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A catenary sequence of soils formed on reworked loess under semiarid climatic conditions was studied. Four soil
profiles located on thepiedmont of Sierra ChicadeCórdoba, central Argentina,were described, classifiedand geo-
chemically analyzed. All soils, developed on summit, shoulder, backslope, and toeslope positions, were classified
as Mollisols. Decarbonatation-carbonatation, melanization, and argilluviation are the main pedogenic processes
recognized in these soils, which appear to control the differentiation of genetic horizons along the catena. Differ-
ent geochemical approaches indicate that there are not substantial variations in the chemical composition of the
studied soils along the catena, with the exception of the soil in the toeslope position, which exhibits slightly dif-
ferences. In general, all profiles show weak depletions of mobile elements (Ca, Na, Mg, Sr, U) in the upper conti-
nental crust UCC-normalized diagrams which are attributed to a slight chemical alteration. Other elements, such
as Fe, Cr, Co and Ni, also exhibit depletions compared to UCC, which can be explained by the alteration of ferro-
magnesian silicates, but can also be an inherited feature from the parent material. The significant enrichment in
As compared toUCC, evident in all profiles along the catena, is also a typical feature of the pampeanplains' loess of
Argentina. So, the chemical differences in the profile located on the toeslope aremainly attributed to the supply of
materials from local sources, i.e., crystalline basement and sedimentary rocks, due to its position in the catena.
Statistical correlations and multivariate cluster analyses reinforce the assumption that the geochemistry of the
studied soils is inherited from the parent material. In addition, chemical indices (CIA, ICV), elemental ratios
(Ba/Sr, Rb/Sr) and the A-CN-K ternary diagram indicate an incipient degree of chemical alteration for these
soils, compatible with the weathering regime prevailing in the region. Thus, the differentiation of genetic hori-
zons along the catena is the result of weak weathering and pedogenic processes, which have not been strong
enough to mask the chemical imprint of the parent material.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Geochemical cycles of elements are determined by natural processes
and, eventually, are also affected by human activities. In the exogenous
cycle, weathering and pedogenesis play an important role in releasing
and mobilizing the constituents of rocks, sediments, and/or soil parent
materials. Samouëlian andCornu (2008), in a remarkable conceptual re-
view, pointed out that the traditional models of soil formation and evo-
lution are based on the organization and distribution of solid phases.
The latest models, however, incorporate the concept of “pedogenic pro-
cesses”, which involve physical, chemical and biological transforma-
tions. All these processes that occur at the interface between the
eld 1611, X5016CGA Córdoba,
parent material, the biosphere and hydrosphere, i.e., the pedosphere,
determine the mobilization and redistribution of chemical elements in
a soil profile.

Soil science has traditionally explored the variability of several
physicochemical properties and the mineralogical composition of
soils in the profile; however, there are few works that deal with
the dynamics of chemical elements mobility, and particularly
those regarding trace elements behavior. In this sense, some recent
examples can be mentioned. Laveuf and Cornu (2009) have con-
ducted a thorough analysis of the dynamics and mobility of rare
earth elements in order to quantify the contribution of the differ-
ent pedogenic processes on the distribution of these chemical ele-
ments in a soil profile. Other recent studies which analyze the
distribution of chemical elements in response to pedogenic pro-
cesses and weathering are those of Bini et al. (2011), Caspari et al.
(2006), Chittamart et al. (2010), Levitan et al. (2015), Prakongkep
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et al. (2008), Prudêncio et al. (2010), Thanachit et al. (2006), to
mention a few. These authors pointed out that trace elements anal-
ysis in pedological studies are useful to detect anomalous distribu-
tions of elements in soils, to identify elements associated with
mineral deposits, to analyze how the geochemical soil data reflects
the underlying geology and how far the differences can be attribut-
ed to weathering, sediment transport and/or pedogenesis. All this
information could be, in turn, valuable to land and natural re-
sources managing.

In this work we describe, classify and characterize, from a geo-
chemical point of view, a catenary soil sequence derived from
loessic parent material developed on the eastern foothills of the Si-
erra Chica de Córdoba in central Argentina. A catena can be defined
as a soil transect, from the top to the base of a slope, usually
interpreted as a perpendicular transect to the contour of the
slope (Schaetzl, 2013). This author also noted that while the relief,
as a soil formation factor, is passive, its function is to provide po-
tential and kinetic energy to the system, through its influence on
the flow of matter and energy in the soil-landscape system. The ca-
tena concept is then used to refer to soils developed along a slope,
but formed thereon parent material, so that, all forming factors ex-
cept the topography, are constant.

The parent material of the soils studied here is part of the largest
loess deposit that extends along the southern plains of South
America. The sediments that cover the Pampean Plain in
Argentina have been first defined as loess by Heusser and Claraz
(1866). Several works were conducted latter, during the first de-
cades of the twentieth century (e.g., Döering, 1907; Frenguelli,
1918), but it was Teruggi (1957) who established the fundamental
basis for further studies of the loess in Argentina. These latter re-
searches include those of Iriondo (1997), Sayago (1995), Sayago
et al. (2001), and Zárate (2003) among others, most of them fo-
cused on the origin, provenance and distribution of these wind-
blown deposits.

The loessic sediments that constitute the parent material of the
soils studied in this work have been described by Santa Cruz (1972)
as General Paz Formation, later named Toro Muerto Formation by
Candiani et al. (2001). According to Argüello et al. (2012), this ma-
terial can be defined as reworked loess in the sense of Pye and
Sherwin (1999), as the loess has been locally transported and
redeposited by colluvial or fluvial processes, maintaining most of
the characteristics of wind-blown deposits. Then, from now on,
the term loess is used to refer to this reworked loess which consti-
tutes the parental material of the studied soils. References regard-
ing the geochemistry of loess in the Argentina's pampean region
are not abundant in the literature. Gallet et al. (1998) have report-
ed some geochemical data of pampean loess in Buenos Aires Prov-
ince, as well as Buffa and Ratto (2009), Nicolli et al. (2010), and
Smedley et al. (2002), who have also analyzed the geochemical
composition of loess in the pampean region. Specifically in Córdoba
Province, some works related to loessic soils are those of Argüello
and Sanabria (2003) and Sacchi and Pasquini (1999). However,
none of these studies included data of soil geochemistry.

Considering that it is assumed that the genetic and morphologic
differences in a catenary soil sequence is mainly due to the influ-
ence of landscape position, the aim of this paper is to elucidate if
significant differences are also discernible through the geochemis-
try in a soil catena developed in a semiarid environment. The par-
ticular objectives are: a) to describe and classify four catenary
soils developed from the same parent material, b) to determine
the geochemical composition of the soil profiles, c) to examine
the behavior of major and trace elements in the catenary sequence,
d) to analyze, by means of geochemical and statistical tools, the im-
print of weathering and pedogenesis along the catena. In addition,
we also provide geochemical data of loess deposits in central
Argentina.
2. Materials and methods

2.1. Study area

The studied soils are developed along a west facing slope catena lo-
cated in the eastern piedmont of Sierra Chica de Córdoba, Argentina
(30° 58′S, 64° 09′W, Fig. 1), which represent the easternmost outcrops
of the Sierras Pampeanas de Córdoba, in central Argentina. Geologically,
the Sierra Chica region is characterized by a Precambrian plutonic-
metamorphic basement (900–1000 Ma, Kraemer et al., 1993), mainly
composed of schists andmedium- to amphibolite-grade biotite tonalitic
gneisses. Although less widespread, granitoids, marbles, and amphibo-
lites are also recognized (Gordillo and Lencinas, 1979). The basement
rocks are discordantly overlain by Mesozoic and Cenozoic sedimentary
rocks. This sedimentary sequence was described by Santa Cruz (1972)
and it is composed of continental polymictic conglomerates (Saldán
Formation, Lower Cretaceous?), fluvial conglomerates and fluvial
sands (Estancia Belgrano Formation, Lower Pleistocene?). Reworked
loess sediments with disseminated calcium carbonate (General Paz For-
mation, Upper Pleistocene?) overlie in discordance these continental
deposits, and the sequence culminates with fluvial and alluvial sedi-
ments named Río La Granja Formation (Holocene?).

