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Summary

We have investigated the water retention properties of clayey subsoils horizons
according to the variation of clay characteristics. The horizons studied developed on a
large range of age and facies of calcareous or calcium saturated clayey sediments. The
water retention properties have been studied from —10 hPa to —15 000 hPa water
potential using small clods collected in winter when swelling is at a maximum and
water content close to field capacity. The specific water content and volume of the clods
at field conditions, their specific water content at —15 000 hPa water potential, the clay
content, the organic carbon content, the cation exchange capacity, the N,-BET surface
area and calcareous content were measured. The clay fabric, which is the spatial
distribution of the elementary clay particles, was quantified when the soil was close to
field capacity and we could attribute the whole pore volume to the porosity of the clay

fabric. Our results show that the water retention properties of the clay varies greatly



from one soil to another with respect to the clay fabric. The variation of the latter
depends on the cation exchange capacity, the size of elementary particles and hydric
stress history of the clay. We show that the water retention properties of the studied
clayey soils vary according to the clay content and fabric, the latter being related either
to parent material fabric or to both the hydric history of the soil and size of the

elementary clay particles.

Propriétés de rétention en eau de I’argile au sein de sols développés sur sédiments
argileux : Importance de I'héritage du matériau parental et de I'histoire du sol
Résumé

Nous avons étudié les propriétés de rétention en eau d'horizons B argileux en fonction
des caractéristiques de l'argile. Les horizons étudiés proviennent de sols développés sur
des sédiments argileux calcaires ou calciques d'dge et de facies tres variés. Les
propriétés de rétention en eau ont été étudiees pour un potentiel de I'eau variant de
—10 hPa a —15 000 hPa en utilisant de petites mottes collectees en hiver lorsque les sols
sont a leur gonflement maximal et que la teneur en eau est proche de la capacité au
champ. La teneur en eau et le volume spécifique des mottes lors du prélévement, leur
teneur en eau a un potentiel de I'eau de —15 000 hPa, la teneur en argile, la teneur en
carbone organique, la capacité d'échange cationique, la surface BET et la teneur en
calcaire ont été déterminées. Le mode d'assemblage des particules d'argile a été estimé
en considérant qu'a proximité de la capacité au champ toute la porosité des mottes
pouvait étre attribuée a des pores résultant du mode d'assemblage des particules d'argile.
Nos résultats montrent que les propriétés de rétention en eau de l'argile varient
énormément d'un sol a l'autre selon le mode d'assemblage des particules d'argile. Les
variations du mode d'assemblage des particules d'argile dépendent de la capacité
d'échange cationique, de la taille des particules élementaires et de [I'histoire des
contraintes hydrique de la phase argileuse. Nous montrons ainsi que les propriétés de
rétention en eau des sols argileux étudiés s'expliquent alors par des différences de teneur

en argile et de mode d'assemblage des particules élémentaires d'argile, ce dernier étant



lié soit a un assemblage des particules d'argiles hérité du matériau parental, soit a la fois

a I'histoire hydrique du sol et a la taille des particules élémentaires d'argile.

Introduction

The physical properties of clayey soils are strongly related to both clay content and clay
characteristics such as the mineralogy, the size of elementary particles and the nature of
the cations saturating the electrical charges at the surfaces of particles (Tessier & Pédro,
1987; Quirk, 1994). The clay characteristics control the physico-chemical properties of
the clay and particularly the interparticle swelling, i.e. the clay fabric which corresponds
to the spatial distribution of the elementary clay particles when the water potential and
the nature of the cation vary. Tessier (1984) and Tessier et al. (1992) studied the water
retention properties of pure clays and demonstrated that the clay fabric at a given water
potential is closely related to the former characteristics of the elementary clay particles
but also to the stress history. Bruand & Zimmer (1992) studied the water retention
properties of clayey soils and discussed the role of both the clay mineralogy and stress
history, but the contributions of these two sets of characteristics to the clay fabric
variation remains under discussion.

For buried clayey sediments, the elementary fabric varies with the burial depth, and
this variation would explain the differences of hydraulic properties that are recorded for
clayey sediments, although there is no variation of both the clay mineralogy and cation
saturating the electrical charges at the surface of the clay particles (Vasseur et al.,
1995). Skempton (1970) showed that the elementary fabric is related to the effective
stress as earlier defined by Terzaghi & Peck (1948). Thus, the variation of the
elementary fabric can be explained in terms of material consolidation as reviewed in
some details by Meade (1964) and Rieke & Chilingarian (1974). For soils we do not
know to which stage the soil fabric is related to the stress history of the parent material
and soil itself and what are the consequences on the hydraulic properties. In this study,

we analyse the water retention properties of the non-extracted clay in clay soils



developed on clayey sediments. Our results enable us to discuss water retention
properties according to the clay fabric which depends upon clay characteristics and
stress history, and more generally according to the parent material heritage and soil

history.

