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Summary

Studies relating macro- and microscopic aspects of impacts of long-term contaminative practices on soils

are scarce. We performed such an approach by assessing the fate of metal pollutants in an area close to

Paris, where sandy Luvisols were irrigated for 100 years with urban waste water. As a result, these soils

display strong accumulation of organic matter, dissolved salts and metal pollutants in surface horizons,

but also migration of metals to depth. We examined soil development and metal distribution patterns in

two irrigated soils, in comparison with a non-irrigated reference soil. Soil macromorphological character-

istics were studied in the field. Soil micromorphology and micro-scale metal distributions were both

studied in situ in thin sections, the latter by synchrotron X-ray mapping. Microscopic study focussed on

characteristic parts of the Ap and Bt horizons, mainly involved in metal retention. For Ap horizons,

both large and diffuse metal concentrations were revealed, mainly associated with organic matter and

dissolved components added by irrigation water. For Bt horizons, zinc accumulation was detected on

clay-iron coatings. Our results suggest that with time, a double metal-filtering capacity has developed in

these sandy Luvisols: in the Ap horizon, an anthropogenic filter resulted from input of metal pollutants

together with highly reactive organic matter, carbonates and phosphates, thus favouring metal immobi-

lization and limiting migration to depth. In the Bt horizon, the evidence is of a second, natural filter.

However, this filtering capacity is endangered by clay destruction due to ferrolysis, as revealed by

micromorphology. Ferrolysis, here initiated by intensive irrigation practices, leads to a reduction of the

natural filtering potential and an increasing risk of metal transfer towards the groundwater.

Introduction

Land management and agricultural practices greatly influence

soil quality via soil organic matter (SOM) dynamics, soil biota,

and soil structure (Droogers et al., 1996; Six et al., 1998).

Long-term contaminative land practices such as the intensive

use of fungicides were shown to lead to the development of

different soil profiles within one soil series (Jongmans et al.,

2001, 2003). Currently, information about relations between

changes in macro- and microscopic soil characteristics and the

fate of metal pollutants is scarce. Long-term irrigation of agri-

cultural land with waste water is an example of land use that

may strongly impact on soil quality and development. The use

of urban waste water for irrigation is a worldwide practice,

driven by different agronomic or environmental motives, i.e.

water-shortage, fertilizing effects, low-cost filtering of waste

water and, at the same time, production of water-demanding

crops. The benefit of such an approach for agricultural pur-

poses is generally accepted, but the quality of waste water has

widely declined over the second half of the 20th century, espe-

cially in many western countries (Cebula, 1980). In view of

this, many studies have stressed major environmental risks

related to waste water irrigation of agricultural crops, risks

caused by an increasing amount of mineral and organic pollu-

tants present in soils and in crops (Flores et al., 1997; Haiyan

& Stuantes, 2003).

In France, urban waste water generated by the western Paris

agglomeration has been recycled since the end of the 19th cen-

tury, before re-entering the hydrological network. For this pur-

pose, thousands of hectares close to Paris, mainly composed of

extensively used coarse-textured alluvial soils and sandy Luvi-

sols, were irrigated, either for intensive dissipation of waste
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water (especially bare or fallow land) or for agricultural pro-

duction (mainly food crops and maize). The economic benefit

was noted as early as the 1890s by an appreciable increase of

productivity of these sandy soils for food crops (Risler, 1897).

For about 100 years, huge amounts of waste water, with mean

annual rates estimated at approximately 2000 litre m�2 (Védry

et al., 2001) percolated through these soils. There is no doubt

about the efficiency of the filtering function of these soils when

observing today the thick (up to 60 cm), sticky, black to dark-

brown, clearly anthropogenic surface horizons in these sandy-

textured soils, due to the accumulation of large amounts of

fine organic matter and dissolved mineral components (Baize

et al., 2002; Lamy et al., 2006). Particularly since the second

half of the 20th century, large amounts of organic and metal

pollutants also were added via the waste water and accumu-

lated predominantly in the surface horizons. Nevertheless, evi-

dence was found for migration to depth of metal pollutants, in

particular Zn and Cd, and for their interception and accumu-

lation in the illuvial Bt horizons (Dère et al., 2006, 2007; Lamy

et al., 2006). However, the interception of Zn and Cd in clayey

B horizons was not systematically observed in all waste-water

irrigated soils (Lamy et al., 2006). Therefore, several questions

arose regarding: (i) the different associations between metal

pollutants and soil constituents governing metal retention in

the surface and in deeper soil horizons, and (ii) the various

potential effects of long-term intensive land use on soil charac-

teristics and development.

The aim of the present work was to assess impacts of long-

term irrigation with urban waste water on agricultural land in

termsof soil composition and fabrics, and to relate them tometal

microscale distribution patterns. To this end, we compared two

Luvisol profiles under long-term, waste-water irrigation with

a non-irrigated reference soil of the same Luvisol. Microscale

distribution patterns of metal pollutants on selected soil constit-

uents and micro-structures were studied by elemental mapping

in undisturbed soil thin sections by means of synchrotron facil-

itatedmicro-fluorescence (m-SXRF). The elemental correlations

obtainedwere used to provide insight intometal pollutant incor-

porationdynamics, i.e. characteristic interactions betweenmetal

pollutants and soil constituents and/or microfabrics.

