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Abstract Castilla-La Mancha (central Spain) is a region char-
acterized by significant agricultural production aimed at high-
quality food products such as wine and olive oil. The quality of
agricultural products depends directly on the soil quality. Soil
geochemistry, including dispersion maps and the recognition of
baselines and anomalies of various origins, is the most impor-
tant tool to assess soil quality. With this objective, 200 soil
samples were taken from agricultural areas distributed among
the different geological domains present in the region. Analysis
of these samples included evaluation of edaphological parame-
ters (reactivity, electrical conductivity, organic matter content)
and the geochemistry of major and trace elements by X-ray
fluorescence. The dataset obtained was statistically analyzed
for major elements and, in the case of trace elements, was
normalized with respect to Al and analyzed using the relative
cumulative frequency (RCF) distribution method. Furthermore,
the geographic distribution of analytical data was characterized
and analyzed using the kriging technique, with a

correspondence found between major and trace elements in
the different geologic domains of the region as well as with
the most important mining areas. The results show an influence
of the clay fraction present in the soil, which acts as a repository
for trace elements. On the basis of the results, of the possible
elements related with clay that could be used for normalization,
Al was selected as the most suitable, followed by Fe, Mn, and
Ti. Reference values estimated using this methodology were
lower than those estimated in previous studies.
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Introduction

Soil is a natural resource with a high intrinsic value for eco-
systems and humans, so it must be conserved and protected, as
outlined by the Commission of European Communities (Eur-
lex 2006). The content and distribution of chemical elements
in soils depend on the composition of the parent rock, the soil-
forming process, climate, topography, and land use. For this
reason, the chemical elements present in a soil can be
lithogenic, pedogenic, and anthropogenic.

Characterization of elemental concentrations in the soils is
performed by soil analysis. Such analyses show the local dis-
tribution of elements. This distribution is characterized both
by the natural geochemistry, which is conditioned by the local
geology, including the eventual presence of mineralization,
and by the anthropogenic activities carried out in the area,
which potentially lead to the dissemination of elements.
Mining is the most important contaminating anthropogenic
activity and it produces dispersion in the area of more min-
erals, which contain high concentrations of elements that are
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not generally common in rocks, e.g., Bheavy metals^ (Pb, Zn,
Cu, etc.), some of which are Bpotentially toxic/harmful
elements.^ The distribution of chemical elements in an area
includes Bbaseline levels,^ which are the concentration ranges
expected in areas in which mineralization and pollution from
anthropogenic activities have not occurred, and Banomalous
levels,^ which are values outside the range of the baseline
concentrations and usually produced either by the occurrence
of mineralization (Bgeochemical anomalies^) or by human
activities (Bcontamination^ or Bpollution^). Reference levels
represent the thresholds between baseline and anomalies, and
these concepts need to be defined locally since these are dif-
ferent in diverse areas.

On a large scale, there are some national element dispersion
maps, such as those covering Spain (IGME 2012), USA
(Shacklette and Boerngen 1984), India (Chandrasekaran and
Ravisankar 2015), Serbia (Mihailovic et al. 2015), England
andWales (Rawlins et al. 2012), Lithuania (Marcinkonis et al.
2011), Ireland (Fay et al. 2007), and northern Europe
(Reimann et al. 2003). However, the large scales of the na-
tional maps are not appropriate for regional areas, where the
unique nature of the parent materials may produce natural
enrichments or the absence of elements that are not taken into
account on a general scale. For this reason, in several coun-
tries, maps are now being created at the regional or local scale,
including in Serbia (Mrvi et al. 2011), Barcelona Province
(Bech et al. 2008, 2011), and central Catalonia (Tume et al.
2011). In Castilla-La Mancha, Jimenez-Ballesta et al. (2010)
established pedogeochemical reference levels in trace ele-
ments for soils, but did not create concentration maps.

Dispersion maps supply valuable information with the aim
of identifying the regional baselines and natural or anthropo-
genic geochemical anomalies, which in turn provides a deeper
knowledge of the soils in the region. This information is an
important tool for the control and planning of soil use, in
particular for agricultural practices. For this reason, the main
aim of the work described here was to establish a graphic
framework of the soils in Castilla-La Mancha from the geo-
chemical point of view. This framework also includes the
quantification of geochemical baselines and reference levels,
as well as the geographic delimitation of major geochemical
areas. The final goal was to obtain an approach to identify the
possible sources of the chemical elements and elucidate the
reasons for the presence of anomalous levels.

