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CHAPTER 16
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ABSTRACT: Understanding the role of the vadose zone is essential to accurately assess hydrogeo-
logical systems and their respective groundwater resources. The study area (Manteigas — Nave de Santo
Anténio — Torre sector, Serra da Estrela Mountain, Central Portugal), presents specific geological,
morphotectonic and climatic characteristics which influence the hydrogeological regime. The vadose
zone has particular features that contribute to control both the quantity and the quality of the ground-
water resources. The regional characterisation of this zone was carried out in terms of the structure, the
soil, including the broad physical, chemical and mineralogical features and the soil hydraulics. The study
included field work focused on geological and pedological features, soil permeability field tests, labora-
tory tests (including soil water retention at different pressure heads and clay mineralogy) and mathemat-
ical modelling. Water retention data were used to derive the parameters of van Genuchten’s water
retention curve. Unsaturated hydraulic conductivity was estimated using the Gardner mathematical
model.

1 INTRODUCTION

Mountain areas usually support water resources of both of good quality and of significant
social and economic importance. The seasonality and spatial variability of groundwater
signatures as well as the complex role of soils, geomorphology, geology, climate, land cover
and human activities in the hydrology of mountain areas is difficult to model, even when the
relevant data are available. Understanding the role of the vadose zone is essential to assess
hydrogeological systems and the respective groundwater resources accurately (e.g. Dingman,
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Figure 1. Geological framework of Serra da Estrela region (adapted from Geological Map of
Portugal, 1/50,0000, 5th Edition; Oliveira et al. 1992).

1994; NAP, 2001). Consideration should be given to soil formation factors such as parent
material, topography, climate, organisms and human action, as these may also control the vol-
ume of infiltration and groundwater recharge.

The study area is the Manteigas — Nave de Santo Anténio — Torre sector, located in the
Serra da Estrela mountain (Central Portugal), that is, the drainage basin of the River Zézere
upstream of Manteigas village (Figure 1). The regional aquifer system presents specific
geological, morphotectonical and climatic characteristics, which contribute to control the
local hydrogeological regime. Therefore, the corresponding vadose zone has particular fea-
tures that control both the quantity and the quality of the groundwater resources.

The study was performed between 2003 and 2005 within the scope of the multidiscipli-
nary hydrogeologic R&D Project “HIMOCATCH” (Espinha Marques et al., 2005). This
regional-scale vadose zone characterisation was supported by geological, pedological and
hydrogeomorphological analyses and focused on the physical, chemical and mineralogical
features of the soil, vadose zone structure and the soil hydraulics. Soil hydraulic and min-
eralogical features in this sector result from the particular way in which the pedogenetic fac-
tors act in a mountain environment.
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Table 1.  Main hydrogeological features of the Serra da Estrela mountain region.
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The tasks carried out included fieldwork focused on geological and pedological features,
field and laboratory tests and mathematical modelling. Soil samples were collected at
selected sites. Soil permeability field tests were performed. Laboratory tests were conducted
in order to determine, among other aspects, water retention at different pressure heads and
clay mineralogy. Unsaturated hydraulic conductivity was estimated with the Gardner math-
ematical model. Water retention data were used to derive the parameters of the van Genuchten
water retention curve. With the resulting characteristic curves it was possible to compare
the Serra da Estrela soil with soils from other locations. Additionally, the effect of texture and
organic matter on soil water retention was evaluated.

2 HYDROGEOLOGIC FRAMEWORK

The Serra da Estrela region is part of the Central-lberian Zone of the Iberian Massif (Ribeiro
etal., 1990). The main lithotypes found in the region are (Figure 1): i) Variscan granitic rocks;
ii) Precambrian-Cambrian metasedimentary rocks; iii) alluvium and Quaternary glacial
deposits. The largest regional tectonic structure is the NNE-SSW Braganca-Vilariga-
Manteigas fault zone (BVMFZ). According to Ribeiro et al. (1990), the origin of the Serra da
Estrela Mountain is connected to an uplift process related to the reactivation of the BVMFZ
megastructure during Cenozoic times, by the Alpine compressive tectonics, together with the
reactivation of major ENE-WSW trending reverse faults (such as the Seia-Lousa fault).

