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Abstract The potentially hazardous contents of mine
tailings can pose a serious threat to the environment.
Tailings dispersed around the abandoned Monica mine
(Bustarviejo) in the Autonomous Region of Madrid (Cen-
tral Spain) were studied to determine the concentration of
several potential toxic elements and their geochemical
impact in the surrounding soils. A total of 17 surface soil
samples were collected from both mixed sulfide mine
tailings sites and unmined soils, within a radius of 1900 m
from the mine entrance. The processing of minerals (ba-
sically arsenopyrite, matildite and sphalerite) produced
tailings with a pH as low as 2.9. Elements such as As, Cu,
Zn, Cd, Pb, W, Ag, Fe were found in very high concen-
trations, contaminating the soil to varying degrees (these
elements were sometimes 10- to 20-times higher in the
tailings than in the unmined soils). Given its short distance
and accessibility from such a large city as Madrid, it is of
undeniable environmental and educational interest. Among
other factors, there is a need for improvements to tailings
management strategies.
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Introduction

Mining operations produce waste material after the min-
erals of interest have been extracted. Such waste materials,
known as mine tailings, can often contain high concen-
trations of potentially toxic material.

As a result, changes in soil morphological, physical and
chemical properties can occur, leading to severe soil damage.
Moreover, the mining industry produces enormous quanti-
ties of fine-rock particles, ranging in size from a grain of sand
to a few micrometers (USEPA 1994). Vegetation can also be
affected with the destruction of extensive areas.

Different risks have been associated with mine tailings:
instability, visual impact, contamination of the water table,
acid-mine drainage (AMD) and secondary mineral sedi-
mentation (Grangeia et al. 2011; Bini 2012; He-rong et al.
2015; Mu et al. 2015). Potentially toxic trace elements
(PTEs) dumped in high concentrations nearby abandoned
mines represent long-term health hazards, as these mine-
waste materials percolate into nearby soils (Conde et al.
2008; Martin Peinado et al. 2015; Abreu et al. 2016;
Martin-Moreno et al. 2016). They can go on to contaminate
land, sub-soil and food crops, causing loss of biodiversity,
posing an important risk to human health (Lee et al. 2009;
Rodriguez et al. 2009; Fernandez-Caliani et al. 2009;
Conde et al. 2008), and even causing fatal diseases in
humans through crops and water (Lee et al. 2007).

Soils formed on landscapes altered by mining constitute
the mine soils and can be classified as either Entisols or
Inceptisols (Sencindiver and Ammons 2000; Angel et al.
2008), with few or no natural genetic horizons (Soil Survey
Staff 2006). Normally, these very young soils have their
origin in fragmented rock mixed with fine earthy material.
Their soil profiles are irregular and are mixed or substituted
by earthy materials from lower depths.
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Natural ecological environments around large cities are
valued very positively, as they are the nearest natural envi-
ronments in which to escape from the pressures of urban life.
The “Central System” is the main mountain range in the
center of the Iberian Peninsula, the southern edge of which is
50 km north of Madrid. The Monica mine (also named the
Indiana and the Elvira mine), located at Bustarviejo (in
Madrid Province), is in an area of high ecological value, called
Cuestade la Plata (Fig. 1). It was probably the most important
metal mining works with the largest reserves of metal in the
province of Madrid (Spain) throughout its almost 400 years of
intermittent operation (Jorda 2003, 2008; Jiménez et al. 2004).
Its principal minerals consist of arsenopyrite and matildite, a
sulfide mineral with Bi and Ag, Puche et al. (2000). Its eco-
nomic exploitation has focused on silver, extracted since the
seventeenth century up until the 1890s. Several studies have
been undertaken in this area over the last decade, which have
been addressed to assess the extent of pollution and particu-
larly arsenic concentrations from the Monica mine (Moreno-
Jiménez et al. 2009, 2010). Other studies have reported the
presence of As in the uppermost layer of soils nearby mining
dumps with concentrations of about 3000 mg kg~ (Moreno-
Jiménez et al. 2009) and almost 1900 pg kg~ " As in vegeta-
tion (Garcia-Salgado and Quijano 2014).
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Fig. 1 Study area and soil sampling locations

@ Springer

Tailings will not always mean contaminated soil, but
after mining activity, they could pose a serious environ-
mental threat, because of the presence and concentration of
potentially toxic trace elements. Considering that the
effects of the Monica mine tailings are still active, it is
important to assess the possible levels of contamination of
this delicate ecosystem. In fact, field observations would
suggest visible indicators of contamination.

The main objective of this study is to assess soil contami-
nation through the concentrations of potentially toxic trace
elements that have percolated into the soils from the tailings, as a
consequence of small-scale mining activity that has since been
abandoned. Secondly, our assessment of soil contamination
aims to evaluate soil quality within areas of small-scale mining
activity. Our final objective is to evaluate the appropriateness of
monitoring as an environmental strategy to contain the problem.

