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a b s t r a c t

Loess of Northern, Central, and Eastern Europe cover large areas and can be of considerable thickness.
However, this already well-described loess belt did not reach the Swiss Jura Mountains. Nevertheless,
local deflation, transportation, and deposition processes were efficient during the Late Glacial Period.
Alpine moraines and outwash deposits on the Swiss foreland worked as deflation sources under the
action of winds. Aeolian particles were deposited on the easternmost ridge and summits of the Jura
Mountains, forming a thin loessic cover (<50 cm), which was generally eroded and/or incorporated in
periglacial sediments. Jura ‘‘loess’’ is enriched in Alpine silicate minerals and constitutes a clear
allochthonous input in the context of Jura Mountains, where Mesozoic limestones, and their weathering
products, compose the quasi-entirety of autochthonous material. The Jura loess, already recognised for
more than 40 years, still needs to be characterised more accurately. Five study sites were chosen along
an 85 km long transect on the easternmost ridge of the Jura Mountains. A soil pit was dug and analysed
at each site, in order to identify loess layers. Grain-size distribution curves of loess permitted to discrim-
inate four particle subpopulations, which are related to various aeolian episodes/sources and
post-depositional weathering processes, respectively. The mineralogical composition is dominated by
Alpine components. However, high amounts of kaolinite in the clay fraction of loess layers point to a
more local origin, thus indicating the contribution of Jura moraines as potential deflation sources.
Finally, the geochemical composition of loess reflects the preponderant influence of Alpine minerals.

! 2015 Elsevier B.V. All rights reserved.

1. Introduction

Loess in Northern, Central, and Eastern Europe covers vast areas
and constitutes important records of the Quaternary period (Fig. 1;
Jamagne, 1973; Lang et al., 2003; Markovic et al., 2006; Preusser
and Fiebig, 2009; Zöller et al., 1988 among many others). The
Jura Mountains defining the northwestern Franco-Swiss border
are not part of this large European loess belt (Frechen et al.,
2003; Haase et al., 2007). Nevertheless, thin (<50 cm) and irregu-
larly distributed loess covers the southeastern end of the Jura
Mountain range. These deposits, as well as the mixed sediments
in which loess is incorporated, form the uppermost layer of super-
ficial deposits commonly observed in the Jura Mountains and
constitute the parent material for Holocene soil development

(Lorz et al., 2011; Völkel et al., 2001, 2011). Moreover, these aeo-
lian sediments are neither linked to the Po plain loess (Northern
Italy), which originated from the reworking of sediments from
the Adriatic Sea during Glacial Periods (Cremaschi, 1990). In addi-
tion, present-day aeolian inputs, mainly composed of Sahara dust,
could only represent a partial and minor contribution to the total
amount in loess in the Jura Mountains (Stuut et al., 2009). Jura
loess is most likely locally sourced, according to the concept devel-
oped by Luehmann et al. (2013) in the Upper Peninsula of
Michigan, and the result of nearby aeolian processes, which
include deflation, transportation, and deposition of particles on
the Jura ridge.

The source area of the Jura loess has been previously described
as being composed of Alpine moraines and outwash deposits from
the Swiss foreland (Pochon, 1973, 1978), known to be formed by a
mix of carbonate and silicate minerals (Portmann, 1954) trans-
ported by the Rhône glacier during the Last Glacial Period (from
about 114,000–11,000 BP; Ivy-Ochs et al., 2008). Deflation of min-
eral particles probably started after the glacier melted, during the
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Oldest Dryas (from 18,000 to 14,500 BP; Ivy-Ochs et al., 2004).
Therefore, it can easily be hypothesised that fine material from
the ground moraines was winnowed out by katabatic winds com-
ing from the Alps and descending through the Swiss foreland. The
presence of sparse Arctic tundra-like vegetation (Hadorn et al.,
2002; Magny et al., 2003) allowed efficient particle deflation
(Muhs, 2013). Mineral grains were deposited on the Jura’s eastern-
most ridge to form an approximately 45 cm-thick layer (Aubert
et al., 1979), which covered the bare limestone bedrock and the
sediments present on summit areas. Loess was preferentially pre-
served in small depressions and as cladding on the mountain top,
as well as in karst features, such as rock cracks (lapiaz) and dolines
(Pochon, 1978). However, most of the loess was eroded and redis-
tributed along hill slopes through solifluction and gravity, and inte-
grated in cover-bed deposits (Kleber, 1992; Kleber and Terhorst,
2013; Martignier and Verrecchia, 2013; Martignier et al., 2013).
It is hypothesised that loess contained carbonate when they were

deposited, according to the composition of their potential source
material, but have most likely been decarbonated during early
stages of post-glacial pedogenesis, from about 17,000 BP (Magny
et al., 2003; Van Vliet-Lanoë, 2005).

