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Abstract In a semiarid climate where the annual pre-

cipitation is low and the evaporation rate is high, con-

taminated drainage production from mine tailings can be

controlled by reducing water infiltration. Store-and-release

covers that use capillary barrier effects can prevent water

percolation by storage and evaporation (or evapotranspi-

ration) during wet and dry climatic periods. In Morocco,

sedimentary phosphate mines are located close to con-

taminated sites, which includes the abandoned Kettara

mine. This mine site generates highly contaminated acid

rock drainage (ARD) with negative impacts on its sur-

rounding area. In order to validate if phosphate mine

wastes can be used as cover material to reclaim the Kettara

site, instrumented test columns were exposed to field

conditions and tested for a period of one and a half years.

Under natural conditions, more than 94 % of the total net

infiltration (246.5 mm) was released to the atmosphere by

evaporation. Preliminary tests showed that the studied

scenarios can limit deep water infiltration even during

extreme simulated rainfall (155 mm/d) and could be used

to efficiently control contaminated drainage in a semiarid

climate.

Keywords Acid rock drainage � Store-and-release cover �
Kettara mine site � Mine site reclamation

Introduction

Engineered cover systems are widely used to limit water

infiltration into waste disposal areas that contain haz-

ardous, municipal, industrial, mining or radioactive

wastes (e.g. Albright et al. 2010; Daniel and Koerner

2007; Hauser 2008). These cover systems, usually made

of specific barrier layers, can be divided into two main

categories: conventional cover systems (e.g. compacted

clay layers, combined or not with a geomembrane liner)

and alternative cover systems that use the physical pro-

cess of evaporation to control water infiltration. Recent

studies have shown that these alternative systems are

efficient in arid or semiarid climates and perform as well

or even better than conventional systems that use low

saturated hydraulic conductivity materials (e.g. Albright

et al. 2004; Benson et al. 2002; Dwyer 2003; Gee et al.

2006; Morris and Stormont 1997; Rock et al. 2012).

These alternative cover systems are known in the liter-

ature as evapotranspiration (ET) covers (e.g. Barnswell

and Dwyer 2011; Dwyer 2003; EPA 2011, 2012; Mad-

alinski et al. 2003; McGuire et al. 2009; Nyhan 2005;

Scanlon et al. 2005), water balance covers (e.g. Albright

et al. 2010; Benson et al. 2007), and store-and-release

(SR) covers (e.g. O’Kane et al. 1998; Williams et al.

2006), which is the term used in this paper.

SR covers usually rely on capillary barrier effects at the

interface of the cover layers. These capillary barrier effects

appear when a fine-grained material layer overlies a coarse-

grained material (e.g. Morel-Seytoux 1992; Shackelford

et al. 1994; Stormont 1997; Stormont and Anderson 1999).
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The contrast in hydraulic properties between the two mate-

rials with opposing textures restricts water flow at the

interface. The lower unsaturated hydraulic conductivity, ku,

of the drained coarser-grained material contributes to this

effect by limiting downward flow from the fine-grained

material, thus favoring water accumulation through capillary

forces in the overlying layer (e.g. Akindunni et al. 1991;

Bussière et al. 2003; Nicholson et al. 1989). The capillary

barrier effects allow water retention in the fine-grained

material during the wet periods and its release by evaporation

(or evapotranspiration) during the dry periods (Fig. 1). This

complex transient hydrogeological behavior is influenced by

several factors, such as: the thickness of the water retention

layer, the hydrogeological properties (including the

hydraulic conductivity and the water retention curve) of the

unsaturated materials, the climatic conditions (average and

extreme), and sometimes the system inclination (e.g. Aub-

ertin et al. 2009; Khire et al. 2000). Recently, SR covers were

designed at Kidston Gold Mines (Australia) and at Barrick

Goldstrike Mines (Nevada, US) to control acid rock drainage

(ARD) generation from sulfide mine tailings (Williams et al.

2006; Zhan et al. 2001, 2006).

77 % of global phosphate rock reserves are geographi-

cally concentrated in Morocco (Cooper et al. 2011). The

present study evaluated the possibility of using a SR cover

constructed using phosphate waste rock to help control ARD

from mine tailings at the abandoned Kettara pyrrhotite ore

mine (31� 520150’N–8� 100310’W), which was exploited by

the SYPEK Corporation from 1964 to 1981 (Hakkou et al.

2008a, b). The Kettara mine site, which contains coarse- and

fine-grained tailings, is located approximately 35 km north-

northwest of Marrakech (Fig. 2) (e.g. Lghoul et al. 2012).

This mine site is one of several abandoned mine sites in

Morocco that produces ARD that contaminates surface and

groundwater (e.g. El Khalil et al. 2008; Sanaa et al. 2011).

More information on water contamination at the Kettara site

can be found in Hakkou et al. (2008a, b).

