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Summary 

The morphology of the soil is closely associated with water regime and redistribution of solutes. 
We studied in detail two calcareous soils with groundwater representative of the two main hydro- 
geological regimes, one on the plateau and the other in the central depression, of an experimental 
catchment near Roujan in  the South of France. We recorded macro- and micromorphological 
features, and measured the level of the water table and the saturating solution. The morphological 
features were primarily those associated with carbonate redistribution. The forms associated with 
iron and manganese added information. The two groundwater systems behaved differently over 
3 years. The temporary perched groundwater of the plateau was characterized by a small partial 
pressure of COz ( p C 0 z )  and a large pOz, with rapid lowering of the water table (4-6 cm d-I). 
The permanent groundwater of the depression, in contrast, had a larger pCO2 and a small pO2. The 
water table fell more slowly (1 -2  cm d-  ’). Higher up, rapid drying of the profile and release of 
C 0 2  leads to over-saturation of the soil solution with respect to calcite, favouring the formation of 
poorly crystallized micrites, which are characteristic of the plateau system. In the lower part of the 
catchment, persistent waterlogging leads to more marked anaerobiosis (large estimated pCO2) 
favouring the development of large stable rhombohedra1 crystals characteristic of more stable 
hydrodynamic conditions. In both situations, iron and more particularly manganese redistribution 
agrees with the waterlogged state of these soils. 

Redistribution des carbonates et fonctionnement hydrogCochimique de deux sols 
calcaires B nappe en milieu mkditerranken 

Rkssumk 

I1 existe des liens Ctroits entre les traits morphologiques lies ?i la redistribution des ClBments 
chimiques dans les sols et la cinetique des nappes. Cette etude porte sur l’analyse dCtaillCe de deux 
profils de sols calcaires a nappe reprksentatifs des deux principaux ensembles hydrogCologiques- 
plateau et dkpression-d’un bassin versant experimental prbs de Roujan au sud de la France. Ces 
profils ont fait l’objet d’observations macro et micromorphologiques, de suivis piCzomCtriques et 
d’une caracterisation physico-chimique de la solution saturante. Les analyses morphologiques 
concernent surtout les traits lies a la redistribution des carbonates, les formes associees au fer et au 
manganbse etant analysCes B titre complementaire. Trois annees de suivi piBzomCtrique montrent 
que les deux systbmes de nappe presents ont des comportements trbs contrast& La nappe perchCe 
temporaire du plateau caract6risCe par une pression de COz (pCO2) estimee faible et une pO2 forte, 
prksente des vitesses de rabattement rapide (4 B 6 cm j-’). La nappe permanente de la dCpression 
en aval prksente au contraire une p C 0 z  plus importante et une pO2 faible. Les vitesses de 
rabattement y sont plus faibles que prkcbdemment ( 1  B 2 cm j-’). En amont, le dessbchement 
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rapide du profil et le dkgazage du COz conduit i une sursaturation de la solution du sol par rapport 
i la calcite, ce qui favorise la formation de micrites ma1 cristallisks, caractkristiques de ce premier 
systkme. Dans le bas fond, la persistance de I’engorgement entraine une ana6robiose plus marquke 
(pC02 forte) et favorise le mfirissement de gros cristaux rhombobdriques caracte’ristiques de 
conditions hydrodynamiques plus stables. Enfin, dans les deux situations, les redistributions du fer 
et surtout du manganbse confirment I’engorgement de ces sols. 

Introduction 

Redistribution of the chemical elements in soils with excess 
water is associated both with weathering and neoformation and 
with flowing water, which may displace the products formed. 
These mechanisms can be regarded in two ways. There is a 
naturalistic approach which deduces the processes responsible 
for redistribution of the elements from their macro- and 
micromorphological characteristics (e.g. Crown & Hoffman, 
1970; Fanning et al., 1973; Van Vallemburg, 1973; Vizier, 
1974). The second, deterministic approach involves modelling 
and simulation of processes to predict the factors likely to 
affect redistribution, for instance by combining the transfer of 
water and solutes in the same model (e.g. Rieux, 1978; Valles, 
1987; Marlet, 1996). 