The input of Alpine silicate minerals into the calcareous envi-
ronment of the Jura Mountains has a direct impact on the compo-
sition of superficial deposits and therefore, on soil evolution.
However, recent studies suggest that there were multiple aeolian
episodes, resulting in a mix of distinct subpopulations of
grain-sizes, including coarse sand particles (Martignier et al.,
2013). Consequently, more proximal deflation sources must also
be considered, such as local carbonate moraines situated at the
southeastern Jura foot slope (Martignier and Verrecchia, 2013). In
the studied context of the Jura Mountains, loess contains loamy
particles brought by wind action in a former periglacial environ-
ment. This Jura loess must include in situ genuine loessic sedi-
ments, as well as some slightly reworked loess (corresponding to
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Fig. 1. (A) Location of loess in Europe (redrawn after Haase et al., 2007; Muhs, 2013, and Muhs et al., 2014). Thick loess, thin loess, and sandy loess are indicated in black;
‘‘loess derivates’’ in dark grey. Switzerland is located on the map. (B) Map of Switzerland showing the location of the five study sites and corresponding soil profiles along the
first ridge of the Jura Mountains. Potential areas of loess deflation are indicated on the Swiss foreland. The most probable direction of katabatic winds during the LGM is also
shown.
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‘‘loess derivates’’; Haase et al., 2007). The latter displays similar
characteristics (i.e., in terms of texture, colour, pH, mineralogy,
and geochemistry) to the former.

The first aim of this study is to propose a precise and accurate
characterisation of the Jura loess, combining grain-size distribu-
tion, mineralogical, and geochemical compositions, and determine
the primary characteristics of the Jura loess before reworking and
pedogenesis blurred the original signal. Secondly, Jura loess is com-
pared to, and differentiated from, other larger European loess belts
and present-day Sahara dust inputs. The Jura Mountains give an
opportunity to study locally-sourced loess systems in Europe.
Indeed, such local loess is most likely hidden by more important
loess complexes, even though locally-sourced systems might exist
in many other environments (e.g., in the Vercors massif and the
Dolomite Mountains; Gillet et al., 1996; Havlicek, 1999).

2. Study area

2.1. General settings of the Jura Mountains

The Jura Mountains are a 150 km long massif situated at the
border of France and Switzerland. Their highest point reaches
1718 m above sea level (a.s.l.). Mainly composed of Mesozoic lime-
stone and marls, the mountain chain has a crescent-like shape,
which is due to the formation of the massif subsequently to
Alpine orogeny during the Miocene and Pliocene. The inner part
(eastern and southern) of the Jura massif is constituted of alternat-
ing anticlines and synclines, whereas tabular limestone beds form
the outer part (western and northern). As a consequence of erosion,
present-day ridges and summits of the inner part are constituted
by outcropping hard limestone (e.g., Tithonian, Kimmeridgian,
and Sequanian beds). During the Last Glacial Maximum (Last
Glacial Maximum – LGM, about 20,000 BP; Ivy-Ochs et al., 2004),
the Jura was seemingly covered by a local ice sheet centred on
the Joux Valley at the NW of the Mont Tendre summit (Fig. 1;
Aubert, 1965). The ice sheet extended southwest and northeast
along the Jura massif but did not cover the highest summits (Arn
and Campy, 1990). Some ice tongues passed over the first ridge
in the southeast and met the Rhône glacier at the Jura foot slope
(Aubert, 1965; Campy, 1992). Their point of convergence is situ-
ated at an altitude of about 1200 m a.s.l. (Arn and Campy, 1990).
As a consequence, the composition of moraine deposits at the
southeastern Jura foot slope varies according to the origin of the
corresponding glacier: Jura ice sheet moraines contain exclusively
carbonate material (rock fragments and fine fraction), whereas
Rhône glacier moraines include carbonate and silicate minerals
(magmatic, metamorphic, and detrital rocks; Martignier and
Verrecchia, 2013). On hill slopes, various types of superficial
deposits (cover-beds, colluvium, etc.), mainly reworked by perigla-
cial processes and inherited from the Last Glacial Period, overlie
moraine deposits.

Presently, climate in the Jura Mountains is humid and cold tem-
perate with high seasonal temperature contrasts. At the summits
(Chasseral, 1607 m a.s.l.), mean annual temperature is 3 "C and
mean annual precipitation reaches 1900 mm. Leaching and eluvia-
tion processes in soils are enhanced due to a higher precipitation
rate than evapotranspiration.

2.2. Description of the study sites

The five study sites are situated on summits of the easternmost
ridge of the Jura Mountains along an 85 km long transect oriented
NE–SW (Fig. 1). The study sites were not covered by any large ice
masses (i.e., Jura ice sheet or Rhône glacier) during the LGM, as
no moraine deposits are observed. However, the presence of a

snow cover or small local ice cap is likely. Former soils and sedi-
ments were eroded due to glacial and periglacial processes and
the hard limestone bedrock outcropped at many places. In this
context, aeolian particles represent the only possible allochtho-
nous input. Post-depositional reworking of loess was probable at
some of the study sites according to the slope, but only a limited
mixing with autochthonous material has been possible due to
the scarcity of autochthonous weathered material at the time of
loess deposition. Consequently, in some places, loessic deposits
lay directly on the limestone bedrock and its weathering products
(mostly due to frost shattering). In others, some transition layers
can be observed in deep soil horizons, at the contact with the bed-
rock. These transition layers never exceed 40 cm.

The elevation of the study sites ranges from 1406 to 1637 m
a.s.l. (Table 1). The Chasseral (CHL), Tête-de-Ran (TDR),
Creux-du-Van (CDV), and Mont Tendre (MT) sites are situated on
hard limestone bedrock (Oxfordian to Kimmeridgian), whereas
the Chasseron site (CHN) lies on an Oxfordian marly bed. At three
sites, the slope is fairly steep (about 20") leading to enhanced ero-
sion of part of the loess cover. All sites are covered by grassland
vegetation and used for pasture. They can be put into two cate-
gories, depending on the intensity of grazing: an acidic
nutrient-poor grassland (Nardion strictae Braun-Blanquet 1926)
and a nutrient-rich grassland (Poion alpinae Oberdorfer 1950).

