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32 Abstract

33

34 The sources and potential availability of chromium(Cr) on soils formed on ultramafic rocks were investigated
35 with mineralogical studies and selective chemical extractions. Soil solutions were collected in the field(i) along a
36 soil toposequence under natural vegetation with ceramic cups;(ii) under grass in a mandarin trees plantation with
37 tension-free tube lysimeters. On selected soil solutions, the Cr(VI) was determined colorimetrically with thes-
38 diphenylcarbazide method and total Cr by ICP-AES and speciation of Cr(VI) was performed with theMINEQLq V
39 4.5 software. The main mineralogical sources of Cr were Cr-substituted goethite and chromite. Up to 90 mg kg ofy1

40 Cr was extracted by KH PO , whereas KCl extractable Cr was very low, indicating that exchangeable Cr was mainly2 4

41 in the highly toxic Cr(VI) form in these soils. Under natural vegetation, the Cr concentrations in the soil solutions
42 remained relatively low(-20 mg l ) due to the high retention of the Cr(VI) anions by Fe-oxides. The Cry1

43 concentrations were larger in well aerated colluvial soils, where high levels of Mn-oxides are able to oxidize Cr(III )
44 to Cr(VI), than in piedmont soil where the Mn-oxide content is lower, or in alluvial soils from the lowlands, where
45 waterlogging occurs. Cr concentrations reached 700mg l in the field that was fertilized with high amount ofy1

46 phosphorus, due to the exchange of Cr(VI) with phosphate. In such conditions, toxicity phenomena for crops can be
47 expected.
48 � 2002 Elsevier Science B.V. All rights reserved.
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54 1. Introduction

55 Chromium(Cr) content in soils and rocks rang-
56 es generally from 0 to 200 mg kg (Bourreliery1

57 and Berthelin, 1998). However, in soils developed
58 on ultramafic rocks, Cr contents up to 10 000
59 mg kg have been reported(Stueber and Goles,y1

60 1967; Schwertmann and Latham, 1986). Ecosys-
61 tems developed on ultramafic rocks have been
62 mainly investigated for their botanical and ecolog-
63 ical interest (Baker et al., 1992; Brooks, 1987;
64 Jaffre, 1980; Jaffre et al., 1997; Proctor and Wood-´ ´
65 ell, 1975; Roberts and Proctor, 1992; Whittaker et
66 al., 1954). In New Caledonia, where the outcrops
67 of ultramafic rocks cover 5500 km , accounting2

68 for about one-third of the Grande Terre, these areas
69 are of agronomic interest. Most of the studies on
70 metal bioavailability in these soils have been
71 conducted on nickel(Ni) (Becquer et al., 1995;
72 L’Huillier and Edighoffer, 1996), whereas Cr
73 behaviour has been poorly investigated. One of
74 the main reasons is that Cr of geogenic origin
75 occurs in soils and rocks mostly as chromite which
76 is extremely insoluble. The second reason is that
77 the plant uptake of Cr is generally very low(Jaffre,´
78 1980), unlike to Ni that can be taken up by native
79 vegetation as well as by crops(Jaffre, 1980;´
80 L’Huillier and Edighoffer, 1996).
81 Cr has different degrees of toxicity depending
82 on its oxidation state: the Cr(III ), mainly present
83 at soil pH as CrOH , is rather benign and being2q

84 easily adsorbed in soils, whereas the Cr(VI), pres-
85 ent as HCrO , is highly toxic and soluble(Fen-y

4

86 dorf, 1995). The chemistry of Cr in soils and in
87 natural waters, particularly the conversions
88 between its two oxidation states, has been
89 described by Fendorf(1995), who explain that
90 Cr(III ) can only be oxidized to Cr(VI) by man-
91 ganese oxides, while Cr(VI) is reduced to Cr(III )
92 by organic matter, Fe(II) and sulfites. Some studies
93 indicated that Cr is mobile within ultramafic soils.
94 Soane and Saunder(1959) found appreciable
95 quantities of Cr on cation exchange resins inserted
96 in serpentine soils from Rhodesia. Gasser et al.
97 (1994) found concentrations from 0.1 to 3.2
98 mM l in serpentinitic soils from the Swiss Alps.y1

99 However, Anderson et al.(1973), who extracted

100

soil solution by centrifugation on a range of
101ultramafic soils, reported low Cr concentrations
102ranging between 0.2 and 0.4mM l .y1