The first approach indicates overall soil water regime. 
Conversely, knowledge of water flow kinetics and the paths 
the water takes give a better understanding of the origin of 
certain morphological features. Most research in this field 
focuses on modes of iron redistribution in acid hydromorphic 
soils in temperate climates (Evans & Franzmeier, 1988; 
Faulkner & Patrick, 1992; Patrick & Jugsujinda, 1992; Mokma 
& Sprecher, 1994a,b; Soulier, 1995) or tropical ones (Vizier, 
1989). In contrast, there have been few studies on forms 
associated with carbonate redistribution (Hardan & Abbas, 
1973; Bouzigues et al., 1992), particularly in Mediterranean 
conditions. There are several modes of carbonate redistribu- 
tion, because of the variety of processes that can be involved. 
The latter may be biological, the formation of calcitized cells, 
for instance (e.g. Jaillard et al., 1991), chemical (e.g. Delmas 
et al., 1987), with surface dissolution of carbonate minerals, or 
purely physical, as a result of drying in arid or Mediterranean 
environments (e.g. Kaemmerer et al., 1991; Kaemmerer & 
Revel, 1996). In the latter case, drying can lead to more or less 
rapid over-saturation, which may affect the size and degree of 
crystallinity of the crystals (e.g. AI-Droubi, 1976). 

We have examined the relations between the forms of 
carbonate redistribution and the water regime of calcareous 
hydromorphic soils in a Mediterranean environment. We have 
characterized the morphology of the soils and examined the 
crystalline structure of the redistributed carbonate and com- 
pared them with piezometric measurements and the physico- 
chemical characteristics of the saturating water. The modes of 
iron and manganese redistribution are briefly examined to 
complement information derived from the carbonate-related 
features. Observations and measurements were made at many 

sites in the experimental catchment of the ALLEGRO-Roujan 
multidisciplinary research programme. The results presented 
here are based on two representative profiles of calcareous 
soils with contrasting hydrological behaviour. 

Environment, materials and methods 
The Roujan experimental catchment 

The 90-ha Roujan catchment (Andrieux et al., 1993) is on the 
Languedoc plain 60 km north-west of Montpellier. For many 
decades it has been almost entirely under vines. It has a 
subhumid Mediterranean climate with a long dry season. The 
mean annual rainfall (650 mm) masks great differences both 
within years and from year to year. Rain is generally heaviest 
in October and February. The mean annual temperature is 
1 4 T ,  and the mean temperature of the hottest month, July, is 
23°C. Potential evapotranspiration, intensified by frequent 
winds, exceeds 1000 mm with daily peaks of up to 5 mm 
(Trambouze, 1996). 

The catchment can be divided into four sectors (Fig. 1): the 
plateau rising to 120 m, the terraced slopes, the gentle 
colluvial footslope, and the central depression 80 m above 
sea level. The plateau bears mainly stony red soil with 
secondary carbonates (Chromic Luvisol with secondary 
carbonates, FAO, 1988). The clay soil of the slopes is 
calcareous and is locally affected by seasonal springs, giving 
rise to Calcic Gleysols. The footslope is mantled by calcareous 
soil with a weakly differentiated profile (Calcisols). The soil of 
the central depression is of medium to fine texture and 
characterized by redox mottles (Calcic Gleysol). 

Two spatially differentiated systems of unconfined water 
were identified: the temporary groundwater of the plateau, 
which feeds the springs at the top of the slopes, and the 
permanent groundwater system of the footslope-depression 
sector. 

Observations and pedological analysis 

The results presented here are from two sites. We selected 
them after examining the records of the 500 auger boreholes 
and 60 profile pits used for the survey of the Roujan catchment 
(Andrieux et a!., 1993). The two represent contrasting hydro- 
logical conditions. One is on the plateau (Pl), the other in the 
central depression near the catchment’s outlet (P2). Observa- 
tions made on the nonhydromorphic soil of the footslope are 
also presented for comparison. 
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Fig. 1 Site location and cross-section of the experimental catchment (Andrieux et al., 1993). 

To characterize the morphological features associated with 
the hydromorphy we took cubic blocks of undisturbed soil 
with 10- to 12-cm sides from the various horizons at depths 
down to about 2 m. The features indicating water excess were 
described using a binocular microscope ( x  8 to x 30 magni- 
fication), then a scanning electron microscope (SEM, x500 to 
x 10 OOO magnification). The elements Fe, Ti, Mn, K, Ca, Mg, 
Si, A1 in the morphological features were measured using an 
electron microprobe linked to the SEM. Finally, the crystalline 
nature of the features was examined by ray diffractometry. 