Materials and methods

Study area

The study area, known as Cuesta de la Plata, is located at
about 1500 m a.s.l. on the slopes of Cerro de la Brafia

/
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(Madrid Province, Central System) in the mountain range
of the Sierra de Guadarrama in the center of Spain (Fig. 1).
The entrance to the mine is at a latitude of N 40°52'2” and
a longitude of W 3°43/50” (438.45 4524.50). The study
area has a subhumid Mediterranean climate with a mean
annual air temperature of 12 °C and a mean annual pre-
cipitation of 605 mm concentrated between September and
April. Deciduous forest is found in the mining area
(Quercus pyrenaica), mixed with Pinus sylvestris and
Pinus pinaster in the folds of its valley, with shrubby
vegetation on the upper slopes and dense hygrophytic
vegetation in the streams.

The study area includes a smaller subarea of approxi-
mately 100 ha of land exposed to erosion. The mining site
is conical in shape, due to the waste deposition technology
and the topography of the area.

Granite and gneiss dominate the bedrock in the stock-
work and brecciation zone. Mine spoils located around the
periphery are composed of weathered products of these
formations.

Sulfide minerals such as arsenopyrite associated with
matildite, chalcopyrite, scorodite, sphalerite, pyrrhotite,
galena were identified in the mine and its tailings (Puche
et al. 2000; Bouso 2004). Mineralization including As—Fe—
Cu-Pb—-Ag—Zn and Sn was found in pockets and in small
outcropping quartz veins (Jorda et al. 2005; Jorda 2008).

Steep tracks lead up to previously mined areas, where
easily extracted soil samples showed A—C and A-R hori-
zons that had formed relatively quickly. When studying the
requirements for the formation of these types of horizons,
the need to describe Cambic horizons (Bw) should not be
ignored. However, in some parts of the area surrounding
the mine, all the conditions are present for Bw horizons:
thick structure (absence of rock structures found in over
half the volume) and higher chroma values, redder hues,
and higher clay contents than both the underlying and
overlying horizons (Soil Survey Staff 2006; FAO-ISRIC-
ISSS 2006).

Therefore, soil in the area around the mine has A-C, A—
R, A-C-R and A-Bw—C-R morphologies. The native soil
particles in the Bw horizons are sufficiently thick to be
classified as Cambic (horizon) Inceptisols (Soil Survey
Staff 2006). The floors of the mines are Leptosol or Spolic
Tecnosol (FAO-ISRIC-ISSS 2006). The majority of soils in
the area are from moderate to very deep Inceptisols and
Entisols (Table 1). They form residual soils (due to natural
decay) and colluvial soils (with materials drawn down the
slope by gravity). Soil formation processes were at the
origin of a similar horizon in each native soil, where
sequences of A, Bw, and C horizons were found. The
granular structures of the horizons were weak or moderate,
while the Bw horizons had structures that could be likened
to either weak or moderate sub-angular blocks.

Historic mining activities throughout almost four cen-
turies at the Monica mine have determined significant
landscape degradation and contamination. The Monica
mine wasteland disrupts the aesthetic continuity of the
natural landscape in this area of mountain range, degrading
soil morphology, drainage, soil structure, etc. Mining
operations have left areas of land degraded, due to
ecosystem contamination from mine spoils excavated from
mines and dumped on the surface in large heaps. The
consequence of mining activities on soils are slag heaps,
dumps, and alteration of the natural landscape.

In the case of the Monica mine, the dumping sites pre-
sented an apparently variable textural and mineral com-
position. In all cases, the morphological structure of the
materials present in the heaps was not proper to the soil
conditions in the adjacent natural soil. As a consequence of
mine spoil, vegetation cover is now practically absent in
the overburden dumps affected by weathering, bringing a
wide range of problems, among which the replanting and
growth of vegetation.

Soil sampling

A total of 17 soil/sediment samples were collected at dif-
ferent points: tailings, tributary streams at the mine
entrance, downstream area and unmined soils. Further soil
samples were collected above the mine entrance (Fig. 1).
The sampling strategy permitted the study of the concen-
tration gradient and an assessment of the possible mobi-
lization of trace elements. Soil sampling was carried out in
May 2014, and at each location, three subsamples were
collected at a depth of 0-30 cm. Sample 1 represents the
natural soil, situated at higher levels above the location of
the mine. Samples 2, 3, 4 and 5 represent the soils/sedi-
ments that constitute the waste materials situated around
the mouth of the mine. Sample 6 was taken from the bed of
the stream where the waters flow that drain the principal
dump, whereas samples 10, 11 and 12 were extracted from
the bed of the aforementioned stream, located at levels
below the mine entrance. Samples 7, 8 and 9 include the
accumulation of mining waste from a second dump.
Samples 13, 14 and 16 represent the bottom of the geo-
chemical baseline of the basin, and finally samples 15 and
17 represent the environment close to the stream, poten-
tially within reach of the drainage waters. Standard survey
procedures were used to classify the pedons (FAO-ISRIC-
ISSS 2006).

