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Among soil processes governing the clay size fraction distribution with depth, illuviation is not only widespread
but also particularly poorly understood. Using a micromorphological approach, this study aims at i) quantifying
the intensity of illuviation independently of all other competing soil processes, ii) testing the sensitivity of
illuviation to different land uses, and iii) assessing the relative contribution of illuviation to the genesis of textural
differentiation. Two Luvisols developed from loess in Northern Francewere selected: the first under a deciduous
forest and the second under conventional agricultural management, both with no change in land use for at least
100 years. In addition to classicalmass balance calculations, clay illuviation features such as limpid and dusty clay
coatings were used as diagnostic features of the illuviation process and were quantified by a point-counting
approach in large thin sections. In the two Luvisols under study illuviation was found to be responsible for 75%
and 86% of the textural contrast, respectively in the cultivated soil and the forested one. Illuviation was thus by
far the dominant factor causing textural differentiation, even if accessory processes involving the clay size frac-
tion were also at play such as lithological discontinuity, clay neoformation or biological and physical reworking.
The recognition of dusty clay coatings considered as an indicator of cultivation in the soil under forest underlines
the sensitivity of illuviation to past periods of cultivation and the legacy of anthropedogenesis on the present soil
properties. A qualitative change in the nature of the translocated particles without significant changes in the
intensity of illuviation was identified in the soil under cultivation in comparison with the soil under forest.
These results support the conclusion that illuviation is an active process in soils under present climatic conditions
and must no more be considered as a fossil soil process.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Humanity has strongly influenced soil evolution since the beginning
of the Anthropocene Era through cultivation or urbanization manipula-
tion purposes and is now considered as a primary geomorphologic
agent (Lin, 2011; Richter, 2007). In order to predict the effects of land
use on soil function and finally prevent soil degradation, land managers
and policymakers need information about soil change and the associated
natural or anthropic-driving factors (Tugel et al., 2005). Dynamic soil pro-
cesses with short characteristic times (years to decades) are used to be
more investigated than processes involved in soil formation and sup-
posed to evolve over larger time scales (centuries to millennia)
(Minasny et al., 2008; Targulian and Krasilnikov, 2007). Soil was indeed
classically considered as a slowly changing natural system and its forma-
tion is seen as a very slow process, with mature soil ages averaging
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between 104 to 105 years (Wilkinson and Humphreys, 2005). Neverthe-
less, various authors have documented significant changes of soil forma-
tion processes dynamics on time scales as short as a few decades, and
they have argued that soils are evolving permanently (Chadwick and
Chorover, 2001; Cornu et al., 2012; Montagne et al., 2008).

Illuviation is one of the earliest recognized soil-forming process
(Bockheim et al., 2005) and is involved in the genesis of many soil
types under many climate types. It consists of a substantial vertical
translocation of fine particles up to 10 μm in size (Quénard et al.,
2011) and results in the formation of an eluviated subsurface horizon
called E-horizon and, an illuviated one underneath due to the accumu-
lation of the fine fraction and also called Bt-horizon (WRB, 2014). This
process is mainly responsible for the formation of Luvisols that extend
over 500–600 million ha worldwide according to WRB (2014). Some
authors consider illuviation as a fossil process (Slager and van de
Wetering, 1977; Van Vliet-Lanoë, 1990) whereas others have
documented significant changes of illuviation intensity as a result of
anthropic-driving forces (Cornu et al., 2012; Kozlovskii et al., 2001;
Montagne et al., 2008). Despite considerable past research and because
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of a lack of accurate quantitative data about illuviation, twomain issues
are still particularly controversial: the present relevance of the
illuviation process and its sensitivity to land use management.

Illuviation is manifested through a typical granulometric clay distri-
bution along soil profiles due to the textural differentiation between
the eluviated and the illuviated horizons, and the observations at a
macromorphological or micromorphological scale of clay coatings in
the Bt-horizons. Illuviation intensity is generally measured through a
textural differentiation index between the eluvial and illuvial horizons.
Unfortunately, data related to this differentiation are difficult to inter-
pret unambiguously, because it can be caused by several different pro-
cesses such as in-situ weathering, bioturbation, and microdivision
(Phillips, 2004).

An alternative to the use of multi-processes textural differentiation
indexesmay be the quantification of diagnostic soil features specifically
associated with the illuviation process, i.e., clay coatings. Such a mor-
phological approach is acknowledged to have succeeded in quantifying
the intensity of the genesis of albic materials in soils (Montagne et al.,
2013). Using a micromorphological approach makes it possible to
distinguish features that are due to illuviation process among others
(Kemp, 1998). Clay coatings are indeed considered to have illuvial ori-
gin, depending on specific indicators such as the degree of clay particle
orientation, internal laminations, and the sharpness of boundaries with
the surrounding groundmass (McCarthy et al., 1999; Ufnar, 2007). Fur-
thermore, describing textural pedofeatures at a microscopic scale helps
to understand their genesis and associated pedoclimatic context of for-
mation. For examplemicrolaminated limpid clay coatings are associated
with typic clay illuviation, i.e., under permanent vegetation cover
(Fedoroff, 1997) whereas layered dusty or impure clay coatings are as-
sociated with heavy rain showers and drastic conditions and are gener-
ally met under cultivation (Fedoroff and Courty, 1994; Jongmans et al.,
2001; Kühn et al., 2010). At this stage, a detailed comparison of the clas-
sical granulometric quantitative approachwith themicromorphological
one has yet to be carried out.

In this context, the aim of the present study is to carry out themicro-
morphological description and quantification of clay coatings in soil thin
sections from a forested and a cultivated Luvisol. The key objectives of
the research are to provide a proxy for the intensity of the illuviation
process independently of other competing soil processes, to test the
sensitivity of illuviation intensity to different land uses, and, to quantify
the relative contribution of illuviation to the genesis of soil textural
Table 1
Soil macromorphologya,b.