103Different studies have shown the high toxicity
104of Cr(VI) to plants. Turner and Rust(1971)
105showed that 0.5 mg l Cr(VI) in nutrient mediumy1

106of soybean decreases the yield and the element
107concentrations of plants for different macro- and
108micro-nutrients. Bini Maleci et al.(1999) also
109showed a marked reduction of root and leaf lengths
110of two species ofCalendula with 1 mg l Cr(VI).y1

111Sharma et al.(1995) showed that the grain yield
112and different metabolic activities were severely
113affected on wheat by the supply of 0.05 mM of
114Cr(VI).
115Thus, the aim of the present work was to
116determine the speciation and the availability of Cr
117in the ultramafic soils from New Caledonia. Min-
118eralogical and chemical extraction studies were
119combined with in situ soil solution collections to
120determine the Cr sources and predict the fate and
121the potential toxicity of Cr for crops growing on
122these soils.

1232. Material and methods

1242.1. Study area and soils characteristics

125The study was carried out on the Ouenarou´
126station (E1668449–S22889) in the south of the
127Grande Terre, New Caledonia. The area corre-
128sponded to the piedmont and valleys of the massifs
129that could be used for agriculture. Climate is
130characterised by annual precipitation of approxi-
131mately 3000 mm with a wet season occurring from
132December to August.
133The soils are Geric Ferralsols(FAO, 1998)
134comprising upslope sedentary soils grading pro-
135gressively downwards towards colluvial and, later
136on, alluvial soils, all deriving from weathered
137peridotites. Different types of soil, essentially relat-
138ed to the topographic position in the landscape,
139have been distinguished along a soil toposequence:
140highly weathered and strongly desaturated soils on
141the piedmont(OUE 1); colluvio-alluvial soils with
142some poorly weathered silicates(OUE 3); alluvial
143soils subject to temporary waterlogging on terraces
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(OUE 4). Their main features are described else-
145 where (Becquer et al., 1995, 2001) and some of
146 their chemical characteristics are presented in
147 Table 1.

148 2.2. Chemical analysis

149 Extractions of exchangeable Cr(III ) and Cr(VI)
150 were performed with 1 M KCl and 0.1 M
151 KH PO (Bartlett and James, 1996), respectively,2 4

152 by shaking 1 g of soil with 25 ml of reactant for
153 1 h at 208C.
154 A modification of the dithionite–citrate–bicar-
155 bonate(DCB) deferrification method from Holm-
156 gren(1967) is used for Cr associated to Fe-oxides
157 (Becquer et al., 2001). Strong acid extractable Cr
158 contents were determined by diacid digestion(2:1
159 HNO :HCl ratio) in a microwave oven. Then, all3

160 the samples were centrifuged at 48 000=g for 20
161 min and the supernatant analysed for Cr by ICP-
162 AES (Jobin Yvon 238).

163 2.3. Mineralogical study

164 X-Ray diffraction (XRD) analyses were per-
165 formed on selected horizons of each profile on the
166 deferrified clay fraction(-2 mm) and on the
167 sandqsilt fraction(2–2000mm). The soil samples
168 were also observed by transmission electron
169 microscopy(TEM) (Phillips CM 20). The finely
170 powdered soil samples were suspended in ethanol
171 under ultrasonication. A drop of suspension was
172 then evaporated on a carbon-coated copper grid,
173 and the preparation was observed with TEM at an
174 accelerating voltage of 200 kV. EDXS analysis of
175 selected particles were carried out using an energy
176 dispersive analysis of X-ray spectrometer mounted
177 on the Phillips CM 20 TEM.

178 2.4. Soil solution collection

179 Soil water samples were collected with ceramic
180 cups samplers (SDEC, France, Catalog no.
181 SPS2xx4BM3) under natural vegetation in plots
182 located in the three soil types studied. After clean-
183 ing with 1 M HCl and washing with ultrapure
184 water, the samplers were inserted into the soil at

185

two depths(0.1 and 0.4 m) with eight replicates
186per depth. Soil solution samples were taken at
187approximately 2-week intervals during the wet
188season, from April to August 2000 and from
189January to April 2001. The samples were acidified
190to approximately pH 2 with pure HNO in the3

191field and stored in the fridge before analysis by
192ICP-AES for their Cr content.
193Cr sorption on the sampler was evaluated. After
194cleaning as indicated previously, the samplers were
195placed in duplicate in bechers containing a solution
196of approximately 100mg l of Cr (96 mg l ofy1 y1

