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Impact of mining contamination source on copper phytotoxicity
in agricultural soils from central Chile
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ABSTRACT

ARTICLE INFO

Chile is the largest producer of copper in the world. Mining operations have led to the contamination
of neighboring agricultural soils through the deposition of smelter dust or spilling of mine tailings.
However, the impacts of mining contamination source on copper phytotoxicity in soils are poorly
resolved. Here we show that perennial ryegrass (Lolium perenne L.) exhibits different phytotoxicity
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oty responses when grown in agricultural topsoils contaminated by smelter dust than in those
Cu contaminated by tailing sand. Specifically, shoot length of ryegrass decreased as a function of total
7n soil copper concentration in soils contaminated with smelter dust. In contrast, no correlation was
Ryegrass observed between shoot length of ryegrass and total copper concentration in soils contaminated
Soil with tailing sand. A potential explanation for the differential trends in copper phytotoxicity may
Pollution be attributed to zinc. The tailing sand-contaminated soils had significantly higher total zinc

concentrations than did the smelter-impacted soils (201 mg kg versus 126 mg kg*; p < 0.05). Shoot
length significantly increased with increasing foliar zinc concentrations for ryegrass grown in tailing
sand-contaminated soils (n = 23, R? = 0.76, p < 0.001), whereas no significant correlation between
shoot length and foliar zinc was observed for ryegrass grown in smelter-impacted soils. Thus,
zinc seems to alleviate copper phytotoxicity in tailing sand-contaminated soils but not in smelter-
impacted soils, which show clear copper phytotoxicity.
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RESUMEN

Chile es el principal productor del cobre en el mundo. Las operaciones mineras han provocado contaminacién de suelos
agricolas adyacentes mediante deposicién de polvo de fundicién o derrames de relaves mineros. Sin embargo, el impacto
de la fuente de contaminaciéon minera sobre la fitotoxicidad del cobre en suelos estd poco estudiado. En este estudio, se
demuestra que ballica inglesa (Lolium perenne L.) exhibe diferentes respuestas de fitotoxicidad cuando se cultiva en suelos
agricolas contaminados por una fundicién, en comparacién con aquellos contaminados por relaves mineros. Especificamente,
la longitud del vastago de ballica disminuy6 en funcién de la concentracion total de cobre en suelos contaminados con polvo
de fundicién. En contraste, tal correlacién no se observo en suelos contaminados con relaves mineros. Una posible explicacién
de esta diferencia en la fitotoxicidad del cobre puede atribuirse al zinc. Los suelos contaminados por relaves mineros tenian
concentraciones totales de zinc significativamente mas altas, en comparacion con los suelos impactados por la fundicién (201
mg kg! versus 126 mg kg'; p < 0,05). La longitud del vastago aument¢ significativamente con concentraciones foliares de zinc
de ballica cultivada en suelos contaminados por relaves mineros (n = 23, R = 0,76, p < 0,001), mientras que no se observd
tal correlacién en suelos impactados por la fundicién. Por lo tanto, zinc parece aliviar la fitotoxicidad del cobre en los suelos
contaminados por relaves mineros, pero no en los suelos afectados por la fundicién, que muestran clara fitotoxicidad del cobre.

Palabras clave: toxicidad, Cu, Zn, ballica, suelo, contaminacion.

INTRODUCTION

Copper mining and smelting activities may lead to
the deposition of potentially bioavailable forms of cop-
per onto neighboring soils (Lillo-Robles et al, 2020).
In particular, two common forms of Cu-rich particles
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are smelter dust and tailing sand (Ginocchio et al,
2006). Previous work showed that smelter dust was
more toxic to plants than was tailing sand. Specifically,
soils spiked with smelter dust produced a lower effec-
tive concentration leading to a 50% decrease in shoot
biomass (EC, ) for lettuce (Lactuca sativa var. capita-
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ta) than did soils spiked with tailing sand (Ginocchio
et al, 2006), suggesting a higher phytotoxicity of smel-
ter dust. However, measurements of metal toxicity to
plants grown in artificially spiked soils do not reflect
the phytotoxicity observed in field-contaminated soils
(Neaman et al,, 2020). For instance, plants exhibit grea-
ter toxicity symptoms to Cu and Zn when grown in
spiked soils than in field-contaminated soils (Hamels et
al, 2014). The impact of Cu contamination source (i.e.,
smelter dust versus tailing sand) on Cu phytotoxicity in
field-contaminated soils is poorly resolved.