An important issue related to the infiltration and aquifer recharge in the Serra da Estrela
region is the identification of areas of prevailing fractured or porous media (Espinha
Marques et al., 2005). In particular, porous media occur in alluvium and Quaternary glacial
deposits as well as in the weathered and brittle/sheared granites and metasedimentary rocks.
Porous media usually occur at shallow depths (typically less than 50 m). On the other hand,
fractured media occur in weakly weathered rocks. Such media may be present very close to
the surface (especially in areas where granite outcrops dominate, with thin or absent sedi-
mentary cover) or below the shallow porous materials. The regional hydrogeological units
correspond closely to the major geological features (Table 1): i) sedimentary cover, includ-
ing alluvium and Quaternary glacial deposits; ii) metasedimentary rocks, including schists
and graywackes; and iii) granitic rocks.

Serra da Estrela is the highest mountain in the Portuguese mainland (with an altitude
reaching 1993 ma.s.l.) and is part of the Cordilheira Central, an ENE-WSW mountain range
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that crosses the Iberian Peninsula. This region shows distinctive climatic and geomorphologic
characteristics that play an important role in the local water cycle. The river Zézere drainage
basin upstream of Manteigas has an area of around 28 km? with an altitude ranging from
875m a.s.l., at the streamflow gauge measurement weir of Manteigas, to 1993 m a.s.l., at the
Torre summit (Figure 2). The relief of the study area consists mainly of two major plateaus,
separated by the NNE-SSW valley of the Zézere River (Vieira 2004): the western
Torre—Penhas Douradas plateau (1450-1993 m a.s.l.) and the eastern Alto da Pedrice—Curral
do Vento plateau (1450-1760 m a.s.l.). Late Pleistocene glacial landforms and deposits are
distinctive features of the upper Zézere catchment, since the majority of the plateau area was
glaciated during the Last Glacial Maximum (e.g. Daveau et al., 1997; Vieira, 2004).

Espinha Marques et al. (2005) proposed 9 hydrogeomorphologic units, based on the spatial
distribution of lithological, geomorphological and climatic features (Figure 2): (i) the eastern
plateau; ii) Zézere valley eastern slopes; iii) Lower Z&zere valley floor; iv) Nave de Santo
Antonio col; v) upper Zézere valley floor; vi) Zézere valley western slopes; vii) Cantaros
slopes; viii) lower western plateau; ix) upper western plateau.

The Serra da Estrela climate has a Mediterranean climate, i.e., dry and warm summers, and
the wet season extends from October to May, and the mean annual precipitation is about
2500 mm on the Torre summit and more than 2000 mm on the plateaux (Daveau et al., 1997;
Vieira and Mora, 1998). Precipitation seems to be controlled mainly by the slope orientation
and the altitude. According to Vieira and Mora (1998), the warmest month is July and the
coldest is January. Mean annual air temperatures are below 7°C in most of the plateaux area
and, in the Torre vicinity, they may be as low as 4°C. The spatial and temporal irregularity of
snow-related phenomena has been analysed in earlier studies (e.g., Mora and Vieira, 2004).

3 VADOSE ZONE CHARACTERISATION

Since soils contribute to control both the volume of recharge and the water chemistry in an
aquifer system, they were the main target of the regional-scale vadose zone study at Serra
da Estrela. Soil features greatly influence the volume of water that infiltrates during a pre-
cipitation event, so controlling aquifer recharge as well as the short-term stream response.

The most important factors usually identified that affect the balance between infiltration
and overland flow are the amount and temporal distribution of precipitation (or irrigation), the
physical and chemical soil features (e.g. texture, organic-matter content, saturated hydraulic
conductivity at the surface, clay mineralogy, presence of water-repellent substances), previous
soil water saturation, surface slope and roughness, land cover, land use and amount of evapo-
transpiration (e.g., Dingman, 1994). The vadose zone study included several field studies car-
ried out in 2004 and 2005. During these studies, soil samples were collected for physical,
chemical and mineralogical characterisation (Figure 2). Detailed vadose zone studies were
carried out at specific sites. Table 2 describes each study site in terms of parent material, relief,
land cover and dominant soil profile.

