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a  b  s  t  r  a  c  t

Soils  in  abandoned  mining  sites  generally  present  high  concentrations  of trace  elements,  such  as  As  and
Hg. Here  we  assessed  the  feasibility  of washing  procedures  to physically  separate  these  toxic elements
from  soils  affected  by a considerable  amount  of  mining  and  metallurgical  waste  (“La  Soterraña”,  Asturias,
NW Spain).  After exhaustive  soil  sampling  and  subsequent  particle-size  separation  via wet  sieving,  chem-
ical and  mineralogical  analysis  revealed  that the  finer  fractions  held  very  high  concentrations  of As  (up  to
32,500  ppm)  and  Hg  (up  to 1600  ppm).  These  elements  were  both  associated  mainly  with  Fe/Mn  oxides
and  hydroxides.  Textural  and  geochemical  data  were  correlated  with  the  geological  substrate  by  means
of a multivariate  statistical  analysis.  In addition,  the  Hg  liberation  size  (below  200  �m)  was  determined
to  be  main  factor  conditioning  the  selection  of suitable  soil  washing  strategies.  These  studies  were  finally
complemented  with  a specific-gravity  study  performed  with  a  C800  Mozley  separator  together  with  a
oil washing grindability  test, both  novel  approaches  in soil  washing  feasibility  studies.  The  results  highlighted  the
difficulties  in  treating  “La  Soterraña”  soils.  These  difficulties  are  attributed  to  the  presence  of contami-
nants  embedded  in  the  soil  and  spoil  heap  aggregates,  caused  by  the  meteorization  of  gangue  and  ore
minerals.  As  a result  of  these  two  characteristics,  high  concentrations  of  the  contaminants  accumulate
in  all  grain-size  fractions.  Therefore,  the  soil  washing  approach  proposed  here  includes  the  grinding  of
particles  above  125  �m.
. Introduction

Abandoned mining-metallurgy sites are sources of environmen-
al pollution. This contamination is a result of mine drainage, waste
isposal, subsidence and other phenomena [1,2]. Specifically, Hg
ining and processing are frequent causes of environmental con-

ern because of the abundance of Hg and other toxic trace elements,
uch as As, in the ores exploited [3].  Hg participates in a num-
er of complex environmental cycles. Geochemical studies have
hown that, once in the environment, ionic Hg can be converted
nto organomercury compounds, which are highly toxic to most
rganisms [4]. Furthermore, As toxicity – specifically As (III) – has
riggered severe environmental alarms throughout the world, in
articular in relation to groundwater [5].

In this context, soil washing by means of physical and/or chem-

cal procedures is a suitable technique to reduce the concentration
f heavy metal contaminants in this matrix [6].  Physical process-
ng technology in particular has been frequently used to remediate

∗ Corresponding author. Tel.: +34 985458064/651043415; fax: +34 985458182.
E-mail address: jgallego@uniovi.es (J.R. Gallego).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.08.080
© 2011 Elsevier B.V. All rights reserved.

heavy metal and semi-metal pollution, including Hg and As [7–11].
These techniques remove contaminants from soil by concentrat-
ing them into a minor volume by means of comminution, particle
size separation, specific-gravity separation, attrition scrubbing,
froth flotation or magnetic separators. Thus, physical processing
concentrates contaminants by exploiting differences between the
characteristics of metal-bearing particles and soil particles (size,
density, hydrophobic surface properties, magnetism), in much the
same way  as mineral ores can be treated. Given that these tech-
nologies are versatile and cost-effective when high amounts of soil
are to be treated, they may  be highly appropriate for the remedia-
tion of former industrial sites and old mine dumps [12]. In contrast,
chemical processing usually comprises procedures such as acid or
base treatment for solubilisation, or the use of specific solvents, to
release pollutants into the liquid fraction [6].