197Cr(III ) as Cr(NO ) or 108mg l of Cr(VI) asy1
3 3

198K CrO ). Then, approximately 800–1000 ml of2 4

199Cr solutions were drawn through the porous sam-
200pler with a vacuum by sub-samples of 100–150
201ml and analysed for Cr as previously. The Cr
202concentrations after extraction through the ceramic
203cup are presented in Fig. 1. The curves showed
204that the sorption of Cr(III ) was practically total
205showing that the ceramic cups are unsuitable to
206monitor the Cr(III ) concentration in the soil solu-
207tions. On the other hand, the Cr(VI) sorption on
208the ceramic is practically nil except for the first
209sampling, where 20–40% of the Cr(VI) was
210sorbed.
211Soil solutions were also collected with tension-
212free tube lysimeters between November 2000 and
213June 2001 in a field located in the colluvio-alluvial
214area with a soil similar to OUE 3. The field is
215planted with mandarin trees and the rows between
216the trees, as well as the lysimeters, are covered by
217grass. As phosphorus availability is very limited
218in this soil(L’Huillier et al., 1998), it had received
219high inputs of phosphorus(P) fertilizers (6 t
220P O ha ), calcium carbonate(2 t CaO ha )y1 y1

2 5

221and compost(20 t ha ) before tree plantation, 4y1

222years before the soil solution collection. Phospho-
223rus was mixed with the soil to two different depths
224(30 and 60 cm). Water is supplied by drip irriga-
225tion. The soil solutions were collected in duplicate
226at 60-cm depth. Then, the two treatments are noted
227P30yC60 and P60yC60 for P incorporated at 30
228and 60 cm, respectively, and for the soil solutions
229collected at 60 cm. On selected soil solutions(ns
23078), the Cr(VI) was determined colorimetrically
231with thes-diphenylcarbazide(DPC) method(Bart-
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Table 1
Main physical and chemical properties of the soils

Sample Profile Horizon Depth of pH Organic
matter

EB EA ECEC Strong acid extractable concentration

origin sampling

H O2 KCl C N Ca2q Mg2q Kq Naq SiO2 Al O2 3 Fe O2 3 MnO2 NiO Cr O2 3
(cm)

(g kg )y1 (cmol kg )y1 (g kg )y1

Piedmont OUE 1 OUE 1–1 0–5 4.6 5.1 36.2 1.62 0.5 0.4 0.1 0.1 0.05 1.7 22 107 623 6 8 31
OUE 1–4 38–57 4.8 5.8 2.4 0.16 0.1 0.1 0.0 0.0 0.04 0.2 17 103 648 9 9 30

Colluvial OUE 3 OUE 3–1 0–4 5.1 5.1 76.3 2.37 9.9 2.4 0.5 0.2 0.07 14.4 91 70 539 8 12 27
OUE 3–4 40–51 5.0 6.1 11.9 0.71 0.2 0.6 0.1 0.0 0.03 1.1 75 72 521 7 11 28

Alluvio-colluvial OUE 4 OUE 4–2 4–9 4.6 4.7 25.4 1.35 0.2 0.5 0.1 0.0 0.03 1.4 73 63 563 7 12 20
OUE 4–3 26–39 5.0 6.2 9.6 0.51 0.1 0.2 0.0 0.0 0.05 0.5 42 95 579 9 10 32

EB, exchangeable bases; EA, exchangeable acidity(Al qH ); ECEC, effective cation exchange capacity measured in 0.5 M NH Cl.3q q
4
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30

31 Fig. 1. Laboratory test on the Cr sorption by the ceramic cup
32 sampler: the concentrations of an initial concentration of 0.1
33 mg l of either Cr(III ) or Cr(VI) were recorded after passingy1

34 of an increasing volume of the solution through the sampler.

39
Table 2

40Extractable concentrations of Cr of the soils 41

Profile Horizon KCl KH PO2 4 CBD Strong acid 42
mg kgy1

43
49OUE 1 OUE 1–1 0.0 8.2 3466 21 210
50OUE 1–4 4.0 82.8 8904 20 530
51
52OUE 3 OUE 3–1 0.0 4.2 6602 18 470
53OUE 3–4 6.5 73.0 7560 19 160
54
55OUE 4 OUE 4–2 2.5 12.6 9072 13 680
56OUE 4–3 5.5 45.8 8120 21 890
57

232

lett and James, 1996) and total Cr by ICP-AES as
233 described previously.