The parent material of all studied soils is granite or granite derived glacial deposits. These
soils are coarse-textured, as shown in Figure 3, obtained from analyses of A and C horizon sam-
ples. In the A horizon, particles coarser than 2 mm (mainly fine and medium sized pebbles)
correspond to an average value of 34% by weight (with a standard deviation of 12%). Other A
horizon features (bulk density and total porosity, determined on soil cores, and pH and organic
matter content, determined in the fine earth fraction) are presented in Table 3. The soil cores
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Figure 2. Hypsometric features of the river Zézere drainage basin upstream of Manteigas; vadose
zone study sites; hydrogeomorphologic units: Eastern plateau (1); Z&zere valley eastern slopes (2);
Lower Zézere valley floor (3); Nave de Santo Antdnio col (4); Upper Zézere valley floor (5); Zézere
valley western slopes(6); Cantaros slopes (7); Lower western plateau (8); Upper western plateau (9).
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Table 2. Main features of the vadose zone study sites.
Site Parent material Topography/Geoform Land cover Prevailing
soil profile
1 Glacial deposit  Base of slope Maritime pine woodland A-C
2 Glacial deposit  Base of slope Genista florida and
Cytisus sp.pl. scrubland A-C
3 Glacial deposit  Valley floor Meso-hygrophilous grassland ~ A-C
4 Glacial deposit Base of slope Meso-xerophilous grassland A-C
5 Glacial deposit  Col Nardus stricta grassland A-C
6 Granite Base of slope Heathland A-CorA-C-R
7 (1, 1)  Glacial deposit Base of slope Heathland A-C
8 Granite Plateau Nardus stricta grassland A-R
9 Granite Plateau Common juniper shrubland A-R
10 Granite Slope Quercus pyrenaica forest A-B-C-R

Sand

80/20

Clay

60/40

20480

40/80

Silt

Figure 3.  Soil texture classification; texture classes: sand (1), loamy sand (11) and sandy loam (111).

were obtained with metal cylinders following the recommendations of Topp et al. (1993) in
order to get representative samples and to minimize soil disturbance during collection and
transportation. Additionally, Table 3 includes the volumetric water content (6) measured in the
relevant soil cores through the pressure-plate method (e.g., Topp et al., 1993) in A horizon sam-
ples at different pressure heads (h): —50cm, —100cm, —500cm and —15850 cm. The soil
cores were saturated inside their metal cylinders prior to insertion into the pressure plate device,
with precautions taken to avoid air entrapment. Thus, the resulting values of volumetric water
content at saturation were very close to the total porosity.
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Table 3.  Main features of the A horizon.

Site Bulk Total pH Organic matter 0 (% of volume) at different h values
density  porosity (9-kg-1)
(g-cm™3) (%) —50cm —100cm —500cm —15850cm
1 1.25 44.7 46 717 23.3 19.9 14.3 12.3
2 1.26 49.6 46 574 29.3 23.8 15.7 122
3 1.16 52.7 48 716 34.4 30.8 22.4 18.6
4 1.21 42.7 44 488 235 195 14.3 115
5 0.94 49.7 41 1331 42.0 33.7 255 22.2
6 1.07 45.2 4,7 103.8 29.3 23.8 17.8 16.4
71 0.88 51.9 41 1875 44.7 37.2 26.8 25.2
il 1.09 53.4 43 711 35.7 28.5 215 19.1
8 0.68 62.2 4.3 2405 57.3 50.9 40.8 38.1
9 0.88 55.6 4.3 188.4 46.1 37.7 28.7 26.9
10 0.96 48.4 48 841 31.2 26.0 18.8 15.8
Average 1.03 50.6 45 1143 36.1 30.2 22.4 19.8
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Figure 4. Relation between soil organic matter and altitude.

The spatial distribution of soil organic matter in the A horizon depends principally on
altitude (Figure 4), mainly due to a climatic effect well known in Northern and Central
Portugal (e.g., Agroconsultores and Geometral, 2004; Pereira et al., 2006). Higher soil
organic matter contents are usually found in upper regions characterised by minimum mean
yearly air temperature and maximum precipitation. In fact, soils from the Torre area (Figure
2) present the highest measured organic-matter contents (240.5¢g - kg~1), whereas soils
from lower areas have measured values ranging from 48.8 to 84.1g - kg~ . A significant
effect of organic matter versus bulk density and total porosity (with important implications
for soil hydraulic properties) was observed: more organic soils tend to have lower bulk den-
sity and higher total porosity. However, this is a regional trend which does not exclude the
influence of other factors (such as land cover, land use or geomorphology among others),
especially relevant on a local scale.