Material and methods

The soils studied are Cambisols, Luvisols and Planosols (FAO-UNESCO, 1988)
developed on a large range of age and facies of parent materials that are calcareous or
calcium saturated clayey sediments (Table 1). The clay mineralogy of most of the soils
selected was studied by Robert et al. (1991). Altogether we had 37 clayey subsoil
horizons. The soil water regime was described according to the drainage classes as
earlier defined by the Soil Survey of England and Wales (see Table 6-16 in McRae,
1998) Undisturbed samples 50-100 cm® in volume were collected in winter when the
soil was near to field capacity and as a consequence near maximum swelling. The
samples were stored at 5°C to reduce biological activity and in sealed plastic containers
to avoid water loss. Particle-size distribution was measured using the pipette method
after pre-treatment with hydrogen peroxide and sodium hexametaphosphate (Robert &
Tessier, 1974). Cation exchange capacity (CEC, C. in mmol. per g of oven-dried soil)
was measured using ammonium acetate buffered at pH 7.0, and organic carbon by
oxidation using an excess amount of potassium bichromate in a sulphuric acid
controlled at 135°C (Baize, 2000). The N,-BET surface area (S in m® per g of oven-
dried soil) was measured on a ground sample after drying at 180°C by using an ASAP
2000 Micromeritics (Fripiat et al., 1971). Results were expressed on the mass basis after
dehydration at 105°C. Clods 5-8 cm® in volume were separated by hand from the stored
samples. We measured the specific water content (Ws, in g of water per g of oven-dried
soil), and the specific volume of the clods at field conditions (Vs, in cm?® per g of oven-
dried soil) by using the kerosene method (Monnier et al., 1973). Specific water content
(W, g of water per g of oven-dried soil) at water potentials, ¥; —10, —33, —100, —330,
—1000, —3300, —10 000 and —15 000 hPa was measured using pressure membrane or

pressure plate apparatus. Clods were placed on a paste made of <2 um particles of



kaolinite to establish continuity of water between the clods and the membrane or the
porous plate of the apparatus (Bruand et al., 1996). At —15 000 hPa water potential we
also measured the specific volume of the clods (V1500 in cm? per g of oven-dried soil)
as we did with the clods at field conditions. Specific water content and volume were
expressed with respect to the dry mass of the sample after oven-drying at 105°C for
24 hours. Fifteen clods were used for each sample to determine the mean values of Vs,

V15000, Wr and W at the different values of water potential.

Results and discussion

Cation exchange capacity and N,-BET surface area of the clay

The horizons exhibited a large range of clay content (C, in g per g of oven-dried soil),
Ce, S, Wrand V¢ (Tables 1 & 2). Most of the horizons are non-calcareous (29 horizons)
and for the others, CaCO3<0.095 g g*. The organic carbon content ranged from
0.13x107% (horizon 16) to 1.18x107 g g™ (horizon 7). The water retention properties
showed a wide variety of water content between —10 and —15 000 hPa water potential
(Table 2).

Because the subsoil horizons contained little organic carbon (Table 1), we assumed
that the contribution of the organic matter to the cation exchange capacity is negligible
compared with the cation exchange capacity of the clay. Thus we calculated the cation
exchange capacity of the clay (Cj, in mmol. per g of oven-dried clay) as follows:

Ca=Ce/C. 1)
Results showed that Cq ranged from 0.227 (horizon 17) to 0.666 mmol. g™ (horizon
21) which corresponded to clay with large kaolinite (see sample 12 in Robert et al.,
1991) and smectite (see sample 10 in Robert et al., 1991) contents, respectively (Table
3). The N,-BET surface area can be attributed to the clay fraction solely, the
contribution of silt and sand fractions being negligible for clay soils. Thus we calculated
the N,-BET surface area of the clay (S, in m? per g of oven-dried clay) as follows:
Su=S/C. 2)
Results showed that S ranged from 53.1 (horizon 18) to 139.0 m? g™ (horizon 21)

(Table 3) and that there is a close relation between C and S, (Figure 1). The closeness



of the latter and the small value of C; when Sy = 0 are consistent with the results
recorded by Robert et al. (1991) who made X-ray diffraction, transmission electron
microscopy and cation exchange capacity measurements on the clay extracted from the
soils studied. Indeed, these authors showed that except for horizon 17, which was the
only horizon with a large kaolinite content, clay was essentially 2:1 clay and the
increase in C corresponded to a decrease in the number of layers that constitute the
elementary clay particles. In other respects, the horizon 17 is the point which is the most
distant from the regression line in Figure 1. Thus, the close relation between C¢ and S
would indicate also that the cation exchange capacity results mainly from the
contribution of the external surface of the elementary clay particles and that the

electrical charge density of this surface can be considered as roughly constant.