3. Methods

3.1. Soil description and sampling

A soil profile was dug at each site. The depth of the profiles var-
ied in order to reach the bedrock. Soil horizons were delimited and
described according to the World Reference Base WRB (FAO,
2006a). Each horizon was characterised according to its depth, per-
centage of coarse material (exclusively composed of limestone),
texture, structure, and relative abundance of carbonate (tested
with 10% hydrochloric acid). Soil profiles were then attributed to
a reference soil type (FAO, 2006b). The loessic deposits, the transi-
tion layer with the autochthonous material, and the bedrock were
identified in each profile, according to the description of soil hori-
zons. Bulk soil was sampled for each horizon in profiles CHL, CDV,
and CHN (see Table 1 for abbreviations). In profiles TDR and MT,
bulk soil samples were taken in a systematic way (0–5 cm in depth,
5–10 cm, and then every 10 cm until reaching the bedrock).
Fragments of limestone bedrock or marls were sampled in each soil
profile. Soil samples were dried in an oven at 40 "C for three days
and then sieved at 2 mm. Unweathered rock samples were sawn
into small pieces and dried. A fraction of each soil and rock sample
was crushed in an agate mortar to obtain a powder (grain
size < 40 lm). Soil pH was measured in a water solution, with a
ratio of 1:2.5 for sieved bulk soil and water, respectively (pH H2O).

3.2. Analytical methods

In order to perform grain-size analysis, soil and rock samples
were treated with 10% HCl to remove the carbonate fraction.
Residual material was washed and then treated with 35% hydrogen
peroxide in a water bath at 50 "C to remove organic matter. Clay
destruction was avoided by a regular pH control (pH 7–8).
The reaction was stopped after one week and the excessive
hydrogen peroxide was evaporated. A dispersal agent
(Na-hexametaphosphate) was added to the samples, which were
then shaken during 12 h before analysing. Grain-size measure-
ments were performed using laser diffraction (Malvern
Mastersizer 2000, Hydro 2000S module) and the Fraunhofer
approximation. Micrometre sizes were converted into U values.
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Finally, the average distribution curve of Jura loess was decon-
volved using PeakFit™ (Systat Software Inc.) with a Gaussian oper-
ator, in order to discriminate the different particle modes
composing the total curve and determine their relative abundance.

The mineralogical composition was determined using X-ray
diffraction (XRD) on the bulk, fine silt (2–16 lm), and clay
(<2 lm) fractions of soil and rock samples (Adatte et al., 1996),
using an ARL Xtra diffractometer (Thermo). The bulk composition
was measured on the sample powder compressed in holders. The
peak intensities of recognised major minerals were converted into
relative abundances, according to external standards. Organic mat-
ter and amorphous or poorly crystallized minerals (i.e., various iron
oxides and phyllosilicates) are included in the non-quantified frac-
tion. For the fine silt and clay fractions, 2 mm-sieved soil samples
and limestone rock cuttings were treated with 10% HCl in an
ultra-sonic bath for 3 min in order to remove carbonate. Both frac-
tions were separated by centrifugation and deposited on distinct
glass plates. Samples were glycolated before XRD analysis to detect
swelling clay minerals. For the <2 lm fraction, the part of the
diffractogram corresponding to the various interlayered clay min-
erals was treated using PeakFit™ (Systat Software Inc.). The 4–
11"2h section was smoothed by a Fourier transform function and
deconvolved using the Pearson VII operator. This procedure allows
poorly crystallized clay minerals resulting from weathering pro-
cesses in soil to be discriminated, i.e., interlayered illite–vermiculite
(IV), hydroxy-Al–Fe intergrade illite–vermiculite (IV–Al–Fe, corre-
sponding to hydroxy interlayered vermiculites or HIV; Velde and
Meunier, 2008), smectite, and interlayered illite–smectite (IS).
Well-crystallized phyllosilicates, such as mica, kaolinite, and chlo-
rite, are identified according to the position of their peak on the
diffractogram. Relative abundance for each clay mineral is calcu-
lated with its respective peak intensity. Results are given in counts
per second (cps) for other detected minerals (e.g., Na-plagioclase
and K-feldspar).

The bulk chemical composition of soil and rock samples was
measured with X-ray fluorescence (XRF), using a FRX Philips
PW2400 spectrometer. The powder of each sample was com-
pressed and dried at 105 "C before analyses. Results were calcu-
lated in percentage of major and trace elements and then
corrected using the loss on ignition value at 1050 "C.

4. Results and discussion

4.1. Description of the sediment layer

The five described soil profiles belong to Cambisol or Luvic
Cambisol references (Table 1). All soil profiles present a thin surfi-
cial A horizon (2–5 cm thick), where humified organic matter is
mixed with the mineral fraction (FAO, 2006a). The loess layers
are between 50 and 95 cm thick and situated at the surface
(Table 2). Surface horizons of these layers are devoid of coarse
material (>2 mm). But this coarse fraction increases up to 90% in
deeper horizons of loess layers and is exclusively composed of
limestone fragments. In such fragment-rich horizons, loess parti-
cles accumulate in between large limestone fragments, thus filling
cracks and pores. However, it has been observed that the loessic
material itself is not mixed with autochthonous components.
Consequently, the fine fraction of these horizons (<2 mm) is mainly
composed of homogeneous aeolian particles and therefore is
included in the ‘‘loess layer’’. The soil texture is dominantly silt
loam, with a clay fraction increasing with depth. Horizons are
non- or weakly calcareous in loess layers. pH values are slightly
acidic (the lowest value is 5.3 in profile CDV) and display an
increasing trend towards deep horizons of the loess layer (up to
8.3 in profile CDV and CHL). The thickness of transition layers,
where loess particles are mixed with autochthonous material
within the soil fine fraction (<2 mm), varies between 10 cm (soil

Table 1
Main characteristics of the five study sites. Soil type is determined according to FAO (2006b).

