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Abstract  
 

The c losure of  mercury mining areas  is  general ly  associated with  a  release  of  Hg 
and other  metals  in to the environment  due to  the abandonment  of  mining wastes .  
Because of  their  potent ial  toxic  proper t ies ,  the mobil izat ion of  par t iculate  and 
soluble  metal  species  is  of  major  concern.  In  the  present  s tudy,  the  environmental  
r isks  posed by soi ls  surrounding an abandoned mercury mining area in  Valle  del  
Azogue (Almeria ,  Spain)  are  assessed through the determinat ion of  physical-
chemical  parameters ,  the  quantif icat ion of  metal  concentrat ions ,  and the appl icat ion 
of  aquat ic  and terrestr ia l  ecotoxici ty  bioassays.  Chemical  analysis  of  soi l  samples 
revealed concentrat ions of  Hg,  As,  Ba,  Pb,  Sb and Zn above in ternat ional  
in tervent ion values.  Resul ts  f rom terrestr ia l  tes ts  showed detr imental  effects  in  a l l  
s tudied organisms (Eisenia foet ida,  Folsomia candida  and different  p lant  species)  
and revealed the avoidance response of  ear thworms as  the most  sensi t ive  endpoint .  
Surpr is ingly,  the most  toxic  samples  were not  the ones with  h igher  metal  contents  
but  the ones present ing higher  electr ical  conduct iv i ty.  Aquat ic  ecotoxici ty  tes ts  with 
Vibrio  f ischeri ,  Raphidocel is  subcapita ta,  Daphnia  magna and Danio rer io  were in  
accordance with  terrestr ia l  tes ts ,  confirming the  need to  couple environmental  
chemistry with  ecotoxicological  tools  for  the proper  assessment  of  metal-
contaminated s i tes .  In  v iew of  the resul ts ,  a  remediat ive intervent ion of  the s tudied 
area is  recommended.  
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1. Introduction  

One of  the  main deleter ious effects  of  a lready closed mines  is  usual ly  associated  
with  the abandonment of  large volumes of  wastes  (Dudka and Adriano 1997).  
Tai l ings formed dur ing the processing of  the mineral  ore  are  frequent ly s tored in  
s teep s tock pi les  where they are  prone to  erosion (Henr iques and Fernandes 1991),  
thus becoming a  potent ia l  source of  pol lu t ion to  the surrounding environment.  Such 
res idues  are f requently d ispersed by atmospher ic  emiss ions,  mechanical  d ispers ion 
or  water- leaching from waste  deposi ts  (Johnson et  a l .  1994;  Adriano 2001)  and are  
l ikely to  contaminate  soi ls ,  ground waters ,  surface waters  and s tream sediments  of  
the surrounding area.  In  th is  context ,  one of  the worst  scenar ios  can occur  if  the 
d ispersed res idues  reach agr icul tural  or  urban soi ls  and expose humans to  heavy 
metals  e i ther  d irect ly  by suspended dust  in  a i r ,  or  indirect ly ,  by transfer  in to the 
food chain (Torres  and Johnson 2001).  

In  SE Spain,  the Val le  del  Azogue mine was the main  mercury mine in  the Betic  
Range dur ing the 19t h  century.  I t  was act ive approximately between 1873 and 1890 
and produced about  1000 tons  of  Hg by means of  underground works and small  open 
pi ts  located near  two smelter  s i tes .  The only exis t ing references  to  th is  deposi t  are  
by Cortazar  (1875)  and Becker  (1888),  who repor ted  the presence of  Hg 
mineral izat ion associated  with exhalat ive deposi ts .  Cinnabar  (HgS) was the main ore  
al though high contents  of  Sb,  As,  Au,  Ag,  Pb,  Zn and Ba were also  repor ted  in  the 
mineral ized veins  (Navarro  et  a l .  2006) .  Calcines  and secondary Hg and Fe minerals  
(mainly metacinnabar  and Fe oxides)  produced dur ing the roast ing of  the mineral  ore  
were dumped near  the metal lurgical  faci l i t ies ,  where they have become a potent ial  
source of  par t iculate  and soluble  Hg species  (Rytuba 2005) that  might be transpor ted 
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as Hg 0 vapor  (Navarro et  a l .  2000;  Gust in  et  a l .  2002) ,  ionic  soluble phases or  
col lo id par t ic les  (Shaw et  a l .  2001; Lowry et  a l .  2004) .   

The environmental  r isks  of  metal-contaminated s i tes  were t radi t ional ly  assessed 
by means of  chemical  analysis  of  metal  concentrat ions  and the subsequent 
comparison with values  f rom quali ty  guidel ines.  More recent ly,  i t  was  concluded 
that  chemical  extract ions of  metals  f rom mult i -contaminated soi ls  d id  not  provide 
enough information about  their  b ioavai lable  fract ions  (Alexander  2000;  Ehlers  and 
Luthy 2003;  Semple et  a l .  2004;  Harmsen 2007)  and were not  able to  ref lect  the 
toxici ty  of  a l l  substances in  soi l ,  their  synergic  and antagonis t ic  effects  and their  
in teract ions with  the soi l  matr ix  and organisms (Gruiz  2005).  In  th is  context ,  the 
appl icat ion of  bat ter ies  of  terres tr ia l  ecotoxici ty  tes ts  gained special  re levance as  
complementary,  inexpensive,  s imple  and quick tools  able  to  repor t  real is t ic  and non-
overest imated effects  of  contaminated s i tes  to  soi l  organisms (Lei tg ib  et  a l .  2007; 
Alvarenga et  a l .  2008;  Maisto  et  a l .  2011;  Alvarenga et  a l .  2012; Agnieszka et  a l .  
2014;  Bes et  a l .  2014; Bor i  and Riva 2015,  Bor i  e t  a l .  2015) .  At  the same t ime,  
aquat ic  b ioassays tradi t ionally  appl ied  for  the toxici ty determination of  aquat ic  
pol lu tants  (Lopez-Roldan et  a l .  2012) ,  industr ia l  eff luents  (Riva et  a l .  1993;  Riva 
and Valles  1994;  Riva et  a l .  2007)  or  extracts  of  sediments  (Pereira-Miranda et  a l .  
2011)  were incorporated to  assess  the impacts  of  soi l  composi t ion and runoffs  on 
receiving waters  (Loureiro et  a l .  2005a;  Rocha et  a l .  2011) .   

The f irs t  environmental  concerns about  the Valle  del  Azogue mine and i ts  
residues were repor ted by Mart ínez et  a l .  (1998) ,  Viladeval l  e t  a l .  (1999)  and 
Navarro et  a l .  (2000) ,  who documented the release of  Hg vapor  in to  the atmosphere 
through volat i l izat ion as  wel l  as  the transport  of  metall ic  Hg 0  conta ined in  the 
underground mineral izat ion,  soi ls  and mine wastes  (calcines ,  low ore s tockpi les  and 
s lags) .  The natural  release of  Hg into the atmosphere faci l i ta ted a  near-surface 
deposi t ion of  Hg 0 in  soi ls  and sediments ,  which was added to  the Hg 0  accumulated 
from the furnaces.  The threats  posed by th is  area due to  the h igh contents  of  heavy 
metals  and their  potentia l  mobil izat ion were conf irmed by subsequent  geochemical  
s tudies  (Navarro  et  a l .  2006;  Navarro  et  a l .  2009a) .  Despi te  those potent ia l  threats ,  
to  date  the r isk  assessment  of  the area  has  only been performed by chemical  and 
mineralogical  analysis .  

With th is  in  mind,  the  major  purpose of  th is  work was to  assess  the r isk  that  the  
area surrounding the Val le  del  Azogue mine poses to  the environment  due to  the 
presence of  mercury and other  metals .  To at ta in  th is  goal ,  th is  s tudy aimed the 
fo l lowing: (1)  to  character ize the  area by means of  physicochemical  and 
mineralogical  determinat ions;  (2)  to  quant ify metal  concentrat ions  in  soi ls  and in  
their  water  extracts ;  (3)  to  s tudy the toxici ty  of  the samples  through the appl ication 
of  aquat ic  and terrestr ia l  ecotoxici ty  tes ts  and (4)  to  es tabl ish  re la t ionships  between 
physicochemical  parameters ,  metal  contents  and toxici ty to  organisms.   