Study area

Castilla-La Mancha is located at the center of the Iberian
Peninsula, between the latitudes 38°046211–40°27719 N
and the longitudes 1°1395–5°39009W, and it covers a surface
area of 79,463 km2 (Fig. 1).

From a geological point of view, the Castilla-La Mancha
territory is a relatively complex area and it includes most of

the important geological domains of Spain (Gibbons and
Moreno 2002; Vera 2004): a Variscan (Hercynian) basement,
including metasedimentary, volcanic, and granitic/gneissic do-
mains (Dallmeyer and Martínez-Garcia 1990), and Alpine and
post-Alpine domains (Fig. 1), the latter hosting a Plio-
Quaternary volcanic field located in the southwest sector of
the region, which overprints the Variscan and Alpine domains.
The metasedimentary Variscan domain is composed of
(meta)greywackes, quartzites, metapelitic sequences, and basal-
tic rocks of pre-Ordovician and Paleozoic age. The pre-
Ordovician sequence crops out through central Spain and in-
cludes the so-called Complejo esquisto graváquico, a monoto-
nous succession of slates and greywackes, whereas the
Paleozoic stratigraphic sequence includes mainly slates and
quartzites, with minor and localized volcano-sedimentary inter-
calations, such as those present in the stratigraphic column of
the Almadén syncline (García Sansegundo et al. 1987; Vilas
et al. 1990). The latter hosts the world’s largest mercury ore
deposits. The granitic and gneissic rocks are regarded here as
a single unit due to their striking similarities in geochemical
composition. In this respect, an important number of Pb-Zn-
Ag mineral deposits from the so-called Alcudia Valley
Mineral Field were formed by granite emplacement and defor-
mation during the Variscan orogeny (e.g., Palero et al. 2003).

The Alpine domain present in the region crops out along
three mountain ranges: Altomira, Iberian, and Betic, which are
composed of Triassic, Jurassic, and Cretaceous sedimentary
rocks, with (dolo) limestones being the dominant lithology. Of
interest for this work is the presence of interbeddings of evap-
oritic rocks (gypsum and related rocks) of the Paleogene Age
at the so-called Depresión Intermedia (Torres and Zapata
1986), as indicated in Fig. 1.

The post-Alpine domain includes a number of post-
orogenic sedimentary basins, with ages comprised between
Miocene and Plio-Quaternary, including mostly detrital se-
quences, with scattered outcrops of evaporitic rocks, including
sepiolite-palygorskite clay sequences (Calvo et al. 1989;
Fesharaki et al. 2007); some of these sequences are topped
by limestones. Part of this post-Alpine domain includes the
Campos de Calatrava volcanic field (CDCVF) (Bailey et al.
2005), which is located in the Ciudad Real Province and is
composed mainly of mafic rocks that are massive (lava flows)
and fragmental (pyroclastic).

The existence of abandoned mineral exploitations (such as
those of the Alcudia Valley and Almadén), and therefore of
mining residues, has locally or regionally modified the geo-
chemistry of soils (e.g., Higueras et al. 2003; Martínez-
Coronado et al. 2011). In this regard, Castilla-La Mancha is
a region with an important mining history, which includes
industrial rocks and minerals and metallic ores (Fig. 2). The
exploitation of industrial minerals and rocks usually results in
very minor modification of the local geochemistry; however,
even these physical disturbances may result in local
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geochemical imbalances due to the removal of soils and veg-
etation to exploit the rocks (e.g., granites, limestones) or sed-
iments (e.g., clays, sands, and gravels). The Castilla-La
Mancha region has been subjected to mining of fluvial sedi-
mentary aggregates along the main river courses, such as the
Tajo (Tagus) River. Furthermore, there are numerous quarries
for the extraction of limestone-dolostone carbonate rocks in
both Mesozoic and Cenozoic sequences. These rocks are used
for different purposes, but mostly to feed aggregate and con-
crete (cement) industrial plants. Aggregate needs are also cov-
ered by quarrying volcanic porphyritic rocks, such as the
CDCVF basalts. Other mined sequences include those of the
Cenozoic Age located to the east of Molina de Aragón
(Guadalajara), which are constituted by magnesites and evap-
oritic sequences including gypsum. These formations are par-
ticularly common in the so-called Depresión Intermedia but
are also present in the Cenozoic basins.