The information reported in feasibility studies usually allows
consideration of a range of alternatives for soil washing treatments,
the final objective of which is a noteworthy reduction in the vol-

ume  of contaminated soil (ideally, in a soil washing process the
goal pursued for a given contaminant is to achieve a high concen-
tration in a small fraction [6]). This broad view requires a detailed
characterisation of the edaphology, mineralogy and geochemical

dx.doi.org/10.1016/j.jhazmat.2011.08.080
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jgallego@uniovi.es
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ehaviour of the grain-size soil fractions. Here we applied this
ork-plan to soil highly contaminated with As and Hg as a result of

he physico-chemical alteration of mining-metallurgic waste [13].
n addition, specific-gravity and liberation degree studies facili-
ated the evaluation of the viability of applying gravimetric and/or
ranulometric concentrators. Concretely, the particle-size fractions
btained were used for a specific-gravity study to examine the
elationship between particle size, density and contaminant con-
ent of the fractions. Milling was also considered by means of a
omplementary approach consisting of Bond tests to evaluate the
rindability of coarse fractions in order to obtain a finer grain-size
hat is more appropriate for physical separation.

Following all of the preceding considerations, the main aims of
he current study were as follows:

To integrate grain size distribution, specific-gravity separation
and a liberation degree study with edaphological, geochemical
and mineralogical information of the study site.
To introduce the “C800 Mozley laboratory mineral separator” and
the “Bond Ball Mill Standard test” as effective tools to improve the
abovementioned feasibility studies.

. Materials and methods

.1. Site description and soil sampling

Until the end of the 1970, extensive Hg deposits in the central
one of Asturias (northern Spain) were exploited [14–18].  One of
he main sites was known as “La Soterraña”. There, together with

ining activity, ore processing and metallurgy were carried out
ntermittently from the middle of the XIX century in order to obtain
g. Regarding ore geology, mining was performed through a low-

emperature hydrothermal ore, which is hosted by highly fractured
imestones with dispersion in the flanking sandstones and lutites of
arboniferous age. The paragenesis of this mineral deposit is consti-
uted by cinnabar (HgS), orpiment (As2S3), realgar and pararealgar
AsS), As-enriched pyrite and marcasite (FeS2), and arsenopyrite
FeAsS), in a gangue of quartz and calcite [14,19]. These sulphides
ere treated at “La Soterraña” mining-metallurgic plant, where the
ineral was milled and roasted to obtain Hg vapour, which was

hen condensed. The emissions of polluting steams and particles
nd the dumping of mining and smelting waste greatly affected
round 80,000 m2 of the surrounding area [14]. Currently, the dis-
ribution of the pollutants throughout the site is caused mainly by
he mechanical dispersion of the spoil heap waste, together with
he oxidation and lixiviation of As–Hg-rich materials, and also the
rocesses of complexation and immobilisation related to soil par-
icles.

In order to conduct a soil washing feasibility study, three com-
osite and representative soil samples (labelled S1, S2 and S3, 50 kg
ach) were collected from the tilled depth (0–35 cm)  by means of a
tainless steel hand-auger and a shovel. The soil was passed through

 2-cm mesh screen in situ to remove rock fragments, vegetation
nd other large material; finally, samples were homogenised and
tored in inert plastic bags.

.2. Sample preparation

In the laboratory, the three samples were gently dried at room
emperature, thoroughly disaggregated, mixed, and subsequently
ieved through a 4-mm screen. Materials with a grain size greater

han 4 mm were washed and rubbed off to recover fine particles
dhered to gravels and pebbles. Once these gravels and pebbles had
een cleaned up, they were excluded from the study. Each sample
elow a grain size of 4 mm was quartered by means of a channel
 Materials 196 (2011) 93– 100

separator to obtain representative 4-kg batches. These were then
oven-dried for 48 h at 45 ◦C to prevent Hg loss.