2. Materials and Methods 

2.1  Study area and sampling s i tes  

Samples  of  soi ls  and mine wastes  were col lected  in  the Val le  del  Azogue mine 
(SE Spain) .  The sampling area,  compris ing the  North  of  Sierra  Almagrera ,  i s  located 
90km NE of  the ci ty  of  Almería ,  in  a  semi-ar id  and in tensively cul t ivated  region 
(Fig .  1) .  Due to  mining and metal lurgical  act iv i t ies ,  p lants  have disappeared from 
the area  or  have been severely affected  by high contents  of  mercury and other  metals  
(Viladeval l  e t  a l .  1999).  The main  ore is  composed of  s t ibni te ,  c innabar ,  arsenic  
minerals  (realgar  and orpiment) ,  sphaler i te ,  s ider i te ,  chalcopyr i te ,  pyr i te ,  quartz ,  
calci te  and bar i te  (Navarro  et  a l .  2006).  Together  with  the Iber ian Pyr i te  Bel t  and 
the Car tagena mining dis t r ic t ,  th is  abandoned mining area is  one of  the o ldest  
metal lurgical  and mining areas in  the Iber ian Peninsula (Navarro et  a l .  2006) .  
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Figure 1. Location map and synthetic geology of the study area. NQ: Quaternary and Tertiary sediments; UM: Volcanic tertiary 
rocks ; PT: Metamorphic basement; F: Main fractures; *: Study area. Adapted from Navarro et al. (2009).  
 

Samples  were collected from seven s i tes  spread throughout  the mining dis tr ic t  in  
order  to  have a  representat ive character izat ion of  the area (Fig.  2) .  Samples  A1,  A2 
and A6 comprised soi ls  mixed with mining wastes  or ig inated by ore  extract ion and 
located close to  the main  open pi ts .  Samples A4,  A5 and A7 were soi ls  mixed with  
calc ines  der ived from metal lurgical  ore  processing and located near  the  main furnace 
locat ion.  Sample 3  consis ted in  an  anthropogenic  soi l .  

2.2  Soi ls  and mine wastes  sampling and analysis  

Soil  samples  (0-0.25 m depth)  were crushed,  s ieved,  homogenized and subjected 
to  physical-chemical  character izat ion.  The fol lowing parameters  were evaluated:  pH 
(KCl,  1  mol  L- 1) ,  e lectr ical  conduct iv i ty  (EC)(1:5  soi l :water  suspension) ,  so i l  
organic  matter  (SOM)(by loss  on igni t ion at  550ºC for  2  hours) ,  pore s ize 
d is t r ibut ion (by s ieve analysis  through aper ture  ranges comprised between 4000 μm 
and <350 μm),  porosi ty  (by water  d isplacement  in  a  tes t  tube) ,  bulk  densi ty  (by tes t  
tube assay) ,  f ie ld  capaci ty (by empir ical  methods) ,  su lphur content  (by TD-ICP) and 
calcium content  (by TD-ICP).  Soi l  sub-samples  for  ecotoxici ty  tes t ing were s ieved 
through a  4  mm mesh and kept  refr igerated (4ºC) unt i l  use.   

Samples  for  chemical  analysis  were sent  to  Act labs  (Ontar io,  Canada)  for  metal  
quant if icat ion.  Au,  Ag,  As,  Ba,  Br,  Ca,  Ce,  Co,  Cr ,  Cs,  Eu,  Fe,  Hf,  Hg,  Ir ,  La,  Lu,  
Na,  Ni,  Nd,  Rb,  Sb,  Sc,  Se,  Sm,  Sn,  Sr ,  Ta,  Th,  Tb,  U,  W, Y and Yb were 
quanti ta t ively analyzed by instrumental  neutron act ivat ion analysis  (INAA) and Mo, 
Cu,  Pb,  Zn,  Ag,  Ni,  Mn,  Sr ,  Cd,  Bi,  V,  Ca,  P,  Mg,  Tl ,  Al,  K,  Y and Be were analyzed 
by induct ively coupled plasma emission spectroscopy (ICP-OES).  The qual i ty of  the 
measurements  was ensured through reference mater ia ls .  Hg phases  were determined 
by sol id-phase-Hg-thermo-desorption (SPTD) based on the specif ic  thermal  
desorpt ion or  decomposi t ion of  Hg compounds from sol ids at  d ifferent  temperatures  
(Biester  and Scholz 1997;  Navarro et  a l .  2006).  Mercury thermo-desorpt ion curves 
were determined by means of  an  in-house apparatus ,  consis t ing of  an electronical ly  
control led  heat ing uni t  and an Hg detect ion uni t .  Measurements  were carr ied  out  at  a  
heat ing ra te of  0 .5°C s - 1  and a  n i trogen-gas f low of  300 mL min- 1 .  The lowest  level  
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of  detect ion under  the g iven condit ions is  in  the range of  40-50 ng if  a l l  Hg is  
re leased with in  a  s ingle peak (Biester  and Scholz 1997).  Resul ts  are  depicted  as  Hg 
thermo desorpt ion curves (Hg-TDC) that  show the re lease of  Hg0  versus temperature .  
Mine wastes  samples  were s tudied using t ransmit ted  and ref lected  l ight  microscopy,  
X-ray diff ract ion (XRD) and scanning electron microscopy (SEM) with  an  a t tached 
Energy Dispers ive X-Ray Spectroscopy system (EDS) at  the  Electronic Microscopy 
Laboratory of  the Universi ta t  Autònoma de Barcelona.  

 
Figure 2. Sampling sites. Open circles: Sampling points; Closed circles: Mine shafts; Striped figures: Open pits. Adapted from 
Navarro et al. (2009). 

2.3  Water extracts  col lect ion and analysis  

Water  extracts  were obtained according to  the Bri t ish  Standard  EN 12457-2 
(2002) .  Sampled soils  were incorporated  in to  2-L glass  vessels  a t  a  ra t io  of  1  kg/10 
L,  corresponding to  0.1  kg of  soi l  per  l i ter  of  deionized water .  Vessels  were p laced 
at  a  ro tat ing apparatus  and mixed dur ing 24 hours  a t  a  temperature  of  20±2ºC.  After  
a  set t l ing  per iod of  15 minutes ,  samples  were centr ifuged (2000g,  10 minutes)  and 
f i l tered  through a  1µm pore s ize membrane f i l ter .  Supernatants  were frozen unt i l  
use.  Values of  pH,  electr ical  conduct iv i ty  and to tal  organic  carbon (TOC) were  
determined with a  pH-meter ,  a  conduct iv i ty  meter  and a  Total  Organic  Carbon 
Analyzer  TOC-V C S H (SHIMADZU, Japan)  respect ively.  A subsample of  each water  
extract  was sent  to  Act labs  (Ontar io,  Canada)  for  metal  quant if icat ion through 
induct ively coupled plasma mass  spectrometry ( ICP/MS).  

2.4  Terrestria l  ecotoxici ty  tes ts  

Direct  toxici ty  bioassays  were performed using whole  soils .  When dilu t ion was  
needed,  tes t  so i ls  were  mixed with  an  ar t i f ic ia l  so i l  (69% quar tz  sand,  20% caol ini te  
c lay,  10% finely ground sphagnum peat ,  1% calcium carbonate  and pH adjusted to  
6.0  ±  0.5)(ISO 17512 2011)  that  acted  as  control  soi l .  In  order  to  obtain  d ifferent  
percentages of  ef fect  that  a l lowed the calculat ion of  effect ive  and le thal  median 
values (EC50 and LC50),  tes t  concentrat ions ranged f rom 0 to  100% of  sampled soi ls  
mixed with  ar t if ic ia l  soi l .  Al l  so i l  b ioassays were carr ied  out  a t  40-60% of  the water  
holding capaci ty .  When possib le ,  EC50 or  LC50 values were expressed as  the 
percentage of  sampled soi l  mixed with  ar t i f ic ia l  so i l  (w/w) reducing by 50% the 
endpoint  measured.   