Materials and methods

Site description

The study site is located in the north-eastern part of an approxi-

mately 1200-ha area (Pierrelaye-Bessancourt) of polluted waste

water irrigated market garden agrosystems (Figure 1). The geo-

logical substratum is a hard Lutetian limestone and covered by

a Quaternary deposit of wind-borne quartzose sand mixed with

lime particles (Baize et al., 2002). The soils are dominantly

sandy Luvisols (FAO-UNESCO-ISRIC, 1988), occurring on

a gently sloping plateau location. Pedogenesis started with

complete carbonate dissolution down to about 80 cm, fol-

lowed by clay translocation, resulting in the formation of an

eluvial E over an illuvial Bt horizon. Near to the edge of the

limestone plateaux, Calcaric Cambisols occur, due to trunca-

tion of the soil mantle.

At the end of the 19th century, the almost flat topography of

the plateau, in combination with the sandy texture of the surface

horizons, was considered favourable to the infiltration of thou-

sands of m3 ha�1 year�1 of urban waste water. With time,

however, this water became more and more loaded with min-

eral and organic contaminants, including metal pollutants.

Mean concentrations of metal elements in raw waste water

were estimated at 0.4 mg Zn litre�1, 0.05 mg Pb litre�1,

0.9 mg Cu litre�1, and 0.005 mg Cd litre�1, by Védry et al.

(2001). These authors reported an average total metal input

for 100 years in the soils of these waste-water irrigated areas of

8.1 kg ha�1 for Cd and 1621 kg ha�1 for Zn. However, a great

variability in metal concentrations within an irrigation field

can be observed today (Bourennane et al., 2006).

Selection of soil profiles and sampling strategy

The selection of study sites was based on an exhaustive pedo-

geochemical soil survey of 470 samples taken in surface horizons

samples of the Pierrelaye Bessancourt irrigation area (Baize

et al., 2002; Dère et al., 2006, 2007; Lamy et al., 2006). The

results highlighted a generally strong accumulation of organic

C (0.8–8%), P (0.2–1.3%), secondary carbonates (2–6%) and

of metal pollutants (150–3500 mg Zn kg�1, 80–1300 mg Pb

kg�1, 20–800 mg Cu kg�1, and 1–40 mg Cd kg�1) (Baize

et al., 2002). For the present study, we selected two soils under

intensive waste-water irrigation in one irrigated field (P1, P2),

and one profile outside the irrigation perimeter (R) represent-

ing the non-irrigated reference soil (Figures 1, 2). P1 and P2

were chosen for their large contents of organic carbon and

metals in the plough layer and the clear accumulation of Zn in

the Bt horizon, thus enhancing the detection of distinctive

metal distribution patterns in thin section studies. Both soils

Figure 1 Location of the waste-water irrigation area, north-east of

Paris, with indication of the position of the polluted (P1, P2) and the

reference (R) soils (d) with respect to the position of irrigation water

outlets (5) in the irrigation field studied. N184 is a national highway.
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were under market garden management until the 1970s and

since then have been under continuous maize cropping,

whereas the R soil is still used today for food crop production.

The three study soils are developed under comparable pedo-

climatological conditions, on the same limestone plateau, and

with a comparable topographical location in well-drained posi-

tions, thus allowing a comparison of their morphological char-

acteristics. Exhaustive physicochemical data of these soils were

presented by Lamy et al. (2006) for the P1 and R soils (desig-

nated as PC01 and R-DBZ, respectively), and by Dère et al.

(2006, 2007) for the P2 soil (designated as ‘contaminated soil’).

Some selected major chemical characteristics of the Ap hori-

zons of the three soils, which emphasize the markedly larger

concentrations of organic C, and total P, CaCO3, Zn, Pb, Cu

and Cd in the two polluted soils in comparison with the refer-

ence soil, are presented in Table 1.

At each soil site, a large pit of about 1m � 1 mwas excavated

until the hard limestone (0.8–1-m depth). On three of the walls,

macro-morphological characteristics of horizons and their

genetic interpretation were studied. For the analyses, bulk sam-

ples of several kilograms were collected in all soil horizons dis-

tinguished in the field. Undisturbed samples for microscopical

study were collected in cardboard boxes (7 cm � 7 cm) in three

replicates in the surface horizon, in and at the boundaries of

deeper soil horizons, thereby assuring that all morphological

features were representatively sampled.

Methods

Field characteristics and horizon designation were examined

using FAO guidelines for soil description (FAO, 2006). Bulk

samples were air-dried, ground and sieved to 2 mm and quar-

tered sub-samples were stored for chemical analyses. Organic

carbon contents (ISO 142-35, AFNOR, 1996) were determined

following current international standardized methods. Total

element concentrations were determined afterwards by tri-acid

(HF, HClO4 and HCl: NF X31-151, AFNOR, 1996) digestion

of sub-samples. Concentrations of Ca, Zn and Cu were deter-

mined by inductively coupled plasma - atomic emission spec-

trometry (ICP-AES), and Pb and Cd by mass spectrometry

(ICP-MS).

The undisturbed samples were impregnated under vacuum

with polyester resin (synolith 544, Euroresins Benelux BV,

Budel, the Netherlands), and after polymerisation, thin sections

of 30-mm thickness were prepared according to the methods of

FitzPatrick (1970). These were studied with a petrographic

polarizing light microscope by means of plane and crossed

polarized light and described according to the terminology of

Stoops (2003). Additional 3 cm � 4.5 cm uncovered thin sec-

tions were prepared on ultra-pure silica Suprasil� glass slides

for spectroscopic study.