Further, the extent to which aging of the Cu conta-
minant form controls the bioavailability of Cu within
soils is unknown. Here we compare the phytotoxicity
of copper in field-collected soils from two field areas:
one contaminated with smelter dust and the other con-
taminated by tailing sand. The contamination in each
site occurred decades ago, until 1992 for the smelter
area (Gonzalez et al., 2014; Tapia-Gatica et al., 2020)
and in 1965 (due to an earthquake) for the mine tai-
ling area (Aguilar et al,, 2011; Villavicencio et al., 2014).
Previous work showed that dissolved organic carbon
and not source of pollution explain Cu solubility (Mon-
daca et al, 2015). However, Cu bioavailability is diffi-
cult to predict from soluble Cu pools (Verdejo et al,
2016; Mondaca et al, 2017) and therefore ought to be
assessed through plant uptake studies. Thus, the objec-
tive of this study was to assess the impact of Cu con-
taminant source (smelter dust versus tailing sand) in
field-collected soils on Cu phytotoxicity after decades
of deposition. Since field studies are complex and time
consuming, we decided to perform experiments under
laboratory conditions.

MATERIALS AND METHODS
Soil Sampling and Processing

Topsoils (0-20 cm) were collected based on prior
knowledge of the spatial distribution of Cu in agricul-
tural soils from central Chile (Aguilar et al,, 2011; Gon-
zalez et al, 2014). Specifically, 24 agricultural soils in
the smelting area and 19 agricultural soils in the mine
tailing area were collected (Table 1). The copper conta-
mination of both areas occurred decades ago. The soils
from both areas were of alluvial origin and classified as
Entisols (Soil Survey Staff, 2003).

Physicochemical Characterization of the Soils

Physicochemical characteristics (electrical conduc-
tivity, pH, organic matter content, and texture) were
determined by using routine methods (Sheldrick and
Wang, 1993; Sparks et al., 1996). In order to determine
total Cu, Cd, Pb, Zn and As, the samples were digested
in boiling nitric acid followed by perchloric acid addi-
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Table 1. Sampling points of soils under study.

Cuadro 1. Puntos de muestreo de los suelos en estudio.

Sample Coordinates
w S

1 71°12'3.97” 32°39'22.11”
2 71°12°39.27” 32°39'57.81”
3 71°12'38.48” 32°40'3.02”