Mineralogical analyses of the fine soil fractions (silt and clay) reveal a clearly detrital min-
eralogy, rich in phyllosilicates (mainly micas), quartz, plagioclases and K-feldspars, with, as
accessory minerals, siderite, opal C/CT, anhydrite, hematite, ilmenite, anatase, zeolites
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(mainly heulandite-clinoptilolite), gibbsite, rozenite and jarosites. Samples related to gran-
ites show higher amounts of phyllosilicates.

As a general rule, illite is the predominant clay mineral, but samples related to granites
show a trend toward a relative decrease of illite contents whereas kaolinite and, in some sam-
ples, vermiculite-Al and/or smectite, increase. Significant amounts of vermiculite-Al occur at
sites 1, 3, 4 and 10 (the sampling sites situated at lower altitudes), particularly in their A hori-
zons. On the other hand, the expansive clay minerals (smectite and irregular mixed-layers
illite-smectite) show a relative increase at sites 2, 6, 8, 9 and 10 (essentially, soils developed
on granite).

According to the soil map of the Serra da Estrela region (Agroconsultores and Geometral,
2004) the following pedologic units occur in this sector: (i) Humic, Leptic and Skeletic
Umbrisols; (ii) Lithic and Umbric Leptosols; (iii) Umbric Fluvissols; (iv) Rock outcrops.

Field observations produced further information concerning the pedologic units, their spa-
tial distribution according to the hydrogeomorphologic framework and their hydrologic clas-
sification by means of the Hydrologic Soil Groups system (from low runoff potential soils,
group A, to high runoff potential soils, group D) — (e.g. USSCS 1964, Langan and Lammers,
1991; Boulding, 1993).

Some of the most distinctive features of the vadose zone in this sector of Serra da Estrela
are the wide distribution of: (i) granitic rock outcrops and (ii) an umbric A horizon — and
consequently, Umbrisols and Umbric Leptosols — thus reflecting the high organic-matter
content in the upper part of the soil profile. On the plateau and slopes of hydrogeomorpho-
logic units 1 and 2 (see Figure 2) similar sets of pedologic units occur: Leptic Umbrisols
dominate (especially in unit 2); rock outcrops and Umbric Leptosols are secondary.
Skeletic Umbrisols are dominant in units 3 (valley floor) and 4 (col); Humic Umbrisols
and Umbric Fluvisols are subdominant. In unit 5, rock outcrops prevail, whereas Umbric
Leptosols and Fluvisols are subdominant; minor occurrences of Leptic Umbrisols were
observed. Rock outcrops are also dominant in the remaining units (6 to 9) but in the upper
part of unit 6 slopes, Lithic and Umbric Leptosols are subdominant, while in the lower part
of the slopes these soils are replaced by Skeletic and Leptic Umbrisols. In the rocky slopes
of unit 7, there are minor occurrences of Umbric and Lithic Leptosols. In the plateau area of
units 8 and 9 Lithic and Umbric Leptosols are subdominant whilst smaller areas of Leptic
Umbrisols were found in unit 8.

Four types of vadose zone structures were identified in the region:

— Type (i) Composed of a single granite layer with very thin or absent soil cover; present
in granitic outcrop areas of plateaus and slopes. Water circulation in fractured medium.
Included in soil hydrology group D.

— Type (ii) Composed of a soil layer typically less than 0.5 m thick overlying a continuous
and hard granitic layer; described at sites 6, 8 and 9 (see Table 2); present on plateaus,
especially above 1600 m a.s.l., and slopes. Coexistence of porous and fractured media.
Corresponding to Lithic and Umbric Leptosols (both included in soil hydrology group D).

— Type (iii) Composed of a soil layer frequently between 0.5 and 1.0 m thick overlying a
weathered granite layer and/or a slope deposit; described at sites 6 and 10; it is present
on lower altitude slopes and plateaux (where chemical weathering processes are more
active) or along tectonised zones. Both porous and fractured media. Corresponding
essentially to Leptic Umbrisols with C horizon composed of weathered granite and/or a
slope deposit. These soils are included in hydrology group C.

o



CHO16.gxd

4/4/07 2:35 PM Page 215 E;

Vadose zone characterisation of a hydrogeologic system in a mountain region 215

Figure 5. The constant-head well permeameter: general view (a), well head scale (b), water reser-
voir (c), tripod (d) and soil auger set (e).

