 0.55*** 0.55*** 1

*p < 0.05, **p < 0.01, ***p < 0.001.
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et al., 2015), while Parelho et al. (2014) credited pig and poultry
manure application for elevated Zn levels on the Azores. In the
studied Gal�apagos soils, the main source of the relatively high Zn
contents may be the basaltic parent material, with some influence
from agricultural inputs (e.g. use of manure from poultry for crop
fertilization) in soils where Zn was the highest (e.g., maximum
Zn ¼ 430 mg kg�1 on Santa Cruz Island). Indeed, Zn was signifi-
cantly correlated with P on both Santa Cruz and Isabela Island
(rs ¼ 0.66, p < 0.001 and rs ¼ 0.55, p < 0.001, respectively, Table S1),
suggesting phosphorus fertilizers and poultry manure as a Zn
source in some soils of these islands.

Cd compounds tend to follow Zn in weathering processes
(Kabata-Pendias, 2010), which could be a partial explanation for the
elevated Cd levels on the islands. On Cape Verde, Cabral Pinto et al.
(2015) found Cd levels up to 1.5 mg kg�1, which they attributed
primarily to the parent material of the island as the Cd was corre-
lated with other calcophile elements commonly found in ore de-
posits (i.e. Zn and Pb). In the studied Gal�apagos soils, the observed
high Cd levels may be attributable to parent material and soil
constituents favouring its sorption, such as soil organic matter
(SOM), clay minerals and oxyhydroxides of Fe, Al and Mn (Kabata-
Pendias, 2010; Smolders and Mertens, 2013). Indeed, Cd content
was positively correlated with Fe oxides (Fed) on Santa Cruz Island
(rs ¼ 0.36, p < 0.05; Table S1). On Santa Cruz, soil Cd levels were
above the world average for uncontaminated soils (1.1 mg kg�1) as
given by Kabata-Pendias (2010) and higher than that found in soils
on other volcanic islands (e.g. Cabral Pinto et al., 2015) suggesting
soil Cd on some Santa Cruz farms cannot be attributed to parent
material alone. The highest concentrations of Cd and Znwere found
on the same two farms along with high P content, strongly sug-
gesting the highest Cd concentrations were anthropogenically
influenced, possibly through the use of P fertilizers, a known source
of Cd to soils (Smolders and Mertens, 2013). Dœlsch et al. (2006)
determined elevated Cd to be of anthropogenic origin on La
Reunion, as the highest contents were found in agricultural surface
soils, and Mendoza-Grim�on et al. (2014) found a relationship be-
tween elevated soil Cd concentrations and P contents in a former
intensive agricultural area on El Hierro Island (Canary Islands). In a
study of Cd concentrations in agricultural topsoils of 33 European
countries, elevated concentrations were linked to parent material,
soil type and ore deposits, as well as urbanization and fertilizer use
(Birke et al., 2017). Topsoil enrichment of Cd and Zn in Japan was
found in both agricultural and non-agricultural soils, suggesting
their accumulation may result not only from the use of agro-
chemicals, but also from atmospheric deposition and plant uptake
(Takeda et al., 2004). Indeed, recent work by Imseng et al. (2018)
has highlighted the influence of soil-plant cycling on Cd concen-
trations in the upper soil layers. In mainland Ecuador, irrigation
with Cd-contaminated water was suggested as the likely source of
Cd enrichment in topsoil under cacao production (Chavez et al.,
2015).

Elevated Cu has often been attributed to anthropogenic activity
(Facchinelli et al., 2001; Kelepertzis, 2014; Martínez Cortizas et al.,
2003; Parelho et al., 2014) while studies on other volcanic islands
suggest parent material as the primary source (Cabral Pinto et al.,
2015; Dœlsch et al., 2006). On La Reunion, Cu concentrations
were attributed to lithology because Cu levels did not change
significantly between the surface and intermediate layers (Dœlsch
et al., 2006), while soil Cu on Cape Verde was found to be closely
associated with other siderophile elements (Cr, Ni, Co) commonly
found in mafic rock (Cabral Pinto et al., 2015). In the studied
Gal�apagos soils, Cu was strongly correlated with Cr, Ni, and Co on
Santa Cruz Island, but only with Co and Ni on San Crist�obal and
with Ni on Isabela Island (Table S1).