Hydrological monitoring 

Piezometric measurements were made on 15 sites (more than 
40 piezometers). Only readings taken close to the two profiles 
P1 and P2 and on the footslope are reported here. Measure- 
ments were made over 610 days (October 1992 to April 1995), 
during which the rainfall was normal for the time of year. Each 
site is equipped with four PVC tubes, 5 cm in diameter, 

positioned at depths of between 1 &d 5 m. The part of each 
tube above the screen is encased in bentonite to prevent water 
infiltrating down the side of the piezometer. Automatic 
readings are taken at hourly intervals using ultrasonic sensors 
accurate to between 0.5 and 1 cm. Four rain recorders and nine 
rain gauges are distributed over the whole of the catchment. 

Groundwater samples and analysis 

Groundwater samples were collected during 1992 and 1993 to 
establish the physicochemical characteristics of the ground- 
water and to examine their state of saturation with respect to 
the minerals present in the soil. Samples were taken from 
piezometers and wells over the whole of the catchment 
(Ribolzi et ul., 1993) and close to profiles P1 and P2. 

The pH, Eh (redox potential) and temperature were 
measured in situ. Samples were stored in the dark at 4°C in 
polyethylene flasks after microfiltration at 0.45 pm. The C1-, 
Na+ and NO; ions were measured by selective electrode 
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(ORION 84-1 1,  94-17B and 93-07) in conjunction with an 
ionic strength adjuster and interference suppressor. The NO; 
ions were determined within 24 h. Total concentrations of 
K+, Ca2+ and Mg2+ were determined by atomic absorption 
spectrometry (PERKIN-ELMER, 2 IOO), whilst sulphur was 
analysed by plasma emission (JOBIN-YVON, JY24). Finally, 
carbonate alkalinity (i.e. carbonate Acid-Neutralizing-Capa- 
city) was measured by acid titration using the Gran method 
(Gran, 1952) with return titration by NaOH (Vorob’yeva & 
Zamana, 1984; Keller et al., 1987). 

Theoretical tools and thermodynamic model 

When a soil is saturated with water gaseous exchange with the 
atmosphere is reduced (e.g. Sierra et al., 1995). This affects the 
pressure of the carbon dioxide in the soil and increases the 
solubility of the carbonate minerals. In the case of interactions 
between calcite and the soil solution the saturation state of the 
solution can be determined using the following formula for 
calculating the degree of saturation (Scalcite): 

where Q is the product of ionic activity of the solution, and 
K::iiL is the solubility product of calcite (CaC03) at 285 K 
(the average temperature of the groundwater). If Scalcite > 0 
the solution is over-saturated in relation to the mineral; and if 
Scalcite.< 0 it is under-saturated. In other words, log 
K::iik = 9.59 (Helgeson, 1969; Helgeson et al., 1971) if we 
consider the equilibrium: 

CaCO3 + 2H+ ($ Ca2+ + COZ + H20.  ( 2 )  

The theoretical solubility product, log K::iifl: = 9.59, corre- 
sponds to a mineral that is completely pure, ideally crystallized 
and of infinite size. With small grains, the interfacial energy of 
the solid-liquid interface becomes significant (Defay & 
Prigogine, 195 1) and solubility increases in accordance with 
Ostwald-Freundlich’s law: 

k v a  
(3) 

in which [K&, is the solubility of a mineral M of infinite size 
at absolute temperature T ,  [K;] ,  is the solubility of a mineral 
M of radius r, k is the form factor of the solid, v is the molar 
volume of the solid, a is the surface energy of the solid, T is 
the absolute temperature, and R is the perfect gas constant. 

The solubility of the mineral thus approaches infinity as the 
theoretical radius approaches zero. Research into the growth of 
crystals and nucleation shows that the latter is triggered at a 
high solubility [KL], corresponding to a critical radius (rc) in 
accordance with the following equation: 

k v a  
(4) 

Nucleation is thus possible only with large Scalcite values and 
leads to the formation of small crystals. 