5 71°11’55.18” 32°39'45.80”
7 71°11’46.60” 32°39'10.40”
8 71°12'42.23” 32°39'31.66”"
9 71°12’36.45” 32°39'32.12”
10 71°12'47.85” 32°40'22.11”
11 71°12'16.20” 32°39'18.58”
12 71°12’25.24” 32°39'11.90”
13 71°12'24.39” 32°39'28.79”
14 71°12'3.84” 32°39'54.57”
15 71°12’53.56” 32°40'12.24”
18 70°56'37.10” 32°47'55.88”
19 70°56’8.14” 32°47'57.01”
20 70°57°26.56” 32°47'44.23”
22 70°57'19.23” 32°46'50.88”
23 70°56’59.65” 32°47'25.53”
24 70°55’46.90” 32°46'50.52”
25 71°12'34.22” 32°40'21.99”
26 71°12'26.62" 32°40'18.78”
27 71°12'18.89” 32°39'54.70”
28 71°12'20.98” 32°39'33.46”"
29 71°12'27.73” 32°39'36.49”
30 71°12°41.63” 32°40'12.61”
31 71°13'1.21” 32°39'44.67"
32 71°12’45.40” 32°39'37.22”
33 71°12'52.82" 32°39'26.93”
34 71°28'55.64" 32°44’41.64”
36 71°27°11.35” 32°44'16.17”
37 71°27'2.88" 32°45'46.71"
38 71°26'48.84" 32°45’40.33”
39 71°26’35.15” 32°43’41.69”
40 71°25'36.63” 32°43'34.94”
41 71°24’59.15” 32°43'26.77"
42 71°24’41.18” 32°43'12.41”
43 71°24'43.06” 32°42'46.66"
44 71°24'21.61” 32°42'17.24”
45 71°24’35.32” 32°42’18.83”
46 71°25'55.64” 32°41'30.50”
47 71°28'59.75” 32°43’49.00”
48 71°29°21.75” 32°44’14.96”
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tion (Maxwell, 1968). To prevent volatilization of As
during the digestion process, a Teflon stopper with a
30-cm-long glass reflux was used (adapted from Verlin-
den, 1982). Quality was assured by similarly digesting
in duplicate the following certified reference samples:
PACS-2 obtained from the National Research Council
Canada, and GRX-2 obtained from the United States
Geological Survey (USGS). The obtained values were
within 10% of the certified value. The soluble concen-
tration of metals was determined using a solution of
0.1 MKNO, as an extractant (Stuckey et al.,, 2008). Total
and soluble concentrations of metals were measured
by atomic absorption spectroscopy. Spikes of Cu, Zn,
Cd, Pb, and As were performed on every 10th sample
and recovery was 100% + 7%. The Cd, Pb, and As data
are not addressed in this study, as Cu is the foremost
contaminant of concern for phytotoxicity in these soils
( Verdejo et al., 2016; Mondaca et al., 2017).

Kd-Cu was calculated as the ratio between dissol-
ved Cu (Cu, ) and the total Cu concentration in the soil
(Cu,) (Sauvé et al., 2000). The activity of Cu** was de-
termined in the 0.1 M KNO, extract with an ion selec-
tive electrode (Rachou et al, 2007). The results were
expressed as Cu?, which is the negative logarithm of
the activity of the free Cu?* ion.

Phytotoxicity Bioassay

Each soil was assessed through a bioassay with rye-
grass (Lolium perenne L.). Ryegrass is recommended by
the ISO and OECD methods (ISO 11269-2, 2005, OECD-
208, 2006) and has been used often as a bioindicator
for Cu toxicity in soils contaminated by mining activi-
ties ( Stuckey et al.,, 2009; Gandarillas et al.,, 2019).

Plants were grown in a growth chamber with 16 h of
light (photosynthetic active radiation of 366 * 13 pmol
m? s1), Relative humidity was 50 + 10% and tempera-
ture was 23 + 3 °C. Plastic conic pots of 1.2 L. were used
holding 800 g of soil. Biotesting was carried out with
four replicates. The study included 168 pots (23 x 4 +
19 x 4). The pots were placed in the growth chamber
using a fully randomized design. Ten seeds were sown
per container, which were thinned out on day seven to
leave only five plants in each container. Soils were kept
wet by a cotton wick (based on ISO 11269-2, 2012).

After 21 days of growth on each soil, shoot length of
ryegrass was measured from the root neck to the distal
ends of the last leaf. Shoots were thoroughly washed in
the following sequence: tap water, 0.1 M HCI, distilled
water, 0.05 M EDTA, distilled water, and distilled water
again (Steubing, 1982). Samples were dried in an oven
at 70 °C for 48 h. Later, the samples were ground, sie-
ved (2 mm), and homogenized.

The concentrations of metals were measured using
standard methods (Kalra, 1997). Quality was assured
by similarly digesting IPE 951 reference sample (Wage-

CIENCIAS DEL SUELO

Copper phytotoxicity in agricultural soils

ningen University), with the experimental values being
within 10% of the certified values.

Statistical Analyses

Effective concentrations (EC ) were determined by
the Toxicity Relationship Analysis Program (TRAP) ver-
sion 1.22 (US EPA, 2016) (Figure 1). For instance, EC,
is the effective concentration of total soil Cu producing
a 50% decline in shoot length. Simple and multiple re-
gressions were carried out between the ryegrass shoot
length and the physicochemical characteristics of the
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Figure 1. (A) Scatterplot between ryegrass (Lolium perenne
L.) shoot length and total soil Cu concentration, and (B) the
effect of total soil Cu on shoot length of ryegrass grown in soils
of the smelter area. For the determination of the ECx values,
a control response (100%) was established as the average of
the responses obtained in the soils with total Cu concentration
<155 mgkg™.