Laboratory analysis
Following their preparation, the samples underwent air-

drying at room temperature (25-30 °C) under laboratory
conditions. They were then sieved through a 2-mm screen
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Table 1 Soil types, elevation, location, landuse, and classes for slope, drainage and stoniness of the analyzed soil samples

Sample Site and soil description Elevation  Geographical coordinates Landuse Classes for
(m as.].)  (latitude N/longitude W) - -
Slope Drainage Stoniness

1 Umbric Leptosol-undisturbed area; Ah 1547 40°52/9.89"/3°43'46.68"  Pasture/forest C-5 C-6 C-4
horizon-Color 10YR3/2 (d)

2 Spolic Technosol-Tailing/spoil; Ap 1505 40°52'6.20"/3°43'47.56" Bare soil Cc4 C3 C-3
horizon-Color 10YR6/4 (d)

3 Spolic Technosol-Tailing/spoil; Ap 1462 40°52'2.67"/3°43'50.17" Bare soil Cc4 C3 C-2
horizon-Color 10YR5/4 (d)

4 Spolic Technosol-Tailing/spoil; Ap 1459 40°52'2.04"/3°43'50.58"” Bare soil Cc4 C3 Cc-4
horizon.-Color 10YR6/4 (d)

5 Spolic Technosol-Tailing/spoil; Ap 1458 40°52'2.46"/3°43'49.15”  Bare soil C4 C2 C-3
horizon-Color 10YR6/4 (d)

6 Histic Leptosol-Downstream-Fluvial 1456 40°52'1.79"/3°43'49.20"”  Pasture c2 C-1 C-2
charactﬁ?r; Ap horizon-Color 10YR6/4 Hydrophilous
(d)-Felting plants

7 Spolic Technosol-Tailing/spoil; Ap 1436 40°51'58.86"/3°43/50.63"” Bare soil Cc4 C5 C-4
horizon-Color 10YR7/3 (d)

8 Spolic Technosol-Tailing/spoil; Ap 1431 40°51'57.97"/3°43'51.11”  Bare soil Cc4 C5 C-3
horizon-Color 10Y5/4 (d)

9 Spolic Technosol-Tailing/spoil; Ap 1440 40°51'57.74"/3°43'49.36”  Bare soil c4 C5 C-5
horizon-Color 10YR7/2 (d)

10 Histic Leptosol-Downstream-Fluvial 1387 40°51'56.307/3°43'57.46" Peaty/Sediment C-4  C-1 C-2
charactt?r; Ap horizon-Color 10YR271 Hydrophilous
(h)-Felting plants

11 Histic Leptosol-Downstream-Fluvial 1361 40°51'53.26"/3°43/59.12"  Peaty/Sediment C-4  C-1 C-2
charactt?r; Ap horizon-Color 10YR271 Hydrophilous
(h)-Felting plants

12 Histic Leptosol-Bed fluvial; Ap horizon- 1274 40°51'41.20"/3°44'11.19”  Peaty/Sediment C-2  C-1 C-4
Color 10YR2/2 (d)-Felting Hydrophilous

plants

13 Haplic Cambisol-Undisturbed soil; Ap 1293 40°51'32.15"/3°44'5.23"  Wasteland/forest C-4  C-5 C-3
horizon Ah-Color 10YR4/2 (d)

14 Haplic Cambisol-Undisturbed soil; C 1293 40°51'32.15"/3°44'5.23"  Wasteland/forest C-4 C-5 C-3
horizon-Color 10YR6/2 (d)

15 Mineralization (stone in bed fluvial area) 1250 40°51'27.31"/3°44'9.49"  Bare soil Cc3 C5 C-3

16 Haplic Cambisol-Undisturbed soil; Ah 1248 40°51'35.31"/3°44'16.80”  Forest/Quercus  C-4 C-5 C-5
horizon-Color 10YR5/2 (d)

17 Mineralization (stone in bed fluvial area) 1248 40°51'35.31"/3°44'16.80” Bare soil Cc4 C5 C-5

Slope, drainage class and stoniness are defined after FAO (2006), whereas soil type according to FAO-ISRIC-ISSS (2006)

to separate larger particles, gravel-sized material and other
waste and sealed in plastic bags for analysis. Both dry and
moist soils were evaluated with the Munsell Soil Color
Chart; particle-size distribution was determined using the
hydrometer method (Gee and Bauder 1986); a glass elec-
trode in a soil-water ratio of 1:2:5 was used to determine
soil pH and electrical conductivity (EC) (Thomas 1996).
Total trace element concentrations of (As, Cu, Pb and
Zn) were identified with inductively coupled plasma-opti-
cal emission spectrometry (ICP-OES), following soil
digestion with a 5:2:3 mixture of HNO;-HCIO4,—HF (Li
et al. 2012). A 50 ml dilution of deionised water and the
mineral residues were kept in a volumetric flask and stored

@ Springer

in a refrigerator at 4 °C before analysis by Inductively
Coupled Plasma—Optical Emission Spectrometry (ICP-
OES). Quality control rules required the analysis of at least
one in ten random samples. Various reagents verified the
accuracy and precision of the analytical data used for trace
element determination. Calibration was done with standard
PTEs solutions (to establish calibration curves before metal
analysis). All chemicals and solutions met analytical
standard book-reagent grade. Lastly, quality control was
assured in duplicate.