The General Paz Formation is widely distributed along central
Córdoba province. This wind-blown sediment is mainly composed of
medium to fine silt and, to a lesser extent, of clay-size (~20%) and
sand-size (~10%) fractions. It is massive, homogeneous, friable and
pale yellow or buff. The mineralogical composition is mainly represent-
ed by volcanic glass, quartz, plagioclase and minor amounts of K-
feldspar and calcite. Accessory minerals such as biotite, muscovite, and
garnet, opaque phases, epidote, apatite, zircon, lamprobolite and pyrox-
enes, can also be recognized. The clay-size fraction is composed of illite
(~89%), with scarce montmorillonite (~8%) and kaolinite (~2%) (Santa
Cruz, 1978). The General Paz Formation overlies conglomerates inter-
bedded with fluvial sands corresponding to Estancia Belgrano Forma-
tion, which constitutes, from a geomorphological point of view, the
first level of the piedmont. The phenoclasts of these conglomerates
mainly consist of granitic, pegmatitic and migmatitic rocks (~60–70%),
with small proportions of amphibolites, schists and marbles. The most
abundant minerals, in decreasing order of abundance, are quartz, pla-
gioclase and K-feldspar.

The study area lies in Argentina's temperate zone, which is charac-
terized by active atmospheric dynamics and the action of polar and sub-
polar fronts. The climate in the region is typically continental,
semihumid to semiarid. Mean annual temperature ranges between 14
and 17 °C, and the irregular distribution of annual precipitation is a typ-
ical feature. About 80% of annual rainfall occurs during the austral sum-
mer due to humid air coming in from the north (Pasquini et al., 2006).
Mean annual precipitation for the record period 1960–2015 is
815 mm, which is concentrated between November and April, i.e., the
wet season (660 mm for the same record period).

Because of its geographical location, geological features, and climate,
the region is characterized by an erosional regime defined as
“weathering-limited” in the sense of Carson and Kirkby (1972), as it
was already pointed out by Campodonico et al. (2014) and references
therein. Weathering-limited scenarios are those in which the transport
of material is more rapid than weathering, whereas in a “transport-lim-
ited” regime weathering rates exceed the transport rates (e.g., Stallard
and Edmond, 1983). As a result, in a weathering-limited erosional re-
gime, a significant part of the regolith is rapidly removed by physical
processes and soil development is incipient.

2.2. Soil sampling and analytical determinations

Four soil profiles (Fig. 1) along a catenawere described and sampled
by genetic horizon according to Schoeneberger et al. (2002) and classi-
fied following the Soil Taxonomy (Soil Survey Staff, 2014). The catena



Fig. 1. Geographical location of the studied soils on the piedmont of Sierra Chica de Córdoba, central Argentina, and schematic representation of the catena.
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has 600 m length and an average slope of 2%. The soils are located on
summit (profile 1), shoulder (profile 2), backslope (profile 3) and
toeslope (profile 4) positions (Fig.1). Standard determinations were
carried out in situ, and approximately 2 kg of sample were taken of
each identified horizon.

All soil samples of the four profiles were analyzed in laboratory,
with the exception of Cr-horizon of profile 1 due to the presence of
a paralithic contact. Soil samples were air-dried, crushed and
passed through a 2 mm sieve to remove pebbles. Physico-
chemical determinations were performed at the Ministerio de
Agua y Energía de la Provincia de Córdoba, Argentina. Organic mat-
ter and carbonates were removed prior to particle size determina-
tion, using hydrogen peroxide and acetic acid respectively. The
particle size distribution was determined by the pipette method
(Schlichting et al., 1995) and wet sieving. Soil pH was measured
in a 1:2.5 soil:water mixture by potentiometric methods. Organic
carbon (OC) was determined by means of the Walkley-Black titra-
tion method (Walkey and Black, 1934) and total nitrogen by the
Kjeldahl method (Bremner and Mulvaney, 1982). The exchange-
able cations Ca2+ and Mg2+ were determined by complexometric
titration, whereas K+ and Na+ were measured by flame photome-
try. The cation exchange capacity (CEC) was obtained by means of
the ammonium saturation method at pH 7. Base saturation is in-
formed as percentage (%BS), which is the proportion of the CEC oc-
cupied by the basic cations (i.e., Ca2+, Mg2+, Na+, K+); thus, if all
the exchangeable bases total 100%, then there is no exchangeable
acidity. In laboratory it was determined by the NH4OAc method.

Major oxides and trace elements, including rare earth elements,
were determined in a subsample free of organic matter and carbonates,
in the bulk sample and in the b62.5 μm size-fraction at ACME Labs
(Vancouver, Canada). The major chemical composition was measured
by ICP-OES, whereas trace elements were determined by ICP-MS. Three
blanks and five reference materials were analyzed. Duplicates were run
every six samples in order to check the reproducibility of results.

2.3. Statistical tools

A linear regressionmodelwasused to explain the statistical relation-
ship of the REE fractionation in the bulk samples and the b62.5 μm size-
fraction. Since LaN/YbN is directly related to LaN, a regression model
without intercept was employed. To elucidate the relationship between
LaN and YbN, data of bulk samples and fine fractions were adjusted to
models GAMLSS (Generalized Additive Models for Location, Scale and
Shape, Rigby and Stasinopoulos, 2005). These models have the advan-
tage of considering different type of probability distribution for the de-
pendent variable and the final model can be selected by the generalized
Akaike information criterion. Thus, it was determined that the YbN
values follow a Weibull probability distribution considering the third
parameterization (WEI3). The general expression for the mean model
is: Mean (Yb) = exp (β0 + β1LaN + β2Group + β3LaN ∗ Group),
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where Group is the indicator variable group (i.e., bulk samples and fine
fractions) and LaN ∗ Group represents the interaction between LaN and
the group.

To test the statistical association between major and selected trace
element concentrations in the bulk samples of the studied soils, the
Spearman's rank correlation coefficient was used. Chemical variables
were standardized to avoid scale effects resulting from differences in
magnitudes and measurement units. On the other hand, to reveal the
association or groups of chemical elements and soil horizons, multivar-
iate cluster analyses were employed. The agglomerative hierarchical
clustering method of dissimilarity matrix, obtained from the standard-
ized variables considering the Euclideandistance, was used. The optimal
number of groups was obtained using the silhouette criterion. This is a
method usually employed to evaluate the cohesion of individualswithin
a cluster compared to other groups. The observations with higher sil-
houettes values are best clustered.
3. Results and discussion

3.1. Soil properties and processes

Field appearance of soil profiles is shown in Fig. 2, and the morpho-
logical and physico-chemical properties of the genetic horizons are
summarized in Table 1.

All soils have base saturation N 50%, pHs are circumneutral and the
organic matter content of the A-horizons is N2%. According to these
characteristics the soils have been classified as Mollisols, with different
degrees of development depending on their position in the catena. The
water table is deep and it does not affect the drainage of the soil profiles.
The moisture regime of these soils is defined as ustic with transition to
udic (Soil Survey Staff, 2014). The land uses in the study area aremainly
corn and soy cultivation.

Profile 1 (on the summit position) has an A-horizon of 20 cm with
few calcium carbonate concretions (Fig. 2). This topsoil is directly sup-
ported by the moderately cemented conglomerates of the Estancia
Belgrano Formation in a paralithic contact, so it was classified as
Paralithic Haplustoll.

Profile 2 (on the shoulder position) exhibits a very dark grayish
brown A-horizon of 19 cm, with loamy texture and sub-angular
block structure. Down in the profile, a transition AC-horizon of
dark brown to brown color was identified. At 33 cm the C-horizon
Fig. 2. Profile development and soil m
is dark yellow-brown. A mollic epipedon was recognized in this pro-
file, but as it does not present a subsoil horizon it was classified as
Entic Haplustoll.

Profile 3 (on the backslope position) has a very dark grayish brown
topsoil of 22 cm, with a silty loam texture and sub-angular block struc-
ture (Fig. 2). Down in the profile, a silty loam, yellow-brown B-horizon
of 26 cmwith fine clay coatings and scarce clayskinswas recognized. Fi-
nally, a C-horizonwith free CaCO3 disseminated in themass was identi-
fied. This profile exhibits a mollic epipedon, but it does not present a
subsoil horizon, hence it was classified as Udic Haplustoll. According
to the catena position, this profile shows evidences of slight erosion by
water.

Profile 4 (on the toeslope position) is the most developed soil of the
catena and it is characterized by an upper very dark grayish brown A-
horizon of 25 cm, with a silty loam texture and sub-angular block struc-
ture. These features, along with its organic matter content (N1%), and
the base saturation N 50%, indicate that it is a mollic epipedon. Then, a
Bt1-horizon with abundant thick clay skins is found. At a depth of
56 cm a Bt2-horizon is recognized, with scarce fine clay coatings and
an irregular structure with strong to moderate prisms. The calculated
clay ratio B/A (N1.2) indicates that this is an argillic horizon. At a
depth of 86 cm, a BC-horizon with weak to massive blocks structure
and few clay coatings is observed. This soil was classified as Udic
Argiustoll.

The parent material of these soils is texturally classified as sandy
loess for profiles 4 and 2, and as typical loess for profile 3, according to
Pye (1995). On the other hand, as it was mentioned above, profile 1 ex-
hibits a paralithic contact at 20 cm depth and it is develop over the
Estancia Belgrano Formation.