2.3. Soil characterisation

Regarding pedology, the pH was measured with a glass electrode
in a suspension of soil and water (1: 2.5) in H2O and electrical con-
ductivity was measured in the same extract (diluted 1:5). Organic
matter was determined by the ignition method (weight loss at
450 ◦C). Exchangeable cations (Ca, Mg,  K and Na) extracted with
1 M NH4Cl, and exchangeable Al extracted with 1 M KCl were deter-
mined by atomic absorption/emission spectrophotometry [20] in
an AA200 Perkin Elmer analyzer; the effective cation exchange
capacity (ECEC) was calculated as the sum of the values of the latter
two measurements (sum of exchangeable cations and exchange-
able Al).

2.4. Wet  sieving

The representative batches of each sample (S1, S2, S3) were slur-
ried in water and then sieved (cycles of 100 g) into particle-size
fractions of <63, 63–125, 125–250, 250–500, 500–1000, 1000–2000
and 2000–4000 �m batches were passed through normalised
sieves positioned in a shaker (Restch) for 5 min  with a water flow of
0.3 l/min (ASTM D-422-63, Standard Test Method for Particle-Size
Analysis of Soils). The fractions were recovered with the help of a
spray nozzle, and then dried at 50 ◦C and weighed. To complete the
grain size distribution, the silt–clay fraction (<63 �m)  was studied
using a Laser Diffraction Particle Analyser (Beckman Coulter Inc.).

Representative samples of the grain size fractions were sub-
jected to chemical analyses by means of ICP-OES (Section 2.5).
However, some of these fractions were subdivided to obtain fur-
ther samples for the mineralogical and specific gravity studies (see
Sections 2.7 and 2.8). In order to standardise the conditions used
for chemical attack, samples with a grain size over 125 �m were
ground at 400 rpm for 40 s using a vibratory disc mill (RS 100
Retsch).

2.5. Chemical analyses

For chemical analyses, 1-g representative sub-samples of the
diverse origins (soils, grain size fractions, light or dense specific
gravity fractions, etc.) were leached by means of an ‘Aqua regia’
digestion (HCl + HNO3). The digested material was analysed for
total concentrations of 19 major and trace elements (Ca, Mg,  K,
Na, Al, Fe, S, Cu, Pb, Zn, Cd, Ni, Mn,  As, Sr, Sb, La, Cr and Hg) by
Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-
OES) in the accredited (ISO 9002) laboratories Actlabs Int., Ancaster
(Ontario, Canada).

2.6. Multivariate statistics

Cluster Analysis was  undertaken following the Ward-
algorithmic method, which maximises the variance between
groups and minimises it between members of the same group [21].
A dendrogram obtained with the statistical software SPSS v18.0
was used to show the clustering of results. Groups of elements with
a similar geochemical behaviour were identified on the basis of
the statistical distance between them (squared-Euclidean distance
was selected).

2.7. Mineralogy and liberation degree study
The mineralogical composition of the soil was estimated by
means of an X-ray diffractometer (DRX, Philips X Pert Pro, incorpo-
rating databases of the International Centre for Diffraction Data). In
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Table 1
Parameters used in the specific gravity study performed with a C800 Mozley laboratory separator (recommendations by the manufacturer were adapted to soil properties).

Grain-size fractions (�m) Tray Shake speed (r.p.m.) Amplitude (mm)  Washwater (l/min) Feed (g) Time (min)

<63 ‘V’profile 70 2.5 3 50 3
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ddition, representative samples of each wet-sieving fraction were
sed to prepare polished sections to be studied by an Eclipse LV
00 POL Nikon petrographic microscope.

The morphology and composition of specific minerals were
tudied using a SEM-EDX system: Scanning Electron Microscope
Jeol JSM-6100) coupled with Energy Dispersive X-ray analyser
INCA Energy 200).

.8. Specific gravity study

The particle-size fractions obtained were used for a specific-
ravity study to examine the relationship between particle size,
ensity and contaminant content of the fractions. A C800 Mozley

aboratory mineral separator was used for this purpose. This sepa-
ator, which operates using gravimetric classification, is commonly
sed to assess mineral processing equipment [22], although in our
ase it was tested for site remediation purposes.