Horizon Depth (cm) Water state class Color (moist) Texture Structu

FOR
A 0–10 Moist 10YR 3/3 sil 2mgr
E 10–40 Moist 10YR 4/4 sil 1fsbk
Bt1 40–65 Moist 10YR 4/6 sil 1cosbk
Bt2 65–90 Moist 7.5YR 4/6 sil 2mpr
Bt/C 90–120 Dry 10YR 5/8 sicl 2mpr
C/Bt 120–145 Dry 10YR 6/6 sil m
Ck N145 Dry 10YR 7/6 sil m

CULT
Ap1 0–25 Moist 10YR 4/4 sil 2fsbk
Ap2 25–31 Moist 10YR 4/4 sil 1vfbk
E/Bt 31–45 Moist 10YR 4/6 sil 1fbk
Bt 45–80 Moist 7.5YR 4/6 sicl 2mpr
Bt/C 80–100 Moist 10YR 5/6 sicl 2mpr
C/Bt 100–140 Moist 10YR 5/6 sil m
C N140 Wet 10YR 5/6 sil m

a Soil description according to the terminology of Soil Survey Staff.
b Abbreviations: Texture – sil= silt loam; scl= silty clay loam. Structure grade – 1=weak; 2=
Structure type – gr= granular; sbk= subangular blocky; bk= blocky; pr= prismatic; m=m
fine; m = medium; co = coarse; vco = very coarse. Boundary distinctness – a = abrupt; c =
differentiation through a comparison to classical multi-processes
granulometric calculations. Our working hypothesis is that this
feature-based approach can provide amore accurate quantification of il-
luviation intensity than classical granulometric measurements in soils
facing different anthropic-driving forces.
2. Materials and methods

2.1. Study area

In our investigation, we studied two Luvisols (WRB, 2014; Table 1)
of approximately 1.5 m depth, which have developed in decarbonated
quaternary loess deposits in the Paris basin. As discussed in
Jagercikova et al. (2015), three successive loess deposits may be distin-
guished. The first one is observed from the surface horizon to the Bt-
horizon and shows a coarse to fine silt ratio ranging from 1.4 to 1.7.
The second deposit is characterized by a coarse to fine silt ratio higher
than 2, whereas the third one has a ratio around 1.9 (Table 2). The
third depositwas dated at ∽22ka 14C BP and the twoupper deposits cor-
respond to the youngest loess unit of 15 to 16 kyr. One Luvisol is under
conventional agricultural management (CULT) and is part of the so-
called Qualiagro long-term soil experiment located on the Plateau des
Alluets (Feucherolles, Yvelines, France). Since 1998, the CULT soil is
plowed once every year in October or November to a depth of 28 cm. It
used to be limed regularly in order to keep a pH of 7 approximately in
soil surface. The other plot (FOR), considered as a reference, was sampled
in the Flambertins Forest, Yvelines, France. This deciduous forest with
oaks and hornbeams is actually the only one i) extending on the Plateau
des Alluets and consequently on Luvisols and, ii) sufficiently close to the
Qualiagro long-term experiment (less than five hundred meters away)
to ensure that both Luvisols have developed on a similar parent material.

Historical records indicate that the cultivated plot experienced no
change in land use for at least the past two centuries. However, the for-
est may not be so old as initially thought, and the FOR plot may have
been cultivated before being reforested at least 100 years ago (IGN/
EHESS, 2015). Both soils present the typical horizons of Luvisols accord-
ing to WRB (2014): A or Ap E Bt C (Fig. 1). Both sites are relatively flat
(b1% slope) and under similar climatic conditions, with a mean annual
precipitation of 582 mm and a mean annual temperature of 11 °C
(Mercier et al., 2011).
re Roots Pedofeatures Boundary

1co, 2m, 2f – cw
1vco, 1co, 2m, 2f – ai
2m, 2f Clay coatings cs
2f Clay coatings gs
2f Clay coatings gs
1vf Clay coatings as
1vf Secondary carbonates

3vf – as
2vf – as
2vf Clay coatings, few Fe–Mn masses/nodules aw
1vf Clay coatings, few Fe–Mn masses/nodules gs
1vf Clay coatings, few Fe–Mn masses/nodules gs
– Clay coatings, few Fe–Mn masses/nodules as
–

moderate; 3= strong. Structure size – vf=veryfine; f= fine;m=medium; co=coarse.
assive. Root quantity – 1= few; 2= common; 3=many. Roots size – vf= very fine; f =
clear; g = gradual. Boundary configuration – s = smooth; w = wavy; i = irregular.



Table 2
Selected physical and chemical properties.

Horizon Depth (cm) Particle size distribution (g ⋅kg−1)a Bulk density (kg⋅m−3) pH (H2O) CaCO3 (g ⋅kg−1) OCb (g ⋅kg−1) Total N (g⋅kg−1) C/N

cl fsi csi fs cs csi/fsi

FOR
A 0–10 176 284 463 64 13 1.63 0.99 5.6 – 30.5 2.44 12.5
E 10–40 167 288 463 66 17 1.61 1.36 5.1 – 10.9 1.08 10.1
Bt1 40–65 216 284 428 56 16 1.51 1.51 5.6 – 3.6 0.48 7.5
Bt2 65–90 250 278 396 58 18 1.42 1.56 5.9 – 2.3 0.36 6.4
Bt/C 90–120 320 208 441 28 4 2.12 1.51 6.2 – 1.9 0.35 5.4
C/Bt 120–145 240 222 510 27 1 2.30 1.50 6.6 – 1.7 0.29 5.9
Ck N145 137 240 457 19 2 1.90 1.49 8.6 143 0.9 0.21 4.3

CULT
Ap1 0–25 142 296 495 54 13 1.67 1.34 6.6 – 9.4 0.88 10.7
Ap2 25–31 144 300 483 61 13 1.61 1.34 6.6 – 9.5 0.91 10.4
E/Bt 31–45 202 297 437 45 18 1.47 1.49 6.9 – 4.3 0.48 9.0
Bt 45–80 288 271 389 39 13 1.44 1.55 7.3 – 2.8 0.35 8.0
Bt/C 80–100 314 203 460 21 2 2.27 1.53 7.5 – 2.3 0.30 7.7
C/Bt 100–140 245 243 480 29 2 1.98 1.51 7.6 – 1.4 0.20 7.0
C N140 190 266 525 17 1 1.97 1.54 7.7 – 1.3 0.18 7.6

a cl = clay (b2 μm); fsi = fine silt (2–20 μm); csi = coarse silt (20–50 μm); fs = fine sand (50–200 μm); cs = coarse sand (200–2000 μm).
b OC= Organic carbon.
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2.2. Sampling procedures and associated measurements

