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Abstract - Heap leaching of caliche ores is frequently performed with run-of-mine (ROM) material, which 
includes rocks of very different sizes; however, most of the experimental data are obtained using small 
particles. To contribute to the understanding of caliche leaching, an experiment using coarse particles was 
carried out. The recoveries obtained from this experiment were compared with those observed in the leaching 
of fine particles and, as expected, a larger volume of leachant was required for leaching coarse particles to 
reach the same recovery. For the highly soluble species nitrate, the recovery was modelled using a previously 
developed model, obtaining good agreement without any fitting by using only the mass transfer coefficient 
obtained, by fitting, from fine particle leaching data in previous works. Physical properties such as 
permeability and capillarity were determined, showing that capillary forces are large, but that the permeability 
is very small, implying that flow through caliche particles should be very small. 
Keywords: Nitrate; Physical properties; Column leaching; Particle size effect; Phenomenological model. 

 
 
 

INTRODUCTION 
 

Caliche is a mineral composed of a high propor-
tion of water-soluble species that is naturally found 
in northern Chile, in the regions of Tarapacá and 
Antofagasta. The most important products obtained 
from this mineral are nitrates and iodine. Natural 
nitrates (also named Saltpetre) are used for the manu-
facture of fertilizers and as industrial salts, while 
iodine is employed in medical and technological ap-
plications (Gálvez et al., 2012; Valencia et al., 2008; 
Ericksen, 1983). Chile is the world's largest producer 
of iodine and natural nitrates (USGS, 2013). 

The recovery of metals and non-metals from min-
erals using aqueous solutions has been carried out 
since ancient times, both vat and heap leaching being 
the most used techniques. In general, the leaching 
consists of the dissolution of solids or part of them 

by adding a leaching solution, which is subsequently 
conducted to a separation process (De Andrade Lima, 
2004). In the case of the production of iodine and 
nitrates from caliche, depending on the grade and 
granulometry of the ore, the leaching process takes 
place in vats or heaps. The heap leaching has gained 
great importance due to the decreasing ore grades 
and the increment of processing costs (Ghorbani et 
al., 2011). Caliche heaps are frequently constructed 
by accumulation of 600 to 900 thousand tons of 
ROM caliche, which means that a wide spectrum of 
particle sizes composes the heaps. 

Caliche heaps are irrigated at the top with water 
or recirculated solutions and the leachate obtained at 
the bottom is sent to the iodine extraction plant, 
where the iodate is transformed to metallic iodine. 
The remaining solution is afterwards conducted to 
evaporation ponds to obtain sodium nitrate and other 
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salts (SQM, 2013; Wheeler, 2010). 
For metallic minerals, such as copper ores, the 

leaching is governed by chemical reactions (Bouffard 
and Dixon, 2001; Bennett et al., 2012), whereas the 
leaching in caliche is determined by dissolution of 
the soluble species, which is governed by concentra-
tion differences. Another important difference with 
metallic minerals is that caliche has a high fraction 
of soluble minerals formed by different species that 
are dissolved simultaneously at different rates, which 
makes the modelling of caliche heap leaching a com-
plex task (Gálvez et al., 2012). The high fraction of 
soluble species causes a gradual decrease in the size 
of the particles and, therefore, a diminution of the 
heap height. 

Many factors affect the performance of heap 
leaching, such as the macro hydrodynamics of the 
heap, compaction, channelling, changing permeabil-
ity and the particle size, among others. The last one 
has an important effect on the leaching since the 
magnitude of the radius has a direct relation with the 
resistance to mass transfer within the solid matrix 
and with the surface area of contact between leachant 
and solid (Ghorbani et al., 2011). In previous works 
(Ordóñez et al., 2013; Ordóñez et al., 2014), column 
leaching experiments on a pilot scale using fine mate-
rial were performed and a phenomenological model 
based on mass balance was fitted with acceptable 
accuracy for the dissolution of the highly soluble 
species. In the present study, coarser particles were 
leached, in order to get empirical information some-
what closer to industrial conditions, where the parti-
cles can reach up to several decimetres. Moreover, 
the phenomenological model was tested in a new 
column experiment, using the same mass transfer 
coefficient, , obtained by fitting in an experiment 
with small sized particles. 

One of the possible causes for poor performance 
of heap leaching could be the inadequate understand-
ing of the mineralogy and the physical properties 
related to it. Therefore, experiments were also done 
to characterize the material physically, such as per-
meability and capillary suction tests. 
 