In brief (see [22] for details), this separator comprises a riffleless
haking table; two types of table deck (trays) are available, a “V”
rofile for materials finer than 1000 �m and coarser than 63 �m,
nd a “Flat” profile for the separation of material below 63 �m.

Physical separation is governed by the flowing film principle
23], in addition to a perpendicular movement to the tray axis, thus
avouring the advance of the solids on the tray. Therefore, the sep-
ration in this equipment is only partially conditioned by Stokes
orce (correlated with grain-size); conversely, mass forces related
o an asymmetric acceleration are enhanced (specific-gravity sep-
ration effect).

In our case, 100-g samples of the particle-size fractions of <63,
3–125, 125–250, 250–500 �m were shaken under several con-
rolled parameters (shaking speed and amplitude, water flow, and
ime, Table 1), in order to obtain dense and light fractions in every
xperiment.

However, for fractions above 63 �m,  the effect of silt/clay parti-
les physically adhered to the coarser ones should be considered;
n our case, this adherence was directly linked to the efficiency of
he previous wet-sieving performed. To determine the relevance
f this effect, we carried out an experiment in which three rep-
esentative 50-g samples from the 63 to 125 �m fraction were
irectly treated in the C800 separator, while another three sam-
les were pre-treated for 30 min  in a solution of dispersing agents
3 g of sodium hexametaphosphate and 0.5 g of anhydrous sodium
arbonate dissolved in 250 ml  of distilled water) at 400 rpm in a
eidolph RZR 2020 shaker.
.9. Grindability characterisation

In soil washing approaches, milling could be required to free
ontaminants from the matrix aggregates in which they are embed-

able 2
lement concentration of representative subsamples of the three initial bulk samples (res

Sample Trace elements (mg  kg−1) 

Hg As Pb Z

S1 805 32,500 98 9
S2 1600 17,100 49 7
S3  132 6350 28 4
3 150 3

ded, in order to facilitate the ulterior operation in concentrators.
Therefore, we estimated the resistance of the soil samples to ball
milling in terms of specific power consumption for grinding. This
was done by means of the Bond Ball Mill Standard test [24–26].

In brief, with the aim to simulate closed circuit continuous oper-
ation with a recirculating load of 250%, the test [27] is carried out
in a 12′′ × 12′′ lab ball mill, in consecutive cycles of batch opera-
tions of grinding and sieving. In our case, the sieves selected to
study the variation of the Bond Work index with the milling prod-
uct size were 250, 180, 125 and 80 �m.  The test is useful to obtain
the internal parameter named “grindability index”, Gbp, in an iter-
ative procedure. The final value of “work index” is calculated using
the following equation:

wi = 44.5

P0.23
i

· Gbp0.82
(

10√
P80

− 10√
F80

)
where Pi (in �m):  screen size at which the test is performed. Gbp
is the Bond’s standard ball mill grindability; net weight of ball mill
product passing sieve size Pi produced per mill revolution (g/rev),
once the end of the test is reached. F80 and P80 (in �m)  are the 80%
sieve opening through which 80% of the product passes (for Feed
and Product respectively). wi is the Bond Work index (in kWh/sht).
Once obtained the work index, the specific power consumption W
[kWh/t] can be calculated using the Bond Formula:

W = 10 · wi

(
1√
P80

− 1√
F80

)

3. Results and discussion

3.1. Pedology, grain size study and soil geochemistry

The pedological characterisation (average of three determina-
tions over the initial bulk samples S1, S2, S3, with a standard error
below 5%) revealed a slightly acid pH (6.3), low electrical conduc-
tivity (EC = 0.19 dS m−1), low content of exchangeable base cations
(5.42; 0.31; 0.28 and 0.47 cmolc kg−1 for Ca, Mg, K and Na respec-
tively), low ECEC (sum of exchangeable cations and exchangeable
Al = 7.38 cmolc kg−1), and a low organic matter content in the upper
horizon (0.75%). All of these data are consistent with the geological
origin of the soil and its development under particular geochemical
conditions as a result of the influence of waste derived from mining

activities and the metallurgy industry.