X-ray powder diffraction (XRD) was used to determine
the semiquantitative mineralogical composition of the total
(<2 mm) and the fine (<2 pum) fractions, using both the
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random powder method for the bulk sample and the ori-
ented slides method. Semiquantitative mineralogical anal-
ysis was done by diffraction peak analysis (Kisch 1990).

Data analysis

Trace element pollution levels in the soils/sediments were
assayed with the geoaccumulation index (/geo). The fol-
lowing equation was used for the determination of Igeo
(Miiller 1979; Boszke et al. 2004):

G
lgeo = logzﬁ (1)

C, = trace element concentrations measured in the sedi-
ment, B, = trace element background value, 1.5 = cor-
rection factor for background matrix.

The geoaccumulation index has 7 grades or classes:
Igeo < 0 (grade 0), unpolluted; 0 < Igeo < 1 (grade 1),
slightly polluted; 1 <Igeo <2 (grade 2), moderately
polluted; 2 < Igeo <3 (grade 3), moderately severely
polluted; 3 <Igeo <4 (grade 4), severely polluted;
4 <Igeo <5 (grade 5), severely extremely polluted;
Igeo > 5 (grade 6), extremely polluted.

The concentration factor (CF) for each pollutant, defined
as:

i
CO—I

G = Ci

(2)
was calculated by dividing the average concentration of the
element in the soil (Ci) by its standardized geochemical
classification.

All statistical analyses were performed using SPSS
software version 17 for Windows.

Results and discussion

The general soil properties are presented in Table 2. The
soils were basically acid with extreme pH values in some
case (Table 2). Particle-size classification showed differ-
ences in the sand content of the mine spoils and the sur-
rounding unmined soils; though the sand particles tended to
decrease, clay and silt particles tended to increase in the
mine spoils with respect to the unmined soils. The mine
soils that had formed on granite and gneiss bedrock not
only had relatively high silt (40%) and clay (35%) con-
tents, but often had high percentages (>50%) of rock
fragments (>2 mm). Electrical conductivity of the samples
in the study area was under 1 dS m~' (Table 2), which is
quite low overall.

Under these conditions, neither plant nor microbial
growth is supported in these spoils, mainly due to low
contents of organic matter with unfavorable pH (Table 2),

in agreement with Agrawal et al. (1993). Other authors like
Pederson et al. (1988) noted that the nutrient status of
overburden soil appears to be a major factor limiting plant
growth. Physicochemical properties can often inhibit the
soil-forming process and plant growth; in environmental
terms, mine spoil dumps are very unstable, contaminating
the land by increasing heavy-metal soil concentrations that
in turn deteriorate soil quality (Maiti 2007).

Mine soils are very young in this area in comparison
with natural regional soils, so they show no evidence of soil
development. The thicknesses of the A horizons and the
solum showed no increases with the age of the mine soil. It
has taken hundreds, if not thousands of years for native
soils to form, while the mine soils are much younger. As a
consequence of topographic conditions, the native soils in
the unmined area were gently sloping to very steep terrain.
Under these conditions, Entisols and moderately deep
Inceptisols (Soil Survey Staff 2006) as well as Leptosol
and Cambisol (FAO-ISRIC-ISSS 2006) can form directly
on bedrock (granite) or in colluvium (materials transported
downslope by gravity) and residuum (formed in place by
natural weathering). On the contrary, soils in the mine
tailings are classified as Technosols, showing low-chroma
redox depletions within the upper 100 cm of the surface,
for some time, in normal years. Disturbance has left the
soils at the tailings sites with textures that are not very
different. Anthropic action includes rock blasting into
small fragments, compaction after settlement, and tree
planting. Therefore, the mine soils had higher rock-frag-
ment contents compared with the unmined soils; primarily
with coarse-textures (loam to coarse sand), with the >2-
mm fraction between 20 and 80% (Table 2).

The spoils have suffered weathering and erosion, but
they have not achieved equilibrium and homogenization. In
any case, rainwater percolates through these tailings dumps
causing further soil pollution. Mine dumps/tailings/spoil
exposed to the atmosphere usually lead to oxidation, dis-
solution and precipitation. Sulfide minerals, associated
with the ore mine, containing As—Cu-Fe-Zn-Pb-Ag
(arsenopyrite, chalcopyrite, etc.), were found in the Monica
Mine (Jorda 2008). Natural weathering conditions may
cause these exposed mine spoils to break down into small
clay-sized particles that are released into the environment
(Haigh 1992; Dang et al. 2002). Oxidation of these sulfide
minerals results in contamination, especially by the heavy
metals contained in sulfide-bearing minerals, (Kim and
Jung 2004; Lim et al. 2008), releasing some elements into
the surrounding soils/sediments.