— Type (iv) composed of a soil layer frequently over 1.0m thick overlying a glacial
deposit; described at sites 1 to 5 and 7; present at the base of a slope, col and valley floor
areas; porous medium. Prevailing Skeletic and Humic Umbrisols (A, B or C hydrology
groups) and subdominant Umbric Fluvisols (C or D hydrology groups).

The importance of in situ evaluations of saturated hydraulic conductivity (Ks) for accurate
determination of water movement in the field related to infiltration and runoff is a well estab-
lished fact (Reynolds, 1993). K measured in the vadose zone is usually referred to as field-
saturated hydraulic conductivity (Ks). As complete saturation is not achieved in such field
tests, K can be a factor of 2 (or more) below K (Bouwer, 1978; Reynolds and Elrick, 1987).

The soil permeability study consisted of a set of 40 field tests carried out at sites 1, 2, 3,
5, 6, 8, 9 and 10 (Figure 5) by means of the constant-head well permeameter also known
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as the Guelph permeameter method (e.g. Reynolds and Elrick, 2002). In this study, a bore-
hole 15m deep and 6 cm in diameter (manually excavated with an auger) was used together
with two successively ponded heads (5 and 10 cm). All tests refer to A horizon. The follow-
ing expressions were used to calculate Kg:

Kts = (G2.Q2) = (G1.Q1)
where

H, C,
w2y H, (Hy = Hy) + 12 (Hy ., — H, |

G, =

and
G;1 = G, (H2.Cy)/ (H1.Cy); Q1 = ARy, Q; = AR,

H, and H, (L) are the two successively ponded heads (H;<<H,); r is the well radius (L); C;
and C, are shape factors corresponding to f(H,/r) and f(H,/r), respectively (see Reynolds
and Elrick, 2002); R; and R, are the steady rates of fall of the water in the permeameter
reservoir (LT™Y) corresponding to H; and H,, respectively; A is the reservoir cross-
sectional area (L?).

The measured Ky, values are presented in Table 4, each value representing the average
of five field tests. In all cases the permeability is high (assuming Ky = 2 K¢) according to
the SSDS (1993) classification.

An estimate of the unsaturated hydraulic conductivity (K) was also obtained using the
empirical function of K(h) by Gardner (1958):

K(h) = Ky exp[a(h-hy)] if0 <a < + wandh < h, <0

K(h) = Ky ifh = h,

h is the pressure head (L); a (L 1) is a slope parameter that depends mainly on soil texture
and structure; h, is an entry pressure head which represents the air entry pressure head
for drainage from field saturation and the water entry pressure head for wetting up to field
saturation. In most natural soils h, = 0 and a = a* (L~%) (Reynolds et al., 2002). a* repre-
sents the ratio of gravity to capillary forces during infiltration or drainage. Figure 6 illustrates
the unsaturated hydraulic conductivity as a function of pressure head assuming the average
Ky value for Serra da Estrela soils (7.8544 cm/h) and the value of a* indicated by Elrick et al.
(1989) for coarse soils (0.36 cm™2).

The hydraulic description of the vadose zone also included the determination of soil char-
acteristic curves. For this purpose, the analytical model proposed by van Genuchten (1980)
was fitted to the measured water retention values (see table 3) by means of the RETC v6.0
code (van Genuchten et al., 1991; Yates et al., 1992) available at http://www.ars.usda.gov/
internet site.
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Table 4. Measured values of field saturated

hydraulic conductivity.

Site Measured Ky (cm/h)
Average Standard deviation
1 7.7864 5.5269
2 4.7399 1.5484
3 4.1947 1.8637
5 3.3135 2.3662
6 12.7172 4.0201
8 4.6740 1.8532
9 12.8208 7.9673
10 12.5890 3.6269
All field tests 7.8544 5.4920

S =~ @&

K (cmih)

K(h) = 7.8544 exp(0.36*h)

0 2 4 8

8 10 12 "

h (em)

Figure 6. Unsaturated hydraulic conductivity (K) as a function of pressure head (h) for Serra da

Estrela soils.

Van Genuchten (1980) defined the relationship between pressure head (h) and the soil

volumetric water content (0) by the expression:

where
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Table 5. Estimated values of the van Genuchten soil parameters.

Site 0,1 (% vol.) 0, (%vol.) n® a® R?