In April 2011, soil pits, to a depth of 2m, were dug in both sites. Bulk
soil samples obtained in each soil horizon were oven-dried at 40 °C be-
fore being sieved to 2mm. Particle size analysis of soilwasperformed by
Fig. 1. Photographs of the
sieving and Robinson's pipette methods following the AFNORX31-107
methodology after removal of organic compounds with H2O2 and dis-
persion with Na-hexametaphosphate. pH was measured in a soil:water
suspension of v:v ratio 1:5 (ISO 10390). Organic carbon content was
quantified after dry combustion according to the NF ISO 10694. Soil
Luvisols under study.
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bulk densities were determined in triplicate using the cylinder method
(500 cm3) for each soil horizon.

After manual sorting of clay coatings found in FOR Bt-horizon (63–
73 cm), their mean bulk density was determined by the kerosenemeth-
od (Monnier et al., 1973) using 21 replicates. Aggregates that have been
manually sorted for bulk density determination had a granulometric
clay content of 311 g.kg−1, whereas the corresponding horizon had a
clay content of 217 g.kg−1. This clay size fraction enrichment confirmed
the fact that these aggregates were actually clay coatings.

Kubiena boxes of 150 × 80 × 50 mm were used to extract undis-
turbed soil samples. After each eluviated horizonwas sampled, soil sam-
ples were taken at regular 10–20 cm intervals in the Bt-horizons in
which clay coatings were supposed to be abundant (Fig. 2). Then we
collected one box for each Bt/C horizon and C/Bt horizon, respectively,
because clay coatings were hypothesized to be less abundant in these
horizons. In the case of CULT, we extracted a supplementary box from
the C-horizon at 1.5 m depth.

2.3. Micromorphological approach and quantification

Oncewehad taken vertically undisturbed soil blocks in both profiles,
we oven-dried and impregnated them under vacuum with polyester
resin. After polymerization, large thin sections (6 × 14 cm) were pre-
pared following the procedures of Guilloré (1985). A micromorpholog-
ical examination was done from 20× until 400× with a polarizing light
microscope (Eclipse 50iPol, Nikon) and all thin sections were described
according to the terminology of Bullock et al. (1985) and Stoops and
Vepraskas (2003). Clay illuviation features such as clay coatings, clay
infillings, clay intercalations and papules, i.e., fragments of clay coatings,
were quantified by the samemicromorphologist using a point-counting
approach (Amonette, 1994; Murphy and Kemp, 1987). A mean of 480
points per thin section was counted at regular intervals of 4 mm.
These parameters were selected in order to limit absolute counting
Fig. 2. Sampling procedure in FOR and CULT profiles.
error while avoiding excessive counting time (Grove and Jerram,
2011; Ulery and Drees, 2008; Van der Plas and Tobi, 1965). This ap-
proach enabled us to detect and quantify the frequency of the fea-
tures of interest in each thin section, and to determine their areal
proportions (Gargiulo et al., 2013; McKeague et al., 1980; Weibel
et al., 1966). As a first approximation, areal proportions were used
to estimate volumetric proportions, as proposed by Anderson and
Binnie (1961) and FitzPatrick (1984). Point count errors were esti-
mated by using Van der Plas and Tobi's (1965) chart, which is a stan-
dard tool to assess uncertainty in point-counting results (Howarth,
1998). We verified that the operator who did the determination
tended to be consistent between point counts by recounting selected
sets of thin sections (standard deviation of 3% maximum, Table A in
Supplementary data file).

2.4. Mass balance calculations

Mass balance is a classical way to estimate the amount of fine parti-
cles lost by the A/E horizons and gained by the Bt-horizons. Calculations
were performed considering i) granulometric clay fraction asmobile el-
ement j and, ii) coarse granulometric fraction as invariant within soil
profile (Agbenin and Felix-Henningsen, 2001; Nordt et al., 2004; Oh
and Richter, 2005; Quénard et al., 2011). The coarse granulometric frac-
tion was approximated using the coarse silt and sand content of each
soil horizon.

The overall mass flux for any soil volumemj,flux in g ⋅cm−2 was then
calculated for each element j using the following equation proposed by
Brimhall et al. (1991) and modified by Egli and Fitze (2000):

mj;flux ¼
1

100
� ρref � Cj;ref � Th� τ j;w

1þ εi;w
ð1Þ

where the subscripts ref andw refer, respectively, to the soil volume
taken as a reference and to the weathered product, Cj,ref. is the concen-
tration of j in the reference parent material in weight percent, Th is
the thickness of the considered horizon, and ρref is the bulk density of
the reference material in g ⋅cm−3. The two functions εi,w and τj,w refer,
respectively, to the strain and to open-system mass-transport. They
were defined by Brimhall et al. (1991) to represent, for εi,w, the soil-
volume change over time using an immobile element i and, for τj,w,
the mass fraction of element j gained or lost from the weathered prod-
uct with respect to the mass originally present in the parent material.
They were calculated according to the following equations:

εi;w ¼ ρref � Ci;ref

ρw � Ci;w
−1 ð2Þ

τ j;w ¼ C j;w � Ci;ref

Ci;w � C j;ref
−1 ð3Þ

Volumetric strains andmass fluxes were calculated using the parent
material characteristics based on the C-horizon characteristics of the
CULT profile. Errors involved in the calculationswere estimated accord-
ing to the following rules:

for C ¼ Aþ B or C ¼ A−B; ΔC¼ΔAþ ΔB ð4Þ

and for C ¼ A� B or C ¼ A
B
;
ΔC
C

¼ ΔA
A

þ ΔB
B

ð5Þ

with A, B, and C being variables andΔA,ΔB, andΔC the uncertainties
related to A, B, and C. The analytical errors were set to 5% for the
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contents in the fine and coarse soil fraction and for the volume occupied
by the different soil volumes. Errors related to bulk density measure-
ments were determined thanks to their respective standard deviations.