Ear thworms f rom the species  Eisenia  foet ida  and col lembolans from the species  
Folsomia candida  were obtained f rom synchronized cul tures  maintained at  the 
Centre  for  Research and Innovat ion in  Toxicology of  the Technical  Universi ty of  
Catalonia  (UPC) in  Terrassa (Spain) .  Earthworms were cultured in  30-l i ters  breeding 
boxes and a  1 :1  mixture  of  horse manure and peat .  Only cl i te l la te  adul ts  between 
300 and 600 mg of  weight  were selected  for  the performance of  the tests .  
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Earthworms were accl imated in  control  soi l  dur ing 24 to 48 hours  pr ior  to  beginning 
the tests .  Collembolans were cul tured in  vessels  f i l led  with  a  substrate  of  p laster  of  
Par is  and charcoal  (8:1,  w/w) a t  20±2ºC.  Individuals  were  fed twice a  week with  
granula ted  dry yeast  added in  small  amounts  to  avoid  spoi lage by fungi.  Organisms 
between 10 and 20 days old  were used for  toxici ty  tes t ing.  

2.4 .1 E.  foet ida acute  toxici ty  tes t   

Acute toxici ty  tes ts  with  ear thworms were adapted from the OECD 207 (1984)  
guidel ine.  Ten organisms were p laced in p last ic  containers  (140x140x80 mm) 
containing 500 g (dry weight  (dw))  of  tes t  so i l .  Test  conta iners  were kept  under  
constant  l ight  (400-800 lux)  at  a  temperature of  20±2ºC.  Survival  was determined 
af ter  7  and 14 days  of  exposure .  Each tes t  ran  with  6  concentra t ions  (1-10-18-32-57-
100%) plus a  control  and three repl icates  per  t reatment.  Resul ts  were expressed as  
percentage of  mortal i ty .  When two consecut ive concentrat ions resul ted  in  0  and 
100% mortal i ty ,  these two values were considered suff icient  to  indicate  the range 
within which the LC50 fel l  (OECD 207 1984) .   

2.4 .2 Avoidance tests  wi th E.  foet ida and F.  candida 

Avoidance tes ts  with  E.  foet ida  and F. candida  were  adapted from ISO 17512 
(2008)  and ISO 17512 (2011)  s tandards respect ively.  Rectangular  p last ic  containers  
(220x140x50 mm) were used in  tests  with  ear thworms while  cyl indr ical  vessels  
(d iameter  8  cm; depth 8  cm) were selected for  tes ts  with  col lembolans .  Test  
conta iners  were divided in to  two equal  sect ions  by a  vert ica l ly  in troduced plas t ic  
card .  Each sect ion (control  and test)  of  the test  containers  was f i l led  with 250 g dw 
( test  with  ear thworms)  or  30 g (wet  weight)( test  with  col lembolans)  of  the 
corresponding soi l  and the d ivider  was removed.  Ten adul t  ear thworms or  twenty 
adul t  col lembolans were careful ly p laced on the l ine separat ing both  soi ls .  Test  
containers  were covered with  a  transparent  p last ic  l id  and incubated for  48 hours  in  
an  environmental  chamber  at  20±2 ºC and under  a  16:8h l ight :dark  photoper iod.  
Tests  with  ear thworms ran with  5  concentrat ions  (1-3 .1-10-31-100%) plus  a  control  
and three repl icates  per  t reatment  whereas  4  concentrat ions  (17-31-56-100%) plus  a  
control  and 5  repl icates  per  treatment  were prepared for  col lembolans.  Due to the  
h igh toxici ty  of  sample A6,  both  assays  required lower  tes t  concentrat ions  (1-1.5-2-
2.5-3 .1% for  ear thworms and 10-17-31-56% for  col lembolans) .  The plast ic  card  was 
re inser ted  at  the  end of  the  tes t  period and the  number  of  individuals  at  each section 
was counted.  In  tes ts  with  col lembolans,  the soi l  f rom each sect ion was careful ly  
emptied in to  two different  vessels  and f looded with water .  After  gent le  s t i rr ing,  the 
animals  f loat ing on the  water  surface were counted.  Resul ts  were expressed as  
percentage of  individuals  in  the control  sect ion at  the end of  the  tes t .   

2.4 .3 Seedl ing emergence and growth tests  

Plants  b ioassays were adapted from the OECD 208 (2006)  guidel ine.  The species  
Brassica rapa ,  Tri fo lium pratense  and Lolium perenne  were selected as tes t  
organisms.  Plast ic  containers  with 100 grams (wet  weight)  of  tes t  soi l  (without  
d i lu t ion)  were prepared.  Twenty seeds  of  each plant  were sown in  each tes t  so i l  and 
in  the control  ar t i f ic ial  so i l  ( four repl icates  per  t reatment  i .e .  5  seeds  per  tes t  
container) .  Tests  were performed in  an  environmental  chamber  at  24±2ºC and under  
a  16:8  hours  l ight :dark  photoper iod.  The moisture  content  and the number  of  sprouts  
were checked dai ly.  Fourteen days  af ter  50% of  emergence was detected  in  the  
controls ,  p lants  were  harvested and weighed.  Resul ts  were expressed as  percentage 
of  seed emergence and fresh  biomass compared to  the  controls .  

2.5  Aquatic  toxici ty  tes ts  

Indirect  toxici ty  bioassays were performed with  water  extracts  f rom test  so i ls .  
When required,  d i lu t ions were prepared mixing water  extracts  with the 
correspondent  tes t  medium. Toxicity  resul ts  were expressed as  the percentage of  
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water  extract  in  the test  medium (V/V) reducing by 50% the endpoint  measured 
(EC50 or  LC50).  Organisms f rom the species  D. magna  and R.  subcapi tata  were  
cul tured in  the Centre  for  Research and Innovat ion in  Toxicology of  the Technical  
Universi ty  of  Catalonia  (UPC) in Terrassa (Spain) .   

2.5.1 Bacteria luminescence inhibi t ion tes t  

Acute  toxic i ty  to  the bioluminescent  bacter ia  V.  f ischeri  was assessed in  
accordance with  the ISO 11348 (2007)  s tandard.  Test  organisms were reconst i tuted 
and exposed to  4  concentrat ions of  water  extracts  (5.63-11.25-22.5-45%).  The 
luminescence emit ted  was measured af ter  15 minutes  with  a  Microtox® 500 system 
(Microbics©).  Three repl icates  per  treatment  were used.  Resul ts  were expressed as  
percentage inhibi t ion of  l ight  emission.   

2.5 .2 Algal  growth inhibi t ion tes t  

Effects  on the growth of  microalgae were assessed fol lowing the OECD 201 
(2011)  guidel ine.  Cultures  of  R.  subcapi ta ta were kept  under  constant  i l luminat ion 
(4000-5000 lux)  a t  a  temperature of  20±2ºC.  Only populat ions in  the exponent ial  
phase  were  used in  tes ts .  Assays  were carr ied out  in  tubes containing 9  mL of  tes t  
solut ion and 1  mL of  algal  inoculums of  known concentrat ion that  were p laced in a  
control led  room at  20±2 ºC and under  constant  i l lumination (4000-5000 lux)  and 
agi tat ion.  After  72 hours  of  incubat ion,  the absorbance of  each repl icate  was 
measured at  665 nm with  a  CECIL CE9200 spectrophotometer .  Tests  ran  with  three 
repl icates  per  t reatment  and  7 concentrat ions (0.1-0 .32-1-3.2-10-32-90%) plus a  
control  that  consis ted in  a lgae culture  medium. Lower tes t  concentrat ions  (0 .001-
0.0032-0.01-0.032-0.1%) were appl ied  to  sample A4 due to  i ts  h igh toxici ty .  In  order  
to  avoid in terferences  in  the  spectrometr ic  measure  of  the  leachates  a t  the  end of  the 
tes t ,  one extra tube was prepared with  9 mL of  leachate,  1  mL of  cul ture medium and 
no algae.  Resul ts  were expressed as  percentage of  a lgal  growth inhibi t ion.   