The eventual design of a SR cover for the Kettara mine

tailings requires adequate cover materials to act as capillary

break and store-and-release layers. A recent study (Hakkou

et al. 2009) suggested that the Kettara coarse-grained

tailings and phosphate limestone wastes from the Ganntour

sedimentary basin (Fig. 2—Recette VI) could potentially

be used as SR cover components. The first part of this

paper summarizes the characterization of the phosphate

limestone wastes and coarse Kettara tailings, and describes

the design of the field instrumented columns. The second

section presents the hydrogeological behavior of the tested

columns under natural semiarid climatic conditions. The

third segment addresses the behavior of the tested SR

covers under extreme precipitation conditions, simulated

by adding water to the columns at the start and end of the

test period at a rate of up to 155 mm/day. Finally, the

performance of the SR cover under simulated extreme

precipitation and the difference between laboratory and

field water retention curves are discussed.

Materials and Methods

Main Characterization Methods

The phosphate limestone wastes from the ‘‘Recette VI’’

mine site of the Ganntour sedimentary phosphate deposits

(Fig. 1) were initially screened in situ to recover the size

fraction less than 1 mm. This relatively fine-grained

material and the coarse tailings from Kettara were char-

acterized for their chemical and physical properties.

Solids were digested in HNO3, Br2, HCl, and HF and the

resulting solution was analyzed for elemental chemical

composition by inductively coupled plasma-atomic emis-

sion spectrometry (ICP-AES) (Perkin Elmer OPTIMA

3100 RL; relative precision of 5 %). Total carbon (TC) was

measured under an oxygen atmosphere with an ELTRA

PC-controlled CS2000 carbon sulfur determinator.

The particle size distribution was determined using a

Malvern Mastersizer laser particle size analyzer for the

phosphate limestone wastes and by sieving for the coarse

tailings (ASTM D 6913-04 2009; Merkus 2009). The specific

gravity was estimated with a Micromeritics Accupyc 1,330

helium gas pycnometer. Standard tests for liquid limit,

plastic limit, and plasticity index of materials were per-

formed on the phosphate limestone wastes using the methods

described in ASTM D 4318-10 (2010). The saturated

hydraulic conductivity (ksat) was also measured for this

material using a rigid wall permeameter with the falling-head

method (adapted from ASTM D 5856-95 2002). The satu-

rated hydraulic conductivity and the water retention curve of

the coarse-grained tailings were estimated using two pre-

dictive models: the modified Kozeny-Carman model

(Mbonimpa et al. 2002) and the modified Kovács model

(Aubertin et al. 2003), respectively. The precision needed in

this study for this material justified this approach.

Fig. 1 Schematic representation of store-and-release cover in 1D

(infiltration subtracting runoff from precipitation; percolation deep

infiltration)
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The water retention curve (WRC) of the phosphate

limestone wastes was obtained from different tests con-

ducted on reconstituted samples having similar porosities.

The WRC, which relates the volumetric water content h
(cm3/cm3) to the negative pore water pressure w (or matric

suction—kPa) (e.g. Fredlund and Rahardjo 1993),

describes the ability of a given material to store water at

different suctions. For suction values between 0 and

1,000 kPa, the WRC was obtained in a Tempe Cell (or

pressure chamber), as proposed in ASTM D6836-02

(2008). For higher suction values, saturated salt solutions

were used to control the relative humidity in a closed

chamber. The thermodynamic relationship between relative

humidity and temperature (Eq. 1), was used to evaluate the

suction applied (e.g. Fredlund and Rahardjo 1993).

w ¼ qw:R:T

xw
ln RHð ÞT ð1Þ

where w matric suction [MPa], R universal gas constant

[J.(mol.K)-1], T absolute temperature [�K], xw molecular

mass of water vapor [g.mol-1], qw density of water

[kg.m-3], and RH relative humidity.

The matric suction (w) generated in the chamber is a

function of the saturated salt solution used. Material samples

were kept in a closed temperature-controlled chamber

(25 �C) under different suctions for 3 months to reach

equilibrium. In this study, the relative humidity, or the matric

suction, was controlled by solutions made of potassium

sulphate (3.8 MPa), sodium chloride (39.1 MPa), magne-

sium nitrate (87.7 MPa), magnesium chloride (153.5 MPa),

and potassium hydroxide (343.7 MPa) (e.g. Greenspan

1977). The weight of each sample, after reaching equilib-

rium, gives the volumetric water content of the tested

materials (phosphate limestone wastes in this case).

Characteristics of the Fine-grained and Coarse-grained

Materials

The chemical and mineralogical composition of the fine-

grained phosphate limestone wastes was presented by

Fig. 2 Location map
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Hakkou et al. (2009). Table 1 summarizes chemical anal-

ysis results that show high contents of CaO (43.0 wt%),

P2O5 (16.9 wt%), SiO2 (11.6 wt%), MgO (3.23 wt%), C

(5.20 wt%), and potential contaminants, such as F

(1.73 wt%), Cr (137 ppm), and Zn (195 ppm). However,

Hakkou et al. (2009) showed through kinetic tests that there

is no significant contaminant generation from the phos-

phate limestone wastes. The chemical analysis (Table 1)

confirms the mineral composition presented previously by

Hakkou et al. (2009) with four main phases: calcite

(25–45 %), fluorapatite (25–45 %), dolomite (20–30 %),

and quartz (3–10 %).