Site Soil profile Elevation (m.a.s.l.) Latitudes/longitudes Exposure Slope (") Geological substrata Vegetation (alliance) Soil type

Chasseral CHL 1570 47"80N/7"40E S 15 Limestone
(Kimmeridigian)

Nardion strictae Luvic cambisol

Tête-de-Ran TDR 1410 47"20N/6"50E SE <5 Limestone
(Kimmeridigian)

Poion alpinae Luvic cambisol

Creux-du-
Van

CDV 1406 46"550N/6"440E NW 20 Limestone
(Kimmeridigian)

Nardion strictae Cambisol

Chasseron CHN 1555 46"510N/6"320E SE 20 Marls (Sequanian) Nardion strictae Cambisol
Mont Tendre MT 1637 46"350N/6"180E SW <5 Limestone (Sequanian) Poion alpinae Luvic cambisol

Table 2
Description of loess layers, transitions layers, and bedrock in each soil profile according to FAO (2006a) descriptive codes.

Soil profile Sediment layer Depth (cm) No. of samples % coarse (limestone) Texturea % CaCo3
b pH H2O

CHL Loess 0–94 5 0–70 SiL–SiCL 0–10 5.6–8.3
Transition layer 94–121 1 90 C 2–10 8.5
Bedrock (limestone) >121 1 >25

TDR Loess 0–50 6 0–20 SiL–SiC 0 5.9–7.3
Transition layer 50–60 1 90 SiC 0 7.8
Bedrock (limestone) >60 1 >25

CDV Loess 0–84 6 0–90 SiL–SiCL 0–25 5.3–8.3
Transition layer 84–100 1 90 C 10–25 8.4
Bedrock (limestone) >100 1 >25

CHN Loess 0–63 4 0–70 SiL–C 0–2 5.9–7.4
Transition layer 63–105 1 95 C >25 8.7
Bedrock (marls) >105 1 >25

MT Loess 0–50 6 0–50 SiL–SiCL 0 5.6–6.9
Transition layer 50–60 1 90 SiC 0–2 7.8
Bedrock (limestone) >60 1 >25

a C = clay; SiC = silty clay; SiL = silt loam; SiC = silty clay loam.
b Carbonate reaction to HCl 10%, estimation of carbonate content.
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profiles TDR and MT situated on hard limestone) and 42 cm (soil
profile CHN situated on marls). Compared to the surface loess lay-
ers, transition layers are characterised by a higher content in
coarse material (limestone fragments) and a more clayey texture.
The calcite content is similar to or higher than in the loess layer
and pH values are alkaline (between 7.8 and 8.7). Finally, rock frag-
ments, sampled in the deepest horizon of soil profiles, are com-
posed of hard limestone or marls and present an evident high
calcite content.

4.2. Grain-size distribution

Analytical results emphasise the main characteristics of Jura
loess. The uppermost sample of each profile (corresponding to
the A horizon) is not taken into account, in order to minimise the
influence of organic matter dynamics on the composition of the
mineral particles of soils. As a comparison, bedrock data are dis-
played using the mean of five sampled limestones and marls.
Results on transition layers, where loess is mixed with weathered
autochthonous material at various degrees, are not presented here
but are accessible in a complete data set available in additional
material.

Grain-size curves of loess layer samples show similar distribu-
tions within each soil profile (Fig. 2). In profiles CHL, CDV, and
CHN, the main grain-size mode is between 16 and 32 lm (corre-
sponding to 6 and 5 U, respectively) with a secondary mode
around 4–8 lm (8–7 U). This second mode is more represented
in some samples of profile TDR, thus influencing the mean distribu-
tion curve of this particular loess layer. However, the 4–8 lm is
dominant in soil profile MT and the 16–32 lm mode becomes of
secondary importance. In all profiles, a clay subpopulation (1–
2 lm; 10–9 U) is detected, as well as a discreet coarse sand sub-
population (500 lm; 1 U). The residual phase of bedrocks shows
various distribution patterns according to the samples, but

presents higher clay content than loess layer samples, in general.
In soil profiles CHL and TDR, the distribution curves from rock sam-
ples strongly differ from those of the overlying loess layers. In
other soil profiles, some similarities can be observed (grain-size
modes at 16–32, 4–8, or 500 lm), but the correspondence between
loess and rock samples is never complete. Deconvolution of the
average grain-size distribution of loess layers (average of the five
profile means) allows four main particle subpopulations to be
identified, which are characterised by their respective mode and
contribution (Fig. 3). The dominant grain-size mode corresponds
to coarse silt (30 lm; 5.1 U) and represents 45% of the total aver-
age loess composition. A secondary mode of fine silt (6 lm; 7.5 U)
stands for 39% of this total. The remaining particles are distributed
in clay (1.2 lm; 9.7 U) and coarse sand (500 lm; 1 U) modes.