Salts (including complex sulfates and chlorides, such as
thenardite and glauberite) are also exploited in the Almansa
(Albacete Province) area and to the north of Ocaña (Toledo
Province). Other mined rocks and sediments include kaolin
clay that accompanies the coarse Arenas de Utrillas (Utrillas
Sands) of the Cretaceous Age, for example in the Iberian

Range (Guadalajara), including the Peñalén deposits, where
an important clay industry developed along the high course of
the Tajo River. Other deposits of kaolin include those of La
Sagra, north of Toledo, although these are of the Cenozoic
Age. Dimension rock quarrying includes granite and marble
in the Montes de Toledo area (south of this province).

Mining of metallic ores continued until a few years ago in
the Almadén mercury mining district, where the world’s most
important mercury deposits had been exploited since Roman
times until 2003 (Hernández et al. 1999; Higueras et al. 2013;
Palero et al. 2015). This mining activity resulted in district-
wide contamination by mercury and this is reflected in the
contents of this element in the soils, which range from high
to extremely high as compared with the world’s baseline con-
centrations (e.g., Higueras et al. 2003; Higueras et al. 2006;
Martínez-Coronado et al. 2011; Garcia-Ordiales et al. 2014).
Other metallic mining activities include that of the Pb-Zn-Ag
deposits from the Alcudia Valley–San Quintín, all of which
were small operations that nevertheless have induced locally
important geochemical anomalies for these elements. A major
problem relates to very high contents of Pb and Zn in the
mining residues that were left after mining ceased. Some of
these deposits, such as those of the San Quintín Mining
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Group, were exploited until the mid-twentieth century and are
presently surrounded by agricultural land (Rodríguez et al.
2009; Martín-Crespo et al. 2015). Other deposits of this type
include those of the Sevilleja de la Jara area (SW province of
Toledo) and a couple of isolated mines located to the south of
Toledo and west of Alcázar de San Juan. There is also an
antimony district located south of Valdepeñas (Ciudad Real)
and this was exploited until the 1950s. The CDCVF also
sustained the exploitation of Fe-Mn-Co-(Ni) oxide ore de-
posits of different morphologies that were exploited during
the Second World War (Crespo et al. 1995). Several minor
exploitations of iron oxides also took place to the east of
Molina de Aragón (Cuenca) (Fig. 2).

The mineralogical composition of soils in the region has
been studied by different authors, including Espejo (1978);
García-González and Aragoneses (1991); Jimenez Ballesta
et al. (1990); Vicente et al. (1991); González (2006), and
Conde et al. (2009). Most of these authors describe the pres-
ence of quartz, feldspar, and clay minerals, including illite,

smectite, chlorite, and kaolinite, which are characteristic of
semiarid climates with a low degree of soil evolution. Most
of these data refer to the Hercynian part of the region; soils
from the Alpine and post-Alpine dominions are rich in car-
bonates (calcite) and, occasionally, in gypsum.

Amorós et al. (2015) described in detail the pedological
characteristics of 110 soil profiles corresponding to vine areas
from the region. In such areas, and considering the classifica-
tion proposed by the Soil Survey Staff (2006), these authors
recognized the presence of soils corresponding to four ordi-
nes: entisols, inceptisols, ultisols, and alfisols. In a similar way
to the clay mineralogy, these data are consistent with the in-
terpretations of regional soils as characteristic of this area,
which is dominated by a semiarid climate.

The physiography of Castilla-La Mancha is complex and it
includes four main characteristic landscapes: mountain (east),
Hercynian basement (west and southwest), clay-rich Meseta
(north), and limestone-rich Meseta (south) (Pillet 2007). The
regional climate is characterized by harsh winters, hot and dry
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summers, irregular distribution of rainfall (ranging between
400 mm in the center to over 1000mm in the mountain areas),
and strong daily thermal oscillations, and thus a generalized
aridity. According to the Köppen classification, the predomi-
nant climate is hot-summer Mediterranean climate (Csa) with
minor areas corresponding to cold semiarid climate (Bsk), and
with cool-summer Mediterranean climate (Csb) and oceanic
climate (Cfb) in the NE area (Pillet 2007).