Clay fabric

The clay fabric can be expressed numerically using the pore volume associated with the
clay. Indeed the specific volume of the clods at the field conditions (V) is related to the
specific volume of solid phase (Vs, in cm® per g of oven-dried soil) and to the specific
volume of pores (Vp, in cm® per g of oven-dried soil) as follows:

Vi= Vs + V. (3)

If Vs is assumed constant, then changes in V; can be attributed solely to changes in the
volume of pores. Thus, V, can be calculated for each sample using Vs = 0.377 cm® g™
which corresponds to a particle density of 2.65. Then because the subsoil horizons were
close to field capacity at the sampling date, we assumed that for the centimetric clods
the volume of cracks and biopores is negligible compared with the pore volume of the
clay, i.e. related to the packing of the clay particles. That assumption is consistent with
the small difference between V, at field conditions which was calculated with Equation
(3) and the volume of water within the clods at the same condition using a water density
of 1 (Table 2). Indeed, that difference was 0.006 cm® g™ (standard error = 0.003 cm® g™)
and corresponded to 2 % of the mean V, calculated for the set of horizons at the field
conditions. Then we calculated the specific pore volume of the clay (Vp, a, in cm® per g

of oven-dried clay) as follows:



Vp,a=Vp/C. 4)
The quantity V, o can be considered as a quantitative expression of the clay fabric
(Table 2). It ranges from 0.337 (horizon 18) to 1.484 cm® g™ (horizon 9) and is not
significantly (P = 0.05) related to C; or Sgi. This lack of relation between V,, ¢ and Cg; or
S¢i suggests that the clay fabric varies independently of the size and mineralogy of the

clay particles.

Water retention properties of the clay
As for the pore volume of the clods, see Equation (4), and on the basis of the same
assumptions, the water retained was considered as located within pores of the clay
fabric, whatever the water potential. Thus the difference of water retention properties
between the samples resulted from variation of both the clay content and water retention
properties of the clay. The latter were calculated by correcting for C the water content
of the horizon (W) at the different water potentials as follows:

Wy =W/C, (5)
where W, is expressed in g of water per g of oven-dried clay. Calculation of W
between —10 and —15 000 hPa water potential using Equation (5) is consistent with the
small difference between V, at =15 000 hPa and the volume of water within the clods at
that potential and using a water density of 1. Indeed that difference was 0.010 cm® g
(standard error = 0.001 cm® g™) which was 4% of V, at 15 000 hPa. Thus as for the
clods at field conditions, the clods can be considered as being saturated at —15 000 hPa
water potential.

Analysis of W, variation at every water potential shows a close relation between W,
and Vp, ¢, but its closeness decreases when ¥ < -3300 hPa (Table 4). The variation of
W, between —10 and —15 000 hPa (AW, ranged from 0.048 (horizon 18) to 0.803 g g™
(horizon 9) (Table 3). For further analysis of the water retention curves with respect to
Vy, o, We grouped them according to AW, (Figure 2). Thus we defined groups 1, 11 and
Il which corresponded to  horizons for  which AWy >0.250gg™,
0.150 < AW < 0.250 g g™* and AWy < 0.150 g g™, respectively. For every group of

horizons we calculated the mean slope of the water retention curve between two



successive water potentials (Table 5). For horizons belonging to group I, the absolute
value of the slope is roughly constant and small for #>-10 000 hPa and it increases
slightly for =10 000 > ¥>-15 000 hPa but remains < 0.100 g g™ per unit of log(- ¥)
(Table 5). For horizons belonging to group I, water release by the clay is more
progressive. The absolute value of the slope remains roughly constant and small for
¥>-330 hPa, and it increases between -330> ¥>-15000 hPa to its largest value
between -10 000 and -15000 hPa. It is >0.100 g g* per unit of log(-¥) when —
1000 < ¥<-15000 hPa (Table 5). Finally, for horizons belonging to group I, the
absolute value of the slope increases when ¥ decreases within the whole range of ¥
studied and becomes > 0.100 g g™ per unit of log(- ¥) when %< -330 hPa. Thus water
is released by the clay in the whole range of water potential studied. There is a great
variation of AW between horizons belonging to group I, clay of horizons 9 and 10
releasing great amount of water even a high water potential.