4.3. Mineralogical and geochemical results

The average bulk mineralogical composition of the loess layers
is carbonate-free and contains up to 48% quartz and 33% phyllosil-
icates (Fig. 4). Plagioclase and feldspar are present in various
amounts according to the profiles (between 2–4% and 3–10%,
respectively) and goethite is identified in small proportions in pro-
files CHL and MT. The non-quantified fraction represents up to 19%
of the bulk composition. In contrast to the loess layers, the average
bedrock composition is predominantly composed of calcite (99%),
accompanied by a scarce non-quantified fraction. The fine silt frac-
tion (2–16 lm) is characterised by the presence of mica, kaolinite,
and chlorite, and specific Na-plagioclase/K-feldspar ratios (pla/FK
ratio). In the loess layers, chlorite represents from 40% to 60% of
the three phyllosilicate minerals, whereas mica remains in a con-
stant proportion of about 30%. The pla/FK ratio displays values
between 0.90 and 1.80 for loess layers, which indicates that
Na-plagioclase is present in proportions fairly similar to
K-feldspar, except in soil profile CDV, where Na-plagioclase is
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significantly more abundant than K-feldspar. Small amounts of
amphibole are detected in some samples of the 2–16 lm fraction
of loess layers, but are not quantified (not shown in the figure).
Finally, chlorite is absent in the fine silt fraction of bedrocks, where
mica dominates kaolinite and the low pla/FK ratio (average value
of 0.16) indicates the predominance of K-feldspar on
Na-plagioclase in the non-carbonate fraction of bedrock. Chlorite
minerals detected in the 2–16 lm fraction of loess are identified
as iron-rich types, according to their XRD diffraction pattern
(Fig. 5; Oinuma et al., 1972). Regarding clay mineralogy, chlorite

and kaolinite compose the main part of the <2 lm fraction of loess
layers (up to 45% and 33%, respectively). Mica and weathering
products (such as IV and IV–Al–Fe) are also present, as well as
small amounts of interlayered illite–smectite (IS1 and IS2) and
smectite. In the bedrock, mica (42%), IS (31%), kaolinite (23%),
and smectite (4%) constitute the <2 lm clay fraction.

The average bulk geochemical composition of loess layers
shows similar values for Si, Ca, Mg, K, Al, Ti, and Sr for the five pro-
files, whereas Fe and Mn vary slightly between sites (Fig. 6).
Compared to the bedrock’s average composition, loess layers are
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Fig. 5. Ternary diagram showing the chlorite type of the 2–16 lm fraction of loess samples. The ABD area corresponds to chlorite containing high amounts of iron in silicate
layers (Oinuma et al., 1972).
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Fig. 6. Average bulk geochemical composition of loess layers for each soil profile (without the first surficial horizon in each profile) and limestone bedrocks.
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strongly enriched in Si (>300,000 ppm), Al (up to 99,000 ppm in
TDR profile), Fe (up to 73,000 ppm in CHL profile), and Ti
(<6000 ppm). In contrast, Ca and Sr are impoverished in loess lay-
ers as expected. Carbonate bedrocks contain up to 700,000 ppm of
Ca and 560 ppm of Sr.

5. Discussion

5.1. Main characteristics of the Jura loess

According to the first complete description of Jura loess
(Pochon, 1978), some grain-size and geochemical characteristics
can be now amended, whereas mineralogical results of the present
study are in accordance with former results. The technique used to
measure grain-size distribution (i.e., laser diffraction) generates
difficulties for new data comparison with former results obtained
with sieving-pipette methods (Di Stefano et al., 2010).
Laser-diffraction measurements produce more detailed results
than the sieving-pipette method, allowing dominant particle pop-
ulations to be discriminated, rather than proportions of particles
belonging to delimited grain-size classes. In the present study, an
average textural signature is proposed for the Jura loess. Four main
grain-size modes are discriminated (potential origin is discussed
below), with a dominance of coarse and fine loam (modes at 30
and 6 lm, respectively; Fig. 3). In contrast, the weathering residue
of bedrocks contains abundant very fine loam (<4 lm) and clay
phases. Taken as a whole, these results correspond to those
obtained by Pochon (1978), who noted that the dominant fraction
in loess was 16–32 lm and, in limestone bedrock residue, 2–6 lm.

Regarding the bulk and clay-mineralogical compositions,
important differences are observed between loess layers and
underlying limestone bedrock (Table 3). In the bulk fraction of
loess, quartz, phyllosilicates, plagioclase, and feldspar represent
45%, 31%, 6%, and 3% on average, respectively, whereas these min-
erals are not detected in the analysed bedrocks, or only as traces
(e.g., quartz < 1%). The loess layer contains <1% calcite. However,
primary loess might have contained some carbonate, as their defla-
tion sources (i.e., Alpine moraines of the Swiss foreland) contain
large amounts of limestone sediments in the <2 mm fraction
(Guenat, 1987; Portmann, 1954). Decarbonation was probably effi-
cient after loess deposition on the Jura ridge, due to the loamy tex-
ture of aeolian particles and to climatic conditions, which
enhanced leaching processes (Van Vliet-Lanoë, 2005). The average
mineralogical composition of loess clay fraction is constituted by
iron-rich chlorite (32%), kaolinite (28%), mica (16%), interstratified
weathering products (IV and IV–Al–Fe; 18% in total), and small

proportions of smectite and IS (5% in total). The bulk and
clay-mineralogical results are in accordance with former data,
which emphasise the abundance of quartz and phyllosilicates in
the bulk fraction, as well as the dominance of Na-plagioclase on
K-feldspar (Pochon, 1978), also observed in the fine silt (2–
16 lm) fraction of the loess layers. In the clay fraction, Pochon
(1978) measured less chlorite (17%) and more mica (23%) and
interstratified weathering products (24%) compared to the present
study. Kaolinite (30%), smectite and IS (6% in total) content are
similar in both studies. The scarce presence of amphibole in the
2–16 lm fraction of loess layers also emphasises the Alpine origin
of the aeolian sediments in the Jura soils, as it is not found in the
limestone bedrocks.