The most noticeable pedogenetic processes in the profiles are
decarbonatation-carbonatation, melanization, and argilluviation. Mela-
nization was recognized in all profiles, whereas decarbonatation–
carbonatationwas identified through the presence of calcium carbonate
in the C-horizons of profiles 3 and 2 (Table 1). Although carbonates in
the studied soils have an aeolian origin (Dorronsoro and Aguilar,
1988), i.e., they are inherited from the parent material; their accumula-
tion in the C-horizons is the result of contrasting climatic seasons, as oc-
curs in the study area, that promote the dissolution-precipitation
processes. Finally, the material removed from the upper horizons of
profiles 3 and 4 is accumulated in the Bw- and Bt-horizons through
the process of argilluviation. Clay coatings are clearly visible in the Bt-
horizon and barely perceptible in the Bw-horizon.
orphology of the studied catena.



Table 1
Soil properties and physico-chemical parameters for the studied catena.

Horizon Depth Color Structure Grain size pH EC OC CaCO3 CE (cmol kg−1) CEC BS

(cm) (moist) VCS CS MS FS VFS Silt Clay (1:2.5) (dS.m−1) % % Ca+2 Mg +2 Na+ K+ (cmol
kg −1)

(%)

Profile 1 (Summit): Paralithic Haplustoll, fine loam, thermic
A 0–20 10YR

3/1
Weak fine subangular
blocky

12.1 11.3 6.8 4.9 3.8 35.9 24.5 8.3 0.24 2.8 1.6 n.d. n.d. 0.3 1.3 25.4 100

Cr N20 10YR
3/2

Profile 2 (Shoulder): Entic Haplustoll, fine loam, thermic
Ap 0–19 10YR

3/2
Moderate weak
subangular blocky

2.5 5.8 5.7 6.1 7.0 50.1 23.0 7.0 0.16 1.6 _ 13.3 0.9 0.3 1.3 17.00 92.5

ACk 19–33 10YR
4/3

Moderate medium
subangular blocky

2.6 5.5 5.5 5.6 5.0 54.5 18.7 7.2 0.11 0.9 0.2 15.2 1.2 0.3 1.0 18.4 96.5

Ck N33 7.5YR
5/4

massive 2.0 4.9 4.9 5.2 4.6 53.8 22.2 8.4 0.18 n.d. 8.1 n.d. n.d. 0.2 0.8 19.00 100.0

Profile 3 (Backslope): Udic Haplustoll, fine loam, thermic
Ap 0–22 10YR

3/2
Moderate medium
subangular blocky

3.0 6.2 5.4 5.3 5.6 52.1 22.4 6.9 0.08 1.2 _ 11.9 1.2 0.3 1.3 15.9 92.6

Bw 22–48 10YR
3/4

Moderate medium
subangular blocky

3.1 4.8 4.2 4.2 6.0 53.7 23.8 7.0 0.12 0.7 _ 13.6 1.4 0.2 0.8 16.8 95.3

Ck N48 7.5YR
5/4

Massive 2.6 4.2 3.4 3.5 5.9 57.0 23.4 8.5 0.16 n.d. 6.6 n.d. n.d. 0.2 0.5 17.3 100.0

Profile 4 (Toeslope): Udic Argiustoll, fine loam, thermic
Ap 0–25 10YR

3/2
strong Medium
subangular blocky

3.9 7.0 5.9 6.5 5.3 48.5 20.5 6.8 0.14 1.3 _ 14.1 2.0 0.3 0.8 19.0 90.4

Bt1 25–56 10YR
3/2

Strong medium
irregular prismatic

7.3 8.1 8.0 7.5 4.2 35.0 29.5 7.0 0.06 0.6 _ 16.9 1.5 0.5 1.2 20.6 97.6

Bt2 56–86 10YR
4/2

Moderate medium
irregular prismatic

9.8 9.1 9.8 8.5 3.8 32.6 24.4 7.0 0.06 n.d. trace 14.0 2.0 0.2 0.9 17.9 95.7

BC 86–100 7.5YR
4/2

Weak very fine blocky
to massive

9.8 9.2 7.9 5.4 3.1 36.1 25.2 7.2 0.05 n.d. trace 15.0 2.8 0.3 0.6 18.9 98.7

C N100 7.5YR
4/2

Massive 3.2 5.3 7.6 8.8 7.9 44.5 19.4 7.0 0.05 n.d. _ 14.2 2.9 0.3 0.5 19.0 94.0

VCS: very coarse sand; CS: coarse sand; MS: medium sand; FS: fine sand; VFS: very fine sand; EC: electrical conductivity; OC: organic carbon; CE: Cation exchange; CEC: Cation-exchange
capacity; BS: base saturation; n.d.: not detected.
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3.2. Soil geochemistry

The concentrations of major and trace elements, as well as of rare
earth elements (REE), measured in the genetic horizons of the four an-
alyzed profiles are shown in Tables 2 and 3 respectively. Several geo-
chemical parameters are also included in the tables.

Geochemical datasets are multivariate (i.e., each sample has several
major, trace and rare earth elements), thus the main difficulty in
assessingmulti-element data is multi-dimensional visualization. Sever-
al techniques can be employed, including the multi-element diagrams
or spidergrams, which plot values for a range of elements in each sam-
ple, and involve normalizing the data to a reference (McQueen, 2009).
The main advantage of these diagrams is the easy determination of ele-
mentmobility to constrain weathering and pedogenic processes. As the
provenance of clastic sediments is generally dominated by recycled
upper crust materials, implying a mixture of the outcropping rocks on
a large scale (e.g., Taylor and McLennan, 1985; McLennan, 1989), the
chemical composition of sedimentary rocks is considered to reflect the
approximate composition of theUCC. Therefore, in order to characterize
the chemical composition of the different studied soils and their parent
materials, the upper continental crust (UCC; McLennan, 2001) normal-
ized diagrams or spidergrams of major and trace elements (Fig. 3) and
rare earth elements (Fig. 4) were employed. Similar tools were used,
for instance, by Caspari et al. (2006).

Fig. 3 shows the UCC-normalized extended patterns of major and
trace elements for the bulk samples of profiles 2, 3 and 4, as well as
the comparison of the C-horizons mean composition with loess from
Argentina and other parts of the world. The UCC-normalized diagrams
of the b62.5 μmsize-fractionswere not included in thefigure as they ex-
hibit similar patterns when compared to the bulk samples. The X-order
of elements in the diagrams corresponds to the progressive enrichment
of elements, from Ni to Cs, in the UCC with respect to the Earth's prim-
itive mantle (Hofmann, 1988).

According to Figs. 3a, b and c, the analyzed soils show, in general,
compositions similar to UCC, with the exception of some elements
that exhibit increased or decreased concentrations when compared to
the UCC. On the other hand, no major geochemical variations were re-
corded in the studied soil profiles, with the exception of profile 4
which shows slight differences. Major elements such as Al, Ti and Si,
aswell as, some trace elements such as Rb, Ba, Ta and Y show, in all pro-
files, similar concentrations than the UCC. Conversely, Ca, Na, K andMg,
which are mobile during chemical weathering, are slightly depleted. Ca,
Na, and K reflect, in general, the weathering of feldspars, whereas the
loss of Mg is likely associated with the alteration of clay minerals. Fe,
V, Co, Cr, and Ni also exhibit depletions in all profiles compared to
UCC (Fig. 3a, b and c), which can be associatedwith the alteration of py-
roxenes and amphiboles. On the other hand, all profiles show an enrich-
ment of As compared to UCC, an element that is abundant in the
volcanic glass of the Pampean loess and groundwaters hosted in the
aquifers (Nicolli et al., 2010). Thus, the enrichment of As in these soils
is, undoubtedly, a feature inherited from the parent material. Cs is also
enriched in the studied soils when compared to UCC (Fig. 3a, b and c),
which reflects that this trace element is possible bound by micaceous
minerals, such as illite (e.g., Hinton et al., 2006).