Agricultural practices can be a source of Cu to surface soils, in
7

which Cu may accumulate over time due to its tendency to adsorb
to Fe and Mn oxides, amorphous Fe and Al hydroxides, clays and
SOM (Kabata-Pendias, 2010). Phosphate fertilizers contain the
highest Cu concentrations of all inorganic fertilizers, and the use of
copper-based fungicides has become widespread (Oorts, 2013). On
the Azores, Cu levels also exceeded the CCME SQG value, which the
authors attributed to its presence in animal manure and pesticides
(Parelho et al., 2014). In the studied Gal�apagos soils, Cuwas strongly
correlated with Zn and Cd on all three islands, and on Santa Cruz
and Isabela also with P (Table S1), suggesting the influence of
agriculture on Cu concentrations cannot be ruled out, as phos-
phorus fertilizers are a known source of Cu, Zn and Cd (Alloway,
2013a). Therefore, elevated Cu levels in the agricultural areas may
be a result of the combined effect of high background concentra-
tions from the basaltic parent material and the use of agricultural
fertilizers and fungicides.

In the studied Gal�apagos soils, it seems the attribution of Zn, Cd
and Cu to either lithology or agricultural practices likely varies by
island. Fig. 3 shows these elements clustered near the factor scores
associated with Santa Cruz Island. These elements have all been
found in triple superphosphate fertilizer in amounts higher than
regulatory limits for trace elements in fertilizer in several EU
countries (Molina et al., 2009). Santa Cruz Island is the most
intensively farmed island in the archipelago, with annual expen-
ditures on fertilizers and pesticides totaling almost twice as much
as those on Isabela Island and San Crist�obal Island combined
(CGREG et al., 2014). As significant correlations exist between P and
heavy metals on Santa Cruz Island (Table 4), PC2 is likely an
anthropogenic component. On the other two islands, the source of
those elements may be a mix of lithology and agricultural practices.

PC3 (Table S2) accounted for 20% of the total variance, with high
positive loadings of U (0.80) and Pb (0.70). U is present only in low
concentrations in basaltic rock (1.0 mg U kg�1; Alloway 2013b) and
concentrations in the Gal�apagos soils were generally below
1.0 mg kg�1 with some exceptions on islands Santa Cruz and San
Crist�obal. Pb contents are generally low in basalt (Dœlsch et al.,
2006) and therefore, in the absence of pollution (e.g. battery
dumping), would be expected to have low concentrations in soils
formed on basalt (Takeda et al., 2004).

Pb and U levels in Gal�apagos soils seem to be increasing with
weathering duration (Fig. 2). Along a well-established Hawaiian
chronosequence, the highest concentration of soil U (9.29 mg kg�1)
was found in the oldest (4.1 Ma) soil and attributed to the influence
of atmospheric deposition, while a strong association between
amorphous Fe-oxides and U was present in intermediate-age (20
and 150 ka) soils (Pett-Ridge et al., 2007). U tends to sorb to Fe
oxides and clayminerals (Alloway, 2013b), and Pb has a tendency to
be adsorbed by hydroxides of Al, Fe and Mn (Kelepertzis, 2014),
which accumulate in highly weathered soils. In the studied
Gal�apagos soils, Pb and U are correlated with the presence of Fe
oxides (indicated by Fed) on all islands, and on San Crist�obal Island
they are also positively correlated with clay content (Table S1).

On Santa Cruz Island, U and Pb were highly correlated with P
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(rs ¼ 0.71 and 0.53 respectively, p < 0.001; Table 4), strongly sug-
gesting phosphorus fertilizers as the source of enrichment on this
island, as the most common source of U enrichment in agricultural
soils is P fertilizer (Alloway, 2013b), and superphosphate fertilizer
can also be a source of Pb (Alloway, 2013a). P fertilizers were also
identified as the likely cause of U enrichment in agricultural topsoil
in Japan (Takeda et al., 2004) and Switzerland (Bigalke et al., 2017).
Therefore, PC3 may be considered both a lithogenic and anthro-
pogenic component, as it likely reflects the close association of Pb
and Uwith P fertilizers, and perhaps Fe oxides on Santa Cruz Island,
while on San Crist�obal Island it likely reflects the sorption of these
elements onto clay minerals and Fe oxides.