Furthermore, ICP-OES analyses (Table 2) revealed very high
concentrations of As and Hg, and a lower presence of other con-
taminants such as Pb. These findings are also consistent with the

ults correspond to the average of three determinations with a standard error <5%).

Major elements (%)

n Sb Al Ca Fe

8 211 2.86 2.52 3.19
1 111 2.08 5.6 3.09
6 23 2.8 5.9 2.81
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Fig. 2. Dendrogram showing the clustering of elements associated by their geo-

T
T

ig. 1. Particle-size distribution of sample S2, obtained by compositing wet-sieving
4000–63 �m),  and laser dispersion (<63 �m)  data.

ineralisation-type of the ores treated at “La Soterraña”. In con-
rast, the high concentrations of Ca, Al and Fe point to a soil matrix
omposed of carbonates, clay minerals and iron oxides.

Regarding the grain-size analysis, the results for the three sam-
les were very similar. For instance, the cumulative passing curve
f sample S2 (Fig. 1) indicates that the coarsest (500–4000 �m:
9.9%) and finest fractions (<63 �m:  38.1%) were predominant,
hereas intermediate fractions (250–500 �m:  1.8%; 125–250 �m:

5.7%; 63–125 �m:  4,5%) were less abundant. These data are par-
icularly relevant given that the fineness of the material is one of
he main factors impeding acceptable performance of soil washing
or remediation purposes [7].

To facilitate the study of the relationship between contaminant
ontents and grain-size fractions, we then measured the total con-
ent of major and trace elements in the abovementioned grain-size
ractions. Hg and other trace elements showed higher contents in
he fine fraction, while As showed a slightly more homogeneous
istribution in all the grain-size fractions (Table 3). Of the major
lements, only Fe showed a similar pattern to that observed for the
reviously mentioned trace elements, especially Hg. Therefore we
ypothesised that most of the trace elements remain geochemically
ssociated with former iron-rich sulphur minerals, which are prob-
bly oxidised in the present soil conditions. In contrast, a different
rofile was observed for Al and Ca, thereby suggesting a distinct
ehaviour of these elements to that of Hg and As. This notion was
onfirmed by a multivariate approach in which a hierarchical clus-
er analysis and also a Principal Components Analysis (data not
hown) revealed two main groups of elements, as shown in the
endrogram (Fig. 2). This outcome is congruent and complemen-
ary to the mineralogical and edaphological studies, thus suggesting
he following about the geochemical behaviour of As and Hg:

Group AB: comprising mainly chalcophile trace elements and
ome major elements such as Fe, Al and K. This group is subdivided
nto two subgroups:
‘A’ contains a clear association between Fe, Mn,  Hg, As and other
trace elements of concern (Sb, Ni). Consequently, and given the
high contents of ultrafine materials in the soil and the low amount

able 3
otal content in grain-size fractions for major and trace elements of sample S2 (results co

Grain-size fraction (�m) Trace elements (mg  kg−1) 

Hg As Pb 

4000–2000 495 15,800 36 

2000–1000  720 18,400 44 

1000–500  1000 21,900 54 

500–250  1920 24,500 65 

250–125  2030 27,900 67 

125–63  2520 24,300 68 

<63 4810 26,350 76 
chemical affinity within the samples (irrespective of the original sample and
grain-size fraction). Main groups are indicated based on statistical distance between
them.

of organic matter, Hg and As behaviour appears to be controlled
mostly by their ion binding to iron/manganese oxides-hydroxides.
The presence of Al and K in this subgroup suggests a main role of
argillaceous minerals; however, the DRX data (see below) and the
low ECEC suggest that phyllosilicates have little relevance.
‘B’ includes the well-known Pb–Zn–Cd association, which prob-
ably originated from the weathering of sphalerite (ZnS, slightly
enriched in Cd) and galena (PbS), both accessory minerals in La
Soterraña ore.