Materials and methods

Sampling works and analysis

A soil sampling network was set up to cover all of the terri-
tories in the region and this system included 200 agricultural
soils (Fig. 3). Samples were taken from trenches constructed
with a backhoe and plant debris and > 2 cm fractions were
removed in situ. The soils were described according to the

criteria defined by FAO-ISRIC-IUSS (2006). Samples of top
soils were collected in a carrier bag and taken to the laboratory.
In the laboratory, samples were air-dried for 1 week, sieved
through a 2 mmmesh, and split prior to the different analyses.

The soil reactivity (pH) and electric conductivity (EC) of
the samples were determined using a glass electrode in 1:2.5
(V/V) and 1:5 (V/V) suspensions of soil in deionized water,
respectively, according to the methods described by Porta
et al. (1986) and Richards (1954). The texture of the samples
was estimated using a Bouyoucos densimeter (Gee and
Bauder 1986), and the calcium carbonate content was deter-
mined using a Bernard calcimeter, according to the recom-
mendations of Porta et al. (1986).

Prior to analysis, samples were ground in an agate
mortar to obtain fine dust from which pearls were
formed using lithium borate as an agglomerating addi-
tive. The pearls of soil samples were analyzed by X-ray
fluorescence using a Philips PW 2404 spectrophotome-
ter with a maximum power of 4 kW (set of crystal
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analyzers for LiF220, LiF200, Ge, PET and PX1, flow
detector, and twinkle detector). Samples were analyzed
in batches and quality control was evaluated by dupli-
cate analysis of certified soil reference materials (NIST
2710 and CRM 039).

Data processing and rendering

Statistical analysis, including exploratory data analysis
(EDA) and relative cumulative frequency (RCF) distribu-
tion, was performed using the SPSS 19.0 and Minitab
V.15 for Windows software. The RCF curves technique
was applied in order to validate the results of the normal-
ization procedure, according to the method described by
Matschullat et al. (1999). As a summary of this method,
in the first step, the distribution histogram of elemental
concentrations is plotted to identify and to remove the
outliers; in the second step, the RCF curves of each stan-
dardized elemental concentration are plotted to identify
the bend cutting the dataset into the natural or geogenic
baseline concentration set and anthropogenically effected
concentration set. This last set was removed and the mean
value of the remaining dataset was regarded as the critical
value of the baseline, as proposed by Matschullat et al.
(1999).

Dispersion maps were produced using Surfer 9.8.669 soft-
ware (©Golden Software Inc. 2009) with the kriging option,
and values were mapped considering the thresholds specified
below for each element.

Results and discussion

General descriptions of the studied agricultural soils

The studied soils presented a wide range of pH values,
varying from acid reactivity (pH = 4.2) to strong alkaline
reactivity (pH = 8.9); however, the most common values
corresponded to soils with slight alkaline reactivity
(pH = 7.7). EC measurements mostly gave low values
(EC = 0.21 ± 0.4 dS m−1), which indicate generalized
low salt contents; however, a number of samples gave
EC levels that were much higher than normal and these
were soils from areas characterized by the presence of
gypsum and/or other salts in the local/regional stratigraph-
ic successions. The mean calcium carbonate content was
15.4% but the extreme values reached 67.7%, which cor-
responds to soils with alkaline reactivity. The soil textures
show an average clay content of 18.1%, with values in the
range 0.60 to 48.90%. All these parameters are summa-
rized in Table 1.

Elemental concentrations

A statistical summary of the elemental concentrations and
their comparison with the values reported for European and
Spanish soils (according to Salminen et al. (2005) and IGME
(2012), respectively) is shown in Table 2.

The median concentrations for Al, Fe, Mn, V, and Y are
lower than the median values reported for European soils
and similar to those for Spanish soils. For As, Cu, Ni, and
Pb, the opposite trend is observed, since the median values
for these elements are similar to those reported for
European soils but lower than those for Spanish soils. In
the case of Nb, the median value is similar to that reported
for European soils, but much higher than that for Spanish
soils. This case has been studied by IGME (2012) and they
interpreted the findings as being due to the presence of
granite rocks, mafic volcanic rocks, and clayey rocks,
which would be responsible for the anomaly in the region
in question since they usually contain significant concen-
trations of this element. In the case of Si, the concentra-
tions are lower than those in European soils but compari-
sons with Spanish soils cannot be made as results have not
been reported. The median concentrations of Ba, Cr, Ga,
Rb, and Zn are lower than those reported for European and
Spanish soils, most probably due to the significant pres-
ence of carbonate materials, which are generally deficient
in these elements. The median for Zr is lower than that
reported for Europe but it is much higher than the
Spanish value. This latter finding is possibly due to the
presence of tertiary clastic sediments that are rich in detri-
tal heavy minerals in the Alpine and post-Alpine domains.
In the case of Th, the median concentration is similar to
that in the European soils but lower than that in the Spanish
soils—a finding that is due to the elevated levels in the
crystalline basement of the Iberian Massif. Finally, Ca dis-
plays a median with concentrations well above those for
Spain and Europe; however, these higher concentrations
are only distributed in the eastern part of the region, which
is characterized by the presence of Alpine domains that
contain carbonate-rich stratigraphic successions; in the
western part, which is characterized by the presence of
the Hercynian (rich in silicate rocks), the Ca concentrations
are generally well below this median value (see Fig. 4b).