The pH of a given mine soil can change rapidly as the
rock fragments weather and oxidize. Mine soil pH is
somewhat lower than native soil pH, because of the pres-
ence of sulfide minerals. In mine soils, pH values are lower
than those of unmined soils. The average pH ranges from

@ Springer
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Table 2 Selected properties

measured in soil samples: pH, Sample pH(H,0) EC (mS m™") OM (%) Sand (%) Silt (%) Clay (%)

EC electrical conductivity 1 44 5.9 32 45.0 20.0 35.0

(mS m™ ), OM organic matter

(%) and texture (%) 2 2.9 30.5 0.3 52.0 23.0 25.0
3 44 8.2 0.2 20.0 32.0 48.0
4 4.8 6.5 0.3 49.0 19.0 32.0
5 52 16.2 0.2 18.0 53.0 29.0
6 52 24.5 2.6 nd nd nd
7 5.1 6.6 0.5 65.0 23.0 12.0
8 5.0 24.2 0.2 42.0 38.0 20.0
9 5.2 4.7 0.2 51.0 22.0 27.0
10 5.0 429 12.4 62.0 18.0 20.0
11 3.6 6.3 14.1 25.0 40.0 35.0
12 3.6 77.7 7.9 26.0 39.0 35.0
13 35 6.5 0.6 47.0 18.0 15.0
14 4.6 16.4 0.5 29.0 35.0 36.0
15 nd nd nd nd nd nd
16 4.5 94 0.8 42.0 38.0 20.0
17 nd nd nd nd nd nd

nd no determined

2.9 (very strongly acidic) to 5.0 at the tailings sites, while
the unmined soil is around 5.2 (acid in nature). This acidic
nature is linked to the geology of the rock in the area, but
above all to leaching processes in which tailings and
impoundments, exposed to atmospheric conditions, are
leached by surface runoff and water percolation. Some
spoils were therefore extremely acidic.

The unmined soils in the area contain large quantities of
feldspar in their constituents (Fig. 2). The diffractograms
showed that the dominant minerals consisted of phyllosil-
icates (50-60%), quartz (30-40%) and feldspars (5-10%).
The clay minerals were dominated by illite and kaolinite;
vermiculite and/or poorly defined mixed-layer phases are
also present (Fig. 2).

Total elemental contents

Summary statistics of the total concentrations of all the
elements under study in both the mine soils and the
unmined soils are reported in Table 3. The total mine-
tailing concentrations of elements were up to
20,249 mg kg~' for As, 347,346 mgkg~' for Fe,
9075 mg kg~ for S, 1985 mg kg~' for Ni, 4391 mg kg™
for Cu, 23,480 mg kg™ for Zn, 284 mg kg~' for Zr,
248 mg kg~ ' for Ag, 85 mg kg~ for Cd, 886 mg kg~ for
Sn, 125mgkg™' for W, 4057 mgkg ' for Pb,
814 mg kg~' for Bi and 6554 mg kg~ for Sc. The con-
centration of some elements (Mo, Pd, Cd, In, etc.) in some
samples was under the minimum detection limit. Com-
parison with background concentrations (De Miguel et al.

@ Springer

2002) revealed that most of the soil samples in the tailings
were polluted with As, Cu, Zn, Cd, Ni, Pb and W, among
other elements. In addition, large variations in mean,
minimum, and maximum values were observed. The con-
centrations of elements varied widely between the tailings
sites, depending on the sampling locations, taken at
decreasing distances from the mine spoil sites.

Samples 2, 3, 4 and 8 located in the immediate vicinity
of the mine-tailing wastes contained the highest concen-
trations of some elements; also found in samples 6, 10 and
11 in fluvial sites enriched in organic matter. It is worth
highlighting sample 17, which corresponds to mineraliza-
tion, dragged downstream by water. In some of these soils,
total concentrations of As, Cu, Pb, Cd and Zn were
between one and two orders of magnitude higher than the
regional and the geochemical baseline (De Miguel et al.
2002; BOCM 2007) and levels considered normal in the
nearby Community of Castilla La Mancha (Jiménez Bal-
lesta et al. 2010).

High levels of trace element concentration in several
samples exceeded the reference value for the Community
of Madrid (Table 3; Fig. 3). High concentrations of Fe
were detected in soil samples (average 62.14 g kg ',
maximum value 347.35 g kg™' in mineralization at the
bottom of the valley with a minimum value of
20.33 g kg h.

The following elements are of particular interest:
arsenic, copper, lead, chrome, cobalt, nickel, zinc, cad-
mium, selenium, tin and tungsten. Average concentration
values for As were consistently high at 3.15 g kg™’
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Fig. 2 X-ray powder diffraction (XRD) patterns of soil samples
number 13(a) and 14(b). Q = quartz, FK = potassium feldspars,
FCaNa = calcosodic feldspars, V = vermiculite, I = illite,
K = kaolinite

(Table 3), with the highest value of 20.25 g kg™' at one
tailings dump. This value exceeds the Netherlands soil/
sediment intervention guideline value, set at 55 mg kg™
for remediation; the control site showed 5 mg kg7l or less,
and the reference value was 10 mg kg~ (De Miguel et al.
2002). Moreover, the geochemical evaluations showed that
As contamination was very high and that it therefore posed
a threat to environmental quality. There were significant
differences between the As levels around the active site and
mean As concentration in the control soils. Tailing dams
certainly introduced considerable amounts of As into the
surrounding soils well over background As levels.