Although bulk samples of profiles 2 and 3 (on shoulder and
backslope positions) have different genetic horizons, they do not dis-
play significant geochemical variations since their UCC-normalized pat-
terns are very similar (Fig. 3a and b). On the contrary, profile 4 exhibits
lower concentrations of U, Zr, Sr and Hf when compared to the other
soils (Fig. 3c). The geochemical distribution of Sr is usually similar to
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that of Ca (e.g., Middelburg et al., 1988), suggesting the alteration of pla-
gioclase. On the other hand, depletions in Zr, Hf and U are likely associ-
atedwith the sorting of accessoryminerals resistant toweathering, such
Table 2
Major oxides and trace elements concentration, weathering indices and elemental ratios in the

Geochemical parameter Detection limit Profile 1 Profile 2

Summit Shoulder

A Ap AC Ck

Bulk sample
SiO2 0.01 69.51 70.03 69.42 67.51
Al2O3 0.01 15.48 15.39 15.70 16.16
Fe2O3 0.04 4.60 4.68 4.57 5.01
MgO 0.01 1.38 1.33 1.40 1.77
CaO 0.01 2.97 2.46 2.67 3.25
Na2O 0.01 2.61 2.76 2.88 2.66
K2O 0.01 2.46 2.41 2.41 2.56
TiO2 0.01 0.71 0.74 0.75 0.80
MnO 0.01 0.07 0.06 0.06 0.08
P2O5 0.01 0.21 0.13 0.14 0.20
Cs 0.1 5.5 5.7 5.6 6.2
Rb 0.1 88.4 93.4 91.2 92.7
U 0.1 2.2 2.7 2.5 2.4
Th 0.2 10.7 11.3 12.4 12.1
Ba 1 439 501 523 544
Ta 0.1 0.9 1.1 1.1 1.1
Zr 0.1 248.5 295.7 336.1 299.8
Hf 0.1 7.3 7.5 8.7 7.7
Sr 0.5 252.1 320.6 345.8 332.9
As 0.5 9.40 5.5 5.6 8.6
Zn 1 48.0 47.0 43.0 48.0
V 8 57.0 72.0 71.0 72.0
Co 0.2 7.90 8.9 8.2 9.6
Cr 2 28.79 32.7 27.4 34.0
Ni 0.1 11.0 10.6 10.3 11.7
Y 0.1 24.0 25.8 27.5 27.1

CIA 56.06 57.28 56.57 55.51
ICV 1.28 1.24 1.26 1.35
Ba/Sr 1.74 1.56 1.51 1.63
Rb/Sr 0.35 0.29 0.26 0.28

Fine fraction (b62.5 mm)
SiO2 0.01 69.02 69.39 68.74 66.95
Al2O3 0.01 15.18 15.29 15.72 16.39
Fe2O3 0.04 4.99 5.16 4.92 5.43
MgO 0.01 1.40 1.43 1.49 1.87
CaO 0.01 2.94 2.39 2.62 2.92
Na2O 0.01 2.78 2.78 2.92 2.68
K2O 0.01 2.50 2.47 2.49 2.58
TiO2 0.01 0.93 0.90 0.88 0.88
MnO 0.01 0.07 0.07 0.07 0.08
P2O5 0.01 0.20 0.13 0.14 0.22
Cs 0.1 6.0 6.8 6.9 6.6
Rb 0.1 90.1 98.9 93.0 94.9
U 0.1 3.1 2.5 2.5 2.6
Th 0.2 12.4 12.4 12.1 12.9
Ba 1 498 547 534 532
Ta 0.1 1.2 1.4 1.0 1.2
Zr 0.1 418.5 381.8 394.6 350.8
Hf 0.1 9.8 9.5 10.0 9.3
Sr 0.5 307.6 341.4 361.6 338.1
As 0.5 8.2 7.1 7.2 9.1
Zn 1 43.0 51.0 43.0 47.0
V 8 81.0 76.0 76.0 83.0
Co 0.2 8.6 9.5 9.4 10.8
Cr 2 39.7 43.6 38.3 45.9
Ni 0.1 10.0 10.7 11.9 13.0
Y 0.1 30.1 28.5 28.0 28.1
CIA 55.0 57.2 56.5 56.3
ICV 1.36 1.29 1.30 1.34
Ba/Sr 1.62 1.60 1.48 1.57
Rb/Sr 0.29 0.29 0.26 0.28

Major oxides concentrations are in % and recalculated to 100% free of volatile.
Trace elements concentrations are in ppm.
CIA: Chemical Index of Alteration, ICV: Index of Compositional variability.
as zircon. Besides, profile 4 exhibits a larger geochemical variability
along the different horizons compared to the other soils of the catena
(Fig. 3c). Several textural variations were also recognized in this profile
bulk samples and fine fractions for the studied soil profiles.

Profile 3 Profile 4

Backslope Toeslope

Ap Bw Ck Ap Bt1 Bt2 BC C

69.88 69.34 67.21 68.78 68.38 68.87 66.20 68.94
15.56 15.74 16.28 16.01 16.11 15.70 16.73 15.70
4.66 4.79 5.32 5.42 5.29 4.90 6.00 4.85
1.30 1.36 1.72 1.69 1.77 1.79 2.20 1.78
2.43 2.57 3.23 2.04 2.52 2.89 2.83 2.91
2.77 2.80 2.63 2.14 2.25 2.43 2.23 2.41
2.45 2.43 2.56 2.85 2.70 2.58 2.80 2.53
0.75 0.75 0.80 0.77 0.70 0.61 0.75 0.64
0.07 0.07 0.07 0.07 0.10 0.08 0.10 0.07
0.13 0.14 0.17 0.21 0.19 0.14 0.16 0.15
5.8 5.8 7.8 8.8 7.3 6.8 8.1 6.5
94.3 91.2 99.1 120.7 108.5 102.1 115.8 100.3
2.6 2.6 2.1 2.2 2.5 1.9 2.4 1.8
11.7 11.2 11.2 10.8 9.9 7.5 10.1 8.5
517 497 531 558 530 533 560 513
1.1 0.9 1.0 1.0 1.0 1.0 1.0 1.1
295.9 294.1 283.0 177.5 153.1 151.7 176.1 168.3
8.9 7.6 7.9 5.3 3.4 4.2 4.8 4.4
315.3 315.3 314.0 256.0 234.7 225.6 219.8 234.8
5.3 5.3 6.8 4.7 4.2 3.2 3.0 2.6
52.0 48.0 56.0 85.0 70.0 72.0 83.0 66.0
70.0 74.0 80.0 77.0 73.0 71.0 82.0 72.0
9.0 8.5 10.2 9.8 11.5 10.3 13.1 10.4
27.4 38.5 50.1 33.4 33.0 33.0 39.0 27.3
8.6 13.4 15.1 12.0 14.3 14.0 15.8 12.9
27.1 28.5 26.2 25.5 23.7 22.6 26.5 22.0

57.55 57.25 56.04 61.28 59.41 56.91 58.95 57.04
1.22 1.24 1.34 1.20 1.25 1.31 1.33 1.31
1.64 1.58 1.69 2.18 2.26 2.36 2.55 2.18
0.30 0.29 0.32 0.47 0.46 0.45 0.53 0.43

67.64 68.61 66.55 64.31 67.58 63.92 63.78 65.06
16.50 16.11 16.50 18.29 15.86 16.93 16.96 16.64
5.72 5.07 5.63 7.68 6.16 7.90 7.97 7.30
1.65 1.42 1.81 2.32 1.98 2.86 2.90 2.53
2.16 2.43 3.27 1.56 2.20 2.19 2.24 2.20
2.47 2.78 2.56 1.35 2.12 1.72 1.64 1.87
2.72 2.50 2.54 3.22 2.83 3.08 3.13 3.06
0.92 0.88 0.87 0.87 0.92 1.07 1.06 1.02
0.09 0.07 0.07 0.11 0.11 0.12 0.12 0.11
0.14 0.13 0.18 0.30 0.23 0.20 0.20 0.21
7.8 6.5 7.2 12.1 9.1 10.7 10.8 10.7
110.6 97.9 102.8 142.4 118.4 148.7 142.6 138.7
2.6 2.5 2.4 2.6 2.9 2.9 2.9 2.6
12.9 12.3 13.1 15.3 12.9 14.7 15.3 15.1
517 534 542 479 530 575 548 555
1.1 1.3 1.1 1.2 1.2 1.4 1.3 1.4
298.6 347.6 327.2 165.3 257.8 217.6 224.0 293.0
8.3 9.1 9.9 4.1 6.5 6.6 5.7 7.8
295.3 345.4 330.2 186.3 258.0 208.7 199.5 221.8
7.6 7.2 6.4 7.4 5.0 4.1 3.9 4.6
56.0 50.0 54.0 127.0 81.0 108.0 101.0 86.0
74.0 79.0 84.0 81.0 81.0 100.0 102.0 94.0
10.5 9.2 11.3 13.8 11.9 17.2 16.7 15.1
27.8 38.9 33.3 34.1 39.0 50.9 56.7 44.4
12.7 14.4 14.0 18.9 16.1 22.8 25.3 19.2
28.3 27.2 30.8 30.3 30.1 32.0 32.7 30.8
60.5 58.2 56.5 68.8 60.5 63.0 63.0 62.1
1.21 1.23 1.35 1.13 1.31 1.42 1.42 1.38
1.75 1.55 1.64 2.57 2.05 2.76 2.75 2.50
0.37 0.28 0.31 0.76 0.46 0.71 0.71 0.63
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(Table 1) as it exhibits a higher percentage of the sand fraction. This fact,
along with the geochemical differences mentioned above, could indi-
cate another source of material for this profile in addition to loess,
i.e., alluvial material from the crystalline basement and from the Estan-
cia Belgrano Formation.