Group C: comprising elements linked to the alteration of the
gangue rocks (for instance Ca from limestone). In addition, the
presence of S in this group is linked to secondary minerals, such
as gypsum (CaSO4·2H2O), and others that can be observed in the
local paragenesis of the weathered ores. According to the statistical
treatment, the elements included in C are distant from the Group
AB (negative correlation).

3.2. Mineralogy and liberation degree study

DRX data showed that the predominant components in the sam-
ples were quartz and secondarily, calcite, hematite, ferrihydrite,
goethite and maghemite. In contrast, clay minerals were clearly
minority. Mineralogical analyses, particularly microscopy observa-
tions, revealed that some of the former sulphides from the ore were

undamaged in the coarse fractions, and were usually covered by
gangue minerals, which shielded them from the effects of weath-
ering (Fig. 3a and b). Although scarce, free grains of arsenopyrite,
(Fig. 3c), pyrite and chalcopyrite were also found. Cinnabar was  the

rrespond to the average of three determinations with a standard error <5%).

Major elements (%)

Zn Sb Al Ca Fe

60 87 2.9 3.31 3.87
70 101 3.25 3.42 3.74
80 144 3.1 3.71 3.75

125 165 2.47 3.62 3.80
125 195 2.95 4.51 3.84
133 158 3.29 3.77 3.97
155 212 3.31 3.42 4.39
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Fig. 3. (a) Arsenopyrite crystals within a quartz grain. (b) Pyrite inclusion in a quartz grain. (c) Unaltered free idiomorphic grain of arsenopyrite. (d) Quartz grain partially
r ating
a

m
m
T
2
c
a
c
a
w

eemplaced by cinnabar (soft component). (e) Free altered cinnabar. (f) Hematite co
nd  e and 1.3 mm for d and f.)

ost common suphide and also appeared as inclusions in gangue
inerals (Fig. 3d) and as free altered small grains (Fig. 3e and g).

he texture is typical of a calcine material, the fractions below
50 �m being richer in metallic oxides and oxy-hydroxides, espe-
ially hematite (usually combined with gangue materials, Fig. 3f)

nd, to a lesser extent, goethite. These textures and morphologies
an be attributed to the roasting process during ore treatment and
lso weathering. However, the most aggressive oxidising process
as the former as it has the capacity to destroy As and Hg sulphides.
 surrounding quartz grains. (Horizontal frame is 650 �m for Fig. 3a, 260 �m for b, c

Nevertheless, the temperature range used in the ovens (much lower
than 700 ◦C) was not enough to destroy As-rich pyrite, arsenopyrite
and chalcopyrite, irrespective of their original grain size (Fig. 4). In
this regard, the presence and texture of cinnabar, and other mineral
phases containing Hg denotes a deficient roasting procedure.
Therefore, the mineralogy of Hg (mainly as cinnabar) and As
(mainly linked to Fe sulphides and oxides), which both show an
irregular distribution within the grain-size fractions, hinders the
design of an effective soil washing treatment. In fact, in the case
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Table 4
Major and trace elements concentrations measured in the dense fractions after experiments carried out with a C800 separator (125–63 �m fraction). Results are an average
of  those obtained with three samples and show a standard error <5%.