Table 1 Statistical summary of soil properties

Number Mean SD Skewness Kurtosis Min Max

pH 200 7.7 1.0 − 1.4 0.7 4.20 8.90

EC (dS/m) 200 0.21 0.4 4.3 19.4 0.01 2.47

CaCO3 (%) 200 15.4 16.3 1.0 0.1 0.10 67.70

Clay (%) 200 18.1 9.3 0.8 0.3 0.60 48.90
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Regional distribution characteristics of major elements

The dispersion of Al (Fig. 4) shows higher concentrations of
this element in the soils of the western zone of the region,
which coincides with the area of the Hercynian domain
(Fig. 1) where the presence of sedimentary, metamorphic,
and plutonic rocks affected by Hercynian orogeny provides
an Al-rich substrate from minerals such as feldspars and
phyllosilicates (micas and clays).

In the case of calcium (Fig. 4), the highest concentrations
are located in the western zone of the region and these coin-
cide with the Alpine domain (Fig. 1), which is present along
three mountain ranges: Altomira, Ibérica, and Betica. The ge-
ology of these areas mainly consists of sedimentary Triassic,
Jurassic, and Cretaceous rocks, including carbonate rocks
such as limestones and dolomites and other Ca-rich minerals
(gypsum), which are the main sources of the most significant
contributions of this element in these areas.

The highest concentrations of Fe (Fig. 4) are located in the
north and south of the region and most of these are in areas of
Hercynian dominion and part of the Alpine domain of the
Betic Zone in the southern area (Fig. 1). In the southern area,
the zone with the highest Fe content coincides with the area of
the Alcudia Valley, where the presence of minerals rich in

pyrite is responsible for these higher contents. In the northern
area, the high contents are located in the Hayedo de Tejera
Negra Zone, where petrologic-stratigraphic groups predomi-
nate with metamorphic Palaeozoic materials (slate, schist, and
quartzite) together with the dispersed presence of plutonic and
volcanic rocks (Capote 1981).

The dispersion of Mn concentrations (Fig. 4) through-
out the territory shows that the maximum values are re-
lated to materials of the Hercynian domain and, more
specifically, the maximum values correspond to the area
of the Calatrava volcanic field, which contains minerali-
zations rich in this element and associated with the mafic
volcanism characteristic of this region. On the other hand,
the lowest concentrations correspond to the domains of
post-Alpine, Mesozoic, and Alpine sedimentary materials
due to the low levels of this element in the carbonated
lithotypes.

Regional distribution characteristics of trace elements

Geochemical baselines

The baseline concentrations of trace elements in soils and
sediments, which are regarded as the natural abundance of

Table 2 Main statistics for the major elements (expressed as percentages) and trace elements (expressed as mg·kg−1) analyzed in this study