2.5 .3 Daphnia magna acute immobil izat ion test  

The acute  toxici ty  tes t  wi th  D. magna  was carr ied  out  according to  the OECD 202 
(2004)  guidel ine.  Bulk  cul tures  of  15 daphnids were kept  in  2.5  l i ters  of  ASTM hard 
synthet ic  water  (ASTM 1988).  Culture medium was changed three t imes per  week 
and an organic extract  and a  concentrate  of  Chlorel la  vulgaris  were added as  food.  
Neonates  were removed dai ly.  Cul tures  were maintained at  20±2ºC in  a  16:8h 
l ight :dark cycle .  Only neonates  with  less  than 24 hours  old  were used for  toxici ty  
tes t ing.  Assays were performed in g lass  tubes containing 10 mL of  tes t  medium and 
5  daphnids.  Test  vessels  were kept  in  an  incubator  a t  21±2ºC and in  the dark.  
Immobil izat ion was visual ly  recorded af ter  24 and 48 hours  of  exposure.  Daphnids 
were exposed to  7  d i lu t ions of  water-extracts  (1-2.2-4.8-10-22-48-100%) plus a  
control  in  four  repl icates  per  t reatment .  Lower  test  concentrat ions were required for  
samples A4 (0.01-0.022-0.048-0.1-0.22-0.48-1%) and A6 (0.82-1-1.3-1.7-2.2-2.9%).  
Mortal i ty at  the end of  the test  was expressed as  a  percentage.  

2.5.4 Fish,  acute  toxic i ty  tes t  

The acute  toxici ty  to  f ish  was tested  in  accordance with the OECD 203 (1992)  
guidel ine for  semi-s ta t ic  tes t  condi t ions.  Organisms from the species  Danio rer io  
were suppl ied by P&S Piscicul tura Super ior  s l  (Barcelona,  Spain) .  Individuals  with 
the same age and between 2  and 4  cm long were kept  a t  21-24ºC under  a  16:8 
l ight /dark photoper iod.  Seven individuals  were p laced in 5-L aquar iums containing 3  
L of  tes t  medium (1 g f ish  L- 1) .  Dissolved oxygen was kept  above 60% of  air  
saturat ion and a  16:8-h l ight /dark  photoper iod and a  temperature of  20-24ºC were 
set .  Test  organisms were not  fed  during the assay and mortal i ty  was recorded af ter  
24,  48,  72 and 96 hours  of  exposure.  Four  concentrat ions (10-22-48-100%) were 
tes ted  with most  samples  except  for  A2,  A4 and A6,  which required addit ional  lower  
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tes t  concentrat ions (1-2.2-4 .8-10-22-48-100%).  Mortal i ty  a t  the end of  the tes t  was  
expressed as  percentage.  

2.6  Stat is t ical  analys is  

Data were checked for  their  homogenei ty  of  var iances and normali ty .  Differences 
between means were tested  with  one-way ANOVA. Whenever  s ignif icant  d ifferences 
were found (p  <  0.05) ,  the Tukey post  hoc tes t  was appl ied.  Non-normal  data  were 
t ransformed and when the assumption of  normali ty  was not  reached,  non-parametr ic  
Kruskal l-Wall is  tes ts  a longside with Mann-Whitney post  hoc tes ts  were performed.   

Median effect ive and lethal  concentrat ion values  (EC50 and LC50 respect ively)  
and their  95% conf idence in tervals  were calculated  by Probi t  regression.  A normal  
or  logis t ic  dis t r ibut ion was assumed depending on resul ts  f rom normali ty  tes ts .   

Relat ionships  between soi l  physical-chemical  parameters ,  metal  concentrat ions 
and ecotoxicological  factors  were s tudied.  Simple correla t ions  between var iables  
were calculated  with  the Pearson’s  tes t .  Addit ional ly,  soi l  data  were processed by 
means of  pr incipal  component  analysis  (PCA).  The PCA is  concerned with  
in terre la t ions between var iables and operates by extract ing eigenvalues and 
eigenvectors  from a covariance or  corre lat ion matr ix.  The PCA faci l i ta tes  the 
reduct ion,  transformation and organizat ion of  the or ig inal  data  creating a  new set  of  
uncontrol led var iables which are  the l inear  combinat ions  of  the or ig inal  ones.  

Stat is t ical  analysis  was performed using SPSS sof tware (SPSS 15.0  for  Windows;  
SPSS Inc. ,  Chicago,  IL,  USA) and Mini tab Sta t is t ical  Sof tware (Mini tab  15.0;  
Mini tab Inc. ,  State Col lege,  PA,  USA). 

3.  Results  and Discussion 

3.1  Physicochemical parameters  and geochemistry o f  soi ls  and mine wastes  

Soil  physicochemical  character is t ics  markedly var ied  between s i tes  (Table  1) .  
Samples  A2 and A4 were very s t rongly acidic  (pH < 3.9)  while  the remaining 
samples  presented pH values  c loser  to  neutral i ty (6 .83 to  7 .55) .  Electr ical  
conduct iv i ty  ranged from moderate  (0 .59 mS cm- 1  in  A5) to  ra ther  h igh values  (8.25 
mS cm- 1  in  A6).  Organic matter  contents  remained below 10% (5.20 to  9.82%),  
which correspond to  contents  usual ly found in  mineral  soi ls .  Soi l  pore s izes  ( in  
terms of  equivalent  d iameter)  ranged from 0.8  mm in  soi l  A5 to  3.4  mm in  A1,  
reveal ing that  the s tudied soi ls  were largely comprised of  a  sandy mater ial  f ract ion.  
The coarser  sample A1 was associated  to  mining wastes  and possibly,  to  overburden 
ore deposi t .  Average values of  porosi ty,  bulk  densi ty  and f ie ld  capaci ty of  the 
sampled area were 0 .40,  1450 kg m- 3  and 8% respect ively.  Sulphur  content  ranged 
from 0.28% (A7)  to  2.81% (A5)  while  that  of  calcium ranged from 0.12% (A7)  to  
7.33% (A5) .  

 
Table 1. Physical-chemical characteristics (mean ± sd; n=2 when possible) of sampled soils. Values within the same row followed by 
the same letter are not significantly different (p > 0.05). EC: electrical conductivity (mS cm-1); SOM: soil organic matter (%); de: 
equivalent diameter (mm); BD: bulk density (kg/m3); FC: field capacity (%); S: sulphur content (%); Ca: calcium content (%). 

 A1 A2 A3 A4 A5 A6 A7 

pH 6.84 ± 0.06c 2.90 ± 0.01a 7.35 ± 0.03cd 3.83 ± 0.09b 7.55 ± 0.14d 6.83 ± 0.05c 7.33 ± 0.18cd 
EC 1.14 ± 0.04b 2.47 ± 0.03cd 2.28 ± 0.07c 2.64 ± 0.04d 0.59 ± 0.04a 8.25 ± 0.08f 4.75 ± 0.04e 

SOM 6.40 ± 0.09bc 9.82 ± 0.12f 7.35 ± 0.20d 6.81 ± 0.09cd 5.42 ± 0.25a 5.88 ± 0.16ab 5.20 ± 0.06a 
de 3.4 1.8 1.0 0.8 0.5 1.9 1.3 

Porosity - 0.34 0.45 - - - 0.41 
BD 1330 1430 1310 1410 1470 1400 1490 
FC 8 8 10 10 7 8 8 
S 1.8 2.05 0.47 2.02 2.81 1.49 0.28 

Ca 1.34 0.27 2.49 3.09 7.33 2.28 0.12 

 
Total  contents  of  most  s tudied metals  were extremely high in  the sampled soi ls ,  

calcines  and mining wastes  (Figure 3)  and were s imilar  to  values  repor ted by 
Navarro et  a l .  (2000) and Navarro  et  a l .  (2006)  for  the same area.  As reached 1550 
mg kg - 1  in A4 and exceeded by two orders  of  magnitude the in tervention values  for  
soi l  remediat ion of  Dutch regulat ions (55 mg kg- 1)(VROM 2000) whereas Ba in  A1 
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(110000 mg kg - 1 )  surpassed  by three orders  of  magnitude i ts  remediat ion values 
(625 mg kg- 1 ) .  Hg and Sb concentrat ions markedly var ied  between s i tes  a l though 
their  in tervent ion values (10 mg kg- 1 .and 15 mg kg - 1  respect ively)(VROM 2000)  
were exceeded by several  orders  of  magnitude in  most  s i tes .  Pb and Zn were the only  
metals  whose in tervention values according to  Dutch regulat ions (530 mg kg - 1  and 
720 mg kg - 1  respect ively)  were not  surpassed in  a l l  s i tes .   