According to Hakkou et al. (2008a), the coarse-grained

Kettara tailings contains between 1.6 and 3.7 wt% total

sulfur. Iron, associated with pyrrhotite, pyrite, and iron

oxides, is found in large quantities (17.4–22 wt%) than

other metals. Significant concentrations of Cu (1,110-

2,660 ppm) were also detected, along with lower amounts

of Zn (240–500 ppm), Cr (240-330 ppm), Pb (10–80 ppm),

Co (30–70 ppm), As (0–70 ppm), Cd (30 ppm), and Ni

(40–90 ppm).

The main physical characteristics of the fine- and coarse-

grained materials are given in Table 2. The specific gravity

(Gs) and the percentage of fines (\80 lm) of the phosphate

limestone wastes were respectively estimated at 2.85 and

55 %. The liquid limit is less than 50 % and the plasticity

index was estimated to be 0.8. According to the United Soil

Classification System (USCS), the material is a non-plastic

sandy silt (e.g. McCarthy 2007). The ksat value at a porosity

(n) of 0.43 is 5.7 9 10-6 cm/s. The Gs value of the Kettara

coarse-grained tailings is 2.90 while the ksat value, estimated

with the modified Kozeny-Carman equation, is 1 cm/s

(Mbonimpa et al. 2002).The main hydraulic properties for

this material, classified as poorly graded gravel with sand,

were mainly obtained from predictive models.

Figure 3a shows the experimental drying WRC of the

phosphate limestone wastes fitted with the van Genuchten

equation (1980; see the parameters of the fitted equation in

Fig. 3a) and the drying WRC of the Kettara coarse tailings.

The latter was predicted from basic geotechnical properties

(Table 2), such as effective grain size diameters (D10; D60)

and the coefficient of uniformity (CU), at a porosity (n) of

0.33. The permeability function that represents the rela-

tionships between the hydraulic conductivity and matric

suction was obtained from the WRC and the ksat values using

the van Genuchten–Mualem model (Van Genuchten 1980).

Figure 3b shows the permeability functions of the fine-

grained and coarse-grained materials. As is normal in SR

cover design (e.g. O’Kane et al. 2000; Scanlon et al. 2005;

Wels et al. 2002; Williams et al. 2006; Zhan et al. 2006), the

hysteresis effects of the water retention curve (e.g. Maqsoud

et al. 2012) and permeability function were not determined in

Table 1 Chemical composition of the phosphate limestone wastes

SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 P2O5 F S C

Major elements (wt%)

11.6 0.89 0.38 43.0 3.28 0.46 0.12 0.07 16.9 1.73 0.30 5.20

As Ba Be Cd Cl Cr Cu Mn Ni Pb Sr U V Y Zn

Trace elements (ppm)

8 79.2 0.82 33 108 137 31.8 31.8 34 13 769 88 56 97.8 195

Table 2 Basic properties of the

fine-grained and coarse-grained

materials

Parameter Phosphate limestone wastes Kettara coarse tailings

Specific gravity 2.85 2.90

d60 (mm) 7.71 9 10-02 9.86

d30 (mm) 9.09 9 10-03 5.70

d10 (mm) 9.73 9 10-04 2.84

Coefficient of uniformity 79.24 3.47

Coefficient of curvature 1.10 1.16

Fines content (\80 lm) (%) 55 1

wL(%) 26.4 –

wp (%) 25.6 –

PI (%) 0.8 –

Classification (USCS) Sandy silt Poorly graded gravel with sand
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the laboratory. However, hysteresis effects will be discussed

further in the paper, using field data.

The unsaturated properties of the two tested materials

(Fig. 3) show the contrast in hydraulic properties that is

required to create capillary barrier effects. More specifi-

cally, the air entry value (pressure at which the material

starts to drain—wa) of the fine-grained phosphate limestone

wastes is *40 kPa (a = 0.011 kPa-1), while the air-entry

value of the coarse-grained Kettara tailings is estimated as

close to 0.1 kPa. Hence, the water-entry value (ww—

pressure at which the water starts to enter) of the coarse-

grained material (&0.4 kPa) is substantially less than the

wa value (40 kPa) of the fine-grained material (Fig. 3a).

These values were evaluated using the usual graphical

construction procedure (e.g. Chin et al. 2010). In addition,

the hydraulic conductivity of the coarse-grained material

(Fig. 3b) was less than the hydraulic conductivity of the

fine-grained material at suction values close to the ww

value. In unsaturated conditions, as long as the water-entry

value is not reached, the decrease of the hydraulic con-

ductivity profile should guarantee the presence of capillary

barrier effects at the interface between the two materials

(Fig. 1) and enhance the storage of water in the fine-

grained layer during wet periods (e.g. Khire et al. 1999).