Samples Trace elements (mg  kg−1) Major elements (%)

Hg As Pb Zn Sb Al Ca Fe

Feed material 785 29,433 96 152 180 2.38 3.19 4.17
Dense  fraction with dispersant pretreatment 925 17,100 70 176 90 1.56 2.31 3.76
Dense  fraction without pretreatment 897 15,733 76 165 82 1.47 2.26 3.81
%  variation 2.99 7.99 9.05 6.06 8.18 5.98 2.16 −1.51

Fig. 4. Scanning electron micrograph of a hexagonal goethite grain that preserves
the original morphology of pyrite. The surrounding area contains 22% of Hg. Smaller
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Table 5
Element content (percentage by weight) measured in the dense fraction for the
indicated grain-size fractions. The separation between dense and light fractions was
achieved in a C800 separator working as specified in Table 1. Results are an average
of  those obtained with three samples and show a standard error <5%.

Grain-size
fraction (�m)

Textural classification % in dense fraction

Hg As Fe

500–250 Medium sands 50.06 42.17 65.47
250–125 Fine 39.33 33.42 55.04

T
R
w
i

nd more reflecting grains correspond to arsenopyrite.

f cinnabar (HgS), the liberation size calculated under the optical
icroscope (grain size for which the cinnabar grains are not min-

ral inclusions in other mineral phases) was below 200 �m,  thus
learly limiting any physical separation equipment for fractions
bove this grain size. To obtain these data, we performed a complex
iberation size study composed of dozens of microphotographs

ith the accompanying measurements of grain sizes.

.3. Specific-gravity study

The use of dispersants did not imply a clear improvement in
he classification obtained in the C800 system (none of the chemi-
al elements notably changed in the dense fraction concentration,
able 4). Thus it can be concluded that the quality of the wet-sieving
as sufficient to prevent distortions in the data described below.

Although the liberation degree was below 200 �m for Hg, a
onsiderable amount of contaminants might be recovered by grav-
ty separation procedures in the grain-size interval between 500
nd 125 �m.  Initially, for the grain-size interval between 500 and

50 �m,  the C800 separator was not effective as the sizes with
hich this equipment operates are clearly above the liberation

ize (Table 5). Alternatively, for all the fractions below 250 �m,
he results indicate that the dense fraction obtained in the C800

able 6
esults of Bond ball mill grindability test, corresponding to the average of three determi
hich  80% of the product passes (for Feed and Product respectively); Pi is the screen size 

s the Bond index (‘work index’), and W is the specific power consumption.

F80 (�m) Pi (�m) Gbp (g/rev) P80 (�m) 

2957 80 1.1032 72 

2973  125 1.8917 109 

2917 180 2.2967 154 

2951  250 2.8523 194 
sands125–63 19.73 14.09 29.72
x  < 63 Silt–clay 15.65 6.82 14.06

was poorer in As and Hg than the light fraction (Table 5). In this
context, the differences in density between the two  fractions were
quite low (e.g., 2.5 g/cm3 for the lighter particles and 2.8 g/cm3 for
the heavier ones in the case of the 63–125 �m fraction, both mea-
sured with a water pycnometer). This is an unexpected effect, given
that the presence of ‘free’ As and Hg dense minerals, for instance
cinnabar and arsenopyrite, arises when grain size decreases. Conse-
quently, the concentrations in the dense fraction should be higher
than those indicated in Table 5. The most probable explanation for
this observation is that the size ranges used in this study were not
narrow enough, and therefore a granulometric separation overlies
the densimetric separation, as generally occurs with other types of
gravimetric separators [23]. In practical terms, these results imply
that physical separation of this soil by means of gravity concentra-
tors (spirals, shaking tables, etc.) would be very difficult.