 

 
F i g u r e  3 .  To t a l  me t a l  c o n ce n t r a t io n s  ( mg  k g - 1  d r y  w e i g h t )  i n  t e s t  s o i l s .   

 
The s tudied soi l  samples  presented physical-chemical  character is t ics  typical  f rom 

tai l ings usual ly  found surrounding mining s i tes :  neutral  to  acidic  pH,  h igh EC,  low 
fer t i l i ty  and high to ta l  concentrat ions  of  heavy metals  (Conesa et  a l .  2006;  Navarro 
et  a l .  2008; Carmona et  a l .  2009) .  The low pH of  soi ls  A2 and A4 was explained by 
pyr i te  oxidat ion and could  expla in  their  high Zn contents ,  which showed a  negat ive 
s ignif icant  correlat ion with  soi l  pH (r  = -0.96,  p  <  0.01) .  Thus,  the possible  main  
hydrogeochemical  react ions  associated  to  sulphide oxidat ion are  pyr i te  and 
sphaler i te  oxidat ion:  

FeS2 + 7/2 O 2 + H2O →  Fe2 +  + 2  SO4
2 -  + 2  H+  [1]  

ZnS + 8 Fe3 +  →  Zn2 +  + 8 Fe2 +  + SO4
2 -+ 8  H+   [2]  

Such low pH represented one of  the  main  threats  of  the  area  s ince i t  can lead to  the 
solubi l izat ion of  metals  and consequently to  the spread of  contamination towards the 
water  compartment  (Navarro  Flores  and Mart ínez Sola  2010).  Besides,  the samples  
with  lower pH (A2 and A4)  showed high S contents ,  possib ly associated  with 
arsenian pyr i te .  However ,  samples  with  the highest  pH value (A3 and A5)  showed 
high Ca contents ,  which could be associa ted  with  s ignif icant  amounts  of  calc i te  in  
the soi l .  Addit ionally ,  s ta t is t ical ly  s ignif icant  posi t ive correlat ions  were found 
between Sb concentra t ions  and As (r  =  0 .97,  p  <  0.01) ,  Ba (r  = 0.93,  p  <  0.05)  and 
Hg (r  = 0.97,  p  < 0.01)  contents ,  which might  be indicat ive of  a  common or ig in.  The 
par t icular  s t ructure of  the soi ls  compris ing the s tudy area was another  major  cause 
of  concern  as  the h igh percentage of  sand and the absence of  a  proper  soi l  s t ructure 
due to  the high presence of  mine ta i l ings and wastes  can fur ther  increase the 
leaching of  heavy metals  (Conesa et  a l .  2006) .     

Hg-thermodesorpt ion curves (Hg-TDC) belonging to  mining wastes ,  so i ls  and 
calcine samples  showed predominant  release of  Hg in  two temperature ranges:  200-
250°C and 300-330 ºC.  The f irs t  temperature range was assigned to  a  re lease of  Hg 
from the soi l  matr ix components  based on the Hg-TDCs of  s tandard  mater ials  
(Biester  and Scholz 1997).  Thus,  we assume that  most  Hg present  in  the calcine  
mater ial  is  bound to mineral  components  mainly by iron oxides,  which were formed 
when the cinnabar-bearing ore was being roasted.  Ear l ier  s tudies  already suggested 
that  Hg 0  formed dur ing thermal  breakdown of  cinnabar  is  re-condensed dur ing 
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cool ing of  the mater ial  and adsorbed to  iron oxide surfaces (Biester  e t  a l .  2000).  In  
addi t ion to  matr ix-bound Hg,  some calcine samples  contained traces  of  c innabar .  
This  could  be explained by an incomplete  breakdown of  cinnabar  ore dur ing the 
roast ing process .  The second temperature range was assigned to Hg release from 
cinnabar ,  which was the  predominant Hg mineral  in  contaminated soi ls  and mining 
wastes  (host  rock and low grade s tockpiles) .  Cinnabar  and Hg sulphates  were also  
detected  in  several  samples  (Navarro  et  a l .  2006) .  No free metal l ic  Hg,  which is  
typical ly  released at  temperatures  below 100°C,  was found in  any of  the samples  
s tudied.  

Mercury phase character izat ion by X-ray showed the presence of  c innabar  (HgS),  
corderoi te  (Hg 3S2Cl2) ,  laff i t t i te  (AgHgAsS 3) ,  metacinnabar  ((Hg)S,) ,  shakhovite  
(Hg 4SbO 5 (OH) 3) ,  schuet te i te  (Hg 3(SO4)O2)  and t iemannite  (HgSe)  (Table  2) .  The 
propor t ional ly Hg predominant phase was cinnabar ,  which was concordant with the 
SPTD analyses .  The detai led  SEM and EDS systems s tudy of  mine wastes  samples  
showed the presence of  pr imary and secondary cinnabar  associated with  bar i te ,  
pyr i te  and botryoidal  pyr i te .  Also,  SEM observat ions  showed several  small  par t ic les  
containing both  Hg and Cl that  may be associated  to  calomel  (Hg2Cl2) .  Moreover,  
some par t icles  containing both Hg and Br were observed and may be associated to  
kuzmini te  (Hg2  (Br,Cl)2 )(Navarro et  a l .  2009b; Navarro et  a l .  2012) .  Addit ionally,  
main  minerals  in the gangue were quar tz ,  bar i te  and s i l icates .  

 
Table 2. Minerals identified by DRX in the Valle del Azogue soil and mine wastes. Modified from Navarro et al. 
(2012). *: high-medium abundant minerals. a: detected by DRX in calcines; b: detected by DRX in mining wastes.  

 Minerals Secondary minerals 

Calcines 

Quartz*a SiO2 Hematite* Fe2O3 
Barite*a Ba (SO4) Hg0 Hg 

Illite*a KAl2Si3AlO10(OH)2 · 
3H2O 

  

Calcite* Ca (CO3)   
Cinnabar HgS   

Orthoclase K(Al, Fe)Si2O8   

 Quartz*b SiO2 Hg0 Hg 

Mineralization,  
wastes and soil 

Barite*b Ba(SO4) Goethite FeOOH 
Cinnabar-

Metacinnabar* 
HgS Jarosite KFe3 (SO4)2 (OH)6 

Dolomite*b CaMg(CO3)2 Hematite Fe2O3 

Calcite*b Ca(CO3) Inyoiteb CaB3O3(OH)5 · 4H2O 
Huntite*b Mg3Ca(CO3)4 Ferrihydrite Fe(OH)3 

Stibnite* Sb2S3 Kaolinite KAl2Si3AlO10(OH)2 · 
3H2O 

Realgar* AsS Gypsum Ca(SO4)· 2H2O 
Oripment As2S3 Schuetteite Hg3(SO4)O2 

Calcopyrite CuFeS2 Tiemannite HgSe 
Arsenian pyrite* Fe(S1-xAsx)2 Corderoite Hg3S2Cl2 