The bulk geochemical composition shows a sharp boundary
between loess layers and bedrocks, and reflects their respective
mineralogical contents and origins. Si, Al, Fe, K, Mn, and Ti are
dominant in loess (Table 3) and related to allochthonous silicate
minerals. On the other hand, Ca and Sr are abundant in bedrocks
constituted by Jurassic marine limestones. Loess is particularly
enriched in Fe and Ti compared to Alpine moraines of the south-
eastern Jura foot slope (Martignier and Verrecchia, 2013), thus sug-
gesting a preferential selection of loess mineral components
enriched in both elements during aeolian deflation. The average
geochemical composition of loess layers in the five soil profiles is
very similar, thus highlighting the remarkable homogeneity of aeo-
lian sediments in the Jura Mountains, despite of the small varia-
tions observed in the mineralogical composition. Pochon (1978)
did not measure the bulk geochemical composition in loess, but
it represents a pertinent tool to identify loess contributions in soils,
even in the case of weak allochthonous inputs mixed with auto-
chthonous material (Martignier, 2013).

5.2. Contribution of distinct particle subpopulations to loess layers

The four distinct grain subpopulations identified on the average
grain-size curve of loess highlight the possible contribution of mul-
tiple aeolian episodes and/or deflation sources, coupled with
post-depositional pedogenic processes (Vandenberghe, 2013).
Subpopulations characterised by coarse (30 lm) and fine (6 lm)
silt modes together represent about 85% volume of the loess layer.
These fractions are responsible for the main mineralogical and geo-
chemical characteristics of loess layer samples. The presence of
bimodal loess suggests the involvement of various aeolian
episodes/sources that are probably linked to changes in paleoenvi-
ronmental conditions during loess deposition (Stanley and
Schaetzl, 2011; Schaetzl and Attig, 2013). In addition,

Table 3
Mean mineralogical (bulk and clay fraction) and bulk geochemical composition of Jura loess and limestone bedrocks.

Phyllosilicates Quartz K-feldspar Plagioclase Calcite Geothite Non-qualified

Bulk mineralogy (%)
Loess sample (n = 22) 30.9 ± 4.9 45.1 ± 5.9 3.3 ± 1.7 6.2 ± 4.5 0.2 ± 0.6 1.1 ± 1.8 13.2 ± 8.3
Limestone rocks (n = 5) 0.0 ± 0.0 0.3 ± 0.7 0.0 ± 0.0 0.0 ± 0.0 98.6 ± 0.5 0.0 ± 0.0 1.0 ± 0.5

Smectite IV–Al–Fe IV IS1 + IS2 Mica Kaolinite Chlorite

Clay mineralogy <2 lm (%)
Loess sample (n = 22) 2.2 ± 1.4 9.1 ± 3.3 8.7 ± 2.3 3.0 ± 0.9 16.4 ± 5.2 28.3 ± 7.4 32.3 ± 10.5
Limestone rocks (n = 5) 4.1 ± 2.5 0.0 ± 0.0 0.0 ± 0.0 30.7 ± 10.2 41.7 ± 8.1 23.2 ± 15.6 0.3 ± 0.6

Ca Si Al Fe Mg

Bulk chemical composition (mg/kg)
Loess sample (n = 22) 7286 ± 4706 310,945 ± 13,195 88,489 ± 6543 59,070 ± 8951 14,261 ± 2175
Limestone rocks (n = 5) 674,870 ± 19,887 9281 ± 6801 3093 ± 2518 4071 ± 3757 11,051 ± 1893

K Mn Ti Sr

Loess sample (n = 22) 21,316 ± 2623 2140 ± 722 5996 ± 321 102 ± 12
Limestone rocks (n = 5) 1465 ± 937 179 ± 160 370 ± 161 436 ± 121
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present-day Sahara dust could possibly contribute to the fine silt
mode, as its mineralogical composition is similar to Alpine loess
(quartz, calcite, dolomite, and mica; Kübler et al., 1990). There is
more coarse silt than fine silt in all studied soil profiles, except
for the Mont Tendre site (MT), which is the most southeastern site.
These grain-size distributions could have been caused by varia-
tions in intensity and direction of winds. It seems reasonable to
consider that katabatic winds descending from the Alps at the
end of the Last Glacial Period contributed to this particle redistri-
bution, as these winds are currently considered as very efficient
in loess transportation (Muhs and Budahn, 2006; Schaetzl and
Attig, 2013). But the influence of regional and synoptic winds can-
not be discarded, mostly along the Swiss foreland.