We calculated the saturation states of the solutions with 
respect to calcite using the AQUA software ion-pair model of 
Valles & De Cockborne (1992). This model is derived from 
the GYPSOL program of Valles ( 1  987) and Valles & Bourgeat 
(1988), based on the Debye-Hiickel law including the 
deviation function of Scatchard. Equilibrium (2) indicates that 
the solubility of calcite is associated with the partial pressure 
of carbon dioxide (pCO2). The redox processes are likewise 
linked to oxidation in the soil. The equilibrating pressures of 
the COz and O2 (PO?) were evaluated with the AQUA soft- 
ware. The pressure pC02 was calculated using the pH 
measurement in the field and the carbonate alkalinity of each 
solution (BourriC, 1976; Keller et al., 1987), and pO2 was 
evaluated using the Eh and pH measurements (e.g. Fritz, 198 1 ; 
Garcia, 1996). 

RWUIt.5 

Forms of carbonate mineral redistribution 

Secondary precipitation of carbonates is abundant in the 
plateau soil from 50 cm downwards (Fig. 2). It takes the form 
of thin white coatings around numerous aggregates and small 
weathered crystals of calcite less than 5 pm across (Fig. 3). 
Rhizomorphic structures in the form of calcified cells about 
50 p n  across occupy numerous root pores (Fig. 3). On the 
plateau the inherited carbonates (Fig. 2) consist of pebbles 
and stones, some of which weather into a fine white powder. 
They differ from the secondary carbonates in that they are 
fairly evenly distributed in the various horizons and that there 
are well crystallized crystals of average size (20-50 pm) 
present. 

Calcite appears in two main forms in the soil of the 
depression. Whitish pseudomycelia consisting of calcitized 
cells 50-100 p n  in size (Fig. 3) are present from 50 cm 
downwards (Fig. 2 )  and abound in the grey horizon between 
100 and 160- 180 cm. Below 160- 180 cm yellowish-white 
nodules appear, several centimetres in diameter, some of 
which are composed of rhombohedrons of well crystallized 
calcite which may exceed 200 pm (Fig. 3). A few small 
crystals, several micrometres in size and of very variable 
shape, are associated with them. 

The nonwaterlogged footslope soil contains only a few 
whitish threads formed from calcified root cells, 50-100 pm 
in size. They develop occasionally within compacted prisms of 
the cambic horizon structure. 

Manganese- and iron-related morphology 

The morphological features associated with manganese 
redistribution are common in both sectors. On the plateau 
these essentially consist of blackish pellicular coatings several 
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Schematic profiles on the plateau (PI )  and depression (P2): (a) morphology, (b) carbonates, (c) iron and manganese, and (d) duration of 

millimetres in size on the reddish faces of some aggregates. 
These deposits were observed from SO cm downwards and are 
slightly larger and more frequent below 120 cm. Manganese 
appears in the depression almost exclusively in small blackish, 
friable nodules ( 1  -5 mm in diameter). Although rare at the top 
of the profile, these nodules are abundant in the 80- 160-cm 
horizon. In both situations these coatings or nodules consist of 
SO-60% noncrystalline manganese (Fig. 4) and are arranged 
as flaky aggregates (Fig. 3). 

Movement of iron is apparent on the plateau below 120 cm. 
There are zones depleted of iron around roots and around some 
aggregates. In the soils in the depression, the movement of iron 
can be identified by the presence of a few weakly contrasted 
rusty spots several millimetres in diameter and by the very 
faint colour of the matrix between 80 and 160-180 cm 
(chroma value: 2 or under). 

The footslope soils have few iron and manganese mottles 
and nodules, in contrast to the two reference profiles. 

Water table dynamics 

The recharge of the water table beneath the plateau is similar 
to that in the depression (Fig. 5). It rises rapidly after the 
autumn rains, by up to 2 m d-I. The rate at which the water 
table falls, on the other hand, depends on the particular 
location, with considerable variation in the time during which 
the soil is saturated (Fig. 6). 