Esfalerite ZnS Shakhovite Hg4SbO5(OH)3 
Orthoclase K(Al, Fe)Si2O8 Calomel Hg2Cl2 

Au Au Kuzminite Hg2(Br, Cl)2 
Illite*b Al4 (Si4O10)(OH)8   

3.2  Analysis  o f  water extracts  

Data f rom water  extracts  are  presented in  Table  3 .  Similar ly  to  soi ls ,  pH differed 
s ignif icant ly  from the s t rong acidity  of  samples  A2 and A4 to  the neutral i ty  of  the 
rest .  All  sampling s i tes  were c lear ly  dif ferent ia ted by the  sal ini ty  of  their  extracts ,  
with  the  h ighest  values  determined in  samples  A6 (5.29 mS cm-1)  and A7 (3.53 mS cm-1) .  
Organic matter  content  in  soi ls  was not  mirrored in water  extracts ,  where  the  lowest  
value of  to ta l  organic  carbon was determined in  sample A5 (1.36 mg L- 1)  and the 
h ighest  in  the sample A3 (6.47 mg L- 1) .  Metal  concentrat ions in  water  extracts  
markedly var ied  depending on the metals  and samples.  With  the except ion of  Zn,  
metal  concentrat ions in  al l  extracts  represented less  than 1% of  their  soi l  contents ,  
thus  reveal ing the low concentrat ion of  water-soluble  metal  species  in  soi ls .  In  the  
case  of  Zn,  the  average recovery ra te  in  water  extracts  was 4%.  Even so,  h igh metal  
concentrat ions were detected  in  water  extracts  due to  their  extremely high contents  
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in  tes t  so i ls .  Between samples ,  arsenic,  mercury and zinc concentrat ions were 
s ignif icant ly h igher  in  samples A1 (571 µg L - 1 ) ,  A6 (1220 µg L- 1)  and A4 (>50000 
µg L- 1)  respect ively.  Ba and Sb contents  were  similar  among samples,  wi th 
concentrat ions  that  ranged between 79.2  µg L- 1  (A1)  and 306 µg L- 1  (A6)  in  the  case 
of  Ba and between 24.1 µg L- 1  (A2)  and 154 µg L- 1 (A1)  for  Sb.  Lead concentrat ions 
markedly var ied f rom 0.22 µg L- 1  in  soi l  A1 to  297 µg L- 1  in  soi l  A2.  The acidi ty of  
A2 and A4 extracts  was associated to their  markedly higher  contents  of  Pb and Zn,  
whose concentrat ions  were negat ively correlated  (r  = -0 .977,  p  < 0.01 for  Pb and r  = 
-0.572,  p  = 0.18 for  Zn)  with pH of  aquat ic  samples.  At  the same t ime,  soluble Hg 
was found responsible  (r  = 0 .88,  p  <  0 .01)  of  the h igher  electr ical  conduct iv i ty  of  
extracts  A6 and A7 whereas the  contents  of  As and Sb correla ted  as  seen with soi l  
samples (r  = 0.83,  p  < 0.05) .   

 
Table 3. Physical-chemical characteristics (mean ± sd; n=2) and total concentrations of metals (in µg L-1) in water samples 
extracted from test soils. Values within the same row followed by the same letter are not significantly different (p > 0.05). EC: 
electrical conductivity (mS cm-1); TOC: total organic carbon (mg L-1). 

 A1 A2 A3 A4 A5 A6 A7 

pH 6.90 ± 0.08c 3.08 ± 0.02a 7.14 ± 0.12cd 4.18 ± 0.06b 7.46 ± 0.05d 7.58 ± 0.04d 8.16 ± 0.14e 
EC  1.57 ± 0.01a 2.70 ± 0.02d 2.07 ± 0.01b 2.51 ± 0.03c 2.01 ± 0.01b 5.29 ± 0.03f 3.53 ± 0.02e 

TOC  1.48 ± 0.02a 2.28 ± 0.04c 6.47 ± 0.06f 1.95 ± 0.02b 1.36 ± 0.08a 4.16 ± 0.02e 2.54 ± 0.12d 
        

As 571 69.4 25.9 4.83 5.53 4.61 4.84 
Ba 79.2 111 140 87.4 280 306 304 
Hg 2.1 2.8 0.3 42.9 19.1 1220 28.7 
Sb 154 24.1 24.4 32.3 78.7 62.5 68.4 
Pb 0.22 297 1.68 199 1 1.17 0.6 
Zn 27.4 >5000 871 >50000 1040 345 181 

 
Pb concentrat ions  in  the  extracts  (samples  A2 and A4) were associated with  high 

amounts  of  lead in  soi ls  (Table 1) ,  which was possibly or iginated by galena 
weather ing:  

PbS + 8Fe3 +  + 4H 2O →  8  H+  + SO4
=  + Pb2 +  + 8Fe2 +        [3]  

The higher  concentra t ions  of  Zn in  water  samples  (samples  A2 and A4)  were a lso 
associated with  high contents  of  Zn in  soi ls .  Zn may be mobil ized by sphaler i te  
weather ing (react ion 2) .  Higher  As concentrat ions in  water  extracts  (samples  A1 and 
A2) was associated  with  moderate As contents  in  soi ls  (Table  1) ,  while  h igh Sb 
concentrat ions (samples  A1 and A5 to  A7)  could be associated with e levated 
contents  of  Sb in  soi l  (Table  1) .  Thus,  the mobil izat ion of  Sb in  leaching 
exper iments  could be orig inated by s t ibni te  weather ing.  

3.3  Ecotoxicological  evaluat ion 

Terres tr ia l  and aquat ic  ecotoxicological  b ioassays  presented different  
sensi t iv i t ies  depending on the tes t  endpoints  and organisms.  Within  terrestr ia l  
assays,  E.  foet ida  mortal i ty  tes t  showed the lesser  sensi t iv i ty,  was unable  to  est imate  
median lethal  concentrat ion values for  soi ls  A1 and A5 and provided the h ighest  
EC50 (LC50)  values  ( i .e  less  toxici ty  detected)(Table  4) .  Despi te  i ts  low sensi t iv i ty ,  
the mortal i ty  of  E.  foetida  was s ignif icant ly and posi t ively correla ted with sublethal  
effects  (avoidance response)  observed in  ear thworms (r=0.833;  p < 0.05)  and 
col lembolans ( r=0.838; p < 0.05) .  In  contrast ,  the behavioral  tes t  with  E. foet ida  
presented an extreme sensi t iv i ty,  was able to es t imate  median effect ive concentrat ion 
values for  al l  so i ls  and provided EC50 values as  low as 0 .33% (sample A6).  
According to Hund-Rinke and Wiecher ing (2001),  a l l  samples should be considered 
to  have a  l imited habi ta t  funct ion because  the percentage of  ear thworms in  control  
sect ions was higher  than 80% at  the end of  the tests .  Resul ts  f rom avoidance tests  
with ear thworms were in  agreement with previous s tudies  that  h ighl ighted the h igher 
sensi t iv i ty of  sublethal  endpoints  in  general  (Hund-Rinke et  a l .  2002;  Davies  et  a l .  
2003) and of  avoidance tests  with ear thworms in metal-contaminated soi ls  in  
par t icular  (Alvarenga et  a l .  2012).  EC50 values est imated for  avoidance tests  with  
ear thworms were s ignif icant ly and posi t ively correlated  (r  = 0 .984,  p  <  0 .01)  with 
those from col lembolans,  thus  indicat ing the potent ia l  and sui tabi l i ty of  behavioral  
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responses as  endpoints  in  ter restr ia l  ecotoxicology.  However,  sensi t iv i ty  decreased 
(Table  4)  and only four  soi ls  (A2,  A3,  A6 and A7) showed a l imited  habi tat  funct ion 
when soi l  ar thropods were used as  test  organisms.  Thus,  our  s tudy points  out  the  
h igher  sensi t iv i ty of  avoidance tests  with ear thworms,  which is  in  agreement with  
resul ts  f rom Hentat i  e t  a l .  (2013) and Natal  da Luz et  a l .  (2012) af ter  exposing 
ear thworms and col lembolans to  soi ls  contaminated with petroleum compounds and 
the pest ic ide d iazinon respect ively.   

 
Table 4. EC50 values (95% confidence intervals) of terrestrial ecotoxicity tests with soil invertebrates. Results expressed 
as percentage weight of soil sample mixed with artificial soil (w/w). ’-‘: non-applicable. 