Synchrotron X-ray microfluorescence (m-SXRF) was per-

formed at LURE (Orsay, France) on small areas, ranging from

0.2 mm2 to 2 mm2 on thin sections to determine major (Si, K,

Ca, Ti, Fe and Mn) and trace elements (Cr, Ni, Zn, Cu and

Pb). These areas were selected after careful micromorphologi-

cal study and considered to be representative of characteristic

microfabrics and features observed in surface and subsurface

horizons of the P1 and P2 soils. Altogether, more than 10

metal distribution maps were made with replicates on compa-

rable microfabrics and features in the two soils showing great

similarities in metal distribution patterns. Elemental maps

were produced with a 20-mm beam spot, excitation X-ray

energy of 14 keV, at room temperature on the bending magnet

beam line D15A. As measurements were performed in ambient

atmospheric conditions, the detection of Cd was inhibited by

the presence of argon (Chevallier et al., 1996). Spatial resolu-

tion was 25-mm step size for (x, y). The advantage of this tech-

nique is its good detection limit (;1–10 mg kg�1) for elements

with atomic number > 20 (Chevallier et al., 1996), which is

favourable for studies of the distribution of heavy metals. This

technique can be applied on uncovered thin sections as well as

on separated particles (van Oort et al., 2006; Labanowski

et al., 2007), providing semi-quantitative results, with metal

concentration expressed in counts per step-size and acquisition

time. Although well adapted for the detection of small metal

contents in solid matter, the dwell-time for representative

Figure 2 Schematic presentation of morphological development of

the studied soils P1 (a), P2 (b), and R (c).

Table 1 Selected chemical data from the plough layer of the P1, P2 and

R soils, analyses performed on quartered sub-samples of several kg of

bulk samples from the Ap horizon

Soil pH

Org C P CaCO3 Zn Pb Cu Cd

/g kg�1 /mg kg�1

P1 7.4 41.8 6.7 40 1053 568 299 7.1

P2 7.3 30.4 5.7 28 982 436 259 4.7

R 8.1 7.9 1.3 18.4 33 16.5 7.6 0.23

Distribution patterns of metal pollutants in waste water irrigated soils 927
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acquisition of a given trace metal element requires a compro-

mise between reliable detection of the metal and the size of the

analysed surface, with respect to a limited number of runs

available each year. The obtained m-SXRF spectra were pro-

cessed using VIRESYME software (Wang et al., 1993).

Results

Macromorphology

Selected macromorphological data of the soil profiles studied

are presented in Table 2. A first, striking, aspect of the waste-

water irrigated soils P1 and P2, was the prominent black colour

(10 YR 3/1–3/2 under field moist conditions), observed in the

plough layer, as well as their friable and sticky consistency,

despite the sandy texture. Strong effervescence with ca 1 M

HCl pointed to the presence of CaCO3, ascribed to secondary

carbonates formed by precipitation from evaporating waste

water. The presence of some allochthonous fragments in the

Ap horizons of these soils attested to occasional additions of

household waste refuse, a current practice in market garden

soils. The Ap horizons were frequently thicker than 40 cm

(Figure 2), sometimes partly developed in the eluviation hori-

zon as a result of deep ploughing. The abruptness of the tran-

sition from the Ap to the E horizon was a second striking

aspect. The sandy textured, non-calcareous, bleached eluvial

soil horizon had a brownish grey to dull yellow orange colour

(10 YR 7/3) in the upper part, and was very friable. A third

striking characteristic was observed in the lower part of this E

horizon, where irregularly shaped, faint to distinct, coarse,

bright orange-brown (7.5 YR 6/6 to 5/6 in P1) and dull red-

dish brown mottles (5 YR 5/6 in P2) occurred. Their number

and size increased towards the Bt horizon. In the upper few cm

of this Bt horizon, discrete grey/orange-brown iron mottling

was also noted and the mottles in both horizons suggested the

occurrence of pseudogley phenomena in the sandy E overlying

a less permeable Bt horizon. As a result, the boundary

between the eluvial and illuvial horizons was gradual and

irregular to broken. The non-carbonated Bt horizon is of

clayey sandy texture and a brown to reddish brown (7.5 YR

4/6–4 YR 5/6) colour, with a firm and sticky consistency.

The C1 horizon displayed strong effervescence. Alternating

zones with pale grey-yellow colours (2.5 YR 8/4) were observed

and corresponded to carbonate-rich areas; more brownish

colours (10 YR 6/5) were ascribed to the weathering of carbo-

nates and the liberation of clay and iron compounds. In the

Ck2 horizon (> 80 cm), the amount of pale brown to pale

yellow hard carbonate rock fragments increased.

The Ap horizon of the R soil was bright brown (10 YR 4/4).

Effervescence was less strong, and the consistency was friable to

loose. The Ap was about 30 cm thick (Figure 2) and contained

some allochthonous fragments ascribed to various additions

related to market garden land use. No mottling was observed

in the E/Bt transition and horizon boundaries were smooth. T
a
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Micromorphology

The Ap horizon. Optical microscopy images from the thin sec-

tions of the plough layers were consistent with the sandy char-

acter of the three soils studied, with a dominant quartz skeleton

grain composition (Figure 3a–e). In addition, coarse- and fine-

sized particles of anthropogenic origin such as charcoal, fish-

bones, industrial slag or plastic fragments were observed for

the three study soils (Figure 3e).

