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Abstract
More than three million tons of sulfide tailings were discarded without any protection for more than 36 years at the since-
abandoned Kettara mine. The impact of these tailings as well as the coarse wastes disorderly dumped on the surface site is 
highlighted by the elevated sulfate levels in the wells downstream of the wastes. Kinetic tests carried out on these sulfide 
tailings over 10 years ago, showed similar trends in metal dissolution despite large difference in test duration (21 and 53 weeks 
for the weathering and humidity cell tests, respectively). 40% of the sulfate release occurred in the first 3 weeks of the humid-
ity test. However, in this study, the elevated sulfate levels in the groundwater was shown not be linked to the tailings, where 
the original sulfide material is still present under an oxidized layer of 10 cm–1.2 m. Thus, kinetic test results should not be 
extrapolated to field scale without accounting for site-specific factors, especially particle size and climate.
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Introduction

Methods to predict the potential of acid generation are well 
known and largely described (Bouzahzah 2013; Chotpanta-
rat 2011; Coastech Research Inc. 1991; Lapakko 2002; Price 
2009; Sherlock 1995; U.S. EPA 1994). Static tests, which are 
short term and relatively inexpensive, give information on 
the theoretical balance between acid producing/neutralizing 
components of a waste sample and the mobility of potential 
contaminants. Kinetic tests, such as humidity cells, are also 
commonly used, and are complementary to static tests. They 
simulate natural and accelerated weathering of mine tailings 
under controlled conditions. They are used when static tests 
do not clearly identify the tailings as acid generating or not 
and provide information on the long term rate of acid gen-
eration, contaminant release, leachate quality, and depend-
ing on the test conditions, secondary minerals precipitation 
phenomena. Tests can take weeks to years and the choice 
of when to terminate the test is relatively arbitrary (Bowell 

et al. 2006): tests are typically stopped when the average 
release stabilizes. ASTM D5744-96, reapproved in 2001, 
recommends a minimum of 20 weeks. Some authors refer to 
conflicting results obtained from the same sample, depend-
ing on the type of kinetic test (e.g. Bouzahzah 2013). Kinetic 
tests are more affected by sulfide and secondary mineralogy, 
grain size, and length of exposure to aeration than static tests 
(Bowell et al. 2006).

Humidity cell tests (HCT) operating conditions differ 
from field conditions (Sapsford and Williams 2005). The 
potential for a mine to generate AMD depends on site-spe-
cific factors as water, oxygen, bacteria, mineralogy, particle 
size, permeability, physical weathering characteristics, and 
hydrology (Pat-Espadas et al. 2018). HCTs do not directly 
simulate field conditions (Barnes et al. 2015) and the chal-
lenge is how to use their data in predictive geochemical 
models (Sunkavalli 2014).

At the Kettara mine in Morocco, the exploited ore was 
mainly pyrrhotite. The sulfide ore (≈ 20% S) was extracted 
to produce sulfuric acid, which was used in Moroccan 
phosphate ore leaching. The ore was crushed to 0–15 mm, 
and processed by gravimetric separation (jig) to produce a 
concentrate of 32% S with an efficiency of 65% by weight 
and 85% sulfur recovery (Panorama de l’Industrie Minière 
1990). Mining ceased in 1982, leaving about three million 
tons of pyrrhotite-bearing sulfide tailings (El Amari et al. 
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2014) exposed. The structure of the tailings pond has been 
interpreted by geophysical methods, which showed a depth 
variation of 2–8 m (Lghoul et al. 2012).

The Kettara mine tailings are a real example of field-scale 
sulfide weathering. Static and humidity cell tests were con-
ducted on the tailings and compared to weathering results, 
as was done by Hornberger and Brady (1998). The study 
showed that kinetic tests have to be amended to account for 
the climatology of the mine site and the final solid waste that 
will be discarded, especially the grain size, as mentioned by 
Lappako (2002).

Methodology

To our knowledge, no AMD prediction tests were done on 
the Kettara tailings pond prior to or during mining. However, 
in 2008, two kinetic test methods (humidity and weathering 
cells) were carried out with the goal of rehabilitating the 
mine site. In this study, we took advantage of the existence 
of these full-scale mining wastes to assess the effectiveness 
of those kinetic tests. The current tailings pond of the Ket-
tara mine (photo a) can be considered as a reference “kinetic 
field test” that has been going on for more than 36 years, 
allowing field observations to be compared to the predictive 

test results (Hakkou et al. 2008a, b). This paper focuses on 
the production or release of sulfate ions.

Results

The current state of the abandoned mine’s solid wastes, vari-
ously colored and covering about 37 ha, is evidence of the 
oxidation of the initially black-gray sulfides (Fig. 1). Fur-
thermore the stagnant acid water (pH of 2.8) on the site con-
tains metals: Cu; 16.8 mg/L, Zn; 7 mg/L, Fe; 27.4 mg/L, and 
Cr; 7.7 mg/L. Pyrrhotite and pyrite are the main sulfides in 
the material (El Amari et al. 2014; Hakkou et al. 2008a). The 
various secondary minerals (Table 1) coming from sulfide 
dissolution are the source of the colored surface wastes (El 
Amari et al. 2014). Thanks to the arid climate, they trap 
sulfate ions as well as the other chemical elements, reducing 
the potential of groundwater pollution.