 

METHODOLOGY 
 
Caliche and Solutions 
 

The particles of caliche used in the column ex-
periment and in the physical characterization tests 
were obtained from Northern Chile. The soluble frac-
tion of the mineral was chemically analysed and its 

composition is shown in Table 1. Nitrate was deter-
mined by molecular absorption spectroscopy (UV2, 
Unicam UV/Vis). Sulphate was quantified by gra-
vimetry, while sodium, potassium, magnesium and 
calcium were measured by atomic absorption spec-
troscopy (220FS, Varian). Acid-base volumetry was 
used for boron determination. Chloride and iodine 
were determined by titration with silver nitrate and so-
dium thiosulphate, respectively. For perchlorate analy-
sis, a selective ion-electrode was used (Cole Parmer). 
 
Table 1: Composition of soluble species in the 
caliche. Concentration in wt%. 
 
NO3

- IO3
- Cl- SO4

2- ClO4
- BO3

3- K+ Ca2+ Mg2+ Na+ 
4.65 0.011 8.45 9.50 0.025 0.09 1.18 0.82 0.62 8.56

 
According to mineralogical XRD analysis (Sie-

mens D5000 Diffractometer), the most abundant 
water-soluble species in the caliche ore used is Halite 
(NaCl), which is the unique source of chloride; 
meanwhile, nitrate is shared between Humberstonite 
(K3Na7Mg2(SO4)6(NO3)2·6H2O) and Nitratine (NaNO3), 
both very soluble minerals. Sulphate is widely spread 
in caliche and it is associated with sodium, potas-
sium, magnesium and calcium. The insoluble species 
are present as silicates such as Quartz (SiO2) and 
Albite (NaAlSi3O8). The semi-analytical quantifica-
tion by XRD of the species is listed in Table 2. 
 
Table 2: Main mineral composition of caliche de-
termined by XRD. 
 

Mineral Formula wt% 
Halite NaCl 28.2
Quartz SiO2 17.8 
Albite NaAlSi3O8 16.2 
Humberstonite K3Na7Mg2(SO4)6(NO3)2·6H2O 13.4 
Nitratine NaNO3 8.1 
Loeweite Na12Mg7(SO4)13·15H2O 3.4 
Glauberite Na2Ca(SO4)2 3.6 
Orthoclase KAlSi3O8 7.1 
Polyhalite K2Ca2Mg(SO4)4·2H2O 2.2 

 
In the leaching test, rocks with masses ranging 

from 0.2 to 4.3 kg were placed into the column. For the 
granulometric characterization, the volume-weighted 
particle radius was used, which was 6 cm. The mass 
distribution is presented in Figure 1, where 40% of 
the total loaded mass is found in the last interval, in 
which particles with masses larger than 3.2 kg are 
included.  

The column employed for leaching was constructed 
with acrylic, with a square base of 28 cm-side and a 
height of 80 cm. Rocks of caliche of different sizes 
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When the particles are irrigated, two different re-
gions are observed in the rocks: a water-saturated 
layer in the surface and a material slightly humid in 
the core of the rocks. This was observed in the labor-
atory in the capillarity tests and subsequently con-
firmed by the column experiment in the rocks at-
tached to the column walls. Apparently the leaching 
solution flows on the particle surface and no liquid 
transport takes place through the inner part of the 
rock. The capillarity of caliche is large (Table 4) but 
the permeability is very small, about 5*10-17 m2 (Table 
5). Therefore, the leaching agent would be transported 
into the particle by capillary forces, which are large 
when the material is dry, but they disappear once the 
material is humid. No water flow is expected through 
the caliche rocks due to the small permeability of the 
caliche. The leachant would flow along the surface of 
the caliche ores and water penetrates the inner part of 
the particles by capillary suction. From these data, it is 
possible to conclude that the pores in caliche are very 
small (large capillarity and small permeability) but 
they are abundant (no small porosity). 

 
Table 4: Capillary absorption coefficients ( )ck  of ca-

liche specimens. (SD=standard deviation). 
 

Sample C1 C2 C3 C4 C5 C6 C7 C8 C9 Mean SD
kc, kg/m2/h0.5 0.5 1.1 1.5 2.7 3.6 3.7 4.5 6.8 8.7 3.6 2.7
 
Table 5: Permeability coefficient (K) determined 
for caliche samples. (SD=standard deviation). 
 