In the R soil, the fine groundmass (< 20 mm) was composed

dominantly of finely-divided, reddish-brown organic matter,

occurring as thin pseudo-coatings around coarse mineral grains

in a dominant chitonic-related distribution pattern (Figure 3a).

Yellowish-orange clay-iron compounds and few to common (5–

15%), fine and coarse carbonate crystals with characteristic high

interference colours were present (Figure 3d). As the underlying

E and Bt horizons were non-calcareous, the presence of carbon-

ate crystals in the surface horizon suggested an anthropogenic

origin, due to periodic liming.

By contrast, in the Ap horizons of the P1 and P2 soils the

amount of fine groundmass was greater than in the R soil and

occurred as small aggregates in a dominant enaulic-related dis-

tribution pattern (Figure 3b,c), often completely filling simple

packing voids between coarse sand grains. The aggregates con-

sisted mainly of very dark coloured, finely divided organic com-

ponents with no visible cell structure, masking the occurrence of

fine clay and iron compounds. The organic matter was inti-

mately mixed with abundant (40–80%), very fine (5–10 mm)

crystals of carbonate (Figure 3e), related to precipitation of salts

from evaporating irrigation water at the soil’s surface. In addi-

tion, yellowish-green crystals, optically interpreted as iron

phosphates (cf. Figure 5a), and many opaque black, often

coarse silt-sized charcoal particles (Figures 3e, 4a), were fre-

quently observed, corroborating a strong anthropogenic influ-

ence in these waste-water irrigated surface horizons.

Subsurface horizons. In the upper parts of the E horizons of P1

and P2, directly underlying the sharply bounded Ap horizon,

fine groundmass material was occasionally observed, both in

intergranular packing voids and on the surface of skeleton

grains. At the transition towards the Bt horizon, few thin grey-

yellow, grainy, non-translucent clay coatings occurred, exhibit-

ing low birefringence (Figure 3f,g). In the Bt horizons, pure

yellow-orange, translucent clay-iron coatings were observed

with strong birefringence, occasionally filling up simple packing

voids (Figure 3i,j). This occurrence in the Bt was consistent with

the clay illuviation character of the Luvisols. The coatings were

more strongly developed in the Bt of P1 than in that of P2.

Locally, thin (10–30 mm) opaque iron-manganese coatings

covering the clay coatings were observed in the upper parts of

Bt horizons in P1 and P2 (Figure 3i,j), suggesting pseudogley

processes.

By contrast, in the E/Bt and Bt horizons of the R soil (Figure

3h,k), yellowish-orange, translucent clay coatings with a strong

birefringence occurred. These coatings were similar to the trans-

lucent clay coatings observed in the two polluted soils.However,

grainy, non-translucent clay coatings and neo-formed iron-

manganese coatings were absent in the E/Bt and Bt horizons

(Figure 3k), signifying that pseudogleying has not affected the

non-irrigated reference soil.

Thin sections of the Ck horizons of the three soils (not shown

here) showed various stages of dissolution of the limestone, and

the occurrence of large and fine, needle-shaped secondary car-

bonate crystals, and mycelium. Coarse sand skeleton grains,

mainly quartz, feldspars and green-yellow glauconite were lib-

erated, as well as a reddish-brown, fine-textured groundmass

composed of clay and iron oxide, forming the basic mineral

components for soil formation.

Microscale chemical distribution patterns in the P1 and P2

soils

In the selected elemental distribution maps obtained by m-
SXRF, presented in Figures 4, 5, 7 and 8, the maximal detected

counts/run-time were lowered to arbitrarily chosen maximum

values (max’), in order to optimize the contrast between distri-

bution patterns. As a result, both diffusely distributed metal

elements with moderate concentrations and local hot spots of

large concentrations could be assessed in the same map.

Diffuse metal distribution in the Ap horizons. We performed

m-SXRF on a 525 mm � 1250 mmarea of the groundmass of the

Ap horizon of P1 (Figure 4a). The selected surface included the

characteristic enaulic-related microstructure of organic ground-

mass aggregates around coarse-sized skeleton grains (cf. Figure

3b,c,e). A large fragment of particulate organic matter (POM)

occurred in the centre of the section studied as well as a small

iron oxide compound (Fe-ox) in the bottom part. Distribution

maps of Si and K (Figure 4b) coincided with distinct locations

corresponding to grains of quartz (Q) and K-feldspar (F). Cal-

cium was present both in POM and in organic groundmass

aggregates. These observed contrasting distributions were con-

firmed by the absence of K to Si and K to Ca correlations

(Table 3, panel a), and a negative Ca to Si correlation. Iron was

dominantly observed inPOMand in the ironoxide compound. In

addition, notable Fe concentrations were also present in the fine

groundmass, forming a network around coarse skeleton grains.