Although some geochemical features of the analyzed soils can be at-
tributed to chemical alteration (e.g., depletion in soluble elements com-
pared to UCC), it can be to assumed that they are mainly inherited. In
order to compare the parent material (i.e., C-horizons mean composi-
tion)with other loess fromArgentina, theUCC-normalized extended di-
agram of Fig. 3d is presented. Data of loess from other regions of the
world are also included for comparison. It can be seen in Fig. 3d that
the mean composition of C-horizons displays roughly a similar pattern
compared to other loess from Argentina (i.e., Pampean, Buenos Aires
and Ancasti range loess). In general, some trace elements such as Cs,
Th, Ta, Zr, As and Y are enriched with respect to the UCC, indicating
the concentration of illite (Cs), heavy minerals like rutile and zircon
(Th, Ta and Zr), volcanic glass (As) and Mn-oxides (Y). Conversely, the
Table 3
Rare earth elements (REE) concentration and related parameters in the studied soil profiles.

Geochemical parameters Detection limit Bulk sample

Profile 1 Profile 2

Summit Shoulder

A Ap AC Ck

La 0.10 29.7 31.8 32.3 32.2
Ce 0.10 59.8 65.6 64.6 66.7
Pr 0.02 7.15 7.46 7.76 7.86
Nd 0.30 27.1 30.9 32.8 30.2
Sm 0.05 5.14 5.75 5.79 6.11
Eu 0.02 1.07 1.10 1.19 1.25
Gd 0.05 4.41 4.98 5.26 5.31
Tb 0.01 0.74 0.77 0.83 0.84
Dy 0.05 4.51 4.76 5.51 4.73
Ho 0.02 0.88 0.90 0.97 0.96
Er 0.03 2.51 2.66 3.32 2.83
Tm 0.01 0.39 0.39 0.48 0.43
Yb 0.05 2.22 2.73 2.88 2.76
Lu 0.01 0.39 0.42 0.48 0.45

ΣREE 146.0 160.2 164.2 162.6
ΣLREE 123.8 135.8 137.5 137.0
ΣMREE 15.9 17.4 18.6 18.2
ΣHREE 6.39 7.1 8.13 7.43
LaN/YbN 0.98 0.85 0.82 0.86
EuN/EuN* 1.06 0.97 1.01 1.03
CeN/CeN* 0.93 0.93 0.89 0.95

Fine fraction (b62.5 mm)
La 0.10 34.1 33.0 32.9 34
Ce 0.10 72.7 66.0 64.3 71.2
Pr 0.02 8.06 7.71 7.97 8.27
Nd 0.30 34.7 31.9 32.8 33.5
Sm 0.05 6.23 5.89 5.67 6.08
Eu 0.02 1.22 1.12 1.28 1.22
Gd 0.05 5.49 5.45 4.96 5.69
Tb 0.01 0.88 0.84 0.83 0.88
Dy 0.05 5.2 5.34 5.13 4.88
Ho 0.02 1.13 1.11 0.98 1.00
Er 0.03 3.13 3.15 2.87 3.32
Tm 0.01 0.48 0.45 0.45 0.42
Yb 0.05 3.5 3.22 3.14 3.18
Lu 0.01 0.47 0.52 0.51 0.5
ΣREE 177.3 165.7 163.8 174.1
ΣLREE 149.6 138.6 138.0 147.0
ΣMREE 19.0 18.6 17.9 18.8
ΣHREE 8.71 8.45 7.95 8.42
LaN/YbN 0.71 0.75 0.77 0.78
EuN/EuN* 0.98 0.93 1.13 0.97
CeN/CeN* 0.94 0.90 0.87 0.94

EuN/EuN* = Eu/(Sm ∗ Gd)0.5 (McLennan, 1989).
CeN/CeN* = Ce/(1/3Nd + 2/3La) (Elderfield et al., 1990).
N denotes normalization to Upper Continental Crust (McLennan, 2001).
depletions in K, Sr, Na and Ca are likely associated with the chemical al-
teration of feldspars, whereas the weathering of amphiboles is evi-
denced by depletions in Rb, V, Co, Cr and Ni. Besides, the C-horizons of
the studied soils and loess from Argentina are depleted in Mg and U,
suggesting the alteration of micas and apatite respectively, since they
are elements commonly hosted in these primary minerals (e.g., Scott,
2009), which are present in the loessic sediments.

The REE concentration in soils ismainly controlled by themineralog-
ical composition of the parent material. REE are especially adequate as
tracers since they are evenly distributed in minerals, they mainly
come from the parent materials with restricted anthropogenic sources,
and they evolve as a group, although processes induce internal fraction-
ations and/or anomalies (Laveuf and Cornu, 2009). On the other hand,
human activities, such as P-fertilization, can be responsible for minor
REE inputs into soils (Aubert et al., 2002). Several examples of the use
of REE as indicators of pedogenic processes are those of Caspari et al.
(2006), Laveuf and Cornu (2009, and references therein), Marques
et al. (2012), among others. Hu et al. (2006) distinguished two major
Profile 3 Profile 4

Backslope Toeslope

Ap Bw Ck Ap Bt1 Bt2 BC C

32.0 30.5 33.3 32.4 31.1 30.6 40.1 30.4
64.9 61.4 66.5 67.3 62.1 59.8 76.8 58.9
7.81 7.39 7.93 7.83 7.50 7.13 8.95 7.16
31.7 30.5 29.2 30.1 30.2 28.8 35.5 27.6
5.88 5.78 6.17 6.04 5.68 5.32 6.38 5.48
1.20 1.21 1.19 1.23 1.19 1.12 1.36 1.17
5.10 5.15 5.10 5.28 5.19 4.72 5.63 4.85
0.81 0.82 0.81 0.84 0.77 0.74 0.90 0.75
5.40 5.07 4.48 4.72 4.23 4.29 4.97 3.86
1.08 1.01 0.95 0.94 0.98 0.83 0.98 0.79
2.93 2.89 2.91 2.84 2.56 2.42 2.78 2.29
0.45 0.50 0.40 0.38 0.35 0.35 0.40 0.35
2.93 3.32 2.83 2.63 2.13 2.05 2.60 2.27
0.45 0.48 0.47 0.46 0.39 0.33 0.40 0.33

162.6 156.0 162.2 163.0 154.4 148.5 187.8 146.2
136.4 129.8 136.9 137.6 130.9 126.3 161.4 124.1
18.4 18.0 17.8 18.1 17.1 16.2 19.2 16.1
7.84 8.2 7.56 7.25 6.41 5.98 7.16 6.03
0.80 0.67 0.86 0.90 1.07 1.09 1.13 0.98
1.03 1.04 1.00 1.02 1.03 1.05 1.07 1.07
0.91 0.90 0.93 0.95 0.90 0.89 0.89 0.89