234 3. Results

235 3.1. Chemical extractions

236 The strong acid extraction of soil samples(Table
237 2) showed that the amounts of Cr reached 13 700–
238 21 900 mg kg . The amounts of metals extractedy1

239 by KCl were very low with regard to the content
240 of Cr extracted by strong acids, and reached only
241 6.5 mg kg at maximum in OUE 4–3. However,y1

242 up to 90 mg kg of Cr was extracted byy1

243 KH PO (Table 2). The extraction yield was lower2 4

244 in surface horizons than in deeper ones. The DCB
245 dissolution indicated that an average of 40% of Cr
246 was associated with Fe-oxides(Table 2).

247 3.2. Mineralogical studies

248 The XRD of the sandqsilt fractions showed the
249 presence of spinels. As magnetite could be also
250 present, chromite was not determined with certain-
251 ty. Nevertheless, TEM observations and EDXS
252 analysis revealed the presence of chromite(Fig.
253 2), but it was rare and not detected in all the
254 observed samples. EDXS analysis of goethite par-
255 ticles indicated Cr content ranging from 0.4 to
256 7.9% (atomic) with a mean of 2.2%(Fig. 2).
257 Some differences in Cr content of goethite have
258 been observed depending on the position of the
259 soil sample in the profile and the landscape and
260 on the goethite types(Becquer et al., submitted

261

for publication). These contents and the mineral
262association are in good agreement with those
263expected from the DCB extractions.

2643.3. Soil solution

2653.3.1. Cr concentrations in the soil of the
266toposequence
267Soil solutions collected with the ceramic cups
268contained only Cr(VI), as Cr(III ) is sorbed either
269in the soil or on the cups(Fig. 1). For 2000, the
270concentrations of Cr averaged 4.6, 15.1 and 13.1
271mg l at 0.1 m deep for OUE 1, OUE 3 and OUEy1

2724, respectively(Table 3). The concentrations at
2730.4 m were slightly higher(significant atPs0.05)
274or not significantly different than those at 0.1 m
275for OUE 1 and OUE 3, respectively. However, Cr
276concentration was substantially lower at 0.4 m
277than 0.1 m(significant atPs0.001) for OUE 4.
278The average Cr concentrations decreased progres-
279sively with time(Fig. 3). They were 4 times lower
280for OUE 1 and 2 times lower for OUE 3 and OUE
2814 at the end of the sampling period than at the
282beginning. The same trends were observed at 0.1
283and 0.4 m. For 2001, the concentrations of Cr
284were systematically lower than those of 2000. The
285average Cr concentrations were lower than 5
286mg l except for OUE 3, where they reached 10y1

287and 7.3mg l at 0.1 and 0.4 m deep, respectivelyy1

288(Table 3).

2893.3.2. Cr concentrations in the cultivated soil
290The Cr concentrations of the soil solutions
291collected with the lysimeters averaged 190 and
292555 mg l for treatments P30yC60, P60yC60,y1

293respectively, with maximum concentrations reach-
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61
62

63 Fig. 2. TEM observations(a, b) and EDX spectra(c, d) of a Cr-rich goethite(a, c) and of chromite(b, d).

68
Table 3

69 Mean ("standard deviation) concentrations of Cr in the soil solutions collected at 0.1 and 0.4 m under natural vegetation during
70 2000 and 2001
71

Depth Profile Sample Mean Standard Sample Mean Standard72
m number deviation number deviation73

mg ly174
75

2000 2001
76
85 0.1 OUE 1 32 4.64 3.19 48 2.72 2.33
86 OUE 3 31 15.10 10.28 48 10.04 5.10
87 OUE 4 56 13.06 7.21 40 3.91 2.20
88
89 0.4 OUE 1 54 7.23 5.15 48 3.27 2.93
90 OUE 3 49 12.13 4.95 40 7.30 4.94
91 OUE 4 66 6.62 3.51 48 3.29 3.30
92
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Fig. 3. Time evolution of Cr(VI) concentrations measured at 10(a, b) and 40(c, d) cm depth in the rainy seasons of 2000(a, c) and 2001(b, d) for three locations
(OUE 1, OUE 3 and OUE 4) situated along a soil toposequence under natural vegetation.
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103

104 Fig. 4. Time evolution of Cr concentrations measured at 60 cm
105 depth during the rainy seasons of 2000–2001 in a field highly
106 fertilized with phosphorus(in P30yC60 treatment, P was incor-
107 porated to 30 cm depth, and in P60yC60 treatment, P was
108 incorporated to 60 cm depth).