The grain subpopulation around the coarse sand mode
(500 lm) represents only 2% of the average grain-size curve of
loess, but is detected in all studied profiles, mainly in surface sam-
ples. The residue of some analysed limestone bedrocks also com-
prises coarse sands, which could be released during dissolution
of limestone bedrocks and outcrops and integrated into the soil
profile. Nevertheless, this mixing with bedrock sands due to pedo-
genic processes is conceivable in thin loess layers (<50 cm) such as
in TDR or MT profiles, but might not be effective in thicker profiles
(Luehmann et al., 2013; Schaetzl and Luehmann, 2013). However,
the weathering residue of TDR and MT hard limestone represents
<2% of the total bedrock weight, which is not sufficient to provide
enough sandy material to the soil profile, as also observed by
Schaetzl and Attig (2013) in similar loess settings. The CHN profile
is developing on a marly bed, which could release more weathering
residue during dissolution. Sand grains were measured in the resi-
due of CHN marls, but they are characterised by an even coarser
mode (1000 lm; 0 U) than the one observed in the overlying loess
layer. Quartz sand grains coming from a surficial cover-bed of a
nearby site in the Jura Mountains were observed with a scanning
electron microscope (SEM; Martignier et al., 2013). V-shaped per-
cussion marks were identified on the edges of rounded grains, indi-
cating wind transportation. These observations suggest that at
least a part of the sand population could have been brought by aeo-
lian transportation. According to the large size of the grains, more
proximal deflation sources than the moraines from the Swiss fore-
land must be considered. Therefore, it is proposed that the
mixed-till deposits lying at the southeastern Jura foot slope could
have acted as deflation sources during strong wind episodes (i.e.,
storms; Antoine et al., 2002; Martignier et al., 2013).

Finally, the population around the clay mode (1.2 lm) probably
results from in situ weathering and disaggregation of loamy parti-
cles in soils, in particular as a consequence of decarbonation of
loess layers after deposition. The mineralogical composition of
the <2 lm fraction contains both allochthonous (mainly chlorite)
and autochthonous (mainly kaolinite) minerals. The double origin
of the clay fraction might reflect the contribution of Alpine and
local deflation sources of loess (Martignier et al., 2013). The contri-
bution of Sahara dust as admixture to the soil is also possible
(Kübler et al., 1990; Stuut et al., 2009). Moreover, a low input of
in situ weathered material is possible through bioturbation,
although results above show that loess layers are well differenti-
ated from autochthonous materials.

5.3. Comparison of the five studied profiles

The loess layers studied in the five soil profiles display very sim-
ilar grain-size, mineralogical, and geochemical compositions.
However, some differences can be highlighted. Concerning the
grain-size distribution patterns, the main modes are situated at
30 and 6 lm in all sites. The 30 lm is dominant over the 6 lm in
four profiles (CHL, TDR, CDV, CHN), whereas it is the opposite in
the MT profile. The MT site is situated at the southwestern end

of the studied transect. Its special mode distribution might result
from the effect of the geographical location, linked with the paleo-
circulation of winds at the time of loess deflation, transport, and
sedimentation. The average bulk mineralogical composition of
each profile shows variations within the proportion of the
non-quantified fraction. These variations can be related to
Holocene pedogenic and weathering processes, as this fraction is
mainly composed of organic matter, poorly crystallized iron oxi-
des, and weathered clay minerals. Small differences between the
five profiles are observed in plagioclase (bulk fraction) and chlorite
(clay fraction) contents. These differences could reflect the miner-
alogical heterogeneity, which existed locally between the loess
deflation sources (i.e., the Alpine moraines on the Swiss foreland),
as well as the irregular mixing with more local loess sources (i.e.,
mixed Alpine and Jura moraines at the southeastern Jura foot
slope). Finally, some small variations in Al, Fe, and Mn contents
are observed in the average geochemical composition of the five
studied profiles. The variation in Al proportion might be due to
the slight differences in the mineralogical composition of loess.
However, Al can be mobile under specific soil conditions, which
induce processes such as clay weathering, acidification, cheluvia-
tion, etc. (Duchaufour, 1983; Righi et al., 1999). Therefore, varia-
tions in Al between soil profiles can likely be attributed to either
variations of primary loess composition, or post-depositional pedo-
genesis. The same hypothesis can be applied to the slight differ-
ences in the Fe and Mn contents between the studied profiles, as
both elements are easily redistributed in soil according to efficient
soil processes (brunification, clay leaching, redoxic conditions, etc.;
Gratier and Bardet, 1980; Martignier, 2013; Schaetzl and Anderson,
2005).

5.4. Context of loess deposition in the Jura Mountains

Loess deposition on the Jura ridges took place at the end of the
Last Glaciation, when Alpine moraines and outwash deposits of the
Swiss foreland and the southeastern Jura foot slope were exposed
to wind deflation (Pochon, 1973, 1978). The incorporation of loes-
sic particles in a late-formed moraine of a local Jura glacier indi-
cates that aeolian transportation was already efficient during the
early withdrawal stages (Pochon, 1978). Moreover, Alpine loess is
incorporated in periglacial cover-beds described on the Jura foot
slope (Martignier and Verrecchia, 2013; Martignier et al., 2013).
These sediments were seemingly soliflucted during the Younger
Dryas (12,600–11,500 BP; Mailänder and Veit, 2001; Terhorst,
2007; Terhorst et al., 2009). As a consequence, loess deposition
on the Jura ridges might have occurred between the LGM (about
20,000 BP; Ivy-Ochs et al., 2004) and the Younger Dryas.

Presently, loess constitutes slightly acidic sediments and leads
to brunification and sometimes clay leaching processes in soils
(Havlicek, 1999; Martignier and Verrecchia, 2013; Michalet,
1982). However, because of the thinness of the loess layer, which
is generally lying on carbonate materials (bedrock or local weath-
ering products), calcium uptake is possible through bioturbation
processes (earthworms, roots), thus preventing a stronger acidifi-
cation (Havlicek and Gobat, 1996; Havlicek et al., 1998).