Distribution maps of Zn and Fe showed great similarities,

confirmed by strong Zn to Fe correlation (r ¼ 0.94, Table 3,

panel a). Lead was also detected in POM and in the organic

groundmass coatings, but it was particularly concentrated in

the iron oxide particle, as confirmed by a strong and increased

correlation coefficient of Pb/Fe when restricting the area of

mathematical analysis from the map to the iron compound

(Table 3, panel a). Copper occurred predominantly in POM

and appeared less strongly associated with iron oxide than Pb,

as confirmed by a decreasing rCu/Fe coefficient when focussing

on the iron oxide particle.
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Figure 3 Optical microscopy images of characteristic soil constituents, microstructures and features studied in soil thin sections of selected hori-

zons of the waste-water irrigated (P1, P2) and reference (R) soils. Detailed descriptions are in the text. (a) Ap horizon of the R soil (PPL, � 100);

(b, c) Ap horizons of, respectively, the P1 and P2 soils (PPL, � 100); (d) detail view of microstructure in the R-Ap horizon, white arrows indicate

calcium-carbonate crystals (XPL, � 200); (e) detail view of the urban organic matter groundmass in the Ap horizons of the waste water irrigated

soils, the blue spot corresponds to a small plastic fragment (XPL, � 200); (f, g) E/Bt horizon of P1 and P2 soils (f: PPL, g: XPL, � 200); (h) E/Bt

horizon of the R soil (XPL, � 200); (i, j) Bt horizons of P1 and P2 soils, respectively, showing iron-manganese coatings (black arrows) covering

yellowish-orange, translucent clay coatings (XPL, � 200); (k) Bt horizon of the R soil (XPL, � 200). Q, quartz; Ca, carbonate; v, voids; PPL,

plain polarized light; XPL, crossed polarized light.
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Local concentrated metal distributions in the Ap horizons. In

Figure 5a, the 575 mm � 375 mm area analysed included an 80-

mm, yellowish-green, and a 60-mm, reddish-brown spherical

mineral phase. They were identified optically as iron and cal-

cium phosphate grains, respectively (noted ‘P’ in Figure 5a).

Maps of the major elements Si, K, Ca and P showed distinct

distributions (Figure 5b) related to the occurrence of large

quartz grains, K-feldspar and the Ca phosphate particle, as

confirmed by the absence of, or negative correlation between,

these elements (Table 3, panel b). Iron was strongly concen-

trated in the iron phosphate grain and in a small Fe-oxide par-

ticle (Fe-ox), visible in the centre of Figure 5a. Calcium and iron

were also detected in the fine organic groundmass, but with

markedly smaller concentrations than in the phosphate and iron

oxide particles. Manganese was present in the Fe phosphate

particle, and occurred more diffusely around the Ca phosphate

particle.

The elements Zn, Pb and Cu showed rather similar distribu-

tion patterns, with large concentrations in phosphate grains,

particularly in the Ca phosphate. This simultaneous presence

Figure 4 Optical microscopy image in crossed polarized light of the characteristic soil groundmass in the Ap horizon of the P1 soil (a) and related

elemental distribution maps obtained by m-SXRF (b). Q, quartz; F, feldspar; C, charcoal; POM, particulate organic matter, Fe-ox., iron oxide

particle; analysed surface, x ¼ 525 mm, y ¼ 1250 mm, acquisition time t ¼ 60 s/25 mm2.
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was underlined by strong correlations between Zn and Cu, Pb

and Cu, as well as Zn and Pb (Table 3, panel b). However,

correlation coefficients between the metals and P were small

(0.5 < r < 0.7), due to the additional diffuse distribution of

Zn, Pb and Cu in the fine organic groundmass. At the scale of

the 575 mm � 375 mm section studied, the correlation between

trace metals and Fe was also poor (0.5 < r < 0.7), as between

metals and Mn (not shown). Detailed examination of the cor-

relation diagrams for Zn, Pb and Cu with Fe (Figure 6)

reveals two lines of data points, illustrating the association of

trace metals with iron in different soil phases: in Ca phosphate

(1), in Fe phosphate or Fe oxide (2), or diffuse presence in the

organic matrix coatings (3). The same trends were observed

for correlations of trace metals with Ca, and with Mn.

Metal distributions at the boundary of the Ap horizon. Ele-

mental mapping was used to evaluate how distinctly the micro-

scale distribution of metal pollutants responded to an in-field

noted abrupt horizon boundary. To this end, we performed m-
SXRFover a 575 mm � 3000mmarea, focussing on theAp / E

horizon transition (Figure 7a). General distribution of Si (Figure

7b) agreed well with the distribution of quartz grains. Silica was

more abundant in the E horizon, corroborating the larger sand

content. Potassium was detected predominantly in the ground-

mass of the Ap horizon, and occurred occasionally between

quartz grains in the E horizon. The distribution of Fe showed

clear concentrations just above the Ap/E transition. In addition,

Fe was largely present in the fine organic groundmass in the Ap

horizon, and to a lesser extent around skeleton grains in the E

horizon. The small iron-rich spot located at (x ¼ 50, y ¼ 1225),

just below the Ap/E limit, corresponded to a small amphibole

particle. Distinct distribution patterns were observed for Ca in

the Ap horizon, corresponding to a coarse carbonate grain, and

to its presence as small secondary carbonate crystals in the fine

organic groundmass. The lack of Ca detection from the very first

mm in the E horizon was striking, consistent with the noted

absence of effervescence in the E horizon as a whole.

Distribution patterns of trace metals were fairly well revealed

in the Ap horizon, despite the short acquisition time (50 s/25-

mm2 beam step-size). They were observed mainly on the fine

organic groundmass, but spots with large concentrations also

occurred, associated with iron-rich components. The distribu-

tion patterns of Zn, Pb and Cu showed strong similarities,

confirmed by strong correlation coefficients (Table 3, panel c).