 
E. foetida Acute  

Toxicity 
E. foetida Avoidance 

Behavior 
F. candida Avoidance 

Behavior 

A1 - 
19.61 

(14.13-27.20) 
- 

A2 
74.54 

(-) 
5.29 

(3.63-7.70) 
17.93 

(12,02-26,75) 

A3 
61.92 

(49.17-83.91) 
4.04 

(2.91-5.63) 
38.33 

(26.48-55.48) 

A4 
74.54 

(-) 
20.92 

(15.33-28.55) 
75.65 

(44.54-128.48) 

A5 - 
79.60 

(44.41-142.66) 
- 

A6 
16.00 

(12.51-22.34) 
0.33 

(0.24-0.45) 
4.21 

(3.40-5.21) 

A7 
24.48 

(18.43-32.13) 
4.95 

(3.54-6.92) 
42.43 

(27.42-65.66) 

 
Seed germinat ion and growth ra tes  are  presented in  Figure 4.  Emergence and 

growth of  the three s tudied species  was to tal ly inhibi ted  in  soi ls  A2,  A4,  A6 and A7,  
which was expected due to  the absence of  a  plant  cover in the sampling area.  I t  is  
important  to  emphasize that  toxic  effects  of  soi ls  contaminated by mining tai l ings 
should  not  be exclusively associated to  the presence of  metals ,  but  a lso to  the fact  
that  these anthropogenic  soi ls  are  the product  of  a  relat ively rapid  accumulation of  
mine wastes  and consequently have not  been formed through the complex and long 
process  of  rock erosion and mater ials  accumulat ion that  suppl ies  the parameters  
needed for  the proper  development  of  f lora  (Dudka and Adriano 1997).  Only Lolium 
perenne  was able  to  germinate  and grew in  sample A3 (average of  15 and 12% as 
percentage of  the  controls  respectively)(data  not  shown) .  Results  f rom tests  with 
p lants  conf irmed those from ecotoxici ty tests  with inver tebrates ,  reveal ing soi ls  A1 
and A5 as  the leas t  toxic .  Both  A1 and A5 soi ls  presented s imilar  percentages of  
emergence when compared with  the controls ,  with values  that  ranged from 26 to  70% 
in soi l  A1 and from 32 to  85% in soi l  A5 depending on the test  species .  Among 
species ,  the h ighest  inhibi t ion was found in  T.  pratense  whi le  no s ta t is t ical  
d ifferences were found between the germinat ion of  B. rapa  and L.  perenne .  These 
resul ts  are  in  accordance with  those from Ramírez et  a l .  (2008) ,  who est imated lower 
EC50 values ( i .e  h igher  sensi t iv i ty)  for  T. pratense  than for  B. rapa  and L.  perenne  
when exposed to d ifferent  sewage s ludges.  Regarding plant  growth,  i t  was 
s ignif icant ly h igher  in  soi l  A5 (48 to  61%) than in A1 (32 to  36%).  No signif icant  
s ta t is t ical  di fferences in  growth rate  were appreciated between tes t  species  within  
the same soi l .   

     In  th is  s tudy,  to tal  metal  concentrat ions suggested soi ls  A4,  A1 and A2 as  the 
most  toxic .  However,  resul ts  f rom bioassays ident if ied soi ls  A6,  A3,  and A7 as  the 
most  detr imental  for  terres tr ia l  organisms.  The low toxici ty  of  samples  A4,  A1 and 
A2 was explained by differences in  the b ioavailabi l i ty  of  the s tudied metals  between 
si tes .  The sample A1,  for  example,  was composed of  soi l  mixed with mining wastes  
and presented high mercury contents .  However,  resul ts  f rom the mineralogical  
analysis  pointed out  that  Hg was mainly found in the form of  c innabar,  thus 
becoming inaccess ible to  soi l  organisms.  On the other  hand,  the high toxic i ty of  
soi ls  A6 and A7 was at t r ibuted to  their  h igh sal in i ty,  which was posi t ively and 
s ignif icant ly correla ted with  the  toxici ty  to  soi l  inver tebrates  ( r  = 0.98,  p  <  0 .01 for  
ear thworms mortal i ty;  r  = 0 .89,  p  <  0.01 for  ear thworms avoidance;  r  = 0.89,  p  <  
0.05 for  col lembolans avoidance) .  According to  Alvarenga et  a l .  (2012),  the high 
sal in i ty  of  metal-contaminated soils  could be indicat ive of  a  h igh bioavai labi l i ty of  
metals .  Since EC was posi t ively correlated  with  Hg concentrat ions and the 



 

12 
 

mineralogical  analysis  detected  the presence of  mercury sulfa tes,  we at t r ibuted the 
h igh electr ical  conduct iv i ty  and consequent ly h igh toxici ty  of  samples  A6 and A7 to  
their  high concentrat ion of  mercury in  the form of  sal ts .  No clear  explanat ion was 
found for  the h igh toxici ty  shown by sample A3.  

 

 
Figure 4. Brassica rapa, Trifolium pratense and Lolium perenne seeding emergence (A) and fresh biomass (B) as percentage of the 
controls. Means and standard deviations from four replicates. Values presenting the same letter are not statistically different (p > 
0.05). 

    
Toxici ty  of  water  extracts  to  aquat ic  organisms is  shown in Table  5 .  The observed 

toxic  effects  in  the bacter ia l  b io luminescence inhibi t ion assay were not  suff ic ient  to  
es t imate  EC50 values  for  samples  A1,  A3,  A5 and A7 whereas extracts  A2 and A4 
were very toxic  and A6 presented moderate  toxic i ty.  The lesser  sensi t iv i ty  of  V.  
f ischeri  luminescence towards  leachates  from mine soi ls  was previously documented 
(Alvarenga et  a l .  2008;  Maisto  et  a l  2011)  and might be related with  the pH 
correct ion of  the leachate  suggested by s tandard  methods (Alvarenga et  a l .  2013) .  In  
contrast ,  the  growth inhibi t ion of  the microalgae R. subcapita ta  showed an extreme 
sensi t iv i ty that  correlated  s ignif icant ly with  Zn content  in  water  extracts  ( r  = 0.996,  
p  <  0 .01) .  Consequent ly,  tes ts  with  algae est imated the lowest  EC50 values  for  a l l  
samples and became the most  metal-sensi t ive among the aquat ic  ecotoxici ty tes ts  
appl ied ,  as  previously repor ted  by Maisto  et  a l .  (2011)  and de Paiva Magalhães et  a l .  
(2014) .  D. magna  was moderately affected  by water  extracts ,  showing s ignif icant  
correlat ions with  their  pH (r  = -0.913,  p  <  0.01)  and Pb contents  ( r  = 0.94,  p  <  0.01) .  
Samples A3 and A5 caused no mortal i ty to  the crustaceans while  extremely high 
toxic i ty  was  observed for  samples A2,  A4 and A6,  thus  becoming more  sensi t ive 
than V.  f ischeri  to  th is  type of  contaminat ion (Alvarenga et  a l .  2013)  but  not  as  
metal-sensi t ive as  a lgal  growth ra te  (Maisto  et  a l .  2011) .  As expected,  b ioassays 
with  f ish  were the least  sensi t ive  among al l  tes ted species  due to  their  par t icular  
res is tance to  most  metals  (de Paiva Magalhães et  a l .  2014) .  Even so,  f ish  le thali ty  
was s ignif icant ly correlated with pH (r  = -0.855,  p  < 0.05)  and Pb content  (r  =  
0.904,  p  <  0.01)  and occurred in  the samples  that  proved more toxic  to  the o ther  
aquat ic  species  tes ted  (A2,  A4 and A6) .   

 
Table 5. EC50 values (95% confidence limits) of aquatic ecotoxicity tests. Results expressed as 
percentage volume of water extract mixed with test medium (v/v). ‘-‘: non-applicable. 