3.4. Trace element mobility

The concentrations of trace elements extracted with NH4NO3
are shown in Table S3. The measured values for elements Pb and U
were entirely or almost entirely under the LOQ and are therefore
not included in further statistical analyses. Cr values measured
close to LOQ, while approximately half the Zn values were below
LOQ. Most Cd values on Isabela were below LOQ. Therefore, Cr and
Zn data for all islands and Cd for Isabela Island are not included in
the % mobility calculations or correlation matrices (Table S4). Cd
values on islands Santa Cruz and San Crist�obal were above LOQ, as
were all Ni, Cu and Co values on all islands. Similar to other studies
(e.g. Muhlbachova et al., 2015), NH4NO3-extractable concentrations
represented only about one thousandth of the aqua regia-extract-
able fraction. Positive correlations between the NH4NO3 and aqua
regia-extractable fractions were present for elements Cd, Zn and Cu
on Santa Cruz Island, Cu and Ni on San Crist�obal Island while none
existed on Isabela Island.

Cd displayed a tendency to become increasingly mobile with
island age, while Ni appeared to become less mobile (Fig. 4). The
increasingmobility of Cdmay be due to the increasing acidity of the
soil as Cd in the labile pool increases between pH 4.0 and 4.5
(Kabata-Pendias, 2010), and Cd mobility was highly negatively
correlated with pH (H2O) on islands Santa Cruz and San Crist�obal
(rs ¼ �0.50, p < 0.01 and rs ¼ �0.92, p < 0.001, respectively;
Table S4). Another factor possibly contributing to higher Cd
mobility on Santa Cruz and San Crist�obal is fertilizer use, as the Cd
present in mineral salts tends to be more mobile than that from
Fig. 4. Boxplots of the NH4NO3-extractable fraction of Cd and Ni for islands Isabela, Santa Cru
(NH4NO3-extractable fraction relative to aqua regia-extractable fraction). Dashed red line ind
for Cd and 700 mg kg�1 for Ni on basaltic parent material. Grey shaded area on Cd figure indi
in this figure legend, the reader is referred to the Web version of this article.)
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other sources, e.g. lithology (Sabien€e et al., 2004). It is generally
recognized that heavymetals may be carried onmobile soil colloids
(Tang et al., 2020). According to findings from Liu et al. (2019), Cd
co-transport by fine colloids (<0.2 mm) may pose greater environ-
mental risk than medium or coarse colloids (0.2e1 mm). The clayey
texture of the soils on San Crist�obal Islandmay therefore contribute
to colloid-facilitated Cd mobility on this island.

Total Ni tended to accumulate in the highly weathered soils of
islands Santa Cruz and San Crist�obal, while at the same time its
mobility in the soil decreased in spite of decreasing pH. This is likely
due to strong binding of Ni to Mn and Fe oxides (Kabata-Pendias,
2010), the concentrations of which increased in the older soils
studied (cf. Fed in Table 1). Similarly, in ferralitic soils of volcanic
origin in the South Pacific, Ni was determined to be largely
immobile (Gunkel-Grillon et al., 2015). SOC, while negatively
correlated with total concentrations of Co, Cr, Cu, Ni and U on Isa-
bela Island (rs < �0.4, p < 0.01; Table S1), was positively correlated
with % mobility of Co, Ni and Cu on the same island (rs > 0.46,
p< 0.05; Table S4). This suggests that in the organic-rich, andic soils
of Isabela Island (cf. Table 1), complexation by dissolved organic
compounds enhances heavy metal mobility. Solubilizing effects of
organic complexation have frequently been observed for heavy
metals, especially for Cu, which shows high affinity for low-
molecular-weight (soluble) organic substances (Zehetner and
Wenzel, 2000). Ni has appeared to be only moderately mobilized
by soil colloids, and organic colloids (especially fulvic acids) seem to
be a major carrier phase for Ni (P�edrot et al., 2008). Colloidal
transport of Ni may contribute to increased Ni mobility especially
on Isabela Island, where SOM contents are higher and the soils
more porous than on the older islands.