For group 11, the position of every curve in the graph can be discussed in relation to
Cq. For the horizons 35 and 19, C was 0.624 and 0.310 mmol. g™, respectively, which
was the smallest and greatest C in that group (Figure 2b, Table 3). For the set of
horizons 1, 2, 3, 8 and 31, Cy ranged from 0.442 to 0.609 mmol. g™, and the mean
value was 0.525 mmol. g™ (standard error = 0.010 mmol. g™). For the set of horizons
15, 16, 24, 26, 27, 28, 29, 33 and 37 of which the curves lay below the former set of

1 and the mean value was 0.418

curves, cecq ranged from 0.370 to 0.522 mmol, g
mmol. g* (standard error = 0.009 mmol. g™*). Thus results show a clear trend indicating
that water retained by clay increased with C for group Il. For groups | and Ill, the
position of the curves in the graph is not related to C. Indeed for group I, the horizons
9 and 34 which had close C exhibited different water retention curves, and horizons 4
and 36 which had very different C (Table 3) exhibited close water retention curves
(Figure 2a). For group I11, the set of horizons 5, 13, 14, 21, 22 and 25 with close water
retention curves corresponded to highly variable C; ranging from 0.320 to

0.666 mmol, g™ (Figure 2c, Table 3).



Water retention and soil mechanics

These results can be discussed in terms of soil mechanics. In soil mechanics, the
consolidation curve of a saturated clay material corresponds to a decrease in its void
ratio with the application of an external load which is greater than the greatest external
stress recorded earlier by the material. With regard to the fabric, consolidation
corresponds to a new arrangement of the particles.

Graphically, the evolution of the void ratio (e, ratio of the volume of voids to the
volume of solid) as a function of the effective stress in normally consolidated clays is
the consolidation curve (Figure 3, path ABE) which separates the space of mechanically
unstable states from the space of mechanically metastable states (Parker, 1986;
Charpentier & Bourrié, 1997). When a clayey material is normally consolidated up to
an effective stress of o4 and then unloaded, the evolution of e for a next loading is
described by the path CD which corresponds to the loading of an overconsolidated
material (¢’< o) (Figure 3) and then by the path DE when ¢’> &1 which corresponds
to normal consolidation (Bradford & Gupta, 1986). Because the horizons were
considered as being saturated within the range of water potential studied, the water
retention curves can be considered as consolidation curves under hydric stress. Thus, for
the horizon studied, ¥is related to the pneumatic pressure that was applied to the clods
in the laboratory to determine the water retention properties as follows (Sposito, 1981):

w=-(P - P?, (6)
where P? is the reference state (10° Pa), P — P is the pressure applied to the clods in Pa.
If we consider that when a clod reaches the equilibrium under a pressure of P - P°, the

stress that is applied to the solid phase corresponds to the effective stress (o), then we

have
o’'=-Y¥ (7)
which gives by combining Equations (6) and (7)
o’= (P -PY). (8).

In addition, e at the different o’can be calculated from W, since
e =W (Vw / Vs, cl), (9)



with Vy, the specific volume of water in cm® per g of water and Vs ¢ the specific volume
of the clay in cm® per g of oven-dried clay. Thus, using Vi, = 1 cm® g™ and assuming
Vs o = 0.377 cm®g ™ (reciprocal of 2.65 g cm™), the water retention curves of the clay

(Figure 2) can be discussed as showing the variation of e against ¢

Significance of the parent material heritage and hydraulic history of the soil

We can pursue the discussion above to the significance of the parent material heritage
and soil history. Most of the horizons in group | belong to soils developed on recent
marine, alluvial and colluvial sediments. Horizons 9 and 10 are not or only weakly
affected by desiccation during the dry season because they remain wetted by a water
table throughout almost all the year (Table 1). They have the properties of slightly
consolidated materials, and much of the water retention curve would correspond to the
normal consolidation curve as defined in soil mechanics (Figures 2a & 3) (Charpentier,
1991; Vasseur et al., 1995). Other horizons in group | developed also on recent
sediments but would be more consolidated (Figure 2a) because they are more affected
by desiccation during the dry season (Table 1). The near-horizontal path of the water
retention curve, which corresponds to a range of water potential with small variation of
its slope, is interpreted as the water retention curve of an overconsolidated material. The
water potential at which the absolute value of the slope increases clearly and becomes
>0.100 g g* per unit of log(-¥) could be interpreted as a rough estimation of the
greatest effective stress that was recorded for the horizon. Thus, the effective stress is
estimated as roughly ranging from 330 to 1000 hPa for horizons of group | (Table 5), its
value being smaller for horizon 9 and estimated being 100 and 330 hPa (Figure 2a).