 
Bacteria Luminescence 

Inhibition 
Algal Growth 

Inhibition 

Daphnia magna 
Immobilization 

 

Danio rerio Acute 
Toxicity 

A1 >45 
29.1 

(20.6-44.3) 
69.6 

(50.1-120.7) 
>100 

A2 0.71 
5.7 

(4.7-6.8) 
0.39 

(0.29-0.52) 
14.8 
(-) 

A3 >45 
36.6 

(25.3-58.2) 
>100 >100 

A4 1.2 
0.015 

(0.009-0.025) 
0.47 

(0.38-0.59) 
52.7 
(-) 

A5 >45 
9.2 

(5.2-16.1) 
>100 >100 

A6 20.3 
1.2 

(1-1.4) 
1 

(0.9-1.1) 
69.3 
(-) 

A7 >45 
26.6 

(20.7-35.6) 
24 

(17-34) 
>100 
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Resul ts  f rom ecotoxicological  b ioassays with water  extracts  confirmed the h igh 
toxici ty  of  sample A6 and detected  remarkable  deleter ious effects  by samples  A2 and 
A4,  which were the ones that  presented higher  metal  contents .  In  addi t ion,  leachates  
from samples  A2 and A4 showed the greater  mobil izat ion of  Pb and Zn,  which may 
indicate  that  aquat ic  toxici ty  was direct ly  rela ted  with  these metals .  The toxici ty of  
sample A6 was therefore  a t tr ibuted to  i ts  h igh sal in i ty ,  while  that  of  samples  A2 and 
A4 resul ted  from i ts  h igh acidi ty and metal  concentrat ions.    

3.4  Mult ivariate  analysis   

Principal  component  analysis  for  the  ter res tr ia l  compar tment  was carr ied  out  on 
10 var iables:  As,  Ba,  Hg,  Pb,  Sb,  Zn,  pH,  Ear thworms survival  (ES),  Ear thworms 
avoidance (EA) and Collembola  avoidance (CA).  Var iables  were reduced to 4  
pr incipal  components  that  explained 96.8% of  the to ta l  variance (Table  6) .  Pr incipal  
component 1  (PC1)  was responsible  for  47.4% of  the total  var iance and was best  
represented by As and inversely re la ted with  Sb,  Zn,  pH, ES and EA. PC1 is  
explanatory of  the toxici ty  of  samples  A6,  A3 and A7,  ref lect ing the ro le  of  pH and 
As content  in  soi l  toxici ty  and the detr imental  effects  observed through the 
survivabi l i ty  and avoidance of  ear thworms.  Component  2  was responsible  for  25.9% 
of  the  to ta l  var iance and showed a  direct  correla t ion between Ba,  Hg and Zn,  which 
is  f requent  in  soi ls  contaminated by mining act iv i t ies  and rela ted  with  ES and CA. 
Component  3  explained 18.7% of  the to ta l  var iance and was posi t ively represented 
by Hg and inversely by Pb,  indicating the inf luence of  l i thogenic  geochemistry over  
soi l  composi t ion.  Component  4 explained 4.6% of  the to tal  var iance and was 
represented by As and inversely by CA, indicat ing the possible  inf luence of  As in  
the behavior  of  col lembolans.  

 

Table 6.- Principal components loadings of soils. 

Variables PC1 PC2 PC3 PC4 

As 0.4215 0.2244 0.0267 0.4459 

Ba 0.0697 0.3228 -0.0752 -0.0077 

Hg -0.0874 0.5042 0.6851 0.0078 

Sb -0.5006 -0.1134 -0.0034 -0.3401 

Pb 0.1603 0.0601 -0.5955 0.0391 

Zn -0.4002 0.4398 -0.2821 -0.257 

pH -0.3788 0.1143 -0.0322 0.3457 

ES -0.2364 0.3505 -0.2441 0.4297 

EA -0.3561 -0.174 -0.0055 0.4764 

CA 0.2171 0.4638 -0.1713 -0.2945 

 
Principal  component  analysis  of  leachates  was appl ied using the same 6  

geochemical  var iables  of  the soi l  mult ivar ia te  analysis  p lus  pH and electr ical  
conduct iv i ty .  The fol lowing ecotoxicological  var iables  were also considered:  V. 
fischeri luminiscence inhibi t ion (VFLI) ,  Algal  growth inhibi t ion (AGI) ,  D. magna 
immobil izat ion (DMI) and D. rerio acute  toxici ty  (DRAT).  The loadings of  the  f irs t  
four  pr incipal  components  are  shown in  Table 7  and explain  93.4% of  the to tal  
var iance.  PC1 was responsible  for  48% of  the to tal  var iance and was direct ly  re lated 
with  Ba,  Hg,  and DRAT and inversely  with DMI,  indicat ing a  geochemical  factor  
associated  with  the ecotoxicty of  Hg.  Component  2  explained 27.4% of  the to tal  
var iance and was associated  with  Ba,  Pb and Zn and inversely with  AGI and DMI,  
suggest ing the ecotoxici ty  of  these d issolved metals .  Component  3 explained 11.9% 
of  the  to ta l  var iance and was  represented by Hg,  Zn,  VFLI and inversely by Ba.  
Component 4  explained 6% of  the to tal  var iance and was associated  with  As 
(poss ibly) ,  Hg,  Pb and EC indicat ing the  effect  of  metal  concentrat ion in  e lectr ical  
conduct iv i ty  (EC).  Since component  4  is  inversely associated  with DRAT, i t  may 
explain  the ecotoxici ty rela ted with D. rer io .  
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Table 7. Principal components loadings of water extracts.  

Variables PC1 PC2 PC3 PC4 

As 0.1584 0.1385 -0.0421 0.2613 

Ba 0.3089 -0.4734 -0.4621 0.1034 

Hg 0.6116 -0.1533 0.3274 0.5841 

Sb -0.0714 -0.0054 0.0149 0.1826 

Pb -0.0745 0.3910 -0.1628 0.2960 

Zn 0.0286 -0.3847 0.6000 -0.2446 

VFLI 0.1183 0.3159 0.3114 -0.0248 

AGI -0.2993 -0.4079 -0.1852 0.2804 

DMI -0.4572 -0.3531 0.2472 0.1607 

DRAT 0.3453 -0.1935 -0.2609 -0.4260 

pH 0.1066 -0.0489 0.1617 -0.0634 

EC -0.2255 -0.0396 -0.0644 0.3294 

4.  Conclusions      

The environmental  r isks  posed by the  s tudied area  were  successful ly  evaluated.  
The Valle  del  Azogue mining area presented physical-chemical  parameters  typical  
f rom abandoned mining areas .  High concentrat ions of  mercury (mainly bound to the 
matr ix  or  re leased from cinnabar)  were detected  throughout  the area.  Besides 
mercury,  several  o ther  metals  were quant if ied  in  amounts  exceeding in ternat ional  
in tervent ion values.  The r isk  of  metals  leaching towards the surrounding aquatic  
compartment due to  the par t icular  character is t ics  of  the s tudied soi ls  was identif ied.    

The appl icat ion of  a  bat tery of  b ioassays  with  organisms from different  species 
proved to be a  very valuable  tool  for  the  assessment  of  metal-contaminated s i tes .  
Most  soi l  samples  exerted  severe toxic  effects  to  terrestr ia l  organisms,  including the 
death  of  soi l  inver tebrates  and the  to ta l  inhibi t ion of  plant  growth.  The avoidance 
tes t  with  ear thworms was the most  sensit ive  terres tr ia l  b ioassay,  ident ifying almost  
a l l  tes t  so i ls  as  toxic  af ter  only 48 hours  of  exposure.  To a  lesser  extent ,  aquatic  
b ioassays conf irmed the  high toxic i ty  detected  by terres tr ia l  tes ts  and the  growth 
inhibi t ion of  microalgae was ident if ied as  the most  sensi t ive tes t .   

This  s tudy successful ly helped in  the in terpreta t ion of  the complexi ty associated 
to  metal-contaminated soi ls .  Relat ionships  between physical-chemical  parameters  of  
soi ls  and water  extracts ,  heavy metals  concentrat ions,  and toxici ty  were establ ished.  
In teres t ingly,  the  most  contaminated soi ls  were not  identi f ied  as  the most  toxic by 
terres tr ia l  tes ts ,  thus  emphasizing the importance of  ecotoxicological  tes ts  as  
complementary tools  for  the  rel iable  r isk assessment  of  contaminated s i tes .  
Furthermore,  the electr ical  conduct iv i ty of  terrestr ia l  and aquat ic  samples  was 
establ ished as  one of  the main  source of  toxici ty.  In  v iew of  the resul ts ,  an 
in tervent ion on the s tudied area is  encouraged due to  the threat  presented by the 
contaminated soi ls  and the r isk  of  spreading the contaminat ion to  agricul tural  areas 
located close to  the s tudied s i te  and/or  towards the groundwater  systems.   
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