3.4. Grindability characterisation

The results described in the previous section indicate that the
use of grain size separators or gravity concentrators is strongly
hindered in fractions coarser than 200 �m;  therefore milling is
required to improve the liberation degree of Hg and As. This process,
which normally accounts for 30% of the total costs in ore process-
ing [23], can be significant enough to make the process unworkable.
Thus, the cost of milling must also be taken into consideration in
soil remediation procedures. In addition, milling would be an inter-
esting option to address in future research into the immobilisation
of trace elements [28].
Following the previous considerations, Bond tests were per-
formed and the main results are presented in Table 6. The specific
power consumption ranged from 16.45 kWh/t to 5.82 kWh/t, con-
firming that the finer the sieve, the greater the energy consumption.

nations with a standard error <10%. F80 and P80 are the 80% sieve opening through
at which the test is performed; Gbp is the Bond’s standard ball mill grindability, wi

wi (kWh/sht) wi (kWh/t) W (kWh/t)

15.01 16.54 16.45
11.22 12.37 9.69
10.97 12.09 7.50

9.90 10.91 5.82
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epending on the liberation size, the power consumption in com-
inution operations can double from one size fraction to another.

his issue should be considered when addressing the operating
osts of the process. In our case, 125 �m can be considered a
afe cut-off point in accordance to the results of the mineralogical
tudy; hence the specific power consumption to take into account is
.69 kWh/t. This value reflects a medium-high level, similar to that
equired for grinding an average limestone [29]. Along with the
revious statements, appropriate selection of the milling machine
ill yield a well balanced power efficiency process [30].

.5. Consequences for soil washing design

The feasibility study carried out in this work should be com-
leted by a cost analysis, highly conditioned by the huge amount
f soil to be treated (80,000 m2) and by other important questions
uch as cost of milling (as described above) and treatment of wash-
ng effluents. At any case, it is possible to propose a first approach
o define soil washing stages, in brief:

The grain-size fractions below 125 �m containing “free” As and
Hg minerals could be treated with hydrocycloning because of the
demonstrated increasing concentration of the contaminants with
increasing fineness. A factorial design would be required to define
optimum conditions (see for example a successful application in
[10]).

 The design of the strategy for the fractions coarser than 125 �m
is clearly conditioned by the results of the mineralogical and
specific-gravity studies. Therefore in order to improve the Hg
and As liberation degree, a milling process should be required.
The ground material would be below 125 �m,  thereby allowing
hydrocycloning.

Some other supplementary technologies might be helpful. For
nstance, a considerable amount of minerals such as pyrite, goethite
nd hematite (enriched/bound to As and Hg) could be separated
rior to hydrocycloning by means of magnetic field technologies
31,32]. Furthermore, given that cinnabar is highly hydrophobic
33,34], froth flotation may  be an appropriate option to obtain sat-
sfactory Hg recovery yields [35,36].

. Conclusions

Hg and As are primary soil pollutants, particularly in areas for-
erly devoted to mining activities and the metallurgy industry.

n these circumstances, a proper remediation approach to reduce
he volume of contamination is soil washing. This approach has
een reported to be a cost-effective physical separation technique.
he feasibility study at the site of “La Soterraña” shows soils with
ery high As and Hg content. From geochemical, edaphological and
ineralogical data, we have demonstrated that Hg is concentrated
ainly in fine grain fractions (below 200 �m),  where it is present in

he original sulphide form and bound to Fe–Mn oxyhydroxides. In
ontrast, As is abundant in fine-medium (below 500 �m)  fractions
nd predominantly linked to Fe mineral phases as well.

In the context of the feasibility study, the C800 separator proved
ffective to study narrow grain-size intervals whenever signifi-
ant differences in specific-gravity within the particles of the soil
ere detected. However, in our case, the results obtained were not

onclusive. In fact, the mineralogical data reflected the low liber-
tion degree of As and Hg in sandy fractions, and thus the yields

f gravimetric or grain-size separation of these fractions would be
nsatisfactory. Accordingly, an interesting alternative, though pos-
ibly expensive, would consist of previous milling of the medium
nd coarse fractions in order to allow treatment. In this context,

[
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the grindability test is a novel approach carried out to indicate
the extent of power consumption and its influence on the energy
efficiency and potential recovery of pollutants. This approach com-
plemented the information from the feasibility study, and showed
that in this case physical soil washing would be clearly conditioned
by milling costs.
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