In contrast, for the horizons of group I11 the mean water retention curve had a small
absolute value slope within the whole range of water except between —10 000 and —
15 000 hPa where that absolute value of the slope slightly increases (Table 4). For such
horizons, the greatest effective stress recorded by the horizon would be more than
15000 hPa. The water retention properties would be those of overconsolidated
materials in the entire range of water potential studied, thereby explaining the small

water extraction from —10 to —15 000 hPa (Figure 2c). This interpretation of the results
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is consistent with the fact that most horizons belonging to group 111 were at the bottoms
of the soil profile and showed many morphological characteristics similar to those of
the parent material which was a highly consolidated sediment (Table I). The record of
the greatest effective stress would be related to the presence of Ca?* as main
exchangeable cation on the external surface of the individual clay particles. Such a
behaviour, which has already been observed by Tessier (1984) with calcium saturated
clays, would be related to the closeness of packing of individual clay particles and
consequently to the number of contact points between them for highly consolidated
materials such as marls, marly limestones and molasses. The positions of the electrical
charges in the tetraedral and octaedral layer would lead interparticle forces acting at
these contact points and would be strong enough to restrict swelling when rewetting
occurs (Quirk, 1994). This would explain the stability of overconsolidated horizons,
although the size of the elementary clay particles and the electrical charge as indicated
by cation exchange capacity measurements have decreased much as a result of
weathering. This would explain also the lack of relation between the water retention
properties of the clay and the water regime, which varied from poorly to moderately
well drained (Table 1), and consequently the hydric stress history of the horizons.
Finally, for the horizons of group 11, the absolute value of the slope is small for #> -
330 hPa and it increases when ¥'< -330 hPa to values > 0.100 g g* per unit of log(- )
when ¥<-3300 hPa (Table 5). Most of these horizons belong to soils moderately well
drained and thus submitted to annual wetting—drying cycles that are induced by the
climatic demand in the Paris Basin. In that case the pedological evolution and
particularly the succession of annual wetting—drying cycles would lead to a
consolidation state that corresponds roughly to an effective stress ranging from —3300 to
—10 000 hPa (Table 5). The vertical shift of the curves is related to C, as discussed
above, and would be the consequence of variation of the swelling potential when both

Sq and Cg increase.

Conclusion
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Our results show that the water retention properties of clayey subsoil developed on
calcareous or calcium saturated clayey sediments are related to both the clay content
and clay fabric. When the results are discussed without any stratification there is no
relation between the clay fabric and the cation exchange capacity or the surface area of
the clay. Further analysis using the amount of water released by the clay between —10
and —-15 000 hPa water potential as stratification criteria enabled us to distinguish the
origin of the clay fabric.

For horizons at the bottoms of the soil profile and with many morphological
characteristics similar to those of the parent material, the clay fabric is related to the
parent material clay fabric essentially. For most horizons in moderately well drained
soils in the climate of the Paris Basin, the clay fabric seems to be related to the external
surface of the clay particles and to the electrical charge density on that surface. This
climate would be responsible for the consolidation characteristics of the horizons.
Finally, for horizons that dry little in summer because of their soil water regime and
developed on recent sediments, there is no relation between the water retention
properties of the clay and its characteristics. Such horizons are more weakly
consolidated sediments than subsoil horizons and the hydric stress history prevails on
the clay characteristics to explain the water retention of the clay. More generally, our
results accord with earlier ones of Tessier & Pédro (1987) who showed for pure clays
that the significance of clay characteristics would increase with the value of the greatest
effective stress recorded by the horizon. On the other hand, the horizons that showed
numerous characteristics similar to the parent material can be considered as
overconsolidated materials in the whole range of water potential studied. These
horizons have evolved little and were transitions between the bedrock and the soil.

Finally, the water retention curve of a horizon should be determined within the range
of water potential corresponding to the overconsolidated domain. Every determination
for smaller water potential would induce further consolidation of the material and an
irreversible change of the clay fabric and consequently of the water retention properties.
Thus the water retention properties determined would not correspond to the field

behaviour of the soil under the range of wetting—drying cycles recorded by the horizon
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before the sampling. On the other hand, our results show that the sensitivity of clayey
soils to irreversible evolution of their water retention properties and probably of other
physical properties would increase when the greatest effective stress recorded by the

soil decreases.
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Figures

Figure 1 Relation between the calculated cation exchange capacity of the clay (cec)

and the calculated N-BET surface area of the clay (S¢).

Figure 2 Water retention curves of the clay (W against log(-¥), with ¥ in cm of
water) within the subsoil clayey horizons studied. The water retention curves are
grouped according to the difference of W, between —10 and -15000 hPa water
potential (AWy) : a, group | with AWy > 0.250 g g™, b, group Il with 0.150 < AWy <
0.250 g g™t and c, group 111 with AW < 0.150 g g™.

Figure 3 Evolution of the void ratio (e) as a function of the effective stress (o”). Path
ABE corresponds to normal consolidation, paths BC to unloading after consolidation

up to o1 and paths CD to the loading of an overconsolidated material for o’< o.
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Table 1 Characteristics of the soils studied.