34.5 31.5 35.0 41.8 38.4 51.4 51.5 47.3
69.6 67.8 71.1 84.9 73.6 96.4 100.5 92.3
8.26 7.9 8.37 9.96 8.87 11.59 11.54 10.78
32.4 30.7 32.5 41.4 35.9 45.7 44.6 42.9
6.02 5.86 6.43 7.63 6.52 7.91 7.94 7.49
1.19 1.23 1.22 1.45 1.34 1.48 1.54 1.47
5.42 4.99 5.49 6.41 5.68 6.82 6.88 6.74
0.87 0.82 0.86 1.02 0.90 1.05 1.08 1.00
4.93 4.47 4.94 5.84 5.30 5.61 6.00 5.52
0.94 0.96 0.96 1.09 0.98 1.17 1.12 1.09
3.23 3.01 3.42 3.31 3.10 3.60 3.39 3.23
0.46 0.46 0.48 0.46 0.49 0.45 0.48 0.47
3.14 3.38 3.33 3.04 2.82 3.10 2.93 3.11
0.48 0.49 0.47 0.46 0.46 0.50 0.51 0.48
171.4 163.6 174.6 208.8 184.4 236.8 240.0 223.9
144.8 137.9 147.0 178.1 156.8 205.1 208.1 193.3
18.4 17.4 18.9 22.4 19.7 22.9 23.4 22.2
8.25 8.3 8.66 8.36 7.85 8.82 8.43 8.38
0.81 0.68 0.77 1.01 1.00 1.22 1.29 1.12
0.98 1.07 0.96 0.97 1.03 0.95 0.98 0.97
0.92 0.97 0.93 0.91 0.88 0.87 0.91 0.90
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types of parentmaterials based on their REE content: a) acid or basic ig-
neous rocks, sandstones and shales; and b) loess and calcareous rocks.
These authors stated that loess and calcareous rocks have a ƩREE that
ranges from 137 to 174 ppm. The analyzed soils exhibit REE contents
within this range, between ~146 and ~188 ppm (Table 3).
Fig. 3. a) UCC-normalized extended diagram of the bulk samples of profile 2 (located on should
toeslope positions), d) UCC-normalized extended diagram for C-horizonsmean composition of
ed for comparison. Elements are rankedon theX-axis according to their progressive enrichment
mantle (Hofmann, 1988).
Fig. 4 shows the UCC-normalized REE spidergrams for the analyzed
soil profiles. In this case, the diagrams for the bulk samples and the
b62.5 μm size-fractions were included in the figure. According to
Fig. 4 the bulk samples and the b62.5 μm size-fractions are generally
enriched in REE compared to the UCC. Profiles 2 and 3 exhibit similar
er position), b) Idem for profile 3 (on the backslope position), c) Idem for profile 4 (on the
the studied soils. Loess composition of Argentina and other regions of theworld are includ-
in the upper continental crust (UCC,McLennan, 2001)with respect to the Earth's primitive
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REE-patterns with enrichments in heavy rare earth elements (HREE;
fromDy to Lu),which are also evidenced by LaN/YbN ratios (whereNde-
notes normalization to UCC) ranging from 0.67 to 0.86 (Table 3). These
profiles also show a middle rare earth elements (MREE; from Nd to Tb)
enrichment (Fig. 4a, b, d and e). The high HREE content is probably as-
sociated with the presence of heavy minerals, such as zircon, which
are rather stable during weathering, whereas the MREEs enrichment
is likely caused by the occurrence of phosphate minerals
(e.g., Hannigan and Sholkovitz, 2001) or Fe-Mn oxyhydroxides
(e.g., Johanesson and Zhou, 1999) in the analyzed soils. Furthermore,
the presence of organic matter complexes with HREEs and MREEs
could be responsible for the observed enrichments (e.g., Aubert et al.,
2001).

Fig. 4c and f show that profile 4 exhibits different REEs UCC-
normalized patterns in comparison with profiles 2 and 3. Besides,
some differences can be found between the bulk samples and the
b62.5 μm size-fractions of the genetic horizons of this profile. Bulk sam-
ples of profile 4 show aMREE enrichment compared to UCC,with a pro-
nounced convexity in the MREEs (Fig. 4c), whereas the b62.5 μm size-
fractions of this profile exhibit an enrichment not only in MREEs
(Fig. 4d) but also in LREEs (LREE; La to Nd) as it is evidenced by LaN/
YbN ratios ranging between 1.00 and 1.29 (Table 3). Light REEs adsorb
Fig. 4. a), b) and c) UCC-normalized REE spidergrams of the bulk samples of profiles 2, 3 and 4 lo
b62.5 μm size-fractions. The Y-axis has an arithmetic scale in order to easily identify the differ
(2001).
preferentially on Mn-oxides and phosphates (e.g., Laveuf and Cornu,
2009 and references therein). This variability does not appear to be a
consequence of weathering or pedogenic processes. For instance,
argilluviation usually produces a MREE transference along a soil profile
(Laveuf and Cornu, 2009), but in this case there is not a surface horizon
depleted in MREEs and a subsurface one enriched in MREEs. Therefore,
the REE composition of the studied soils is likely (as in the case of trace
elements) inherited from theparentmaterial. In the case of profile 4, the
REE content also indicates a local source of material in addition to the
loess.

Fig. 5 shows the HREE and LREE fractionation through the UCC-
normalized LaN/YbN ratio for profiles 2, 3 and 4. REE fractionation is
thought to be mainly controlled by the relative abundances of primary
and secondaryminerals (Nesbitt, 1979). It can be seen, in general, a pro-
gressive decrease in HREEs from profile 2 (on shoulder position) to pro-
file 4 (on toeslope position). To explain the statistical relationship of the
REE fractionation in thebulk samples and in the b62.5 μmsize-fraction a
regression model without intercept was used; the obtained regression
lines are included in Fig. 5. The GAMLSS models revealed that the inter-
action between LaN and the two groups (i.e, bulk samples and fine frac-
tions) was significant (p b 0.001), as well as, the main group effect
(p b 0.05) and LaN (p b 0.001). For the bulk samples the adjusted
cated on shoulder, backslope and toeslope positions respectively. d), e) and f) Idem for the
ences between the patterns. Upper continental crust (UCC) composition from McLennan



Fig. 5. LaN/YbN vs. LaN diagram showing the high rare earth elements (HREE) and light rare
earth elements (LREE) fractionation for the bulk and b62.5 μm size-fraction samples of
profiles 2, 3 and 4 located on shoulder, backslope and toeslope positions respectively. N
denotes upper continental crust (UCC) normalization; UCC composition from McLennan
(2001).

Fig. 6. a), b) and c)Multielemental C-horizon-normalized diagrams of the bulk samples of profi
are rankedon theX-axis according to their progressive enrichment in theupper continental crus
e) and f) C-horizon-normalized REE diagrams of the bulk samples of the same profiles. The Y-a
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model is YbN = e (0.6721–0.3885LaN), so that, for instance, for a median LaN
value of 1.1, the expected YbN is 1.277. On the other hand, for the fine
fractions the adjusted model is YbN = e (0.4805–0.0981LaN), indicating in
this case, for a median LaN value of 1.1 an expected YbN value of 1.451.
These results indicate that the fine fraction (b62.5 μm) would be con-
trolling the REEs fractionation in the analyzed soils.

The bulk and the b62.5 μm size-fraction samples collected at the dif-
ferent profiles all exhibit slightly negative Ce anomalies (CeN/CeN* =
0.87–0.97; Table 3). Thus, no redox-controlled processes leading to
CeO2 precipitation seem to have occurred at the studied site. Further-
more, no significant Eu anomalies were identified in the analyzed sam-
ples (EuN/EuN* = 0.93–1.13; Table 3).

Themajor, trace and REE composition of profiles 2, 3 and 4were also
normalized against the parent material (C-horizons) of their respective
profiles (Fig. 6) with the aim of analyzing the mobility of elements
through each profile, and to detect differences along the catena. The
bulk samples of profiles 2 and 3 exhibit depletions in some soluble ele-
ments (Mg, Ca and P),which imply that these soils are poorly developed
and barely affected by pedogenic processes (Fig. 6a and b). These soils
are also slightly depleted in volcanic glass (As) and amphiboles (Co, Cr
and Ni) when compared to C-horizon. Further, slightly enrichments in
HREE are observed in the surface and subsurface horizons of both pro-
files (Fig. 6d and e), which is likely associated with the presence of
heavy minerals, such as zircon.
les 2, 3 and 4 located on shoulder, backslope and toeslope positions respectively. Elements
t (UCC,McLennan, 2001)with respect to the Earth's primitivemantle (Hofmann, 1988). d),
xis has an arithmetic scale in order to easily identify the differences between the patterns.



Fig. 7. A-CN-K ternary diagrams for the studied soil profiles (diagram on the left) and the parent material, as well as loess from Argentina and other regions of the world (diagram on the
right). The supplementary vertical axis of CIA, the upper continental crust (UCC) composition, and the theoretical weathering and sorting trends are also included. The fields of igneous
rocks and highly weathered soils (from Caspari et al., 2006) are plotted for comparison. The UCC composition is from McLennan (2001).
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On the contrary, the solum of profile 4 displays greater composition-
al changes compared to the C-horizon. In general, profile 4 is enriched in
major and trace elements when compared to the parent material
(Fig. 6c). Cs, U, Th, As, P, Mn, Fe, Co, Cr and Ni display the greater enrich-
ments. REEs are also mobilized and fractionated as surface and subsur-
face horizons of profile 4 are enriched in REE when compared to the
Fig. 8. Ba/Sr vs. Rb/Sr plot for profiles 2, 3 and 4 located on shoulder, backslope and
toeslope positions respectively. The regression lines of these elemental ratios for the
bulk and b62.5 μm size-fraction samples are also included. The horizons of profile 4 are
indicated. Upper continental crust (UCC) composition from McLennan (2001).
parent material (Fig. 6f). This variability indicates a larger intensity of
the pedogenic processes in this soil, which can be associated with its
landscape position, and the presence of a local source (i.e. alluvialmate-
rial), the latter also evidenced in the grain-size of this profile (Table 1).