Most of the samples had a concentration of Sb moder-
ately above the reference value; only in a peaty soil (M11)
and a tailing sample (M4), it was intensely accumulated at
15and at 11 mg kg™, respectively. The standard deviation
for Bi was high (225.55 mg kg™ '), indicating its variabil-
ity; accumulations were found in slag heaps, particularly in
sample 8 (814 mg kg™ ).

Copper is both a significant and a key microelement in
plant nutrient supply. The average Cu concentration ranged
from 4 to 4391 mg kg~ (Fig. 3). Although in some soil
samples it was hardly detected, in most samples it was
doubled, tripled or even multiplied by more than 200,
especially in dumps and peat soils. The highest value was
4391 mg kg~ in soil sample 8 (Table 2); the lowest value
was found in the control soil (samples 13 and 14 with
values of 4 and 5 mg kg™ ', respectively). The Cu con-
centration of the control soils fell within the recommended
limit of 36 mg kg™~ for ordinary uncontaminated soil. On-
site contamination remained under the Cu contaminated-
site intervention limit of 190 mg kg~' (VROM 2000). The
mean Cu concentrations in soils from the active tailings
dams were over the recommended limit of 36 mg kg~' for
standard uncontaminated soil, but some values were over
the Cu intervention limit of 190 mg kg™ ' at contaminated
sites (VROM 2000).

Pb is known to be one of the principal contaminants in
the environment (Adriano 2001). Practically, all samples
exceeded the reference value for Pb (the mean is
569.94 mg kg~ '). In some samples, the reference value
was multiplied by more than 100 and in another by more
than 30. The maximum value was 4057 mg kg~ ', and the
minimum 14 mg kg~' (Fig. 3).

Most samples contained less than 32 mg kg~ of Cr,
which is the benchmark for the Region of Madrid. Its
moderate accumulation in sample 11 (peat stream soil), and
especially its intense accumulation in sample 12 (also
peaty), denotes mobility and refocuses the effect of organic
matter, while sample 17, corresponding to an accumulation
point, showed mineralization. In the case of W, its highly
variable concentrations that accumulated in tailing dumps
ranged between 8 and 125 mg kg~' (Fig. 3). Traces of
molybdenum were insignificant.

There was a similar trend for Co and Ni. The Ni con-
centration was high in samples 12, corresponding to peat
(1985 mg kg~ ') and 17 corresponding to mineralization.
Its average value was 214.12 mg kg~' (Table 3). For Co,
the highest amount was for sample 8 (tailings dump). It has
been previously reported that, at a pH of below 35, the toxic-
metal bioavailability in the form of iron, nickel, lead and
cadmium also increased (Maiti 2003).

Practically, all samples (average 1.94 g kg™ ') exceeded
the Zn reference value for the Madrid Community of
80 mg kg~' (De Miguel et al. 2002) and in some cases
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Table 3 Summary statistics of potential toxic traces elements

Element Mean St. dev. Minimum Maximum Igeo CF

Li (mg kg™ 76.53 29.48 31 148

Be (mg kg™ ") 471 2.11 2 10 —0.93 0.79
B (gkg™) 0.91 2.70 0.01 11.66

Na (g kg™h 24.93 12.30 6.56 53.49

Mg (g kg™h) 3.67 2.19 1.05 8.87

Al (g kg™h 81.69 26.46 31.48 127.38 —0.58 1.0
P (mg kg™ ") 287.12 102.64 194.00 623.00 —2.68 0.24
S(gkg™ 1.77 2.08 0.12 9.08

K (gkg™h 27.36 15.18 3.99 55.32

Ca(gkg™) 6.66 3.64 2.84 16.97

Sc (g kg™ 0.39 1.54 0.00 6.55 3.49 16.96
Ti (g kg™") 1.12 0.67 0.28 2.35 —2.56 0.26
V (mg kg™") 38.53 11.18 21.00 65.00 —0.70 0.91
Cr (mg kg™ 30.94 32.07 nd 148.00 —0.72 0.91
Mn (mg kg™") 563.65 340.13 201 1432 —0.91 0.79
Fe (g kg™ 62.14 85.17 2.03 347.35 —0.27 1.24
Co (mg kg™") 9.47 9.22 2.00 40.00 —0.80 0.86
Ni (mg kg™ 214.12 535.15 5.00 1985.00 2.83 10.70
Cu (g kg™ 0.71 1.20 nd 439 4.56 35.40
Zn (g kg™ 1.94 5.44 nd 23.49 4.10 25.81
Ga (mg kg™") 22.47 5.31 15 32 0.44 2.04
Ge (mg kg™") 1.29 0.89 nd 3

As (gkg™h 3.15 5.06 5.00 20.25 6.12 104.88
Se (mg kg™ 3.24 2.49 nd 7.00

Rb (mg kg™") 110.47 58.18 10.00 226.00 —0.22 1.28
Sr (mg kg™ ") 7271 29.60 3.00 124.00 —2.92 0.19
Y (mg kg™") 11.88 7.21 4.00 27.00 -1.26 0.62
Zr (mg kg™ 120.76 69.58 31.00 284.00 —1.16 0.67
Nb (mg kg™" 6.59 423 2.00 17.00 —1.18 0.65
Mo (mg kg™") 1.59 1.68 nd 6.00 —3.82 0.10
Pd (mg kg™ ") 0.18 0.51 nd 2.00