Horizon Drainag  Parent material Depth Clay CaCO;  Organic Cation N,-BET
e content carbon  exchange surface
class? capacity area

Serie (facies)
fem lag* /mmol, g*  /m?*g*

1 MWD Holocene (clay colluvium) 45-55 0.653 0 0.0097  0.355 7.7

2 1D Holocene (clay colluvium) 75-85 0.582 0 0.0080 0.288 67.6

3 MWD Holocene (clay colluvium) 60-70 0.669 0 0.0098 0.360 79.5

4 PD Holocene (clay colluvium) 35-50 0.638 0 0.0101 0.248 51.6

5 1D Holocene (clay colluvium) 75-85 0.706 0 0.0067  0.270 57.5

6 PD Holocene (clay colluvium) 45-55 0.671 0 0.0052  0.221 47.8

7 PD Holocene (clay colluvium) 30-40 0.707 0 0.0118  0.280 52.0

8 MWD Holocene (tidal marsh deposit) 35-45 0.593 0.021 0.0065 0.262 61.1

9 VPD Holocene (tidal marsh deposit) 100-110 0.380 0.067 0.0034  0.198 40.1

10 VPD Holocene (tidal marsh deposit) 82-93 0.594 0.027 0.0034  0.240 59.1

11 PD Holocene (tidal marsh deposit) 55-65 0.577 0.021 0.0039 0.235 59.5

12 PD Holocene (marine deposit) 30-50 0.531 0.095 0.0066  0.246 53.6

13 MWD Pleistocene (silt clay alluvium) 70-80 0.453 0 0.0022  0.145 31.6

14 MWD Pleistocene (silt clay alluvium) 35-45 0.432 0 0.0063  0.149 -

15 MWD Pleistocene (silt clay alluvium) 55-70 0.382 0 0.0020 0.142 31.4

16 MWD Pleistocene (silt clay alluvium) 50 - 60 0.336 0 0.0013  0.158 34.7

17 MWD Pleistocene (silt clay alluvium) 30-60 0.494 0 0.0037  0.112 35.1

18 1D Miocene, Helvetian (molasse) 40-60 0.605 0.016 0.0009  0.152 321

19 MWD Miocene, Helvetian (molasse) 15-30 0.545 0.009 0.0116  0.169 -

20 PD Miocene, Burdigalian (clay deltaic deposit) 105-130 0.718 0 0.0023  0.347 -

21 1D Miocene, Burdigalian (lagunal clay) 85 - 100 0.590 0 0.0040  0.393 82.0

22 1D Miocene, Aquitanian (lacustrine marl) 50-70 0.826 0.005 0.0074 0474 75.0

23 PD Eocene (clay lacustrine deposit) 60 - 95 0.929 0 0.0022  0.350 85.5

24 MWD Lower Jurassic, Pliensbachian (marl) 35-50 0.460 0 0.0053 0.170

25 1D Lower Jurassic, Sinemurian (marly limestone) 30-40 0.672 0 0.0089  0.254 64.7

26 MWD Lower Jurassic, Sinemurian (marly limestone) 45-55 0.714 0 0.0057  0.290 67.1

27 MWD Lower Jurassic, Sinemurian (marly limestone) 60-70 0.683 0 0.0067  0.280 62.2

28 1D Lower Jurassic, Sinemurian (marly limestone) 75-85 0.672 0 0.0052  0.255 61.5

29 MWD Lower Jurassic, Hettangian (marl) 40-50 0.533 0 0.0076  0.220 41.0

30 PD Upper Triassic, Rhetian (clay and marl) 65-75 0.687 0 0.0023  0.303 63.2

31 MWD Middle Triassic, Keuper (marl) 30-45 0.624 0 0.0066  0.380 73.0

32 1D Middle Triassic, Keuper (marl) 24-34 0.665 0 0.0054 0.294 -

33 1D Middle Triassic, Keuper (marl) 60-70 0.568 0 0.0069  0.259 65.8

34 1D Middle Triassic, Keuper (marl) 30-43 0.456 0 0.0050  0.245 51.1

35 MWD Middle Triassic, Keuper (marl) 52 - 66 0.359 0 0.0029 0.224 38.1

36 PD Middle Triassic, Keuper (marl) 42 -60 0.655 0 0.0105 0.354 74.7

37 IWD Middle Triassic, Keuper (marl) 75-85 0.542 0 0.0060  0.283 67.2

Mean 0.592 - 0.0060 0.261 58.9

Standard deviation 0.129 - 0.0034 0.081 16.8

Maximum 0.718 0.095 0.0118  0.474 82.0

Minimum 0.336 0 0.0013  0.112 314

*MWD: Moderately well drained, ID: Imperfectly drained, PD: Poorly drained, VPD: Very poorly

drained.
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Table 2 Specific volume of the soil at field conditions (Vs, in cm® per g of oven-dried
soil) and —15 000 hPa water potential (Visoo0, in cm® per g of oven-dried soil), and
water retained by the soil at field conditions (Wys, in g of water per g of oven-dried soil)
and different water potentials (W, in g of water per g of oven-dried soil).