Column Design and Instrumentation

Instrumented columns were designed to assess the store-

and-release capacity and the effectiveness of the phosphate

limestone waste water-retention layer to limit water infil-

tration into the underlying mine tailings. These columns

are large (60 cm diameter) cylindrical containers manu-

factured from metallic barrels (Fig. 4) and were filled with

reconstituted material and exposed to field climatic con-

ditions to determine water storage and actual evaporation

of the cover system at the local scale. The volume and the

quality of the collected leachate can be measured at the

cylinder bottom (if there is water percolation). The two

(a)

(b)

Fig. 3 WRCs (a) and

permeability functions (b) of the

fine- and coarse-grained

materials
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columns simulate a SR cover that includes 50 cm (column

1) and 100 cm (column 2) thick layers of phosphate

limestone wastes, respectively. The phosphate limestone

wastes were homogenized and compacted in successive

layers of about 10 cm; 30 cm of Kettara coarse tailings

were installed under the phosphate limestone wastes to act

as a capillary barrier layer. A metallic ring was installed at

the top of each column to avoid circumferential preferential

flow (Fig. 4). All columns were protected by internal anti-

corrosive paint and external glass wool insulation. Circular

holes were drilled at the bottom of the columns to collect

the eventual leachate.

The performance of the SR cover and the evaporation

assessment were studied by monitoring different parame-

ters of the water balance equation:

E ¼ Pþ Irr � Ro � Pr � DS ð2Þ

Actual evaporation (E) is indirectly estimated by sub-

tracting runoff (R0 nil in a column experiment), percolation

(Pr), change in the water storage (DS) from precipitation

(P), and irrigation (Irr). Climatic data, such as rainfall,

solar radiation, relative humidity, and wind speed and

direction were obtained from meteorological stations near

Marrakech (Fig. 1). Changes in DS were monitored using

soil moisture ECH2O sensors (EC-TM) and, indirectly, by

suction sensors (MPS-1). It is important to recall that this

approach to estimate DS has a non-negligible margin of

errors (for more information, see Benson et al. 2001, Khire

et al. 1999).

The moisture sensors measure the volumetric water

content of the soil by measuring its dielectric permittivity

while the MPS-1 sensor measures the dielectric permit-

tivity of porous ceramic disks that can be related to the

suction into the surrounding soils (Decagon 2007, 2009).

EC-TM sensors (which also measure soil temperature)

were installed beside the suction sensors (MPS-1) in the

center of each column (Fig. 4). Hence, readings of volu-

metric water contents (h) can be related to measurements of

matric suction (w) and in situ WRCs can be derived from

these values. For the first column, sensors were installed at

10 and 40 cm depth and for the second column at 25 and

75 cm depth (Fig. 4). A polynomial material-specific cal-

ibration curve was determined to obtain more precise

volumetric water content measurements (see Bossé 2013

for more details); the calibration curve can be applied to all

soil moisture sensors. The annual soil temperature was not

considered in the calibration process. According to Kizito

et al. (2008), for a temperature change of 10 �C, mea-

surements of volumetric water contents are affected by

approximately 0.02 (cm3/cm3). Hence, temperature effects

are not negligible and could influence measured time-

trends. The suction sensors (MPS-1) measure the matric

suction between 10 and 500 kPa without user maintenance,

and a material-specific calibration curve (Decagon 2009).

Malazian et al. (2011) have shown a maximum difference

of 10 kPa between measurements with calibrated MPS-1

sensors and tensiometers, for suction values between 10

and 60 kPa. In addition, measurements during the present

Fig. 4 Scheme corresponding

to the column design and

monitoring system
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study suggest that measurements are less reliable for suc-

tions values higher than 200 kPa (see Bossé 2013 for

details). The monitoring period of the columns started in

May 2010 and was maintained for a period of one and a

half years (until January 2012).

Results

Climatic Conditions

The climate of the Kettara mine and the monitoring site in

Marrakech is semiarid (aridity index: 0.21). Typically,

semiarid climates are dominated by wet and dry season suc-

cession. The meteorological data of the Agdal station (Fig. 1)

were considered representative of the column conditions.

Figure 5a shows average daily air temperatures mea-

sured at the Agdal meteorological station. For the studied

period, the lowest average daily air temperature (5.9 �C)

occurred in February (2011) and the highest (35.5 �C) in

August (2010). The average annual air temperature (2011)

was about 18.5 �C. Figure 5b and c respectively present

daily potential evapotranspiration (PET) assessed from

climatic data of the Agdal meteorological station (solar

radiation, relative humidity, temperature, and wind speed)

using the Penman–Monteith method (Allen et al. 1998) and

average daily rainfalls. During the monitoring period, the

cumulative rainfall and the PET were respectively evalu-

ated at 334 and 2,178 mm. The largest rainfall occurs

normally from the end of fall to spring when temperatures

are at their lowest (Fig. 5). With 10 % of the total annual

precipitation, June, July and August are the driest months;

low rainfall, warm temperatures, and high potential

evapotranspiration characterize this dry season.