2.5. Statistical analysis

The effect of land use change on illuviation was analyzed thanks to a
second-order polynomial model taking into account the land use, the
depth and the square depth. Such square depth model was chosen in
order to represent the typical distribution with depth of the clay size
fraction that increases with depth until it reaches a maximum in the
Bt-horizons before decreasing towards the C-horizon. Denoting by Yuk
the percentage of illuvial features in a thin section, the linear model
(M1) is defined by:

M1ð Þ Yuk ¼ mþ au þ b� depthuk þ c� depth2uk þ du � depthuk þ f u
� depth2uk þ Euk

where u stands for the land use, k the observation number, depthuk
(respectively depth2uk) the depth (respectively the square depth) for
observation kwith land use u and Euk independent identically distribut-
ed random normal variables.

The effect of land use u is captured by the coefficients au, du, fu, there-
fore the model M1 is compared (thanks to a nested model test) to the
simpler model M0:

M0ð Þ Yuk ¼ mþ b� depthuk þ c� depth2uk þ Euk

where no coefficient depends on the land use.
The integration of the parametric expression of the expected curve

linking depth to the proportion of illuvial clay provides the area under
the curve (AUC) given by: (m+au)*(dephthmaxu -depthminu)+
(b+du) *1/2 *(depthmaxu

2 -depthminu
2)+(c+ fu) *1/3 * (depthmaxu

3 -
depthminu

3), where depthmaxu and depthminu are respectively the
maximal andminimal depths for land use u. Therefore, the difference
between two AUC corresponding to different land uses u and v can be
tested with the contrast: (m+au) * (dephthmaxu -depthminu) -
(m+av) * (dephthmaxv -depthminv)+(b+du) * 1/2 * (depthmaxu

2 -
depthminu

2) - (b+dv) * 1/2 * (depthmaxv
2 -depthminv

2)+(c+ fu) * 1/
3 * (depthmaxu

3 -depthminu
3) - (c+ fv) *1/3 * (depthmaxv

3 -depthminv
3.)

According to standard linear regression theory, this contrast follows
a Student distribution. All statistical analyses have been carried outwith
the R software (R Core Team, 2013).

3. Results and discussion

3.1. Macromorphological analysis and analytical measurements

The surface A-horizon of FOR is 10-cm thick (Fig. 1),whereas the Ap-
horizon of CULT is 25-cm thick and is overlying a plow pan of several
centimeters (Ap2). While the E-horizon is subangular blocky and
30-cm thick in the FOR profile, the CULT profile displays a 14-cm thick
heterogeneous blocky E/Bt horizon.

Underneath, both profiles present a progressive development of the
illuviated horizons (105-cm thick for FOR and 95-cm thick for CULT) in-
cluding separate Bt/C and C/Bt illuviated horizons mixed with
decarbonated loess. Clay coatings are visible to the naked eye until the
C-horizon reached at 145 cm depth for the FOR profile and at 140 cm
depth for the CULT profile. Redoxic features are detected along profiles
especially in the CULT one undoubtedly due to a change in parentmate-
rial at the bottom of profiles (clay with millstone at 160 cm depth) and
to regular perched water table (Table 1).

Both soils are showing similar clay size fraction distribution with
depth with i) an expected clay content increase in Bt-horizons and
ii) a maximum clay content reached in the Bt/C horizons (Fig. 3 and
Table 2). The maximum clay content of 314 g ⋅kg−1 is observed at
90 cm depth in CULT whereas the maximum content of 320 g ⋅kg−1

appears deeper (105 cm depth) in FOR. While FOR profile displays
greater amounts of granulometric clay from 0 to 30 cm and from 95 to
140 cm depth, CULT profile shows higher clay contents than FOR from
30 to 95 cm.

The organic carbon content in the cultivated plot displays an
homogeneous content of 9 g ⋅kg−1 until 30 cm depth due to plowing
homogenization whereas in the forested soil, it is mainly restricted to
the A-horizon (0–10 cm) with a content of 30.5 g ⋅kg−1. From 31 cm
to the basis of both soil profiles, the organic carbon content stays be-
neath 5 g ⋅kg−1 (Fig. 3 and Table 2). The pH in the forested soil ranges
from 5.1 (E-horizon) to 8.6 (Ck-horizon) and from 6.6 (Ap-horizon) to
7.7 (C-horizon) under cultivation. The pH in FOR profile is theoretically
more favorable for illuviation (particle mobilization) than under culti-
vation (Quénard et al., 2011; Van Breemen and Buurman, 2002).

3.2. Micromorphological analysis

3.2.1. General characteristics
While the organization between solid and pores is complex in both

profiles (Table 3), porosity abundance tends to vary between 5 to 15%
surface area (Table A in Supplementary data file). Porosity is mostly re-
lated to biological activity as it is made up essentially of channels, pack-
ing voids, and mammilated vughs (resulting from the loose packing of
soil components such as excremental features). Excremental features
such as rough ellipsoidal organo-mineral enchytraeids excrements or
infillings with a bow-like fabric produced by earthworms are well
established all along both profiles (Table 3).

3.2.2. Eluviated horizons
In FOR E-horizon and CULT E/Bt-horizon, large fabric units occur in a

dense groundmass of smaller units with a close c/f related distribution
pattern (Table 3). In case of cultivation, the b-fabric tends to be undiffer-
entiated as tillage in case of cultivation and reworking through faunal
activity under forestmay have prevented particle orientation. The eluvi-
ated E-horizon of FOR profile displays some indications of past distur-
bance: a channel to massive microstructure at 30–35 cm depth
overlying a complex microstructure (granular to vughy) at 35–40 cm
depth with i) aboveground faunal activity features suggesting past
clearance, and ii) subhorizontal planes undoubtedly due to compaction.
In good agreement with historical records, these micromorphological
data confirm that the soil under forest experienced a more complex
land use history than initially thought including episodic cultivation.

3.2.3. Illuviated horizons
Fissure and prismatic microstructure made of physical planar voids

can be regularly observed in subsurface illuviated horizons. Vughs are
still abundant in the C-horizon of the CULT profile (150–160 cm).
While single spaced porphyric c/f related distribution is more regular
in these subsurface horizons, b-fabric tends to be more oriented with
depth (stipple speckled or mosaic speckled to granostriated b-fabrics).