Horizon Specific volume at: Water retained at:

Field -15000 hPa  Field

condition  water conditions  /hPa

S potential -10 -33 -100 -330 -1000 -3300 -10000  -15000

V15000 Wi

Vs

————————— [ — lgg*
1 0.806 0.679 0.410 0.425 0.423 0.401 0.391 0.380 0.363 0.305 0.283
2 0.760 0.675 0.368 0.383 0.371 0.360 0.358 0.328 0.316 0.281 0.250
3 0.810 0.643 0.415 0.426 0.423 0.412 0.400 0.369 0.367 0.319 0.285
4 0.861 0.708 0.464 0.485 0.474 0.468 0.458 0.418 0.361 0.321 0.295
5 0.703 0.638 0.359 0.368 0.360 0.352 0.344 0.314 0.295 0.262 0.249
6 0.831 0.625 0.360 0.358 0.363 0.360 0.358 0.310 0.305 0.254 0.232
7 0.871 0.682 0.475 0.467 0.463 0.446 0.431 0.410 0.361 0.323 0.295
8 0.748 0.639 0.373 0.381 0.380 0.364 0.368 0.345 0.305 0.275 0.240
9 0.941 0.681 0.553 0.592 0.583 0.573 0.545 0.497 0.431 0.324 0.287
10 0.930 0.678 0.556 0.578 0.572 0.562 0.541 0.509 0.438 0.354 0.305
11 0.796 0.670 0.457 0.464 0.464 0.454 0.442 0.412 0.380 0.320 0.282
12 0.716 0.621 0.344 0.369 0.363 0.349 0.320 0.288 0.269 0.249 0.233
13 0.626 0.579 0.241 0.249 0.250 0.237 0.225 0.214 0.204 0.195 0.185
14 0.602 0.569 0.224 0.236 0.233 0.221 0.214 0.205 0.196 0.187 0.179
15 0.572 0.518 0.182 0.194 0.195 0.184 0.180 0.172 0.158 0.146 0.134
16 0.584 0.531 0.190 0.192 0.193 0.179 0.165 0.163 0.143 0.135 0.133
17 0.621 0.565 0.217 0.215 0.213 0.211 0.205 0.196 0.185 0.170 0.163
18 0.581 0.555 0.193 0.195 0.197 0.189 0.185 0.184 0.173 0.170 0.166
19 0.606 0.554 0.238 0.250 0.245 0.235 0.226 0.218 0.207 0.184 0.167
20 0.674 0.629 0.291 0.318 0.316 0.300 0.291 0.278 0.265 0.249 0.246
21 0.672 0.636 0.310 0.315 0.308 0.304 0.285 0.271 0.261 0.240 0.230
22 0.832 0.727 0.428 0.435 0.428 0.415 0.395 0.377 0.368 0.337 0.332
23 0.762 0.656 0.365 0.375 0.365 0.350 0.340 0.330 0.315 0.299 0.291
24 0.613 0.549 0.241 0.269 0.260 0.242 0.233 0.214 0.185 0.170 0.157
25 0.787 0.626 0.360 0.345 0.346 0.337 0.327 0.301 0.292 0.268 0.248
26 0.830 0.543 0.449 0.465 0.459 0.447 0.435 0.384 0.362 0.290 0.266
27 0.722 0.619 0.354 0.371 0.369 0.366 0.363 0.330 0.306 0.270 0.238
28 0.703 0.603 0.344 0.358 0.350 0.340 0.330 0.300 0.283 0.247 0.226
29 0.641 0.566 0.287 0.305 0.296 0.290 0.276 0.260 0.237 0.214 0.193
30 0.800 0.611 0.406 0.426 0.408 0.390 0.359 0.351 0.332 0.299 0.215
31 0.787 0.665 0.420 0.445 0.434 0.408 0.388 0.380 0.344 0.307 0.292
32 0.725 0.640 0.329 0.341 0.339 0.324 0.312 0.290 0.285 0.270 0.250
33 0.707 0.624 0.310 0.320 0.319 0.306 0.293 0.289 0.266 0.246 0.228
34 0.687 0.619 0.322 0.346 0.337 0.328 0.309 0.290 0.273 0.236 0.218
35 0.649 0.608 0.284 0.300 0.292 0.284 0.274 0.267 0.253 0.235 0.215
36 0.900 0.724 0.506 0.490 0.482 0.478 0.474 0.439 0.400 0.355 0.325
37 0.698 0.586 0.277 0.287 0.290 0.275 0.260 0.249 0.242 0.221 0.214
Mean 0.731 0.625 0.349 0.361 0.356 0.344 0.332 0.312 0.290 0.257 0.237
Standard deviation  0.101 0.052 0.099 0.100 0.099 0.098 0.096 0.087 0.076 0.059 0.052
Maximum 0.941 0.727 0.556 0.592 0.583 0.573 0.545 0.509 0.431 0.355 0.332
Minimum 0.584 0.518 0.190 0.192 0.193 0.179 0.165 0.163 0.143 0.135 0.133
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Table 3 Cation exchange capacity (C¢), No-BET surface area (Sei), pore volume (Vp, o)
of the clay in the horizons studied and difference of AW between —10 and —15 000 hPa
water potential (AWy).