Volumetric Water Contents and Suction Measurements

Volumetric water content and suction time-series were

measured within the fine-grained material (phosphate

limestone wastes) at depths of 10 and 40 cm for the first

column (Figs. 6a, 7a) and 25 and 75 cm for the second

column (Figs. 6b, 7b); the average daily rainfall is also

presented in these figures. The volumetric water content

peaks, initially and at the end of the test, are due to sim-

ulated extreme events that will be discussed later.

After the initial peak, soil moisture sensors indicated a

preliminary decrease of volumetric water contents in the

soil profile due to the release of water through evaporation.

The volumetric water content measurements decreased

from approximately 0.30–0.07 at the top of both columns

during the dry seasons (from June to Sept. 2010 and 2011).

Many fluctuations, corresponding to a succession of wet-

ting and drying cycles, were observed during the testing

period with greater magnitudes during the wet seasons.

Between Nov. 2010 and June 2011, the volumetric water

content (measured at 10 cm) fluctuated significantly. The

rate and fluctuation magnitude of volumetric water con-

tents were more pronounced at 10 cm than at the 40 cm

depth. Indeed, at 40 cm, a gradual increase of the volu-

metric water content to values less than 0.17 is observed

from March (2011) to July (2011), followed by a gradual

decrease. For the second column, a gradual increase in

volumetric water content occurred at the 25 cm depth

between March and June (2011), with a maximum volu-

metric water content of approximately 0.17. A final

increase was detected between Nov. 2011 and the end of

the monitoring period due to the second wet season. At a

depth of 75 cm, the last simulated extreme event was not

detected, as volumetric water contents stayed close to the

residual water content (0.05) of the fine-grained material

for the entire testing period.

Figure 7a and b show matric suction measurements for

columns 1 and 2, respectively. The suction sensors indicate

a preliminary increase of the suction in the soil profile due

to the release of water by evaporation. Thus, for the first

column and after the initial wetting, the suction increases

during the dry seasons for both depths (10 and 40 cm).

After a dry season, final suctions are higher than 200 kPa.

In the case of the 10 cm suction sensor, many fluctuations

were observed, particularly during the wet season. As seen

for the volumetric water contents, the suction value and

fluctuation magnitudes were greater at 10 cm than at

40 cm. The matric suction measurements of the top sensor

varied between 50 and [200 kPa over a relatively short

period of time. At 40 cm, a gradual suction decrease

(typically from \200 to 50 kPa) was observed from April

2011 to June 2011, followed by a gradual increase. For the

second column, the two sensors located at 25 and 75 cm

depths exhibited a similar behavior, except during wet

seasons when the 25 cm sensor fluctuated, but the 75 cm

sensor did not. The 75 cm sensor seemed to have a cyclic

behavior between wet and dry seasons with suction values

[200 kPa (which is the upper limit of precision for the

sensor MPS-1).

To summarize the hydrogeological behavior of the two

tested columns, volumetric water content and suction

time-series showed a seasonal pattern of water storage

and water release to the atmosphere by evaporation. After

each dry season, the volumetric water content decreased

to values between 0.05 and 0.10, while the volumetric

water content (h) after the wet season increased to values

close to full saturation (0.40) near the surface (10 cm).

Deeper, h values were more constant with a maximum h
usually less than 0.17. The suction measurements were

relatively well correlated to the volumetric water content

with minimum w values measured close to the surface

158 Mine Water Environ (2013) 32:152–167
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(10 cm), where the highest h values were observed.

Moreover, the highest w values ([ 200 kPa) were mea-

sured when the h measurements were close to the residual

value (observed during dry seasons). The suction gradient

was clearly upward during the dry seasons with a greater

suction close to the surface.

Water Balance and Actual Evaporation Assessment

The store-and-release capacity for the two columns was

estimated using the water balance equation (Eq. 2) and the

actual evaporation was calculated, as discussed above. The

water storage in the phosphate limestone wastes was

(b)

(a)

(c)

Fig. 5 Average daily air

temperatures (a), potential

evapotranspiration (b), and

rainfall (c), between May 2010

and Jan. 2012
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calculated by integrating the volumetric water content

profiles during the monitoring period (e.g. Albright et al.

2004; Benson et al. 2001; McGuire et al. 2009; Stormont

and Morris 1998; Waugh et al. 2008; Wels et al. 2002).

Figure 8a and b show the daily water storage time-series

for the columns, which included 50 and 100 cm of phos-

phate limestone wastes, respectively. These time-series

correlate with the average daily rainfall; the water storage

decreases during dry season and shows several fluctuations

during the wet season. For the tested monitoring period,

excluding the two simulated extreme events (discussed

later), both covers show water storage between 5 and

36 mm/day (Fig. 8a, b). The maximum value of the daily

water storage was 36 mm/day and occurred in May 2011.

In addition, more significant variations and usually higher

water storage values (for a given date) were observed for

the 50 cm thick cover.

The other components of the water balance equation

allowed assessment of the actual evaporation for the two

columns. The top surface of the bare material was flat

and, except for the last extreme event simulation, no

leachate was collected. Hence, runoff and drainage can

be neglected (Eq. 2). Table 3 shows the monthly water

balance during 2011, while Fig. 8a and b summarize the

daily water balance data for each column. The two fig-

ures show a similar trend for the two columns with a

rate of evaporation comparable to the rate of rainfall.