3.3. Weathering imprint

During the early stages of pedogenesis, the chemical composition of
soils ismainly controlled by the chemical composition of parentalmate-
rial, whereas the composition of mature soils reflects the effects of
weathering. The divergence between the parent material and the
resulting soils can be evident through a redistribution of elements be-
tween the different horizons of the profile, aswell as through significant
chemical variations between soils located in different landscape posi-
tions (e.g. Jenkins and Jones, 1980).

Several approaches may be conducted to establish the intensity of
weathering processes. Among them, the geochemical proxies ofmineral
alteration, that is to say, weathering indices and elemental ratios, which
have been widely used in the literature (e.g. Depetris et al., 2014 and
references therein). In general, these indices compare the concentration
of an immobile element with several mobile components. The most
common index used to quantify the degree of weathering is the
Chemical Index of Alteration (CIA, Nesbitt and Young, 1982). CIA is
calculated in molar proportions as follows: CIA = 100 [Al2O3/
(Al2O3+CaO*+Na2O+K2O)],where CaO* represents theCa in the sil-
icate fraction only, adjusted for some other Ca-bearing minerals such as
apatite and carbonates. The CIA quantitatively represents the degree to
which the primary feldspars have been transformed into secondary clay
minerals. The UCC has amean CIA of 47, whereas highly weatheredma-
terials have values of N80, and clayminerals have CIAs close to 100. The
CIA values for the studied soils are shown in Table 2. Because carbonates
were previously eliminated in the soil samples,we only applied here the



Table 4
The Spearman's rank coefficients of selected major and trace elements for the bulk samples. The ƩREE is also included. Numbers in bold indicate a statistically significant correlation.

Al As Ba Ca Cs Fe Hf K Mg Mn Na Nb Ni Rb Σ REE Si Sr Th Ti U V Y Zn Zr

Al 1
As −0.19 1
Ba 0.7⁎⁎⁎ −0.3 1
Ca 0.29 0.33 0.05 1
Cs 0.74⁎⁎ −0.56 0.8⁎⁎ −0.07 1
Fe 0.82⁎⁎ −0.42 0.79⁎⁎ 0.06 0.95⁎ 1
Hf −0.13 0.67⁎⁎⁎ −0.2 0.01 −0.45 −0.45 1
K 0.64⁎⁎⁎ −0.45 0.76⁎⁎ 0.03 0.9⁎ 0.9⁎ −0.61⁎⁎⁎ 1
Mg 0.61⁎⁎⁎ −0.52 0.66⁎⁎⁎ 0.5 0.62⁎⁎⁎ 0.65⁎⁎⁎ −0.62⁎⁎⁎ 0.68⁎⁎⁎ 1
Mn 0.73⁎⁎ −0.44 0.76⁎⁎ 0.1 0.78⁎⁎ 0.82⁎⁎ −0.49 0.85⁎ 0.7⁎⁎⁎ 1
Na −0.41 0.56 −0.54 0.02 −0.76⁎⁎ −0.75⁎⁎ 0.78⁎⁎ −0.9⁎ −0.64⁎⁎⁎ −0.62⁎⁎⁎ 1
Nb 0.45 0.22 0.35 −0.31 0.26 0.23 0.53 0.05 −0.24 0.03 0.14 1
Ni 0.73⁎⁎ −0.46 0.46 0.29 0.74⁎⁎ 0.79⁎⁎ −0.57 0.69⁎⁎⁎ 0.71⁎⁎⁎ 0.75⁎⁎ −0.59⁎⁎⁎ −0.02 1
Rb 0.47 −0.75⁎⁎ 0.71⁎⁎ −0.31 0.91⁎ 0.81⁎⁎ −0.59 0.84⁎ 0.57 0.67⁎⁎⁎ −0.82⁎⁎ 0.08 0.57 1
Σ REE 0.41 0.01 0.6 −0.31 0.29 0.27 0.46 0.1 −0.01 0.18 0.08 0.8⁎⁎ −0.08 0.24 1
Si −0.94⁎ 0.24 −0.79⁎⁎ −0.41 −0.81⁎⁎ −0.88⁎ 0.31 −0.78⁎⁎ −0.78⁎⁎ −0.83⁎ 0.57 −0.24 −0.81⁎⁎ −0.57 −0.27 1
Sr −0.25 0.68⁎⁎⁎ −0.29 −0.07 −0.57 −0.53 0.82⁎⁎ −0.72⁎⁎ −0.64⁎⁎⁎ −0.61⁎⁎⁎ 0.81⁎ 0.4 −0.7⁎⁎⁎ −0.66⁎⁎⁎ 0.31 0.44 1
Th −0.1 0.69⁎⁎⁎ −0.11 −0.1 −0.46 −0.41 0.9 −0.6⁎⁎⁎ −0.6⁎⁎⁎ −0.46 0.75⁎⁎ 0.56 −0.64⁎⁎⁎ −0.57 0.55 0.3 0.94⁎ 1
Ti 0.58 0.46 0.36 0.1 0.26 0.36 0.59⁎⁎⁎ 0.09 −0.13 0.13 0.17 0.81⁎⁎ 0.08 −0.08 0.63⁎⁎⁎ −0.41 0.47 0.61⁎⁎⁎ 1
U −0.25 0.24 −0.31 −0.57 −0.43 −0.36 0.42 −0.52 −0.68⁎⁎⁎ −0.27 0.57 0.26 −0.43 −0.34 0.34 0.46 0.53 0.6⁎⁎⁎ 0.15 1
V 0.81⁎⁎ −0.32 0.53 −0.06 0.77⁎⁎ 0.83⁎ −0.21 0.55 0.37 0.53 −0.43 0.51 0.74⁎⁎ 0.56 0.39 −0.72⁎⁎ −0.26 −0.16 0.55 −0.07 1
Y 0.16 0.44 −0.02 −0.11 −0.29 −0.22 0.79⁎⁎ −0.46 −0.43 −0.14 0.69⁎⁎⁎ 0.66⁎⁎⁎ −0.28 −0.47 0.63⁎⁎⁎ 0.08 0.68⁎⁎⁎ 0.81⁎⁎ 0.68⁎⁎⁎ 0.63⁎⁎⁎ 0.11 1
Zn 0.48 −0.7⁎⁎ 0.65⁎⁎⁎ −0.15 0.89⁎ 0.8⁎⁎ −0.64⁎⁎⁎ 0.92⁎ 0.61⁎⁎⁎ 0.75⁎⁎ −0.88⁎ −0.01 0.65⁎⁎⁎ 0.91⁎ 0.06 −0.61⁎⁎⁎ −0.81⁎⁎ −0.72⁎⁎ −0.09 −0.53 0.49 −0.51 1
Zr −0.17 0.7⁎⁎ −0.22 −0.02 −0.57 −0.51 0.92⁎ −0.69⁎⁎⁎ −0.62⁎⁎⁎ −0.55 0.8⁎⁎ 0.47 −0.69⁎⁎⁎ −0.67⁎⁎⁎ 0.47 0.38 0.94⁎ 0.98⁎ 0.55 0.58⁎⁎⁎ −0.24 0.81⁎⁎ −0.79⁎⁎ 1

⁎ p b 0.001.
⁎⁎ p b 0.01.
⁎⁎⁎ p b 0.05.
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correction for apatite, using the concentrations of P2O5 as it was pro-
posed by McLennan (1993). CIAs for the bulk samples range between
~56 and ~61, denoting incipient weathering. Although minimal differ-
ences of CIA values are registered along the catena, it is possible to
note that profile 4 (on the toeslope position) shows the highest values
(Table 2). This is consistent with its position in landscape, where a
higher infiltration is possible so the soil retains a larger amount of
water after rainfall, thus allowing the development of horizons
(e.g., Porta-Casanellas et al., 2003). Also, along this profile is possible
to distinguish variations in CIA values, whereas in the other soils almost
no differences between the CIAs of A-horizons and those of the parent
material can be recognized. As expected, the fine fractions have larger
CIAs than the bulk samples, as a consequence of a minor grain size
and a higher proportion of clay minerals. Again, profile 4 shows the
highest values, with a CIA value of ~70 for the b62.5 μm size-fraction
of A-horizon. It is also noticeable in this profile that CIA values do not de-
crease progressively in the soil profile as it would be expected, which
could indicates water remobilization (by resuspension and
redeposition) after the primary wind deposition of parent material
(Argüello et al., 2012).