5.5. Comparison with European loess and present-day Sahara dust

The large loess systems described in Northern, Central, and
Eastern Europe were active intermittently throughout the
Pleistocene. Their deposition was mainly influenced by the modifi-
cation of atmospheric circulation due to millennial climatic varia-
tions in the North Atlantic and Greenland (Florineth and
Schlüchter, 2000; Rousseau et al., 2002). However, there were
numerous sources of deflation, which led to various loess, differing
in mineralogical composition. As a result, loess in Europe is far
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from homogeneous (Antoine et al., 2001; Frechen et al., 2003). The
youngest loess in France, Belgium, and South Germany is from the
Upper Pleniglacial and is composed of thick and calcareous layers
(Antoine et al., 2001; Frechen et al., 2003; Jamagne, 1973). The
non-carbonate fraction is dominated by quartz accompanied by
low proportions of feldspar, muscovite, and biotite, whereas the
clay mineralogy is mainly composed of smectite, vermiculite and
illite (Lautridou, 1984). The grain-size distribution of loess usually
stands between 10 and 50 lm (Lautridou, 1984). However, a pop-
ulation of fine sands (50–200 lm) can be abundant due to the
action of strong winds, which rework local sediments (e.g., in the
Rhein valley; Antoine et al., 2001). Therefore, a precise comparison
of the Jura loess to other European loess is fairly difficult to estab-
lish. Nevertheless, the high chlorite (32% in average) and kaolinite
(28% in average) contents in the Jura loess distinguish them from
large European loess systems. Concerning the grain-size distribu-
tion, the Jura loess presents two prevailing modes situated at 6
and 30 lm, respectively. Such modes are in agreement with other
European loess, as well as with typical loess or clayey loess defini-
tions (Haase et al., 2007; Pye, 1987).

Loessic deposits in northern Italy are mostly homogeneous and
present a low carbonate content (>5%; Cremaschi, 1990), high pla-
gioclase and muscovite proportions, as well as moderate amounts
of quartz (Ferraro et al., 2004). The clay mineralogy is dominated
by well-crystallized illite (46–70%), accompanied by chlorite (21–
37%), interlayered illite–smectite (6–13%), and kaolinite in very
small amounts (2–6%; Ferraro et al., 2004). The grain-size distribu-
tion displays median values between 6 and 32 lm and includes
various proportions of sand (1–5%) and clay fractions (5–40%;
Cremaschi, 1990). The northern Italy loess is distributed on the
margin of the Po plain and in the Italian Pre-Alps and is not
described in northern areas (e.g., in the Swiss Alps; Cremaschi,
1990). They present some similarities with the Jura loess (plagio-
clase and chlorite contents, grain-size modes), but no connection
between both systems is considered, according to the geographical
extent of the Northern Italy loess belt.

Finally, Sahara dust collected at the Jura foot slope (Neuchâtel)
in 1989 displayed four distinct grain-size modes at 4,5, 15–20, 40–
50, and <2 lm (modes given according to their decreasing contri-
bution to the total grain-size distribution; Kübler et al., 1990).
Therefore, the possible contribution of Sahara dust as an admixture
to soils might only interfere with the fine silt and clay modes of
Jura loess, as the 15–20 and 40–50 lm modes of Sahara dust were
not measured in the loess. The bulk mineralogical composition of
Sahara dust contained quartz, calcite, dolomite, and mica (Kübler
et al., 1990). Na-plagioclase, K-feldspar, kaolinite, and chlorite
were also detected in small amounts. This bulk mineralogy is sim-
ilar to the composition of the Alpine loess and might cause difficul-
ties for the discrimination of both deposits. However, present-day
Sahara dust inputs in Switzerland are not sufficient to form distinct
sediments layers, but rather represent admixtures to soils (Stuut
et al., 2009).

6. Conclusions

The Jura loess constitutes a locally-sourced loess system, which
is independent from other larger European loess. Therefore, it
offers the possibility to study fine-scale variations in loess compo-
sition and deposition episodes. The five study sites were carefully
chosen along the easternmost ridge of the Jura Mountains in order
to highlight the main characteristics of Jura loess and propose an
accurate and updated definition. The studied loess layers present
similar compositions (grain-size distribution, mineralogical and
geochemical compositions), thus indicating rather homogeneous
loess, despite the identification of potential distinct aeolian

episodes. The small dissimilarities observed between the profiles
are partly linked to post-depositional pedogenesis. Indeed, Jura
loess constitutes only thin deposits (<50 cm thick), which were
influenced and modified by pedogenesis in their entire thickness.
For example, the question of the primary calcite content in Jura
loess is still unclear.

Observation of non-weathered Jura loess is made more difficult
by the fact that loess particles were often reworked along hill
slopes (e.g., in cover-beds) or incorporated into surficial layers of
moraine deposits. Nevertheless, the presence of a loessic contribu-
tion is established in numerous soil profiles over the Jura
Mountains and has obvious consequences on pedogenesis. In some
places, a clear disconnection is observed between superficial
deposits containing loess and the autochthonous weathering prod-
ucts or limestone bedrock (Martignier et al., 2013). Subsequently,
the presence of an abundant silicate phase in the surface soil par-
ent material can orientate pedogenesis towards unexpected acidic
pathways in a carbonate environment (Martignier and Verrecchia,
2013).
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