The water table of the plateau fell rapidly and steadily 
(Fig. 5) ,  at 4-6 cm d-  I ,  as soon as the rain stopped, remaining 
above 1 m depth for 18% of the total period of piezometric 
measurements and above 2 m for 33% of the period (Fig. 2) .  
The water table in the depression initially dropped rapidly to 
0.5 m depth, then remained at between 0.5 and I m until mid- 
June. The rate of lowering varied between 1 and 2 cm d-' 
during this period. In the summer the water table gradually fell 
to 3 m, and it remained between 0 and 0.5 m for 15% and 
between 0.5 and 1 m for 73% of the 30 months (Fig. 2) .  The 
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Fig. 3 .View of morphological features with scanning electron microscope: (a) black nodule rich in manganese (P2, depth 110 cm), (b) whitish 
concentration of calcite (PI, depth 120 cm), (c) calcified roots cells (P2, depth 80 cm), (d) calcareous nodule with large (1 )  and small (2) crystals of 
calcite (P2, depth 170 cm). 

water table beneath the footslope rarely rose above the 3 m 
level (Fig. 5 ) .  

Geochemical characteristics of the groundwaters 

The estimated pCO2 of the groundwater of the depression (up 
to 100 times atmospheric pCO2) was larger than that of the 
plateau (Ribolzi et al., 1993) (Fig. 7). This difference was also 
observed for the two representative sites P1 and P2 (Table 2) .  

The groundwater was mainly over-saturated with respect to 
calcite (Fig. 7) and over-saturation increased as the pC02 
declined. A greater over-saturation was thus observed on the 
plateau, where the pC02 was smaller. In addition, in contrast 
to the pC02,  the equilibrating p02 was less on the plateau 
(Table 2). 

All Eh-pH pairs are within the stability range for ferric iron 
(Fig. 8). The groundwater in the lower part of the catchment is 
more reducing than that of the plateau without, however, 
reaching equilibrium between ferrous and ferric iron. In both 
cases, most measurements were in the manganese reduction 
range (Fig. 9), indicating that the manganese oxides are 
soluble. 

Discussion 

The soil of the plateau 

The rapid lowering of the water table on the plateau explains 
the moderate nature of the anaerobic conditions, characterized 
by a small estimated pC02. The pore space thus liberated 
re-establishes gaseous exchange with the atmosphere. The 
solutions are mainly over-saturated with respect to calcite, and 
over-saturation is all the more pronounced where the COP 
pressure is small (Scalcite maximum 0.5). This process has 
been described by Al-Droubi (l976), Dosso (1980), and Gac 
(1980), and some authors attribute it to the presence of calcites 
of varying solubility as a result of more or less perfect 
crystallization. Valles (1987) attributed it to release of CO;? 
without any precipitation of calcite, the rate of release being 
greater than that of the precipitation of large, well crystallized 
crystals of calcite. This discrepancy between release and 
precipitation rates is traditionally noted in both subterranean 
(e.g. Lastenet, 1994) and surface rivers (e.g. Ribolzi et al., 
1996), where agitation of the water encourages loss of 
C 0 2 .  It is probable that both phenomena occur with the 
water beneath the plateau. The rapid groundwater dynamics 
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between 1 August 1993 and 5 April 1995. 

Variation in groundwater persistence in relation to soil depth 

encourage release of C 0 2 ,  whilst extraction of water by plants 
not only lowers the water table but also dries the pore space 
and leads to a progressive concentration of the soil solution. 
This causes rapid over-saturation in respect of calcite, 
favouring nucleation and the formation of small crystals 
according to Equations (3) and (4) (Ostwald-Freundlich's 
law). For observed Scalcite values of 0.5 and an interfacial 
energy of 0.2 J m-*, a radius of 0.01 pm is obtained, which 
indicates that the solutions are in equilibrium with crystals 
smaller than 1 pm. In these conditions crystals of several 

Table 1 Some physical (a) and chemical (b) properties of two profiles 
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Fig. 7 Saturation diagram with respect to calcite (Ribolzi et al., 
1993) according to Equation (2). Groundwater solutions of the 
depression (0) and of the plateau with its border (0). 

micrometres in size are stable. These observations explain the 
abundance of poorly crystallized micrites in the plateau soils, 
where the coarse pore space dries rapidly. 