Like Ca, Pb was not detected in the E horizon, and the transi-

tion of Pb detection at the Ap/E horizon limit was extremely

Figure 5 Optical microscopy view in crossed polarized light of phosphate particles in the Ap horizon of the P2 soil (a) and related chemical distri-

bution maps obtained by m-SXRF (b). Q,: quartz; F, feldspar; P, phosphate minerals; Fe-ox., iron oxide particle; analysed surface, x ¼ 575 mm,

y ¼ 375 mm, acquisition time t ¼ 170 s/25 mm2.
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abrupt. By contrast, Zn was detected in the E horizon, with

a distribution pattern similar to those of Fe and K, suggesting

that Zn was sorbed by the small amounts of clay-iron ground-

mass occurring in the eluvial horizon. In this E horizon, Cu-

concentrations were detected occasionally, coinciding with small

organic fragments, as was confirmed by micromorphology.

Major metal distribution patterns in the Bt horizons. In the

clay-illuviated horizon, m-SXRF was performed on a 625 mm
� 450 mm area, focussing on translucent clay-iron coatings

around quartz grains, centred on a large biopore, with dark-

brown, thin, oxide coatings at the surface (Figure 8a). A quartz

grain with its clay-iron coating is visible in the centre of the

Figure 7 Optical microscopy view in crossed polarized light of the area studied of the boundary between the Ap and E horizons in the P1 soils

(a) and related chemical distribution maps obtained by m-SXRF (b). Q, quartz; Ca, calcium carbonate mineral; analysed surface, x ¼ 600 mm,

y ¼ 3000 mm, acquisition time t ¼ 50 s/25 mm2.
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Figure 6 Selected graphs of Zn to Fe, Pb to Fe, and Cu to Fe correlation of the elemental maps presented in Figure 5, showing two trends of

data points, with three segments corresponding to distinct metal associations with: the Ca phosphate particle (1), the Fe phosphate particle (2),

and the organic groundmass pseudo-coatings (3); results expressed in counts/170 s for 575 mm � 375 mm.
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biopore. The shape and location of the void and the large quartz

grain at the lower right angle confer a particular element distri-

bution patterns, visible in most maps of Figure 8b. The detec-

tion of Si was maximal in sand-sized quartz grains, but the

distribution patterns related to smaller Si concentrations coin-

cided with the network of clay coatings. Distribution maps of

Fe, Ca, K and Ti showed strong similarities, consistent with

a distribution pattern of smaller Si concentrations (except for

the local occurrence of a Ti oxide grain). This related occurrence

of Si, Fe, K, Ca and Ti coincided with the clay-iron plasma, as

confirmed by strong correlations between Ca and Fe, K and Fe,

and Ti and Fe (r ¼ 0.63, increasing to 0.92 when excluding

data from the Ti oxide particle, cf. Table 3, panel d). The

manganese distribution coincided with the location of thin

iron-oxide coatings at the surface of the pore.

The distribution of Zn in the Bt horizon was strongly related

to Fe, and well related to K and Ca (Table 3, panel d). These

results indicate that Zn accumulated predominantly in the clay-

iron coatings. No clear distribution patterns were observed for

Pb andCu in the Bt horizons of P1 and P2, suggesting little or no

migration of these metal pollutants. Ni seemed to be preferen-

tially associated with quartz grains, pointing to an endogenous

origin. No correlation of Ni with Fe, Ca, K or Ti was observed,

whereas r(Ni/Si) rose to 0.69. Chromium showed a strong local-

ized concentration, ascribed to a spinel grain, and distribution

patterns of smaller Cr concentrations coincided with clay-iron

coatings. These results confirm the findings of Lamy et al.

(2006) and Dère et al. (2006), who showed that Ni and Cr con-

centrations in deeper horizons of these waste-water irrigated

soils were representative of the geochemical background.

Discussion

Characteristic associations of trace metals and soil

constituents assessed with m-SXRF

Metal pollution in soils is often referred to as ‘complex’ and

‘heterogeneous’ due to the great variability of mineral and

organic constituents, biological activity and human influences

as underlined in several studies by electron-microscopic and

(micro)-spectroscopic analysis (Jones & Doner, 1998; Manceau

et al., 2002; Jacobson et al., 2007). But by comparing m-SXRF

Figure 8 Optical microscopy view in crossed polarized light of yellowish-orange, translucent clay coatings on the inner surface of voids covered

by thin neoformed iron-manganese coatings in the Bt horizon of the P2 soil (a) and related chemical distribution maps obtained by m-SXRF (b).

Q, quartz; v, void; cl, clay-iron coating; ox, oxide coating; analysed surface, x ¼ 625 mm, y ¼ 450 mm, acquisition time t ¼ 300 s/25 mm2.
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elemental mappings with micromorphological studies, such

heterogeneity of metal distribution appeared fairly clear and

coincides with specific soil constituents, microstructures and

pedofeatures (Leguédois et al., 2004; van Oort et al., 2006,

2007; Jacobson et al., 2007). The limitation of such a combined

approach is the pixel-size resolution of the beam spot used,

which is several orders of magnitude larger than the nano-

metre-sized soil colloids, known for their high reactivity with

metal elements (Kretzschmar et al., 1999). Therefore, metal

distributions related to colloidal clays, iron oxides and/or

humic substances may be assessed by m-SXRF when these col-

loids occur in characteristic pedofeatures, such as distinct clay

or iron coatings (van Oort et al., 2006).