Sample P1 P2 P3 Mean SD 
K, m2 7.4*10-18 5.7*10-17 8.1*10-17 4.9*10-17 3.8*10-17

 

Column Leaching Experiments 
 

Recovery of the ions was determined considering 
the mass of species extracted during leaching and 
that remaining in the residues. The composition of 
the residues is shown in Table 6. For nitrate, perchlo-
rate and iodine the final recoveries were the highest, 
above 90%. On the other hand, the species formed 
by calcium (Glauberite and Polyhalite) and boron 
were only partially leached, reaching recoveries of 
about 50% for these ions (Figure 5).  
 
Table 6: Composition of the remaining soluble 
species in the residue after leaching. Concentra-
tion in wt% 
 

NO3
- IO3

- Cl- SO4
2- ClO4

- BO3
3- K+ Ca2+ Mg2+ Na+ 

0.35 0.001 1.10 2.80 0.003 0.07 0.19 0.69 0.15 0.86

 
Significant increments in recovery were achieved 

up to 600 h, which correspond to 1 m3/t; after that, 
the extraction changed to slower kinetics due to a 
reduction by half of the irrigation rate. This is not 
visualized in Figure 5, since it shows the recovery as 
a function of the leaching ratio. In this case a small 
irrigation rate increases the slope of the curve. Ac-
cording to the recoveries, the volume of leachant 
used in the experiment was sufficient because the 
recoveries of ions were relatively high for the highly 
water-soluble species and even less soluble ions, 
such as sulphate, were close to 80%. The use of glass 
stones may favour the channelling in the column and 
a part of the leachant may pass directly through the 
column without being effectively used for leaching. 
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(c) 
Figure 5: Recovery curves of ions for large particle column leaching. (a) Nitrate, Chloride and Calcium, 
(b) Perchlorate, Iodate, Potassium and Sulphate and (c) Sodium, Magnesium and Boron. 

 
 

The effect of the particle size on recovery was 
evaluated by comparing the results of coarse leach-
ing (CL experiment) with another leaching experi-
ment previously performed by Ordóñez et al. (2013), 
in which fine particles, less than 1.4 cm of diameter, 
were used with tap water as leaching agent (FL ex-
periment). As shown in Figure 6, the final recoveries 
of all ions were similar between both experiments. 
However the increment was slower for the CL ex-
periment; i.e., a larger volume of leaching solution is 
required to reach the same recovery. The particle 
size is determinant in this result, because larger parti-
cles present higher resistance to inner transport that 
slows the depleting of ions from caliche. The 
leachant preferably flowed by the periphery of rocks; 
however, at the end, all particles were completely 
wetted and with high levels of water saturation. 
Some of the particles or part of them collapsed dur-
ing the leaching. The ratio of leachant volume over 
mass loaded for the FL experiment was 2.4 m3/t (in 
the recovery figures, the x-axes are presented up to 
2.0 m3/t because no changes are observed for longer 
times), while for CL the leaching ratio was close to 
2.0 m3/t. The last leaching ratio does not consider the 
fraction of leachant that flowed freely through the 
glass stones. 
 
Model Results 
 

The phenomenological model described above 
was used to simulate data for the coarse leaching 
experiment. In this simulation the value of the k-
parameter, which was previously determined by fit-

ting the leaching of fine particles (Ordóñez et al., 
2013), was used. In that work, the model fitting was 
done in terms of the outlet concentration of the 
highly soluble species, and the value obtained was 
1.99*10-5 m/h. The parameters used in the simulation 
of the different experiments are listed in Table 7. 
 
Table 7: Parameters used in the simulation of the 
phenomenological model. 
 

Parameter FL 
Experiment 

CL 
Experiment

Average particle radius, m 0.007 0.06 
Nitrate mass fraction 0.037 0.047 
Mass transfer coefficient, m/h 1.99*10-5 1.99*10-5 
Solubility concentration, kg/m3  230 230 
Water porosity 0.08 0.08 
Column base geometry Circular Square 
Cross section column area, m2 0.031 0.078 
Bed height, m 1.0 0.6 
Irrigation rate, m3/m2/h 0.006 0.004/0.002 

 
The simulated recovery for the FL experiment was 

determined from the simulated outlet concentration 
obtained using the fitted k parameter. On the other 
hand, the recovery for the CL experiment was deter-
mined from the outlet concentration simulated using 
the same (k) parameter obtained in the FL experiment. 