As the groundwater of the plateau provides only a slight 
reducing environment, only manganese can be mobilized. 
This result agrees with the presence at 50 cm depth or below 
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<SOa Reduction 

Table 2 Variations with the time of estimated partial pressures 
expressed as log(pO2) and log(pCO2) near sites P1 and P2 

Plateau (PI) Depression (P2) 

Date log(p02) log(pC02) log(p02) log(Pc02) 

24 March 1992 -19.51 -1.67 -25.85 -1.45 
22 April 1992 -21.86 -1.78 -28.24 -1.62 
5 May 1992 -25.85 -1.86 -24.05 -1.53 
15 June 1993 ND ND -28.92 -1.33 
12 January 1993 -27.48 - 1.96 -28.20 - 1.45 
27 January 1993 -25.96 -2.17 -34.86 -1.48 
3 February 1993 -23.29 -1.99 -35.62 -1.46 

< Denitrification 

ND, not determined. 

of pellicular manganiferous deposits. These cover reddish 
aggregates, indicating that they could have been produced only 
after rubefaction (Bornand, 1987). As in acid environments, 
manganese is thus a reliable indicator of hydromorphic 
conditions (Gotoh & Patrick, 1972). 

The soils of the depression 

As on the plateau, the groundwater beneath the depression 
remains only temporarily above 50 cm. It stays longer between 
50 and 100 cm, however, and is almost permanent below this. 
The groundwater’s presence leads to more pronounced anoxia 
than on the plateau, the estimated pCOz being up to 100 times 
that of the atmosphere. At 160 cm and below the soil is 
saturated with water near the theoretical equilibrium with 
calcite (ScalciLe 0). These conditions explain the presence of 
large rhombohedra1 crystals that regularly develop as satura- 
tion approaches zero. They grow in the fine pore space of the 
deep horizons where temporal variations in the chemical 
composition of the soil solution are slight (Valles, 1987). The 
large stable rhomboids in the nodules of calcite are associated 

I I I I I 1 

Fe (OH), Fe (OH); 
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0.4 
2 
6 0.2 ’ 

0.0 ’ 

-0.2 ’ 

1 1  I I I I I 
5 6 7 8 9 

PH 

Fig. 8 Eh-pH diagram of dissolved iron species. Ground- 
water solutions of the depression (0) and of the plateau with its 
border (0). 

with a few small soluble crystals that dissolve when the 
groundwater is recharging, feeding the large crystals and 
contributing to the latters’ gradual development. 

Distribution of the rhizomorphic cells of calcite is uneven 
and varies from one kind of soil to another. These cells are 
more abundant in the grey horizon in the depression between 
80 and 160-180 cm. This type of calcite within cells is 
characteristic of weak gaseous exchanges, notably of COz 
(Jaillard et al., 1991), which diffuses slowly because of the 
presence of the groundwater. A few calcitized cells also occur 
in the footslope soils, but only in very compact layers. 

As far as metallic elements are concerned, the redox 
potential of the groundwater favours the precipitation of 
noncrystallized manganiferous nodules, whilst the long dura- 
tion of saturation explains the small chroma values (Evans & 
Franzmeier, 1988). 

Conclusion 

The forms of carbonate redistribution enable us to infer the 
water regimes in calcareous soils of Mediterranean environ- 
ments differing greatly in terms of age and structural organ- 
ization. The redistribution and forms for iron and manganese 
provide additional clues. Observations can be combined with 
geochemical analyses and piezometric measurements to 
confirm the propriety of the criteria used to characterize soil 
water regimes. 

The size of calcite crystals and their degree of crystallinity 
indicate the behaviour of the water table and duration of 
saturation. Rapid lowering leads to the formation of small, 
poorly crystallized crystals of calcite. Conversely, nearly 
permanent saturation is reflected in the development of 
nodules with large crystals of calcite. Rhizomorphic structures 
have no specific role as indicators of water excess. The latter is 
indicated much more by the abundance of these structures than 

<Mn(lV)+Mn(ll)] 

<NOi Reduction 

I I  I I I I I I I I I I I  
-0.4-0.3-0.2-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

E h / V  

Fig. 9 Sequences of important redox processes at pH 7 in natural 
systems (modified from Stumm & Morgan, 1981), and redox 
potentials of groundwaters in the depression and of the plateau. 
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by their mere presence, which is also possible in nonwater- 
logged soils. 

The features associated with iron and more particularly with 
manganese provide information only on the height of the water 
table. 
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