In the Ap horizons of the waste-water irrigated soils studied,

two levels of metal concentrations were revealed with distribu-

tion patterns related to specific soil constituents andmicrostruc-

tures. A first level of locally occurring hot spots of large metal

concentrations coincided with specific soil constituents such as

phosphates, iron oxides and particulate organic matter (POM)

fragments. The great reactivity of these constituents to metal

pollutants is widely documented (Cotter-Howells, 1996;

Fendorf et al., 2004; Labanowski et al., 2007), but such associ-

ations were not often illustrated clearly in situ. The second

level of more moderate metal concentrations was rather dif-

fusely distributed in the fine groundmass composed of finely

divided organic aggregates mixed with secondary carbonate

crystals, present around the coarse skeleton grains (cf. Figures

4, 7). Considering the ubiquity of occurrence of this enaulic-

related microstructure, this second level of metal concen-

trations definitely represents the predominant metal associa-

tion in the surface horizons of the waste-water irrigated soils.

Them-SXRFmetal distributionmaps performedon theAp –E

horizon boundary, (Figure 7), revealed strongly contrasting

geochemical associations, which are related to the occurrence

or to the absence of organic groundmass. These findings imply

that chemical conditions differ totally over a distance of less than

a tenth of a mm. This illustrates remarkably well how rapidly

physicochemical conditions can vary in soils, and consequently,

the importance, when dealing with environmental pollution

problems, of using sampling strategies based on pedological

horizons instead of arbitrarily selected soil depths. In our pol-

luted soils, the simultaneous input of organic matter and dis-

solved compounds is likely to have acted as a sink in terms of

metal immobilization in the surface horizon and prevented their

migration to depth, particularly in the case of Pb.

Copper was detected sporadically in the E horizon and coin-

cided with the presence of small organic matter fragments. This

Cu association corroborated its great affinity for organic matter

(Jacobson et al., 2007; Sebastia et al., 2007, 2008). Zinc was

also detected by m-SXRF in small concentrations below the

Ap horizon boundary, associated with the small amounts of

fine groundmass occurring in the eluvial horizon. But clear

Zn accumulation was demonstrated in the Bt horizon with

distribution patterns coinciding with the occurrence of pure,

Table 3 Correlation coefficients (r) between major and metal elements in distribution maps obtained by m-SXRF (Figures 4, 5, 7, 8)

(a) Ap horizon: diffuse metal distribution (Figure 4); na, not appropriate

Metals/Fe Metals/Major Major

Correlation Zn/Fe Cu/Fe Pb/Fe Zn/Ca Zn/Si Ca/Fe K/Ca K/Si Ca/Si

rmap (n ¼ 1122) 0.94 0.85 0.77 0.63 �0.51 0.59 �0.01 �0.01 �0.52

riron oxide (n ¼ 47) 0.97 0.77 0.92 na na na na na na

(b) Ap horizon: localised metal distribution (Figure 5)

Major Metals/P Metals/Fe Metals

Correlation Si/Ca Fe/P Zn/P Pb/P Cu/P Zn/Fe Pb/Fe Cu/Fe Zn/Pb Zn/Cu Pb/Cu

rmap (n ¼ 384) �0.73 0.47 0.70 0.62 0.47 0.71a 0.60a 0.52a 0.95 0.88 0.91

(c) Ap/E transition (Figure 7)

Metals Metals/Major

Correlation Zn/Pb Zn/Cu Cu/Pb Zn/Fe Pb/Fe Zn/Ca

rmap (n ¼ 384) 0.90 0.88 0.80 0.80 0.70 0.51

(d) Bt horizon: dominant metal distribution (Figure 8)

Major Metals/Major Metals

Correlation Ca/Fe K/Fe Ti/Fe Mn/Fe Zn/Fe Zn/K Zn/Ca Zn/Ti Zn/Mn Pb/Fe Pb/Mn Cu/Fe Zn/Pb Zn/Cu

rmap (n ¼ 494) 0.91 0.88 0.63a 0.27 0.93 0.85 0.84 0.56 0.56 0.36 0.20 0.27 0.37 0.27

aTi/Fe rose to 0.92 after removal of data from Ti oxide grains.
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yellow-orange translucent clay-iron coatings. The great affin-

ity of Zn to phyllosilicates and iron compounds in weakly and

strongly metal-polluted soils has been mentioned frequently

(Baize, 1997; Manceau et al., 2000) and illustrated by m-SXRF

mapping on clay-rich B horizons (Leguédois et al., 2004; van

Oort et al., 2006). These Zn accumulations were in agreement

with the data from Lamy et al. (2006) and Dère et al. (2006,

2007) for Zn concentrations in the Bt horizons of the P1

(322 mg kg�1) and the P2 (420 mg kg�1) soils, compared with

about 36 mg kg�1 measured in the Bt horizon of the R soil.

However, as opposed to other findings (Manceau et al., 2000;

Bataillard et al., 2003; van Oort et al., 2006), no accumula-

tion of Pb was observed for the Mn-rich iron oxihydroxides

(r(Pb/Mn) ¼ 0.2, Table 3, panel d), suggesting the absence of

Pb mobility in colloidal form, as shown recently in other

metal-contaminated soils (Citeau et al., 2003; van Oort et al.,

2006).