294

ing 700 mg l for P60yC60 (Fig. 4). The Cry1

295 concentrations of these soil solutions collected
296 under a field fertilized with high amount of P are
297 therefore 10–50 times higher than those collected
298 under natural vegetation(OUE 3). The determi-
299 nations with the DPC method showed that all the
300 Cr was in the Cr(VI) form. Speciation of Cr(VI)
301 performed with theMINEQLq V 4.5 software
302 (Schecher and McAvoy, 1998) showed that more
303 than 99% of the Cr(VI) was in the CrO and2y

4

304 HCrO forms, the proportion between the twoy
4

305 species depending on the pH of the soil solution
306 (Fig. 5).

307 4. Discussion

308 4.1. Cr sources

309 The larger effectiveness of KH PO over KCl2 4

310 indicated that exchangeable Cr was mainly under
311 the anionic form of Cr(VI). The lower levels of
312 exchangeable Cr in surface horizons than in deeper
313 ones were in good agreement with the lower
314 Anionic Exchange Capacity measured in A hori-
315 zons than in Bo(Becquer et al., 2001) and the
316 greater sorption capacity of Bo horizons for phos-
317 phorus(Dubus et al., 1998). In the deep horizons,
318 the KH PO extractable Cr(VI) decreased mark-2 4

319 edly from the piedmont soil(OUE 1) to the
320 alluvio-colluvial soil (OUE 4). As the colluvio-
321 alluvial soils (OUE 3 and OUE 4) are richer in
322 organic matter and OUE 4 is subjected to tempo-
323 rarily waterlogging leading to Fe(II) production,

324

reduction of Cr(VI) to Cr(III ) is thought to occur
325in this conditions(Fendorf, 1995) and can partly
326explain the decrease of Cr concentrations.
327A large part of Cr was associated with Fe-oxides
328in these soils as noticed earlier(Nalovic and
329Quantin, 1972; Schwertmann and Latham, 1986)
330and in such mineral phases, Cr substitute iso-
331morphically for Fe(Schwertmann et al., 1989).
332These compounds are poorly solubilized except in
333waterlogged conditions, where Fe reduction due to
334ferri-reducing bacteria occurs(Quantin et al.,
3352001). In such conditions, Cr solubilisation was
336not observed in batch experiments(Quantin et al.,
3372001), but the amount of Cr associated with poorly
338crystallised Fe-oxides increase(Quantin et al.,
3392002b) indicating a redistribution of Cr species
340into the solid phase to more labile species. Cr that
341was not associated to Fe-oxides was mainly present
342in chromite and therefore unavailable.

3434.2. Cr availability in the soil solutions

344Soil solution analysis allows direct analysis of
345the medium surrounding the roots. Sampling meth-
346ods display various limitations, because the ele-
347ment concentrations may vary substantially
348according to the extraction procedures(Dahlgren,
3491993). For ceramic cup samplers, the retention of
350significant quantities of trace metals occurs on
351certain sampling devices(McGuire et al., 1992;
352Wenzel and Wieshammer, 1995). Cr(III ) sorption
353occurring on the sample devices used decreased
354the concentrations of Cr measured in the soil
355solution. The tube lysimeters are more suitable to
356the collection of both Cr(III ) and Cr(VI) species.
357However, the concentration of the toxic Cr(VI)
358was not affected by the suction cups.
359Cr concentrations in the soil solutions collected
360under natural vegetation were of the same order
361than those reported in other studies for ultramafic
362soils (Anderson et al., 1973; Proctor et al., 1981).
363Gasser et al.(1994) found Cr concentrations rang-
364ing from 0.1 to 3.2 mM l in soil solutiony1

365collected with tension-free lysimeter. However,
366they worked on serpentinic soils with a lot of
367coarse fragments of rocks and they noticed that
368only 28% of Cr was present in dissolved form in
369their samples, the remaining being in colloidal
370form.
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112
113