The potential acid generation of the Kettara sulfide tail-
ings was confirmed by static tests carried out on samples of 
0.8–13.6% sulfur and d80 of 13–95 µm with an acid potential 
(AP) of 91–453 kg CaCO3/t (Hakkou et al. 2008a). Weather-
ing and humidity cell tests were also used to predict their 
potential for AMD and to estimate the mineral reaction rates 
and depletion (Hakkou et al. 2008b). These tests were carried 
out for 21 and 53 weeks, respectively, in accordance with 
ASTM D5744-96 (1998), Morin and Hutt (1997), and SRK 
(1989). The general trend of metal dissolution was essen-
tially similar for both methods and the authors suggested that 
these tailings would continue to release acidity and sulfate 
for a long time. The sulfate production rate obtained by the 
humidity cell tests were very high (2000–8000 mg SO4/kg/
week) during the first weeks and then dropped to78–600 mg 
SO4/kg/week after 9 weeks (Hakkou et al. 2008b). After 
three cycles, 40% of the original amount of sulfur had been 
released. However, sulfate depletion rates were higher for 
the weathering cell tests. Hakkou et al. (2008b) interpreted 
the drop in the sulfate release rate to coating of the sulfide 
surfaces by secondary mineral precipitation.

A rehabilitation project (Hakkou et al. 2008a) was under-
taken, initially based on these results and from tests carried 
out on coarse tailing piles on the site surface. Environmental 
impact studies on soils and groundwater demonstrated the 
contamination of waters downstream of the mining wastes, Fig. 1   The land surface variably coloured by secondary minerals

Table 1   Results of X-ray 
diffraction analysis of collected 
samples from the Kettara mine 
site

Sample Identified minerals

Primary sulfides Pyrrhotite, pyrite, chalcopyrite
Sulfide tailings Quartz, clinochlore, pyrrhotite, talc
Secondary minerals Goethite, hematite, heulandite, natrojarosite, halotrichite, melanter-

ite, copiapite, jarosite, rozenite, hydroniumjarosite, gypsum, talc, 
muscovite
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especially by sulfate ions. But they linked the pollution to 
the site lithology, wastewaters of the village of Kettara, 
located upstream of the more sulfate polluted wells and 
which contain up to 1739 mg/L (El Amari et al. 2014; Moyé 
et al. 2017; Toughzaoui et al. 2015; Zouhri et al. 2019), and 
the coarse waste piles disorderly dumped on the surface site, 
but not the tailings. The tailings, in their current state, cannot 
be considered a groundwater pollution source because if one 
compares the field observations to the kinetic test results, 
one can see that:

•	 40% of sulfate release obtained after three cycles of 
humidity cell test does not agree with reality. Indeed, 
tailings exposed to atmospheric conditions since 1982 
show a thin layer of oxidized material (typically 10 to 
20 cm thick, though it can be up to 1.2 m), based on 10 

recent deep trenches, under which the material is pasty, 
suggesting that it keeps its original moisture (Fig. 2).

•	 The altered layer is thinnest where the tailings are also 
thinnest due to an impermeable hardpan, which creates 
rainwater puddles, pending evaporation. The layer is 
thickest where secondary mineralization (efflorescence) 
causes swelling of the old tailings pond surface. This lim-
its the alteration to less than 1.2 m (Fig. 2). This variation 
in the thickness of the oxidized layer could be linked to 
grain size distribution, which affects oxygen access to the 
sulfide minerals.

•	 The limited oxidation layer on the top of the tailings pond 
is evidence that the AMD does not percolate. Superficial 
AMD generation is subjected to dissolution—re-precip-
itation of secondary minerals, paced by rainfall episodes. 
This observation does not comply with the depletion of 

Fig. 2   a Tailings pond with the 
locations of the trenches shown; 
b, c unoxidized sulfide tailings 
under 10 and 20 cm of imper-
meable hardpan; d unoxidized 
sulfide tailings under swollen 
surface; e the tailings pond sur-
face (hardpan and swollen)
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reactive minerals and/or their passivation by the second-
ary phase coating observed in the humidity cell tests.

•	 The kinetic tests results did not simulate the natural world 
because grain size distribution of the material was not 
considered. The kinetics of solid leaching depends on 
the grain size and this dependence is more accentuated 
in the real world, where permeability can limit oxygen 
diffusion and leaching solution percolation. The material 
permeability in the kinetic tests was modified by adding 
sandy silica (Hakkou et al. 2008b).

The climate of the mining site is also a parameter to be 
considered: the mean annual rainfall of 250 mm and annual 
potential evaporation exceeding 2500 mm (Fig. 3) differ 
considerably from the conditions in which kinetic tests are 
carried out, where the climate cannot ensure a regular sup-
ply of water.

The supply of oxygen and water seem to be the two most 
important factors in humidity-cell testing protocol (Lapakko 

2003). This is why scaling up the 2008 HCT data to field 
level by weight correction is not appropriate.

Conclusion

The three million tons of tailings of the Kettara mine that 
were disposed of in a tailings pond and abandoned without 
any protection for more than 36 years was an opportunity 
for researchers to compare humidity cell test results with 
reality. Kinetic tests, which have to be interpreted according 
to their operating conditions, can give information on the 
tailings reaction, release rates and depletion of sulfates and 
contaminants, and secondary mineral precipitation. They 
can provide valuable information on how to control AMD 
during and after the exploitation period. However, this study 
has demonstrated how it can be unrealistic to extrapolate 
kinetic test results to real world conditions without consider-
ing the processing method (grain size distribution, chemi-
cal and mineralogical compositions, etc.). Site climatology 
should also be considered.

Failing a good extrapolation and in view of the fact that 
the duration of kinetic tests is relatively arbitrary, extending 
them is not justified once one has the desired information.
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Fig. 3   Annual rainfall and evaporation near Kettara (recorded at the 
LallaTakerkoust meteorological station)
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