Ag (mg kg™h 56.12 88.2 nd 248 8.55 561.2
Cd (mg kg™") 10.53 20.84 nd 85.00 5.55 70.20
In (mg kg™") 1.76 3.32 nd 13.00

Sn (mg kg™") 173.71 282.94 nd 886.00

Sb (mg kg™") 2.94 4.02 nd 15.00 0.97 2.94
Te (mg kg™ ") 0.71 1.36 nd 5.00

Cs (mg kg™") 4.12 291 nd 11.00 —1.54 0.51
Ba (mg kg™ ") 336.35 157.47 22.00 626.00 0.70 2.43
La (mg kg™") 13.88 9.57 4.00 42.00 —1.43 0.55
Ce (mg kg™ 30.76 25.81 4.00 119.00 —1.54 0.51
Pr (mg kg™ ") 3.35 2.32 1.00 10.00

Nd (mg kg™ 12.94 8.82 4.00 38.00 —1.41 0.56
Sm (mg kg™ " 2.59 1.75 1.00 7.00 —2.01 0.37
Eu (mg kg™") 0.24 0.42 nd 1.00

Gd (mg kg™ " 2.47 1.51 1.00 6.00

Tb (mg kg™ ") 0.18 0.38 nd 1.00

Dy (mg kg™ ") 2.12 1.23 1.00 5.00
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Table 3 continued

Element Mean St. dev. Minimum Maximum Igeo CF
Ho (mg kg™ " 0.35 0.48 nd 1.00
Er (mg kg™") 1.35 0.68 nd 3.00
Yb (mg kg”) 1.18 0.71 nd 3.00
Hf (mg kg™ ") 3.47 2.12 1.00 8.00
Ta (mg kg™ ") 1.18 1.04 nd 4.00
W (mg kg™ 44.29 33.5 8.00 125.00 2.88 11.07
Tl (mg kg™") 1.06 0.42 nd 2.00
Pb (g kg™h 0.57 1.00 0.01 4.06 2.89 1.16
Bi (mg kg™") 137.94 225.55 nd 814.00
Th (mg kg™") 6.88 343 2.00 15.00 —1.12 0.68
U (mg kg™") 6.82 4.66 1.00 20.00 0.18 1.70
Values for Igeo and concentration factor (CF) are also reported (number of observations = 17). nd no detected
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20000 1 2500 2500
. 8 al 10 . 2
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Fig. 3 Box plots of the potential toxic trace elements under analysis (in mg kg’l)

exceeded the reference value by a factor of 300 (maximum
value 23.49 g kg™ "); it hardly appears in some dumps due
to washing and is therefore a highly polluting element.
However, significant differences were found in Zn con-
centrations between soil samples from around the tailings
dam and from the control site.

Hardly detected in some samples, Cd levels were
abundant in one dump (85 mg kg™') and levels in many
others were above the reference value, 0.27 mg kg~ ' (De
Miguel et al. 2002). Selenium (Se) tends to be found in the
tailings further away; in several samples, it was above the
reference value for Castilla La Mancha (near Madrid),
Jiménez Ballesta et al. (2010), and similar to other soils in
the Madrid region, (Moreno et al. 2005). The average was
3.24 mg kg~'. A dispersion of Ti values was observed:

some above 2000 mg kg~ and others below 300 mg kg~ '.

The average was 1122.41 mg kg~ '. Manganese is of low
toxicity and of considerable biological significance (Hasan
et al. 2013). There was only marginal Mn contamination
from the active tailings dams, as their Mn levels remained
within the soil protection guidelines at values of
320 mg kg~ '.

Accumulation of Ag, the primary product of the mine,
was expected in the tailings dumps. Its concentrations were
high in some samples such as M8 and low in soil outside
the mine (M10 and 11). Hg was not detected in several
samples, including waste dumps; there are two points, one
in dump M8, with a value of 364 mg kg™, and another in
MI11 (peaty soil), with a lower concentration.

Vanadium, niobium, barium and tantalus are insignifi-
cant elements (indicating large-scale regional patterns),
and most of the values were around or under the reference
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value; with only one sample nearly double this value for V.
In the case of Nb, the values were under 17 mg kg™ ',
although with some variations, while Ta was under
4 mg kg~'. High concentrations of Ba showed the refer-
ence value doubling in natural soil samples and in some
tailings. In contrast, the presence of Hg was significant
(some values exist of up to 364 mg kg~ ') with an average
of 22.84 mg kg~ ' and with a very high standard deviation
of 85.32.

Other elements such as sulfur are found in widely
varying amounts, reaching values of up to
2.00-3.00 g kg~', and in one sample (17), a value of
9.08 gkg~'; in other cases, it was hardly over
200 mg kg~'. In the case of one heap, very high levels of
Ti and Sn were detected, while it hardly appeared in others;
its levels in the most natural soils were low.