114 Fig. 5. Abundance of Cr(VI) species in the soil solutions collected in the field calculated withMINEQLq.
371

The decrease of the Cr concentration during the
372 wet season has considerable environmental impor-
373 tance. During the dry season, the oxidation of
374 Cr(III ) to Cr(VI) is expected to occur. Mn-oxides,
375 which have been proved to be the only naturally
376 occurring oxidant of Cr(III ) (Fendorf, 1995), were
377 observed by TEM in OUE 4(Quantin et al.,
378 2002a). Although these compounds were not
379 detected with XRD or TEM in the other profiles,
380 they are thought to occur as expected from hydrox-
381 ylamine extractions(Becquer et al., submitted for
382 publication) and to lead to the oxidation of Cr(III ).
383 Cr(VI) accumulates on Fe-oxides, accounting for
384 the flux of Cr(VI) which takes place at the
385 beginning of the next wet season. During the
386 wetting phase, the redox potential decreases and
387 Cr(VI) can be reduced by both organic material
388 and Fe . This leads to the decreasing of Cr(VI)2q

389 in the soil solution. However, the rate of the
390 chromate reduction has been proved to be gener-
391 ally low, especially when the soil pH is over 4.5
392 (Eary and Rai, 1991). In OUE 4, particularly in
393 the deep horizon OUE 4–3 where waterlogging
394 occurs, the Cr(VI) concentration decreased more
395 sharply than in the other horizons. In OUE 1, the
396 Cr(VI) concentration remained lower than in col-
397 luvio-alluvial soils although waterlogging is not
398 suspected to occur. The amount of Mn-oxides
399 extracted by hydroxylamine hydrochloride
400 (NH OHØHCl) was substantially lower than in2

401 other profiles with contents of 840 to 2200–3000
402 mg kg in OUE 1 and OUE 3–OUE 4, respec-y1

403 tively (Becquer et al., submitted for publication).
404 Therefore, the Cr(III ) oxidation remained probably
405 low in OUE 1.

406

Whereas under natural vegetation the Cr con-
407centrations remained relatively low, under highly
408P fertilized crops, the Cr(VI) concentrations can
409be over 500mg l . Cr concentration in soily1

410solutions is substantially increased after the input
411of phosphorus fertilizers. Due to its anionic nature,
412Cr(VI) has a high affinity for iron oxides and
413XAFS studies show that Cr(VI) forms an inner-
414sphere complex on goethite(Fendorf, 1995). How-
415ever, the greater retention strength of phosphate
416over Cr(VI) (Bartlett and Kimble, 1976) leaded
417to its desorption from the goethite after P fertilizer
418inputs. The Cr concentrations were significantly
419lower in the P30yC60 treatment. The inputs of P
420can desorb the anionic Cr(VI) sorbed on the iron
421oxide surfaces and then to increase the Cr concen-
422trations in the soil solutions. However, when the
423incorporation of P is only made on the top 30 cm
424of the soil, the soluble Cr(VI) can be readsorbed
425between 30 and 60 cm depth leading to the
426decrease of Cr concentration.
427Under highly P fertilized crops, the Cr(VI)
428concentrations can be over 500mg l . Differenty1

429studies have shown that 0.25–1 mg l Cr(VI) iny1

430nutrient culture decrease the yield, the macro- and
431micro-nutrients uptake and different metabolic
432activities of plants(Turner and Rust, 1971; Sharma
433et al., 1995; Bini Maleci et al., 1999). In these
434soils, the very high fixation of phosphorus(Dubus
435et al., 1998) imposes high phosphorus inputs to
436prevent yield limitations for crops(L’Huillier et
437al., 1998). However, the leaching of Cr(VI) after
438these inputs has most probably a harmful effect
439on crops and may have major environmental
440consequences.
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441

5. Conclusion

442 Despite the presence of a large part of Cr in
443 highly insoluble solid phases such as chromite and
444 Cr-substituted goethite, Cr was also present in the
445 soil solutions collected under natural vegetation.
446 The most available fraction was the exchangeable
447 Cr in the highly toxic anionic form Cr(VI). How-
448 ever, its retention on the Fe-oxides limited its
449 concentration below 15–20mg l . Under crops,y1

450 the phosphorus fertilizer inputs increased its solu-
451 bility and Cr concentrations reached 700mg l .y1

452 In these conditions, toxicity phenomena for crops
453 are expected. The potential risk varied according
454 to the position of the soils in the landscape, to
455 their physico-chemical characteristics and to the
456 prevailing edaphic conditions. Cr availability was
457 larger in well-aerated colluvial soils whereas in
458 alluvial soils, where waterlogging occurs, the Cr
459 contents in the soil solutions was limited.
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