1 11.8 44.7 1.6253 0.1017 0.996
2 11.6 49.6 1.6371 0.0604 0.999
3 175 52.7 1.5129 0.0739 0.992
4 11.1 42.7 1.5950 0.0901 0.999
5 225 49.7 2.0139 0.0198 0.996
6 16.3 45.2 1.9233 0.0423 0.999
71 25.0 51.9 2.2104 0.0170 0.999
71 19.0 53.4 1.9001 0.0394 0.999
8 38.0 62.2 2.0875 0.0148 0.999
9 26.9 55.6 2.1947 0.0205 0.999
10 154 48.4 1.6710 0.0523 0.999
Average studied soils 19.6 50.6 1.8519  0.0484 -
Average coarse-textured soils® 5.6 41.7 22833 01147 -

(1) estimated; (2) assumed equal to total porosity according to Fetter (1999);
(3) after Carsel and Parrish (1988).

65% -+

55% +

45%

35%

& (% of volume)

25%

15% -+

5%

0.01 1.00 100.00  10000.00

h (cm)

Figure 7. Water-retention curves: Serra da Estrela soils (1) and average coarse-textured soils (2).

0 and h are as defined earlier; 6, is the water content at saturation; 6, is the residual water
content; hy, is the bubbling pressure head; m is an empirical constant affecting the shape of
the retention curve.

Table 5 presents the estimates of van Genuchten parameter values resulting from the
application of RETC code to observed volumetric water contents. The best results were
obtained considering 65 values equal to the total porosity, assuming the procedure pro-
posed by Fetter (1999); R? values stand for the regression of observed versus fitted 0 val-
ues. These results are compared to average values of coarse-textured soils obtained
through experimental means by Carsel and Parrish (1988).

Figure 7 illustrates the contrast between the hydraulic behaviour of Serra da Estrela soils
and the reference soils of Carsel and Parrish (1988). It is noticeable that for analogous h values
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Serra da Estrela soils present higher 0 values. This effect becomes more apparent in the curve
region corresponding to greater suctions (more negative pressure heads), that is, where most
water is retained in micropores. Since these soils have relatively high organic-matter and
low clay contents (see Table 3 and Figure 3) the observed trend should be explained by the
former feature. The correlation coefficients (R) of organic matter versus water retention
at —50cm and —15850 cm (0.92 and 0.94, respectively) support this idea.

4 CONCLUDING REMARKS

Given that the role of the vadose zone is essential to understanding the genesis and evolution
of groundwater resources, a multidisciplinary approach supported by geological, pedological
and hydrogeomorphological analyses was used , providing important information to achieve
a regional scale characterization of the vadose zone in the hydrogeological system of the
Manteigas- Nave de Santo Antonio-Torre sector. This description focused on the broad phys-
ical, chemical and mineralogical soil features, vadose zone structure, and soil hydraulics.

Although coarse textures and low pH tend to be common soil features in Serra da Estrela,
organic-matter content and, therefore, bulk density and total porosity, are related to altitude
due to the climatic effect. The mineralogical soil study focused on clay mineralogy. In fact,
fine- fraction soil mineralogy is closely related to a detrital origin (with absolute predom-
inance of quartz, mica/illite and feldspars). Nevertheless, some distinctive features are evident,
particularly: samples related to granites which show relatively higher amounts of phyllosili-
cates (but a decrease in illite whereas kaolinite increases).

A distinctive feature of the vadose zone in this sector of Serra da Estrela is the wide distri-
bution of granitic rock outcrops and an umbric A horizon and, consequently, Umbrisols
and Umbric Leptosols, thus reflecting the high organic-matter content in the upper part of
the soil profile.

Four types of vadose zone structures were identified, with a spatial distribution closely
controlled by geology and hydrogeomorphology. High runoff potential soil hydrology
groups (C and D) are dominant in spite of the high permeability of the A horizon, meas-
ured by means of the constant-head well permeameter. Unsaturated hydraulic conductiv-
ity was estimated with the Gardner equation.

The parameters of van Genuchten water-retention curve were derived from water-retention
data in A horizon samples. According to the resulting characteristic curves, it is noticeable
that for analogous pressure head values Serra da Estrela soils present higher water-retention
values than the average coarse-textured soils, especially in the curve region corresponding
to greater suction (in which case water is mainly retained in micropores). This contrast is
explained by the high organic- matter content of the studied soils.
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