In the B, Al, Ga, In and TI groups, the concentration of
B was quite variable (standard deviation 2.70 g kg™ "),
reaching a very high value in one sample (11.66 g kg™ ")
and a minimum value of 7 mg kg™ ' in sample 7. Ga and TI
showed negligible concentrations with little variability,
like Al, although this element in sample 8 showed a high
content. Finally, rare earth elements (REE) were concen-
trated in the natural soil (samples 13 and 14).

Mining represents a significant source of potentially
toxic trace element contamination in adjacent environ-
mental soils and sediments (Wray 1998; Aucamp and van
Schalkwyk 2003; Bruce et al. 2003; Liu et al. 2005; Acosta
et al. 2011; Bini 2012; Li et al. 2014; Smart et al. 2015;
Soulard et al. 2016). Hu et al. (1992), expressed the opinion
that soil with a higher stone content than 50% should be
rated as poor quality. Physicochemical properties that are
adverse (such as texture) will tend to inhibit soil formation
processes and plant growth (Koushik et al. 2012). In this
regard, issues such as tailing dam instabilities, the volumes
of tailings that they might be retaining at any one time, and
the programs and at times nonexistent response to tailing
dam management were all considered contributory factors
in contamination by some elements around the dams. It
may be understood from the study that, once water filters
through the dumps, the highest PTEs contamination will be
found in the soils located in the area around the riverbed.

There are ever so many significant differences in trace
element concentrations in the Monica mine tailings and in
unmined soils. Trace element concentration data clearly
demonstrate the accumulation of some trace elements in
the tailings and main stream sediments compared with the
unmined soil sites. Therefore, all pollutant elements from
the mine were not exclusively, but principally transported
through the main stream. The high concentration of sulfides
and metal (loid)s in the tailings gave rise to spots with very
acidic and highly polluted soils devoid of vegetation, as
corroborated by Martin Peinado et al. (2015).

@ Springer

The assessment of soil enrichment with elements can be
done in many ways. The most widely used is the index of
geoaccumulation and enrichment. The concentration factor
(CF), defined in terms of the ratio between each trace
element from the soil sample and its background value,
was particularly high for some elements, indicating soil
pollution (Table 3). For example, see the case of As (up to
104), Cd (up 70), Cu (up to 35), Zn (up 25), Ag (up 500),
Sc (up 16), Pb (up to 11) and Ni (up 10). The ratio was
under 1 for many elements. The geoaccumulation index
(Igeo) for some elements was arrived at using Muller’s
(1979) expression and regional data (De Miguel et al. 2002;
BOCM 2007; Jiménez Ballesta et al. 2010). The geoac-
cumulation index (Table 3) indicated the presence of As,
Ag and Cd in high quantities in an extremely polluted area;
extremely severe pollution levels of Cu and Zn; Mo and Sc,
with moderately severe levels of Ni, W and Pb.

Conclusions

Several conclusions may be drawn from this study: trace
element contaminants released from the Monica mine have
affected the neighboring area, in the course of mining
activity and after its closure. Considerable amounts of
some PTEs, particularly (As, Cu, Zn, Cd, Pb, W, Ag, Fe),
were associated with mine tailings dams. Some of their
concentrations were extremely high, such as arsenic (As),
selenium (Se) and cadmium (Cd) in addition to high con-
centrations of chromium (Cr), and moderate amounts of
lead (Pb). We assume that factors such as the stability of
the tailings dams, the amount of waste that they may at any
given time contain, and climatic and topographic condi-
tions in the area have all contributed to the extension of
total pollution and the dispersion of chemical elements
around the spoils.

This potential impact was greater near the tailings;
levels of contamination have been observed to decrease
farther downstream at some distance from the source of
contamination: the tailings dams. The water that passes
over and percolates the dumps will incorporate some PTEs
and subsequently run down the river bed and contaminate
the soils in the river basin.

The evaluation of total chemical element concentrations
in the Monica mine spoil and surrounding soils provides
baseline data for future research. The study not only yields
information to compare the asymmetries of mine-dump and
native soils, but it also helps to understand future per-
spectives for the regional environment. So, if recovery is
the process by which highly degraded lands are returned to
productivity in the natural environment, land reclamation
around the abandoned Monica mine is a much-needed
process. In doing so, the soil is the basis for this process,
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because of its composition and density that directly affect
the future stability of plants. The restoration of vegetation
cover in landfills can meet the objectives of stabilization,
monitoring pollution, visual improvements to the landscape
and the removal of hazardous threats to humans.

This situation makes it imperative to establish an envi-
ronmental monitoring scheme that will check the concen-
tration levels of some elements found in and around the
Monica mine area. So, regular monitoring (i.e., every 2 or
3 years) of the spoil/soil conditions is therefore recom-
mended, in order to assess and control certain elements such
as Cu, Zn, Pb and Cd; and to take measures to counter soil
acidification. Future research would do well to focus on the
balance of some elements in the surrounding forest-soil-
ecosystem, to gain a more precise diagnosis of soil con-
tamination. It might also categorize the quantification of
elements transported from mine soils to the environment.
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