Different types of textural pedofeatureswere identified in each hori-
zon of both soils: limpid or dusty clay coatings or intercalations, papules,
compound layered of silty clay coatings, unsorted or silt infillings, sedi-
mentary crust fragments (Table 3). Clay translocation due to illuviation
is responsible for the formation of clay coatings, i.e., well sorted and ori-
ented clay bodieswith sharp boundaries (Brewer, 1964;McCarthy et al.,
1999; Ufnar, 2007). In the thin sections under study, two kinds of clay
coatings are distinguished: i) yellow to yellow brown, limpid clay,
oftenmicrolaminated ones,with sharp extinction lines and strong inter-
ference colors (Fig. 4), ii) brown to dark brown dusty clay, comprising
small organic particles ormicroparticles of up to 5 μm in diameter, mod-
erately to well sorted, laminated to layered with diffuse extinction lines
(Fig. 5).



Fig. 3. Distribution with depth in FOR and CULT profiles of a/granulometric clay size fraction (g⋅kg−1) b/organic carbon content (g⋅kg−1) c/pH.
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The first kind of clay coatings is typical of primary illuviation
(Jamagne et al., 1987) and is associated with homogeneous and low en-
ergy stratified flow accumulations (Bullock et al., 1985; Fedoroff, 1997;
Table 3
Soil micromorphology.

Horizon Depth
(cm)

Related
distribution
patterna

Birefringence
fabrica

Microstructure Ma

Tex

FOR
E 30–40 Close-por Undiff. 30–35: channel to massive

35–40: granular to vughy
Un

Bt1 40–50 Close-por Stipple-speckled Granular to vughy Du
pa

Bt1 50–60 Close-por Stipple-speckled Channel, fissure and vughy Du

Bt2 70–80 ss-/close-por Granostriated/
mosaic speckled

Channel, fissure and vughy Un
mi

Bt2 80–90 ss-por Granostriated/
mosaic speckled

Vughy, channel and prismatic Un
lam

Bt/C 100–110 ss-/close-por Granostriated/
mosaic speckled

Prismatic, channel, fissure,
vughy

Du

C/Bt 120–130 Close-por Stipple-speckled Channel, vughy, fissure, platy,
vesicular

Un
coa

CULT
E/Bt 30–40 Close-por Undiff. Channel, fissure, prismatic,

granular, subangular blocky
Sed

Bt 50–60 Close-por Stipple-speckled Channel, granular to vughy,
fissure

Du

Bt 60–70 ss‐/close-por Stipple-speckled Fissure, prismatic, vughy to
crumb, channel

Du

Bt 70–80 ss-por Granostriated/
mosaic speckled

Fissure to blocky, channel,
granular, crack

Un
coa

Bt/C 90–100 ss-/close-por Stipple-speckled Channel, fissure, blocky Du

C/Bt 120–130 ss-/close-por Stipple-speckled Channel, blocky, platy Un
coa

C 150–160 Close-por Stipple-speckled Platy, vughy Un
du

a Undiff = undifferentiated; ss = single-spaced; por = porphyric.
Fedoroff and Courty, 1994; Kühn et al., 2010). The second type of clay
coatings is similar to the organo-argillans described by Brewer (1964),
to the clayey part of ‘type b’ coatings described by Jongmans et al.
in pedofeatures

tural Other features

sorted compound layered features Fe–Mn nodules,
excremental

sty clay coatings and intercalations, thin limpid clay coatings,
pules

Fe–Mn nodules,
excremental

sty and limpid clay coatings and infillings, papules Fe–Mn nodules,
excremental

sorted compound layered features, laminated dusty and
crolaminated limpid clay coatings and infillings, papules

Fe–Mn nodules,
passage

sorted compound layered features, silty limpid clay coatings,
inated dusty coatings and infillings

Fe–Mn nodules

sty and limpid clay coatings, papules Passage,
excremental

sorted compound layered features, dusty and limpid clay
tings, papules

Passage,
excremental

imentary crust, unsorted compound layered features, papules Excremental

sty and limpid clay coatings, papules Fe–Mn nodules,
passage

sty and limpid clay coatings and infillings, papules Fe–Mn nodules,
excremental

sorted compound layered features, dusty and limpid clay
tings, papules

Fe–Mn nodules,
passage

sty and limpid clay coatings, papules Fe–Mn nodules,
excremental,
passage

sorted compound layered features, dusty and limpid clay
tings, papules

Fe–Mn nodules,
excremental,
passage

sorted compound layered features, silty limpid clay coatings,
sty clay coatings

Fe–Mn nodules,
excremental,
passage
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(1991) and to the organo-clay coatings observed by Miedema et al.
(1999). They are also due to clay illuviation but as they may contain a
low amount of silt-sized particles (Jamagne et al., 1987) and as they
have a medium to poor orientation (Fedoroff, 1997), they are more re-
lated to successional patterns of deposition and concentration in soils
affected by a change in internal drainage (Adderley et al., 2010). Even
if it is still under discussion (Adderley et al., 2010; Goldberg and
Macphail, 2006; Usai, 2001), dusty clay coatings are generally associat-
ed with cultivation (Brammer, 1971; Gebhardt, 1988) and agric hori-
zons (Stoops and Vepraskas, 2003; WRB, 2014) whereas the limpid
ones are related to unexposed soils with a permanent vegetation
cover (Fedoroff, 1997).

Papules (i.e., fragments of clay coatings (Brewer, 1964)) are ob-
served regularly all along both profiles (Fig. 6). As they aremostly locat-
ed into biological infillings, we firmly believe that they are related to
biological activity. While papules are detected in both cases from the
E-horizon to the C/Bt horizon, limpid and dusty clay coatings are clearly
identified from the top of both Bt-horizons and were still observable in
the C-horizon of the CULT profile.

Thick (N250 μmwidth) and coarse-textured features with a mixture
of clay, silt and organic matter are seen locally in both profiles but espe-
cially in the E/Bt horizon of the CULT one (Fig. 7). These unsorted or
clayey silt compound layered features are similar to the “agricutans” de-
fined by Jongerius (1970) and are classically associated with cultivation
(Jongmans et al., 1991, 2001).