In general, the NH4NO3-extractable element contents of the
soils studied were below the intervention value which would
require monitoring or remediation (Prüeß et al., 1991). However,
eight soil samples from Santa Cruz Island and four samples from
San Crist�obal Island had NH4NO3-extractable Cd values above the
intervention value of 20 mg kg�1, above which risk assessment is
required (Prüeß et al., 1991). Of these twelve samples, three on
Santa Cruz had concentrations of 45e49 mg kg�1, more than double
the intervention value indicated by Prüeß et al. (1991). These values
are also higher than the threshold value of 40 mg kg�1 for NH4NO3-
extractable soil Cd, given by Kim et al. (2020), above which exists
z and San Crist�obal. Cross symbols (x) connected by solid black line indicate % mobility
icates general intervention value for pH > 4.5 as given by Prueb et al. (1991): 20 mg kg�1

cates limit of quantification (0.6 mg kg�1). (For interpretation of the references to colour
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potential risk of impaired crop quality. The soils of San Crist�obal
Island had the highest concentrations of NH4NO3-extractable Ni,
where one sample measured as high as 1141 mg kg�1, while two
samples had Ni concentrations within 100 mg kg�1 of the inter-
vention value of 700 mg kg�1 for soils on basaltic parent material
(Prüeß et al., 1991).
3.5. Case study: Cd mass balance in the soil and transfer to plants

Results of the acid digestions of rock, soil and plant material
from the farm on Santa Cruz Island where soil Cd content was
determined to be 4.11mg kg�1 are shown in Table 5. The Cd content
of the rock sample was 0.09 mg kg�1, which is similar to the con-
centration of Cd in Gal�apagos submarine lavas (0.11e0.15 mg kg�1)
given by Yi et al. (2000) and the average content (0.1 mg kg�1) of Cd
in the Earth’s crust (Kabata-Pendias, 2010). Therefore, the unusu-
ally high Cd concentration in the soil of the examined farm on Santa
Cruz Island are likely not a result of naturally elevated Cd in the
basaltic parent material. Geochemical mass balance calculation (Eq.
(1)) yielded an exceptionally high t value of 32, indicating 3200% Cd
enrichment in the topsoil compared to the geological parent ma-
terial. This strongly suggests anthropogenic influence on Cd soil
concentrations at the case study farm on Santa Cruz Island.

Although the soil-plant mobility of Cd in this case study was
relatively low, Cd concentrations in leaves of maize and carrot (0.13
and 0.12 mg kg�1, respectively) were near the maximum allowable
concentration for stem and root vegetables (0.10 mg kg�1) and
vegetables generally (0.05 mg kg�1) as given by the EC Commission
Regulation (2006). Cd concentration measured in the bean leaves
(0.73 mg kg�1) was higher than the 0.4 mg kg�1 found in bean
seeds grown in calcareous soil treated with 5.0 mg Cd kg�1,
although in general seeds accumulate less Cd than the leaves
(Kabata-Pendias, 2010). On El Hierro Island (Canary Islands), total
soil Cd concentrations ranged between 0.9 and 2.6 mg kg�1

(mean ¼ 1.3 mg kg�1) while Cd concentrations in plant material
ranged between 0.10 and 2.15 mg kg�1 (mean ¼ 0.13 mg kg�1) for
mixed pasture species of grasses, legumes and shrubs (Mendoza-
Grim�on et al., 2014). Mendoza-Grim�on et al. (2014) attributed this
evidence of relatively lowCd soil-plantmobility to a combination of
high Zn levels inhibiting Cd uptake and a soil barrier formed by the
presence of amorphous aluminosilicates, free iron oxides and
organic matter, along with slightly acidic soil pH. While charac-
teristics of the plant and soil (e.g. pH) play a role in plant uptake of
Cd (Jiao et al., 2012), the main factor affecting Cd concentration in
plants appears to be its content in the soil itself, as worldwide
studies have found plant Cd to be a function of soil Cd (Kabata-
Pendias, 2010).