Depending on the climatic conditions and more particu-

larly on the rainfall distribution, specific periods can be

identified. After the initial extreme event of 100 mm

(end of May 2010), a rapid evaporation event is

observed during the first summer. Then the evaporation

rate decreases due to rainfall during the wet season.

Significant rainfall events induce an increase in cumu-

lative rainfall and water storage between March and May

2011, just before the second dry season. Finally, cumu-

lative rainfall increases again in November 2011, while

the evaporation rate decreases.

(a)

(b)

Fig. 6 Time-trends of

volumetric water content at

depths of 10 and 40 cm (a), and

25 and 75 cm (b), between May

2010 and Jan. 2012
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As shown in Table 3, the physical process of evapora-

tion occurs mainly during the spring and at the beginning

of the summer seasons. For example, if we exclude the

influence of the extreme simulated precipitation events, the

most important rate of evaporation (between 45 and

55 mm) happens during April. From June to Sept. 2011,

with low total rainfall (8.8 mm), high potential evapo-

transpiration (741.5 mm), and significant water storage

(84.2 mm for the 50 cm thick cover and 57.3 mm for the

100 cm thick cover), the actual evaporation from the fine-

grained material is lower than 15 % of the total annual

rainfall (29.2 mm for the 50 cm thick cover and 35.7 mm

for 100 cm thick cover). For the two columns, net infil-

tration is estimated at approximately 246.5 mm and the

actual evaporation is estimated at 245.7 and 231.5 mm,

respectively, for the 50 and 100 cm cover (Table 3).

Hence, in 2011, for columns 1 and 2, 99.7 and 93.9 % of

the rainfalls were respectively released to the atmosphere

by evaporation. For the second column, estimated values

could be underestimated due to the location of sensors

(25 cm deep), which are relatively far from the effective

portion of the SR cover (the first 10 cm) (Benson et al.

2001).

Discussion

SR Cover Behavior for Extreme Conditions

As discussed previously, two extreme events were simu-

lated by adding a known volume of water over a period of

24 h. The behavior of SR covers when exposed to these

extreme conditions is important since the designed SR

cover must be efficient for both average expected values

and extreme events (i.e. extreme precipitation in this case).

Extreme events are usually based on return periods with a

small occurrence probability (e.g. Zhan et al. 2001). The

first event simulated a precipitation of 100 mm in 24 h; the

event was simulated at the start of the test period at the end

of May 2010 (Fig. 9a). The second event of about 155 mm

(a)

(b)

Fig. 7 Time-trends of matric

suction at depths of 10 and

40 cm (a), and 25 and 75 cm

(b), between May 2010 and Jan.

2012
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of rain in 24 h was simulated at the end of the monitoring

period (Jan. 2012) (Fig. 9b). These extreme events were

selected to represent long- return period rainfall events

calculated using normal methods, such as the Hershfield

(1965) statistical method and the Gumbel (1958) distribu-

tion. Daily rainfall distribution data between 1999 and

2011 at the Saada and Agdal meteorological stations

(Fig. 1) were used to estimate these events. The Hershfield

method (1965) was used to estimate the probable maxi-

mum precipitation (PMP) from measured rainfall, the mean

and standard deviation of the series, and a frequency factor

between 5 and 20 (Koutsoyiannis 1999). PMP is defined as

‘‘theoretically the greatest depth of precipitation for a given

duration that is physically possible over a given size storm

area at a particular geographical location at a certain time

of the year’’ (WMO 1986). Using maximum daily rainfall

values, between 1999 and 2011, and with a frequency

factor of 18.5, the 24 h PMP was estimated at 155 mm.

Koutsoyiannis (1999) showed that the PMP estimated by

the Hershfield method has a return period of approximately

60,000 years. According to Papalexiou and Koutsoyiannis

(2006) a probabilistic approach, such as the Gumbel dis-

tribution (1958), is another reasonable method to identify

extreme events. For a return period of 60,000 years, the

Gumbel distribution suggests a maximum daily rainfall of

approximately 80 mm. Knowing that Gumbel distributions

usually underestimate maximum daily rainfall (e.g. Kout-

soyiannis 1999, 2003), it was decided to use 100 mm as the

other value for the tested extreme events.

Figure 9 shows volumetric water content profiles at 10,

25, 40, and 75 cm depths for both columns, before and after

the two extreme event simulations. For the 100 mm extreme

event (Fig. 9a), a gradual increase of the volumetric water

content was observed for both columns. For the column with

100 cm of phosphate limestone wastes, the sensor located at

the bottom (75 cm) was not affected by the extreme event

(a)

(b)

Fig. 8 Daily water balance for

the columns with 50 (a) and 100

(b) cm of phosphate limestone

wastes
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while the one located at the bottom of the 50 cm column

(40 cm) showed an increase of the volumetric water content

(from 0.05 to 0.28). This means that full saturation (which

corresponds to a volumetric water content = porosity

(n) = 0.43) was not reached at 40 or 75 cm. The sensors

located at the top of both columns were affected with max-

imum volumetric water content of 0.43 (at 10 cm), and 0.34

(at 25 cm), for the 50 cm and 100 cm columns, respectively.