These qualitative results confirm previous macromorphological ob-
servations and granulometric data. They clearly suggest that illuviation
has contributed to the textural contrast and to the specific clay size frac-
tion distribution of both soil profiles. Thesemicromorphological data pro-
vide important additional information regarding macromorphological
description of both soils: i) clay coatings observed in the C-horizon of
CULT profilewere too scarce to be detected in thefield, ii) papules detect-
ed all along both profiles were too small (b100 μm) to be directly visible
to the naked eye, iii) the two main types of illuvial clay coatings (limpid
and dusty ones) were not differentiable macromorphologically due to
their fine textural characteristics. In light of these micromorphological
descriptions, the illuviation process appears to have produced two differ-
ent types of textural pedofeatures: the limpid and the dusty clay coatings,
the latter being considered in the following as an indicator of cultivation.

3.3. Quantification of illuviation intensity and sensitivity to land use change

After having selected the diagnostic features associated with illuvia-
tion, it was possible to quantify them according to our point-counting
approach. Results in Table 4, related to illuvial clay quantification
(areal percentage in thin sections) suggest, as expected, that the abun-
dance of illuvial clay features in E-horizons is low (b1%) and essentially
Fig. 4. Microlaminated limpid clay coating
made of papules. A great variability of illuvial clay abundances can be
underlined in Bt-horizons of both profiles: from 0.7% in the top of the
Bt-horizon of FOR profile (40–50 cm) to 10.2% in the bottom of the Bt-
horizon of CULT profile (70–80 cm). Unexpectedly, both profiles reach
a maximum of illuvial clay percentage in the Bt/C horizon with 14.0%
for the FOR profile and 12.4% for the CULT profile but not in the Bt-
horizon. Deeper, the abundances decrease but remain significant none-
theless since 2.3% of total illuvial clay is still present in the C-horizon of
the CULT profile. The illuviated horizons under study displaymore than
enough amounts of illuvial oriented clay to be classified as argic hori-
zons according toWRB (2014), i.e.,more than1%. The clay illuviation in-
dexes of 876%⋅cm and 862%⋅cm, in FOR and CULT profiles respectively
(Table 4) are indicative of a ‘very high’ degree of illuviation according
to Miedema and Slager (1972). The data obtained in both Bt/C horizons
(14.0% and 12.4% in FOR and CULT respectively) are in accordance with
the highest degree of illuviation recorded in the literature for
subhorizons of the argillic horizon: 6.2 to 19.9% (Kühn et al., 2010).
The degree of reworking is considered as ‘weak’ in the illuviated hori-
zons of both our soils according toMiedema and Slager's (1972) classes.
The results depicted in Fig. 8 suggest that illuvial clay accumulations are
positively correlated with granulometric clay contents (R2 = 0.70).
These results clearly suggest that illuviation has been quantitatively in-
volved in textural contrast and associated clay size fraction distribution
with depth in both profiles.

Among the three quantified kinds of illuvial pedofeatures, the limpid
clay coatings are the most abundant (Table 4). Dusty clay coatings rep-
resent around one third of total illuvial clay in both soil profiles
(Table 4). Papules generally represent between 5 and 10% of total
illuvial clay, except in the C/Bt-horizon of the FOR profile where papules
are particularly abundant (Table 4). The recognition of dusty clay coat-
ings in the FOR profile suggests that illuviation has not only occurred
under a permanent forest vegetation cover but alsoduring someperiods
of cultivation before the last afforestation at least one hundred years
ago. Such a complex land use management history detected in our
FOR site is in good agreementwith othermicromorphological indicators
of past disturbances as discussed above (see Section 3.2.2) and is very
common in this part of France where first local forest clearings for
agro-pastoral purposes dated back from 5400 BP and were generalized
before 4500 BP (Pastre et al., 2015). According to the highly significant
abundance of dusty clay coatings in both soil profiles, the legacy of
anthropic-driven illuviation over the past millennia is far from being
negligible.

With a global mass flux of 15.1 ± 5.7 g ⋅cm−2 for the CULT profile
and of 15.3 ± 6.1 g ⋅cm−2 for the FOR profile (Table 5), it appears that
the last land-use change dated back from at least one hundred years
for the FOR profile and two hundred years for the CULT profile did not
induced a significant effect on total illuvial clay according to statistical
(FOR 70–80 cm) (left PPL; right XPL).



Fig. 5. Some dusty (red arrow) and limpid (white arrow) clay coatings and intercalations (FOR 80–90 cm) (left PPL; right XPL). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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results (p-value associated with Fisher test Pr(NF) = 0.45, Fig. 9). This
result is clearly in accordance with the one obtained by Jagercikova
et al. (2015) on the same soil profiles using a 10Be isotopic approach
and tend to confirm the results previously obtained by Slager and van
de Wetering (1977). On the opposite, Thompson et al. (1990) have
studied very similar soils and land uses and they observed that illuvia-
tion was more expressed in the cultivated soil than under forest. As
the forest in their study has been probably established in the 17th cen-
tury, their forested site experienced a longer period under forest than
our FOR plot.

In addition to a higher amount of agricutans-like pedofeatures in the
CULT profile than in the FORprofile (see paragraph 3.2.3), the CULT pro-
file shows a slightly higher, but not statistically significant (Pr(NF) =
0.14), dusty clay illuviation index at the scale of the entire profile
(Table 4). At the horizon scale, the abundance of dusty illuvial clay coat-
ings is moreover twice higher in the Bt-horizon of the CULT profile than
in the Bt-horizon of the FOR profile (Table 4). All these results are in
agreement with Simpson (1997), who associated a greater frequency
of coarser textural pedofeatures to more intense cultivation. These con-
cordant results suggest i) a qualitative change in the nature of the
translocated particleswith coarser particles andmore abundant organic
rich particles being translocated in CULT than in FOR profile, and ii) a
differentiation of the dusty clay illuviation index between the FOR and
CULT profiles since the last shift in land use.