Land use and soil development

In addition to great changes in morphology observed in the

surface horizons of the waste-water irrigated soils, impacts of

long-term irrigation practices were also noted on soil features in

deeper soil horizons. Macro- and micro-morphology showed

that in the irregularly shaped and diffuse mottling zone forming

the transition between the E and the Bt horizon, tiny grey-

yellow, grainynon-translucent clay coatings occurred in the con-

tinuity of pure yellow-orange, translucent clay coatings. These

observations strongly suggested that pseudogleying was active

and resulted in a ferrolysis-like process, which affected the lower

parts of theEhorizonat the expense of theBt horizon.Ferrolysis

is a hydromorphic, soil-forming process (Brinkman, 1979),

based on biochemical reduction of iron oxides and re-oxidation

due to alternating reducing and oxidizing conditions in soils.

The process is well known in many tropical regions, with con-

trasting dry andwet seasons, andwas also suggested to be active

in temperate regions as the explanation for strong texture con-

trasts occurring in hydromorphic soils (Brinkman et al., 1973).

Recently, however, Van Ranst & De Coninck (2005) chal-

lenged the role of ferrolysis in temperate soils by putting for-

ward a hypothesis of clay translocation to explain differences

in texture and clay mineralogy. In our study soils, intensively

irrigated over 100 years to give an accumulated water load of

more than 2000 mm year�1 þ 600 mm annual rainfall, the

clay-iron rich Bt horizons were intermittently water-logged

and dried as a result of weekly or monthly flooding. Under

such conditions, ferrolysis is likely to be active. The presence

of neo-formed iron-manganese coatings, observed in the upper

Bt horizons of the P1 and P2 soils, and ascribed to pre-

cipitation of solubilized Fe and Mn cations from destruction

of clay minerals in the E/Bt horizon, was consistent with such

a hydromorphic soil forming process. Iron-manganese coat-

ings covered translucent clay coatings, indicating that clay illu-

viation and pseudogleying occurred not simultaneously but

sequentially and that pseudogley processes developed after

clay illuviation. Such impacts (i.e. the occurrence of grainy,

non-translucent clay coatings in the E/Bt, and neo-formed

iron-manganese coatings in the Bt horizons) were not

observed in the non-irrigated reference soil, which demon-

strated that pseudogleying and ferrolysis were closely related

to waste-water irrigation.

Consequences for metal migration

In terms of metal distribution patterns, the origin of the pre-

cipitated Fe (and Mn) in neoformed coatings is likely to be

related to clay decomposition in the E/Bt horizon where metal

concentrations are small. Consequently, the observed above-

mentioned absence of Pb in the neoformed iron-manganese

coatings in the Bt horizon is consistent with an origin of iron

related to ferrolysis in the overlying E/Bt horizon. Apparently,

this ferrolysis process proceeds with increasing depth. It first

affects the upper part of the Bt horizon by reducing the capacity

of clay fabrics to intercept dissolved metal cations such as Zn2þ

and Cd2þ from the percolating soil solution. As a result, fer-

rolysis is likely to reduce the efficiency of this natural filter for

downwardly migrating metal pollutants, and to increase risks

with respect to their transfer through the bedrock and contam-

ination of the groundwater. When clay destruction due to fer-

rolysis finally affects the entire Bt horizon, migrating dissolved

metal pollutants will no longer be intercepted. Such an evolu-

tion of the soil properties of these sandy Luvisols is, among

others, a possible explanation for the reported presence or

absence of metal accumulation in the clayey B horizons of

soils of the waste-water irrigated area (Lamy et al., 2006).

Conclusions

Two Luvisols irrigated for 100 years with urban waste water

displayed strong metal accumulations and macro- and micro-

morphological features thatwere not observed in anon-irrigated

reference soil. Our study showed that in the surface horizons of

the waste-water irrigated soils, heterogeneous distribution pat-

terns of metal pollutants occurred. At a micrometre scale, m-
SXRF mappings revealed fairly well organised or distinct dis-

tributions. Large metal concentrations were detected locally,

coinciding with the occurrence of specific reactive constituents:

phosphates, iron oxides, and particulate organic matter frag-

ments. Yet, the predominant association of metal pollutants in

these soils was undoubtedly related to more moderate metal

concentrations detected on the omnipresent organic ground-

mass coatings around skeleton grains.

At the scale of soil horizons, metal retention and speciation

was governed by the typical soil constituents and the local geo-

chemical conditions, which may change greatly immediately

after a horizon boundary. Our results demonstrate clearly why

sampling strategies for assessing environmental risk related to
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the incorporation and leaching dynamics of metal pollutants in

soils need to be based on soil horizons instead of arbitrarily

selected soil depths. Finally, ourwork revealed a double filtering

function of the sandyLuvisols formetal pollutants. First, aman-

made filtering capacity has developed in the Ap horizon, due to

the long-term input via the waste water of organic matter, with

carbonates and phosphates largely immobilizing the simulta-

neously added metal pollutants. Second, the clay fabrics in the

Bt horizons act as a natural filter, particularly for Zn, by inter-

cepting dissolved metals in the percolating soil solution. How-

ever, our study showed clay destruction due to ferrolysis

initiated by excessively large irrigation rates and related alter-

nating oxidation and reduction processes. Active ferrolysis

processes would imply a reduction of the filtering capacity of

the Bt horizon, and an increased risk of metal leaching

towards the groundwater.
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