Horizon Cu Sal Vp’ cl AW,
/mmol, g* Im? gt fem® gt lgg*
1 0.544 119.0 0.657 0.217
2 0.495 116.2 0.658 0.229
3 0.538 118.8 0.647 0.211
4 0.389 80.9 0.757 0.298
5 0.382 81.4 0.504 0.169
6 0.329 71.2 0.550 0.188
7 0.396 73.6 0.699 0.243
8 0.442 103.0 0.626 0.238
9 0.521 105.5 1.484 0.803
10 0.404 99.5 0.931 0.460
11 0.407 100.5 0.726 0.315
12 0.463 100.9 0.638 0.256
13 0.320 69.8 0.550 0.141
14 0.345 - 0.521 0.132
15 0.372 82.2 0.510 0.165
16 0.470 103.3 0.616 0.176
17 0.227 71.1 0.494 0.105
18 0.251 53.1 0.337 0.048
19 0.310 - 0.430 0.152
20 0.483 - 0.414 0.100
21 0.666 139.0 0.500 0.144
22 0.574 115.0 0.551 0.125
23 0.377 92.0 0.414 0.090
24 0.370 - 0.513 0.243
25 0.378 96.3 0.610 0.144
26 0.406 93.9 0.634 0.279
27 0.410 91.1 0.505 0.195
28 0.379 91.5 0.485 0.196
29 0.413 76.9 0.495 0.210
30 0.441 92.0 0.616 0.255
31 0.609 117.0 0.657 0.245
32 0.442 - 0.523 0.137
33 0.518 115.8 0.581 0.162
34 0.537 112.1 0.680 0.281
35 0.624 - 0.758 0.237
36 0.540 114.0 0.798 0.252
37 0.522 124.0 0.518 0.135
Mean 0.440 97.4 0.610 0.216
Standard deviation 0.101 19.5 0.190 0.127
Maximum 0.666 139.0 1.484 0.803
Minimum 0.227 53.1 0.337 0.048
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Table 4 Regression equations between the water retained by clay (W)
at different water potentials and the clay fabric (Vp, c1)

Water potential  Regression equation Variance N
accounted
for
/hPa 1%
-10 We =0.041 + 0.913 V,, ol 96 37
-33 W¢ =0.036 + 0.934 V,, ¢ 96 37
-100 W =0.050 + 0.940 V;, ¢l 96 37
-330 W =0.046 + 0.984 V,, ¢ 96 37
-1000 W¢ =0.026 + 1.084 V,, ¢l 96 37
-3300 We =-0.029 + 1.281 V,, ¢ 94 37
-10000 Wg =-0.161 + 1.740 V¢ 89 37
-15000 W =-0.211 + 2.010 Vp, i 86 37
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Table 5 Mean absolute value of the slope (| AW, / Alog- ¥| in g of water per g of dried clay and unit of log- ¥) and standard error
(between brackets) for the water retention curve of the clay within every group of horizons defined with respect to the difference of
W (AW, in g of water per g of oven-dried clay) between —10 and —15 000 hPa water potential.

Difference of Horizons Mean absolute value of the slope between:

W, between —10 -10 and -33and -100 and -330 and -1000 and -3300 and -10 000 and

and —15 000 hPa -33 hPa -100 hPa -330 hPa -1000 hPa -3300 hPa 10 000 hPa -15 000 hPa

lgg* lgg*

>0.250 4,6,7,9,10, 11, 0.027 (0.005) 0.036 (0.004) 0.065 (0.013) 0.108 (0.019) 0.135 (0.029) 0.186 (0.044) 0.266 (0.035)
12,30 34, 36

0.150 - 0.250 1, 2,3, 8,15, 16, 0.016 (0.005) 0.046 (0.006) 0.031 (0.006) 0.065 (0.010) 0.070 (0.010) 0.103 (0.009) 0.178 (0.019)
19, 24, 26, 27, 28,
29, 31, 33, 35, 37

<0.150 5,13, 14,17, 18, 0.006 (0.003) 0.036 (0.005) 0.037 (0.005) 0.042 (0.006) 0.033 (0.003) 0.052 (0.006) 0.077 (0.014)
20, 21, 22, 23, 25,
32
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