Phosphorus fertilizers, generally considered the main source of
Cd in agricultural soils (Six and Smolders, 2014), have variable Cd
concentrations, reaching up to 288 mg Cd kg�1 in triple super-
phosphates but remaining under 26 mg Cd kg�1 in
Table 5
Content of heavy metals (mg kg�1) in rock, soil and plants from one farm on Santa
Cruz Island with elevated soil cadmium.

Cd Co Cr Cu Ni Pb U Zn

Rock 0.09 37.7 111 53.0 113 0.67 0.17 86.8
Soil 4.11 85.26 138 167.55 152 8.53 1.07 268

Planta

Bean 0.73 0.17 2.00 10.73 2.16 0.02 0.10 39.72
Maize 0.13 0.11 3.47 12.45 2.27 0.07 0.00 17.69
Carrot 0.12 0.30 1.46 10.68 1.20 0.05 0.00 38.40

a Analyzed tissue: leaf.
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monoammonium and diammonium phosphates (Molina et al.,
2009). A recent study found the amount of Cd in plant shoots
derived from P fertilizer may be much lower than previously
thought (Wiggenhauser et al., 2019). A review by Jiao et al. (2012)
found some studies where Cd uptake by plants in soils treated
with P fertilizer was not significantly different from the control,
while NPK fertilizer led to higher plant Cd concentrations. On the
farm where the samples were collected in this study, synthetic P
fertilizers have been applied in the past; however, no detailed re-
cords of the fertilizer types and application rates were available
from the farmer and, hence, the influence of these products on the
measured Cd values in plants in our study is difficult to quantify.

Cd is a probable human carcinogen with adverse effects
including renal tubular damage and likely skeletal damage as well
(J€arup et al., 1998). Cd in humans has a biological half-life of 15e20
years; therefore, prolonged exposure to moderately contaminated
food has a greater effect than the occasional consumption of food
products with high Cd levels (Six and Smolders, 2014). As Cd is
removed from soil primarily by way of crop harvesting (Bigalke
et al., 2017), it may persist in the soil for decades, negatively
affecting ecosystem function as its bioavailability does not decrease
in the long term (Smolders and Mertens, 2013).

4. Summary and conclusions

Total contents of Cd, Co, Cr, Cu, Ni and Znwere high compared to
other world locations, although similar to locations where soils
have formed on basaltic parent material. Elements Ni, Co and Cr
showed a strong trend of accumulationwith increasing weathering
duration. Soil contents of Cd, Zn and Cu may have been influenced
by use of phosphorus fertilizers, particularly on Santa Cruz Island.
Pb and U contents were generally low, although enrichment of
these elements may be occurring from both P fertilizers and the
elements’ tendency to adsorb to clay minerals and Fe oxides.
Mobility of Cd showed an increasing trend with weathering dura-
tion and decreasing soil pH, while Ni mobility decreased under the
same conditions.

Total contents of Cd, Co, Cr, Cu, Ni and Zn were above threshold
values in many of the studied soils, indicating possible ecological or
health risks, although the bioavailable fractions were generally low,
and only a few soils on Santa Cruz and San Crist�obal had bioavail-
able Cd and Ni above threshold values. The analysis of rockmaterial
from a farm on Santa Cruz Island with elevated soil Cd content
suggests the underlying parent material is not the source of the Cd
enrichment, and plant sample analysis from the same farm in-
dicates the soil Cd is readily plant-available. These results have
implications for land management practices, as build up of heavy
metals in the agricultural soils may be a result of frequent and
prolonged P fertilizer use. Judicious application of P fertilizers is
recommended to avoid build-up of heavy metals in the agricultural
soils, especially Cd and U.

Analysis of soil layers deeper than 20 cmmay yield insights into
Cd translocation within the profile and possible contamination
threats for water bodies. A comparison of trace element concen-
trations in agricultural soils under different forms of production
(e.g. open field, greenhouse) along with analysis of heavy metal
contents in pig and poultry manure, which are commonly used as
fertilizers, would further assist in tracing possible contamination
sources of these elements. Trace element analysis of soils outside
the agricultural zone would help determine naturally occurring
levels of heavy metals in Gal�apagos soils. Further research on heavy
metal contents and mobility in Gal�apagos soils is recommended to
assist in the establishment of soil quality guideline values and
protection of this unique archipelago from contamination of its soil
and water resources, as well as its plant, animal and human life.
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