Mean Median SD Minimum Maximum Median European
soilsa

Median Spanish
soilsb

Al (%) 5.85 5.73 2.49 0.63 11.99 11.00 6.00

Ca (%) 10.49 6.62 11.78 0.09 57.59 1.00 0.80

Fe (%) 2.41 2.07 1.33 0.13 8.58 3.60 2.70

Mn (%) 0.06 0.04 0.08 0.002 0.54 0.06 0.04

Si (%) 25.06 25.37 9.79 0.05 46.33 31.79 –

Ti (%) 0.41 0.30 0.74 0.03 9.38 0.34 0.23

As 8.31 7.55 6.02 0.03 41.20 6.50 14.00

Ba 214.23 194.20 99.94 47.50 697.90 380.00 338.00

Cr 42.68 35.80 20.91 15.00 115.50 61.00 57.00

Cu 17.38 14.10 12.22 2.90 70.40 13.50 17.50

Ga 10.27 9.30 5.65 0.90 35.90 13.50 17.00

Nb 11.57 10.80 4.04 0.90 22.40 9.70 0.70

Ni 25.43 19.25 19.20 1.30 122.30 19.50 25.50

Pb 25.77 19.20 24.14 1.00 249.50 19.40 26.50

Rb 81.16 66.65 56.74 10.90 377.30 81.50 103.00

Th 10.15 9.10 6.28 0.30 51.10 7.50 14.00

V 59.35 51.00 35.25 6.00 187.30 61.00 49.00

Y 19.68 17.70 9.29 5.40 51.40 22.00 18.00

Zn 43.48 37.65 28.28 5.00 225.00 50.00 57.00

Zr 252.78 199.35 168.19 12.40 947.80 225.00 63.00

SD standard deviation
a Data from Salminen et al. (2005)
b Data from IGME (2012)
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an element in a particular material such as soil, sediment, or
rock with respect to a particular area or dataset (Zhang et al.
2007), are mainly influenced by the geochemistry and miner-
alogy of the substrate. Furthermore, the contents in clay and
SOM also have an influence on this parameter (Diez et al.
2007; Roca et al. 2008). However, these independent variables
are not sufficient to explain baseline trace element concentra-
tions in soil and the consideration of other variables usually
improves the model (Tack et al. 1997). To overcome this
drawback of the Bclay fraction,^ data normalization is often
carried out considering Bconservative elements^ such as Al,
Fe, Li, and Rb (Reimann et al. 2005; Zhang et al. 2009; Hu
et al. 2013; Song et al. 2014).

As mentioned in BIntroduction,^ the clay mineralogy in the
soils of the region is dominated by kaolinite, illite, and mont-
morillonite. In general terms, weathering of the parent litho-
logical material produces an increase in Fe, Ti, and Al over
time, together with some trace elements, due to the formation

of secondary phases upon which these elements can be fixed
duringweathering (Malpas et al. 2001). Thus, as the geochem-
ical behavior of trace elements is in part controlled by the type
and abundance of clay minerals, the reference element used
for the determination of the geochemical baseline must be an
important constituent of these minerals. Furthermore, the nor-
malizing element must be a significant constituent of one or
more of the major trace metal carriers (i.e., minerals) and must
reflect their weathering state in soils (Song et al. 2014). As a
consequence, Fe, Ti, Al, and Mn could be selected to be the
reference elements based on the results of clay mineralogy
analysis as they are important elements that form the afore-
mentioned mineralogical species detected in the clay fraction.
Correlation analysis between the clays and the trace elements
in question was performed to identify which of these elements
show better behavior as a normalizing element. It can be seen
from Fig. 5 that Al and Fe seem to be the best reference
elements as they have significant positive relationships with
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all of the elements in question. Considering that Fe concentra-
tions in agricultural soils may be influenced by anthropogenic
inputs as a consequence of its use as a micronutrient in fertil-
izers, we finally selected Al as the reference element to per-
form this normalization.

Once the normalizing element had been selected, the
geochemical baseline levels (GBLs) for each element
were determined. This step was carried out using the
RCF method as a function of the elemental concentration
normalized with respect to Al (Covelli and Fontolan
1997; Suh and Birch 2005). The RCF curve was generat-
ed to validate the results of the normalization procedure.
A statistical explorative test was used before computing
the RCF in order to remove the extreme outliers, which
we assumed to be a consequence of anthropogenic or
extreme natural events. The RCF was then generated from
the cleaned dataset as a function of the elemental concen-
tration, normalizing with respect to the selected normal-
ized element, which in this case was Al (Fig. 6).

As a general observation, the RCF of each element, nor-
malized with respect to Al, displays at least one turning point
in the slope, which divides the dataset into two sections: the
values below the slope change are considered as a geogenic
baseline set, and the values above the slope change are

considered as representative of the sample set affected by an-
thropogenic contributions or other natural but abnormal
event(s). The value corresponding to the slope change is de-
fined as the reference level and this is the upper limit of the
baseline range. The mean value of the first section of the slope
was regarded as the critical value of the baseline, as proposed
by Matschullat et al. (1999). The RCFs for each element are
shown in Fig. 6 and the GBL results are shown in Table 3,
which also contains, as comparative values, reference and
baseline values previously estimated for the soils of Castilla-
La Mancha (Jimenez-Ballesta et al. 2010).