It is observed that the model captures the re-
covery of nitrate for coarse particles. It is appropriate 
to note the consistency of the model, since no further 
adjustment was required. This indicates that the k-
parameter is only slightly dependent on the operating 
conditions (Figure 7); but is strongly influenced by 
the species that is being leached.  
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(a) (b) 

 
(c) (d) 

Figure 6: Comparison of recoveries between column leaching using small and large particles as
a function of leaching ratio (volume of leachant/mass of caliche). (a) Nitrate, (b) iodate, (c)
sulphate and (d) chloride. FL: Fine particle leaching and CL: Coarse particle leaching. 

 
 

 

Figure 7: Simulation of nitrate recovery 
from the phenomenological model for fine 
(FL) and coarse (CL) leaching experiments. 
Markers are experimental results and lines 
correspond to simulated data. 
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The recovery of nitrate close to 1.0 was rapidly 
reached for the FL experiment after only 0.5 m3/t. 
While, for the CL experiment this value is not reached 
even after 2.0 m3/t. The experiment with coarse par-
ticles was simulated using two flowrates; 0.004 and 
0.002 m3/m2/h. Despite this change in the irrigation 
rate, the trends were well reproduced. 
 
 

CONCLUSIONS 
 

The contribution of this work is threefold: i) new 
data of column leaching experiments using coarse 
caliche ore are supplied, ii) a previously developed 
model is applied to the leaching of coarse particles with 
an acceptable level of agreement, and iii) determination 
of physical properties of caliche mineral is carried out. 

The leaching experiment showed that dissolution 
rates using coarse particles were much slower than 
the rates observed with finer particles, and three 
types of ions with different dissolution behaviours 
were observed. High recoveries are obtained even 
using large particles if the material is irrigated during 
longer times.  

The results of leaching experiment were simu-
lated using the previously developed model for highly 
soluble species proposed by Gálvez et al. (2012). It 
was found that the model can be used directly for the 
representation of the leaching of coarse particles 
without fitting using the same mass transfer coeffi-
cient that was obtained for small particles. A good 
representation of the recovery for nitrate was ob-
tained from the simulation. This shows that the 
model is adequate to simulate caliche leaching with 
different particle sizes. In this sense, it was also 
demonstrated that the conceptual model is a correct 
approach; i.e., the leaching takes place on the parti-
cle surface and advanced into the particle when the 
material in the surface is partially dissolved or has 
collapsed as was assumed in the model. 

In the determination of physical properties, it was 
found that caliche has a high capillarity because the 
porous structure is formed by very small pores. This 
also causes caliche to show a very small permeabil-
ity. Therefore, the leaching solution may be sucked 
into the caliche ore, but water flow through a caliche 
ore is negligible or not possible. This clearly indi-
cates that the leaching takes place on the particle 
surface and an insignificant part of the leaching oc-
curs in the interior. 
 
 

NOMENCLATURE 
 

A  Cross-sectional area of the reactor  (m2) 

iC  Concentration in the reactor  (kg/m3) 

1iC  Concentration in the reactor − 1 (kg/m3) 

sC  Solubility of ion  (kg/m3) 
g Gravity (m/s2) 
H Total height of permeability test (m) 

mh  Average level of kerosene (m) 
K Permeability coefficient (m2) 
k  Mass transfer coefficient (m/h) 

ck  Capillary coefficient (kg/m2/h0.5) 

satM  Mass of saturated caliche sample (kg) 

sM  Initial mass of the caliche sample (kg) 

pN  Number of particles in reactor  
Q  Flow of kerosene (m3/s) 
q Irrigation rate (m3/m2/h) 

er  Radius of cylindrical caliche sample (m) 

hr  Radius of internal hole (m) 

ir  Particle radius in the reactor  (m) 

sV  Volume of displaced kerosene (m3) 

wiV  Volume of water in the reactor  (m3) 
t Time (h) 
Z Height of caliche sample (m) 
 
Greek Letters 
 
  Mass fraction of soluble species in caliche 
  Open porosity of caliche 
 Apparent density of mineral (kg/m3) 

k  Kerosene density (kg/m3) 
 Dynamic viscosity of kerosene (kg/m/s) 
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