Another index frequently used to assess chemical alteration is the
Index of Compositional Variability (ICV) proposed by Cox et al. (1995).
ICV considers the abundance of alumina relative to other major oxides
as follows: ICV=(Fe2O3+K2O+Na2O+CaO+MgO+MnO+TiO2)/-
Al2O3. From the definition, it is clear that clay minerals have lower ICVs
compared to non-clay silicates. In general, ICVs higher than 1.2 are typ-
ical of compositionally immature sediments, whereas mature sedi-
ments show ICVs b 1 (Cox et al., 1995). In the studied soils ICVs of
bulk samples (Table 2) indicate a low chemical alteration,with a slightly
increase in the values of the subsurface horizons (mean ICV for B-
horizons: 1.28) compared to the surficial ones (mean ICV for A-
horizons: 1.23). Mean ICV for parent materials (i.e., C-horizons) is
1.33. As in the case of the CIA, in the fine fraction the ICV values reflect
the higher contents of clay minerals. Thus, the chemical indices used
here suggest that the analyzed soils have been affected by a weak de-
gree of weathering.

Ternary A-CN-K plot (Nesbitt and Young, 1989; Nesbitt et al., 1996)
is another tool extensively used in the literature to evaluate the extent
of chemical weathering. In this diagram, the theoretical composition
of plagioclase (Pl) and K-feldspar (Kfs) plot at 50% of the Al2O3 apex, de-
fining the “feldspar line”, which represents the initial path to
weathering. On the other hand, the theoretical composition of most
clay minerals, which represent highly weathered materials, plot at the
Al2O3 apex (Nesbitt et al., 1996). The vertical line on the left of the
graph represents CIA values. Fig. 7 shows the ternary plots (A-CN-K)
for the studied soils and loess from Argentina and other regions of the
world. The fields of igneous rocks and highly weathered soils (Caspari
et al., 2006) are also plotted for comparison. An increasing weathering
trend can be distinguished from the shoulder position (profile 2) to
the toeslope position (profile 4), and, as it was pointed out above, the
most developed soil (i.e., profile 4) evidences the highest degree of
chemical alteration (Fig. 7). The fine fractions (b62.5 μm) of profile 4
plot towards more weathered terms due to the higher relative content
of clays (Fig. 7). Furthermore, in the ternary diagramon the right is pos-
sible to see that most loess of Argentina cluster around the C-horizons
mean composition, evidencing that the incipient weathering signature
of the soils' parent materials resembles that of the loessic sediments
(Fig. 7).

Some elemental ratios have also proved to be useful to evaluate the
degree of chemical alteration in sediments and soils. For example, the
Ba/Sr and Rb/Sr elemental ratios rapidly increase during the initial
stages of weathering as a result of the greater alteration rate of plagio-
clase when compared to K-feldspar (e.g., Nesbitt et al., 1980). Ba/Sr
and Rb/Sr ratios in the studied soils are shown in Table 2, and the
resulting diagram is displayed in Fig. 8. It is clear that profiles 3 and 2,
as well as the A-horizon of profile 1, plot close to the unweathered
UCC composition, while profile 4 exhibits a linear trend towards more
weathered terms. Fig. 8 also shows the regression lines of these elemen-
tal ratios for the bulk samples and fine fractions. It is noticeable that
both correlations (i.e., bulk samples and fine fractions) exhibit different
slopes, which could indicate that in each group of samples these ratios
change at a different rate. However, this change is not gradual but rather
randomalongprofile 4 (Fig. 8), suggesting that in this case the Ba/Sr and
Rb/Sr elemental ratios are mainly inherited form the parent material
which comprises not only loess but also local sources.

3.4. Statistical approach

The preceding geochemical analysis has shown that the chemical
imprint of the studied soils seems to be mainly inherited from the par-
entmaterial (i.e., allochthonous loessic sediments and local alluvial sed-
iments). Thus, weathering and/or pedogenesis do not appear to have
substantially modified its chemical signature. To test this assumption,
we used statistical tools on a set of geochemical data.

Table 4 shows the Spearman's rank correlation coefficient for major
and selected trace element concentrations in the bulk samples of the
studied soils. Statistically significant coefficients are indicated in bold.
The high correlations between Ti, Zr, Y, Nb, Th and Hf are probably con-
trolled by the presence of heavy minerals such as zircon and rutile. On
the other hand, significant associations between Al, Mg, Fe andMn sug-
gest the occurrence of ferromagnesianminerals (i.e., pyroxenes, amphi-
boles, biotite). The presence of micas and detrital clay minerals is
evidenced by positive correlations of K, Zn, Rb, Ba, Cs, and V, which
are elements usually hosted in muscovite, biotite, and illite.

Multivariate cluster analyses for variables (i.e., geochemical param-
eters) and for cases (i.e., soil horizons) were performed. In both cases
the optimal number of groups was two, with an average silhouette
width of 0.43 for the geochemical parameters and of 0.33 for the hori-
zons. Fig. 9a shows the cluster analysis dendrogram for selected chem-
ical parameters, where it is possible to distinguish the two groups of
elements mentioned above. The first group, composed by the associa-
tion of Al, Fe, Mn, Mg, Ni, Cs, K, Rb, Zn, Ba, V and REEs (Fig. 9a), which
can be found in ferromagnesian minerals and micas, evidences the
chemical imprint of the local sources, i.e., metamorphic rocks of the
basement and sedimentary rocks of Estancia Belgrano Formation. On
the other hand, the second cluster of elements, represented by As, Hf,
Zr, Sr, Na, Nb, Th, Ti, Y and U, likely reflects the chemical signature of
loess since these elements are hosted in volcanic glass, heavy minerals
and feldspars, which have been reported as constituents of the loessic
sediments in the Pampean region (e.g., Nicolli et al., 2010). This assump-
tion is reinforced by the similar average silhouette values for both clus-
ters of elements, close to 0.44 and 0.43 for the first and the second
group, respectively.

Fig. 9b shows the dendrogram obtained for the soil horizons, where
two clusters are also evident. The first group is represented by the hori-
zons of profile 4, whereas the second group includes all horizons of pro-
files 2, 3, and the A-horizon of profile 1. These associations clearly reveal
the geochemical differences above recognized, which can be attributed
to the signature of the parent material, also reflected in the textural dif-
ference between profile 4 and the other soils of the catena (Table 1).
These results confirm once again the assumption that the parent mate-
rial of profile 4 is composed not only by loess but also by alluvial sedi-
ments from local sources. Moreover, the average silhouette value for
the first group of horizons was 0.24, whereas for the second cluster it
was 0.40, thus indicating larger differences between the horizons of
profile 4 than among all the other soil horizons.

4. Conclusions

Four soil profiles of a catenary sequence developed under semiarid
conditions in the eastern foothills of the Sierra Chica de Córdoba, central
Argentina were studied. All studied soils were defined as Mollisols,



Fig. 9. Dendrograms from hierarchical clustering of geochemical parameters a) and soil horizons b).
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classified from the top to the floor of the catena as Paralithic Haplustoll,
Entic Haplustoll, Udic Haplustoll and Udic Argiustoll.

Thepedogenic processes recognized in all profiles aredecarbonatation-
carbonatation, melanization and argilluviation, which are responsible for
the differentiation of genetic horizons along the catena. TheUdic Arguistoll
is more developed because of its catenary position (i.e., in the toeslope),
where a higher water infiltration is possible, thus allowing a better differ-
entiation of horizons.

The contents of major, trace and REE in the studied soils are, in
general, similar to those of the UCC. Only weak depletions of mobile
elements (Ca, Na, Mg, Sr, U) and other elements, such as Fe, Cr, Co
and Ni, as well as an enrichment in As can be recognized. The slightly
differences detected are due to the chemical nature of the parentma-
terial and an incipient chemical alteration. The significant enrich-
ment of As compared to the UCC is inherited from the pampean
plains' loess of Argentina. The Haplustolls show little compositional
differences between the solum and the parent material, which are
only evident through a slightly decrease of Ca, Mg and P. In the
Argiustoll, which exhibits a better horizons' development, a larger
compositional variation was recorded, particularly in the distribu-
tion of REEs. This is mainly a result of the addition of alluvial material
in this profile. Weathering indices, such as CIA and ICV, and elemen-
tal ratios (Ba/Sr, Rb/Sr) indicate that the soils exhibit an incipient de-
gree of chemical alteration, which is coherent with a weathering-
limited denudation regime, such as the one prevailing in the study
region. In addition, the A-CN-K ternary diagrams show not only a
low degree of weathering but also the chemical imprint of the loess
material.

Multivariate statistical cluster analyses have proven to be useful
tools to explain the variability between the parent material and solum
in the studied catena, evidencing that the geochemical signature of the
parent material is preserved in these soils.

The studied soils are developed overmaterials recently deposited, in
which the factors of soil formation, such as time, geological history and
climatic conditions, have determined a low chemical alteration of pri-
mary minerals. Thus, the slight geochemical differences observed
along the catena are the result of weak weathering and pedogenic pro-
cesses, which have not been strong enough to mask the chemical im-
print of the parent material.
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