The predicted geochemical baselines are different from
previously reported ones, although both cover the same
geographical and geological areas. It is worth noting that
for the previous estimation of GBL values for Castilla-La
Mancha soils, 72 samples were used (Jimenez-Ballesta
et al. 2010), while in our study a total of 200 samples
was analyzed. This difference in the number of samples
and in the data processing methodology is the cause of the
variations detected. The much larger number of samples
in our dataset certainly covers in greater depth the differ-
ent parent lithologies present in the studied territory and
allows the accuracy error in the GBL determination to be
reduced. In general, our GBL values show less variability

Al
Fe

M
n

Rb

Ti

Y Zr Nb Ba Pb Th V Cr Ni Cu Zn Ga As

r: 0.726 r: 0.611 r:0.469 r:0.477 r:0.503 r:0.863 r:0.412r:0.634 r:0.694 r:0.470 r:0.755 r:0.611 r:0.264 r:0.688

r:0.905 r:0.792 r:0.762 r:0.633 r:0.681 r:0.670 r:0.403r:0.315 r:0.614 r:0.378 r:0.679 r:0.371 r:0.526 r:0.447

r:0.304 r:0.341 r:0.209 r:0.058 r:0.134 r:0.154 r:-0.061r:0.004 r:0.154 r:0.156 r:0.302 r:0.219 r:0.056 r:0.151

r:0.212 r:0.174 r:0.082 r:0.057 r:0.078 r:0.142 r:0.047r:0.050 r:0.177 r:0.150 r:0.214 r:0.133 r:0.046 r:0.161

Fig. 5 Correlation matrix for trace elements with potential use as normalizing parameters. Values highlighted in bold indicate a significance p < 0.05



and most of the reference values are lower than those
estimated previously. While As, Nb, Y, and Zr show sim-
ilar GBL, the rest of the studied elements display GBL
values that are below 30% of the previous values, thus
suggesting an overestimation of the previous baseline
values. We consider that this is an indication of the qual-
ity of this methodology, which involves the consideration
of extremely high values as outliers that cannot be used
for baseline estimation.

Dispersion maps

In order to show the general dispersion trends for trace ele-
ments and to select representative element distributions to
display graphically, a cluster analysis was performed with
the trace element dataset normalized with respect to Al.
Cluster analysis was performed on the basis of the values of
17 standardized variables using Ward’s hierarchical agglom-
erative method and Euclidean distance measures. The results
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Fig. 6 Relative cumulative frequency (RCF) curves for normalized trace elements concentrations



(Fig. 7) display a nice clustering of variables into three main
clusters: the first cluster includes the elements Al andMnwith
As, Rb, and Ga, and this should be a lithogenic cluster related
with the clay matrix; the second cluster includes the elements
Y, Zr, and Th, with Nb and Ba, separated from the first cluster
but also related to the lithologic component; finally, Fe and V,
with Pb, Zn, and Cu, and with Ni and Cr, constitute a third
cluster that is very probably related to contamination associ-
ated with anthropogenic activities, including mining.

Based on this dendrogram, we selected the elements Rb, Y,
Ba, V, Zn, and Ni to represent the corresponding isocontent
maps for the region (Fig. 8). In order to note the distribution of

baseline concentrations with respect to those concentrations
that could be considered as anomalous, we employed as suc-
cessive mapping thresholds the geochemical baseline, the ref-
erence value (both shown in Table 3), and the 90th percentile
(only to highlight the most Banomalous^ areas).

The distribution of Rb (Fig. 8) is significantly different
between the eastern and western portions of the region, with
higher concentrations of the element in the west, which is
dominated by Hercynian (meta)sedimentary rocks, and with
maximum concentrations in the NWarea, where granitic rocks
are predominant, which usually contain relatively high Rb
concentrations (Mielke 1979; IGME 2012). Ga and As show

Table 3 Geochemical baselines
computed by the normalization
procedure and measured results

Geochemical baselines for
Castilla-La Mancha
agricultural soils (mg kg−1)

Reference values
(mg kg−1)