It is important to note that the first extreme event was tested

with initially dry conditions.

The hydrogeological behavior of both covers is different

when columns were exposed to the 155 mm extreme

rainfall event simulation (Fig. 9b); the initial volumetric

water content profile of the columns was different than in

the first test, with values close to the residual value (instead

of being dry). For the 50 cm thick cover, the volumetric

water content at both the 10 and 40 cm depths reached the

saturation value of 0.43. This means that the cover was

saturated, which explains the percolation measured

(20 mm) at the bottom of the column (Fig. 8a). When the

cover becomes saturated, the capillary barrier effects at the

interface between the coarse-grained and the fine-grained

layers disappear, which allows downward water flow

(Morel-Seytoux 1992). The 100 cm thick cover did not

show the same behavior, with volumetric water content

values lower than the saturation value (0.43). Indeed, the

maximum volumetric water content was approximately

0.30 at both the 25 and 75 cm depths. No percolation was

Table 3 Monthly water balance (in mm) for columns containing 50 and 100 cm of phosphate limestone waste rock

Month Column 1 (50 cm) Column 2 (100 cm)

P PET Irr Ro Net I Pr DS E S Pr DS E S

Jan-11 14.3 40.1 0 0 14.3 0 0.30 14.0 22.5 0 2.70 11.6 11.1

Feb-11 3.90 56.3 0 0 3.90 0 -7.70 11.6 14.8 0 0.50 3.40 11.7

Mar-11 37.3 87.2 0 0 37.3 0 2.30 35.0 17.1 0 0.30 37.0 12.0

Apr-11 59.0 114.4 0 0 59.0 0 5.30 53.7 22.4 0 11.0 48.0 23.0

May-11 53.7 123.6 0 0 53.7 0 12.6 41.1 35.0 0 12.3 41.4 35.3

Jun-11 4.80 165.0 0 0 4.80 0 -5.70 10.5 29.3 0 -10.7 15.5 24.5

Jul-11 0.00 173.7 0 0 0.00 0 -5.80 5.8 23.5 0 -10.2 10.2 14.4

Aug-11 2.20 159.3 0 0 2.20 0 -7.40 9.6 16.1 0 -4.30 6.50 10.0

Sep-11 1.80 119.9 0 0 1.80 0 -2.60 4.4 13.4 0 -1.60 3.40 8.40

Oct-11 19.1 80.2 0 0 19.1 0 4.60 14.5 18 0 -1.50 20.6 6.90

Nov-11 48.4 41.8 0 0 48.4 0 5.10 43.3 23.1 0 19.9 28.5 26.8

Dec-11 2.00 20.5 0 0 2.00 0 -0.20 2.20 22.9 0 -3.40 5.40 23.4

2011 246.5 1,182 0 0 246.5 0 0.8 245.7 258.1 0 15 231.5 207.5

P precipitation, PET potential evapotranspiration, Irr irrigation, R0 runoff, Net I net infiltration, Pr percolation, DS water storage change, E actual

evaporation, S water storage at end of the month

(a) (b)Fig. 9 Measured volumetric

water content profile:

(a) extreme event simulation of

100 mm; (b) extreme event

simulation of 155 mm
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measured at the bottom of the 100 cm column due to the

presence of the capillary barrier effects at the interface.

It is worth mentioning that the collected leachate at the

bottom of column 1 had a pH of 3.46, an Eh of 238 mV,

and an electrical conductivity of 2.20 mS/cm. These values

are typical of ARD. Hence, in the case of an extreme event

of 155 mm, a SR cover of 50 cm made of phosphate

limestone wastes over the Kettara coarse tailings did not

provide control of ARD.

Comparison Between Measurements and the WRC

Simultaneous measurements of volumetric water content

(h) and suction (w) at 10, 25, and 40 cm depths (Figs. 6, 7)

were compared to the laboratory water retention curve of

the phosphate limestone wastes, obtained during the

drainage of a fully saturated material (designated as the

main drying curve: MDC) (Fig. 3a). For suction values less

than 200 kPa (values for which the MPS-1 sensor is reli-

able), Fig. 10 shows that most of the h-w points are below

the MDC of the phosphate limestone wastes. Scanning

curves typical of hysteresis effects are also observed in

Fig. 10. These hysteresis effects indicate that the WRC of

the tested material is not unique and that the h-w rela-

tionship depends on the wetting or drying paths that apply

in the field (Davis et al. 2009; Haines 1930; Haverkamp

et al. 2002; Miller and Miller 1956; Mualem and Beriozkin

2009; Poulovassilis 1962). The observed scanning curves

appeared mainly in the wet seasons, at the 10 cm depth,

after rainfalls of more than 20 mm in 24 h (e.g. April and

Nov. 2011; Fig. 5c).