In good agreement with the general framework of Richter (2007),
two telescoping time scales of anthropedogenesis may be distin-
guished: i) the legacy of human history over the past millennia with
more or less episodic periods of cultivation resulting in the formation
of significant amount of dusty clay coatings in both soil profiles, and
Fig. 6. Papules corresponding to fragments of clay coatings in
ii) active human impacts since the last land-use change that mainly
induced a qualitative change in the nature of the translocated parti-
cles in the direction of more abundant dusty and coarse-textured
features.

3.4. Relative contribution of illuviation to the genesis of textural contrast

CULT C-horizon (with a bulk density of 1.54 g⋅cm−3) contains a con-
siderable amount of illuvial clay, i.e., 26 g ⋅kg−1 based on the estimated
bulk density of 1.75 g ⋅cm−3 for clay coatings. According to these obser-
vations andmeasurements, a correction of the granulometric character-
istics of the CULT C-horizon was carried out. Using this new virtual
reference horizon allowed us to do adequate mass balance calculations
regarding a nonilluviated C-horizon.

As mass balance calculations were done regarding the corrected C-
horizon of CULT profile, we can note that, as expected, the soil-volume
change over time εi,w of the overlying horizon (C/Bt horizon) is low
(Table 6). The FOR A-horizon displays the highest εi,w related to its
high content of organic matter. Bt-horizons of both profiles have
intermediate values of εi,w due to moderate expansion related to clay
accumulation in these illuviated horizons. While A and E-horizons
have very low to negative mass flux values, Bt, Bt/C and C/Bt horizons
have positive mass flux values as high as 8.4 ± 3.5 g ⋅cm−2 in the Bt-
horizon of the CULT profile. These results clearly confirm the occurrence
of clay accumulation in subsurface horizons.

As gains are markedly larger than losses, it can be suggested that
additional processes were involved in addition to illuviation. In order
to assess the relative contribution of illuviation, present mass balance
calculations were compared with illuvial clay mass flux calculations
faunal infillings (FOR 90–100 cm) (left PPL; right XPL).



Fig. 7. Layered silty clay intercalation: agricutan-like feature (CULT 30–40 cm) (left PPL; right XPL).
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presented in Table 5. Three casesmay be identified: i)mass balance flux
is lower than illuviation mass flux in FOR E-horizon, ii) mass balance
fluxes are higher than illuviation mass fluxes in all Bt-horizons and,
iii) mass balance flux values are close to illuviation mass flux values in
the Bt/C and C/Bt horizons of both profiles.

Mass balance flux is negligible in FOR E-horizon whereas its illuvia-
tion mass flux obtained thanks to the micromorphological approach is
equal to 0.5 ± 0.6 g ⋅cm−2. This low gain in clay size fraction, partly
due to the presence of papules, is undetectable by the mass balance ap-
proach as it is counterbalanced by a higher loss in clay size fraction
thanks to eluviation. Quantification of the cumulative effect of these op-
posite phenomena shows that mass balance fluxes are lower thanmass
fluxes, as determinedwith themicromorphological approach, and final-
ly lead to an underestimation of the intensity of the illuviation process.

Bt-horizons display higher clay size fraction gainswith themass bal-
ance approach than with the micromorphological quantification
(Tables 5 and 6). Several complementary hypotheses could explain
such a difference. According to the description of loess deposits, the
first loess deposit, in which Bt-horizons formed, is slightly finer than
the third deposit corresponding to the present C-horizon. It has resulted
in an overestimation of the ratio between the contents of the coarse silt
and sand fraction between the C-horizon taken as reference and the Bt-
horizons, and finally in overestimations of the ε (Eq. (2)) and τ (Eq. (3))
functions. Contrastingly, the micromorphological quantification is not
sensitive to such lithological discontinuities. In addition, as soon as
clay neoformation or microdivision is involved, some gains in clay size
Table 4
Clay coatings and illuviation features amounts (surface percentage) in the different horizons of
according to Van der Plas and Tobi (1965). Illuviation indexes (in %⋅cm) were calculated accor

FOR

Depth (cm) Limpid (%) Dusty (%) Papules (%) Total (%)

E
30–40 0 ± 1% 0.5 ± 1% 0.5 ± 1% 1.0 ± 1%
Bt
40–50 0.7 ± 1% 0 ± 1% 0 ± 1% 0.7% ± 1%
50–60 2.0 ± 1% 2.2 ± 1% 0.7 ± 1% 4.9 ± 2%
70–80 4.9 ± 2% 2.0 ± 1% 0.2 ± 1% 7.1 ± 2%
80–90 7.7 ± 2% 0.5 ± 1% 0 ± 1% 8.2% ± 2%
Bt/C
100–110 11.0 ± 3% 2.3 ± 1% 0.7 ± 1% 14.0 ± 3%
C/Bt
120–130 2.8 ± 1% 2.3 ± 1% 1.6 ± 1% 6.7 ± 2%
C

Illuviation index (%.cm)
590 202 85 876
fraction in Bt-horizons unrelated to the illuviation processmay be quan-
tified by themass balance approach but not by themicromorphological
approach. Finally, illuvial features could have been integrated in the soil
groundmass through biological or physical reworking and reorganiza-
tion processes (Schuylenborgh et al., 1970; Ufnar, 2007) and conse-
quently may have induced an underestimation of illuvial fluxes by the
micromorphological approach.

Contrastingly, the Bt/C and C/Bt horizons show mass balance fluxes
very close to their illuviation mass fluxes (Tables 5 and 6) as well as a
similar or a higher intensity of biological reworking than the Bt-
horizons as measured by the relative abundance of papules (Table 4).
Such results suggest that i) in the Bt/C and C/Bt horizons, lithological
discontinuity, clay neoformation and reorganization processes did not
interfere with illuviation that was the main active process, ii) the inte-
gration of illuvial features through biological reworking did not induced
significant underestimations of themicromorphological fluxes andmay
consequently be neglected at least in the studied soils, and iii) the clay
coatings were particularly stable over time in these two horizons. Final-
ly, at least in soils with a ‘weak’ reworking intensity, the micromorpho-
logical quantification of illuvial features provide a more accurate
quantification of the intensity of the illuviation process than amass bal-
ance approach particularly sensitive to lithological discontinuities as
well as to competing (E-horizon) or synergic (Bt-horizons) processes.