Geochemical baselines
for Castilla-La Mancha
soils (mg kg−1)a

Reference values
(mg kg−1)a

As 6.5 ± 3.8 14.1 7.4 ± 4.2 15.8

Ba 195.1 ± 71.6 338.3 389.9 ± 329.6 1049.1

Cr 39.9 ± 14.6 69.1 54.8 ± 29.2 113.2

Cu 10.9 ± 3.7 18.3 10.3 ± 8.3 26.9

Ga 8.2 ± 3.9 16.0 11.1 ± 7.7 26.5

Nb 11.4 ± 3.4 18.2 8 ± 5.3 18.6

Ni 17.3 ± 6.9 31.1 16.9 ± 12.8 42.5

Pb 17.9 ± 4.6 27.1 19.3 ± 12.3 43.9

Rb 55.1 ± 20.7 96.5 86.2 ± 74.2 234.6

Th 7.9 ± 3.4 14.7 9.6 ± 6.0 21.6

V 43.0 ± 21.0 85.0 49.9 ± 36.6 123.1

Y 16.8 ± 7.6 32.0 17.9 ± 10.1 38.1

Zn 35.0 ± 11.1 57.2 35.7 ± 25.4 86.5

Zr 180.5 ± 92.3 365.1 167.6 ± 122.7 413.0

a Values estimated by Jimenez-Ballesta et al. (2010)
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Fig. 7 Dendrogram
corresponding to the cluster
analysis of normalized elements
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Fig. 8 Distribution of selected trace elements (Rb, Y, Ba, V, Zn and Ti) in the agricultural soils of the Castilla-La Mancha region. Thresholds used
correspond to the geochemical baseline, the reference value, and the 90th percentile. All values in parts per million–milligrams per kilogram



similar dispersion patterns to Rb, with the maximum contents
associated with the granitic areas, where these elements usu-
ally appear due to their oxidation states As3+ and Ga3+, replac-
ing Al3+ or Fe3+ in amphibole, feldspar, and mica (Salminen
et al. 2005).

The maximum concentrations of Y (Fig. 8), Zr, and Th also
seem to be conditioned by the presence of (meta)sedimentary
rocks in the Hercynian realm, in the northern and SWareas of
the region. These anomalies correspond to those previously
reported by the national geochemical maps from IGME
(2012) and they seem to be related to the presence of calcar-
eous rocks in the Albarracín Range (northern area) and with
the presence of the CDCVF (SW area).

Barium (Fig. 8) and Nb have few concentration values
above the reference value, indicating a generalized geogenic
presence in the region with no particular alterations of the
general baseline. The maximum values appear in areas dom-
inated by Hercynian (meta)sedimentary rocks.

Vanadium (Fig. 8) and Fe (Fig. 4) show an approximate
coincident geographical distribution with that of Zn, with
maximum values in the south (Ciudad Real–Valle de
Alcudia) and north of Guadalajara Province. In the same
way as Zn and related elements, high concentrations in the
southern area can be explained by industrial and mining ac-
tivities, while the values in the north are of unknown origin.

The map for Zn concentrations (Fig. 8), as for Pb and Cu,
displays a distribution partly conditioned by the presence of
Pb-Zn-Ag ore deposits in the SW of the region (the Alcudia
Valley-San Quintín and the Sevilleja de la Jara districts); how-
ever, maximum concentrations in the northern area
(Guadalajara Province) are not explained by the presence of
this type of mineralization.

The concentrations of Ni (Fig. 8) show a distribution as
significant as that of V, with maximum values located at the
S-SWandN-NE of the region and withminimum values in the
central zone. There are no clear indications for the interpreta-
tion of this distribution as being related to natural or
anthropogenic-induced values.

Conclusions

The present study shows that the distribution of major and
trace elements in agricultural soils from the Castilla-La
Mancha region is governed by lithologic factors.
Anthropogenic influence is practically negligible for most of
the elements studied.

Aluminum, as an important constituent of the clay fraction
of soil, proved to be a good reference element for the normal-
ization and improved analysis of the distribution of elements
in the agricultural soils of the region. Baseline concentrations
of trace elements, estimated using aluminum as a normalizing
reference, appear to provide sound values that are lower than

those previously estimated for the region soils. This implies
that previously reported values could be overestimated as they
did not take into account geochemical associations that play
an important role in baseline concentrations.

The correct application of baseline values gives rise to a
better assessment of risks related with the presence of anom-
alous concentrations in potentially toxic elements.

Funding This study was funded by the Castilla-La Mancha regional
government (PPII10-0063-8230) and by the Spanish Ministry of
Science and Innovation (Grant CGL2015-67644-R).
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