Our measurements were compared with the predicted

main wetting curve (MWC) given by the first wetting cycle

of a dry material using the modified Kovács model with

hysteresis effects (MKh) (Maqsoud et al. 2012). This model

was recently proposed to predict hysteresis effects of water

retention curves for granular materials (non-cohesive, low

plasticity). The MWC is predicted from basic geotechnical

properties such as effective grain size diameters (D10; D60),

the coefficient of uniformity (CU), the void ratio

ðe ¼ n=ð1� nÞÞ, and the contact angle during the wetting

process (bw). Fig. 10 presents the MWC of the phosphate

limestone wastes (Table 2), at a porosity (n) of 0.43 and a

contact angle of 70� (to get the best fit to experimental data).

To summarize, Fig. 10 shows the MDC and the MWC

of the fine-grained phosphate limestone wastes with some

selected field data. All measurements are located between

the MWC and MDC (usually closer to the MWC) con-

firming that hysteresis effects are present in the phosphate

limestone wastes in the field. This observation is important

and means that, especially under semiarid climate condi-

tions, using only the MDC to predict the hydrogeological

behavior of the SR cover made of phosphate limestone

wastes would not be appropriate and could lead to unre-

alistic predictions of the soil water storage capacity and,

consequently, to an inappropriate cover design.

Other Remarks

These tests, which were performed in a semiarid climate,

showed that rainfall was successfully stored in the phos-

phate limestone wastes and later released to the atmosphere

by the two tested SR covers. However, column tests are

limited. For example, Benson et al. (2007) and Smesrud

et al. (2012) showed that hydrogeological soil properties of

SR covers can change over time. This aspect must be

investigated further with the tested materials.

Another important factor that could affect SR cover per-

formance is site geometry, since the inclination of a cover

system can affect the capacity of the system to control per-

colation. The infiltration water accumulates above the tilt

interface until the suction approaches the water-entry value

(or water-entry pressure) of the coarse-grained material

(Steenhuis et al. 1991). At this particular location (called the

down dip limit by Ross 1990), where the pressure at the

interface is greater than the water-entry value of the coarse-

grained material, water can move downward into the Kettara

tailings, and the cover can no longer control ARD generation

effectively. If the SR cover technology is applied on the

Kettara site, it will be important to validate that the system

would also be effective on the side slopes of the site (e.g.

Zhan et al. 2001, 2006).

Finally, a vegetative cover is usually implemented on a

SR cover to increase water removal by the biophysical

process of transpiration and to control erosion phenomena

(e.g. Rock et al. 2012; Smesrud et al. 2012). This influence

of vegetative cover must also be integrated into the final

design of the cover system.

Conclusions

The assessment of phosphate limestone wastes as a com-

ponent of SR covers with capillary barrier effects was

investigated; in this study, coarse tailings from an existingFig. 10 Hysteresis effects of the water retention curve
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abandoned mine site located in Morocco (the Kettara site)

was used as the capillary break layer. Two SR covers of 50

and 100 cm of fine-grained phosphate limestone wastes

were tested over the capillary break layer in instrumented

columns to evaluate the store-and-release capacity and the

effectiveness of the water-retention layer to control water

percolation. The main observations of this study were:

• Under natural climatic conditions, sensors at depths of

10, 25, and 40 cm were affected by rainfall but no

water percolation was collected. In addition, after each

dry season, the volumetric water content profile of the

fine-grained material returned close to the residual

water content. For both SR covers tested, the fine-

grained material overlying the coarse-grained material

successfully stored and released meteoric waters.

• Sensors at depths of 10, 25, 40, and 75 cm were

affected by simulated extreme precipitation events.

Additionally, capillary barrier effects broke down at the

interface between the coarse- and fine-grained layers

after the 155 mm/day rainfall in the column that

contained only 50 cm of phosphate limestone wastes,

and ARD water percolated through the cover system.

For the column that contained 100 cm of phosphate

limestone wastes, no water percolation was observed

after either the 100 mm/day or the 155 mm/day sim-

ulated event.

• Hysteresis effects were observed in the water retention

curve of the phosphate limestone wastes in the field.

This study suggests that a suitable thickness of the store-

and-release layer is between 50 and 100 cm. This pre-

liminary investigation for the reclamation of the Kettara

mine site suggests that nearby phosphate limestone wastes

have the appropriate properties to become part of an effi-

cient SR cover to control ARD generation. Nevertheless,

some further work is required to refine the design thickness

of the store-and-release layer and system inclination. Other

tests at a pilot scale directly on the Kettara tailings storage

area are recommended before constructing the full scale SR

cover (e.g. Albright et al. 2004; Benson et al. 2001;

Bussière et al. 2007; Nyhan 2005; Scanlon et al. 2005;

Waugh et al. 2008; Wels et al. 2002). Finally, a comparison

between transient hydrogeological behavior of the tested

SR cover systems and numerical prediction is the next

logical step. Integrating the hysteresis effects of the phos-

phate limestone wastes into the numerical modeling in

parallel with the soil/atmosphere interactions is recom-

mended to assess the likely long-term performance of the

covers.
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