Whatever the occurrence of soil processes like neoformation,
microdivision or lithological discontinuities in some of the different
soil horizons, the total mass flux obtained throughmicromorphological
the FOR and CULT profiles. Absolute counting error with a 95% confidence was determined
ding to Miedema and Slager (1972).

CULT

Depth (cm) Limpid (%) Dusty (%) Papules (%) Total (%)

30–40 0 ± 1% 0 ± 1% 0.3 ± 1% 0.3 ± 1%

50–60 1.3 ± 1% 1.0 ± 1% 0.6 ± 1% 2.9 ± 1%
60–70 5.1 ± 2% 4.0 ± 2% 0.2 ± 1% 9.3 ± 3%
70–80 5.4 ± 2% 4.7 ± 2% 0.1 ± 1% 10.2 ± 3%

90–100 8.4 ± 2% 3.2 ± 2% 0.9 ± 1% 12.4 ± 3%

120–130 6.4 ± 2% 1.7 ± 1% 0.6 ± 1% 8.7 ± 2%

150–160 1.6 ± 1% 0.7 ± 1% 0 ± 1% 2.3% ± 1%

560 245 57 862



Fig. 8.Correlation between illuvial clay frompoint-counting results (areal percentage) and
granulometric clay size fraction (g⋅kg−1) for all studied thin sections.

55O. Sauzet et al. / Geoderma 266 (2016) 46–57
quantification represents between 75% in the CULT profile and 86% in
the FOR profile of the gains calculated thanks to the mass balance ap-
proach. Even if the micromorphological point-counting quantification
can lead to an overestimation of the illuvial clay amounts partly due to
edge effect (Murphy and Kemp, 1984), illuviation is thus by far the
most important process in the genesis of the textural contrast in the
soils under study.
4. Conclusion

To quantify illuviation matter fluxes separately from all other soil
processes implying clay size fraction, the method proposed here relies
on an exhaustive quantification of clay coatings abundance at a micro-
scopic scale and the determination of their bulk density after selective
manual sampling. In addition to being in very good agreement with
more classical macromorphological descriptions and bulk analyses,
demonstrating that its results can be interpreted with a good level of
confidence, thismethod is not invalidated by lithological discontinuities
or by the presence of other accessory soil processes like clay
neoformation or microdivision, frequently encountered under the field
conditions. The micromorphological quantification of illuvial clay coat-
ings is a promising way to improve the accuracy of the quantification
of illuviation intensity and consequently to provide new insight on the
process of illuviation and on its sensitivity to land use change.
Table 5
Illuvial clay mass flux in FOR and CULT profiles (clay coatings bulk density = 1.75 ±
0.12 g ⋅cm−3).

Horizon Thin sections
used

Horizon thickness
(cm)

% Illuvial
clay

Flux
(g ⋅cm−2)

FOR
E 30–40 30 1.0 0.5 ± 0.6
Bt1 40–50 25 2.8 1.2 ± 0.6

50–60
Bt2 70–80 25 7.6 3.3 ± 1.3

80–90
Bt/C 100–110 30 14.0 7.3 ± 2.5
C/Bt 120–130 25 6.7 2.9 ± 1.2
Sum (profile) 15.3 ± 6.1

CULT
E/Bt 30–40 14 0.3 0.1 ± 0.3
Bt 50–60 35 7.5 4.6 ± 1.8

60–70
70–80

Bt/C 90–100 20 12.4 4.3 ± 1.6
C/Bt 120–130 40 8.7 6.1 ± 2.1
Sum (profile) 15.1 ± 5.7
As a first example, the micromorphological quantification of clay
coatings result in demonstrating that illuviation was responsible for
75% and 86% of the textural contrast in the cultivated and forested
soils, respectively. Illuviation was thus by far the dominant factor caus-
ing textural differentiation in the two Luvisols under study, even if ac-
cessory processes involving the clay size fraction were also at play,
such as lithological discontinuity, clay neoformation, or biological and
physical reworking.

In addition, the quantification of high amounts of dusty clay coatings
in the soil profile under forest for at least the last hundred years clearly
underlines the sensitivity of illuviation to past periods of cultivation and
the legacy of anthropedogenesis on the present soil properties. Similar-
ly, the recognition of “agricutans” and the slight increase of dusty clay
coatings abundance in the cultivated soil in comparisonwith the forest-
ed one, taken as a reference, point out the fact that illuviation is strongly
sensitive and reacts rapidly, at least qualitatively, to changes in soil
properties impacted by land-use management such as soil cover, soil
water dynamics, soil pH or soil organic matter content, to name just a
few.

All these results strongly support the conclusions that illuviation is
active in soils under present climatic conditions and must no more be
considered as a fossil process. More work is needed, however, to better
constrain the temporal dynamics of the illuviation process and its sensi-
tivity to key soil properties.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.geoderma.2015.11.035.
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Table 6
Final mass balance calculations in FOR and CULT profiles.

Horizon Depth
(cm)

Thickness
(cm)

εHorCcult ζj.HorCcult Flux
(g ⋅cm−2)

FOR
A 0–10 10 0.6 0.1 –
E 10–40 30 0.2 0.0 –
Bt1 40–65 25 0.1 0.4 2.5 ± 1.0
Bt2 65–90 25 0.2 0.8 4.2 ± 1.8
Bt/C 90–120 30 0.2 1.2 8.0 ± 3.4
C/Bt 120–145 25 0.1 0.5 2.9 ± 1.2
Gains sum 17.6 ± 7.5

CULT
Ap 0–25 25 0.1 −0.2 −0.9 ± 0.4
A2 25–31 6 0.1 −0.1 −0.2 ± 0.1
E/Bt 31–45 14 0.2 0.3 1.1 ± 0.4
Bt 45–80 35 0.3 1.2 8.4 ± 3.5
Bt/C 80–100 20 0.2 1.2 5.2 ± 2.2
C/Bt 100–140 40 0.1 0.6 5.5 ± 2.3
C N140 10 0.0 0.0 0.0 ± 0.0
Gains sum 20.1 + 8.4
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