Figura 1. (A) Diagrama de dispersion entre la longitud del
vastago de ballica (Lolium perenne L.) y la concentracién total
de Cu en el suelo, y (B) efecto del Cu total del suelo sobre la
longitud del vastago de ballica cultivada en suelos del area de
la fundicién. Para la determinacion de los valores de ECx, se
establecid una respuesta control (100%) como el promedio
de las respuestas obtenidas en los suelos con concentracién
de Cu total <155 mg kg™.
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soils (Figure 2 and Table 2). Differences in physicoche-
mical characteristics of the soils between the two study
areas were tested by the Mann-Whitney test (Table 3).
Statistical analyses were carried out using Minitab 17
Statistical Software.

RESULTS AND DISCUSSION

Our results show distinct Cu phytotoxicity respon-
ses for perennial ryegrass grown in soils contaminated
by different Cu mining sources despite decades of con-
taminant aging. Shoot length was independent of total
soil Cu concentration in the mining area (Figure 1A;
Table 2). In contrast, shoot length decreased markedly
for the soils with total Cu concentrations greater than
~350 mg kg* in the smelting area (Figure 1A and 1B).
The EC,,, EC,. and EC,, were 416 mg kg, 477 mg kg™
and 544 mg kg™, respectively. These results suggest that
copper contaminant source may continue to impact Cu
phytotoxicity responses after decades of contaminant
aging, despite our previous results showing no discer-
nable impact of contaminant source on Cu solubility in
soils after decades of aging (Mondaca et al., 2015).
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The contrasting responses of ryegrass shoot length
to increasing total soil Cu concentration in the smel-
ting-contaminated versus mine tailing-contaminated
soils may be explained, at least in part, by the role of Zn.
The median total soil Cu concentration of the smelting
area and mining area was not significantly different,
whereas the median total soil Zn concentration was
greater in the mine tailing area than in the smelting
area (p < 0.05) (Table 3). Increasing total soil Cu and
total soil Zn correlated with an increase in foliar Cu and
foliar Zn, respectively, in the mine tailing area (Figure
2A and 2B). In contrast, total soil metal concentration
and foliar metal uptake were not significantly correla-
ted in the smelting area (Figure 2A and 2B). Foliar Cu
uptake had no impact on shoot length for either field
area (Figure 2C; Table 2). However, increasing foliar
Zn uptake coincided with increasing shoot length in
the mine tailing area, whereas foliar Zn concentration
showed no impact on shoot length in the smelting area
(Figure 2D; Table 2). Indeed, foliar Zn was the strongest
predictor of ryegrass shoot length in the mine tailing
area (R? = 0.52; Table 2), whereas total soil Cu was the
best explanatory variable at predicting ryegrass shoot
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Figure 2. Foliar copper concentration as a function of total soil concentrations of Cu (A) and Zn (B) for the two study areas.
Ryegrass (Lolium perenne L.) shoot length as a function of the foliar concentrations of Cu (C) and Zn (D) for the two study areas.

Figura 2. Concentracién foliar de cobre en funcién de las concentraciones totales de Cu (A) y Zn (B) en el suelo para las dos
areas de estudio. Longitud del vastago de ballica (Lolium perenne L.) en funcién de las concentraciones foliares de Cu (C) y Zn

(D) para las dos areas de estudio.
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Table 2. Determination coefficients and P-values (in parentheses) of the regression models for ryegrass shoot length and soil
physicochemical properties in the two studied areas.

Cuadro 2. Coeficientes de determinacion y valores P (entre paréntesis) de los modelos de regresion para la longitud del vasta-
go de ballica y las propiedades fisico-quimicas de suelos en las dos areas estudiadas.

Surrounding activity

Response Continuous _ . _
Row variable predictor Smelter (n=23) Mining (n=19)
Regression model R? Regression model R?
B 49 - 4.5 pH (0.018)
A) SL Me,, pH, OM, Sand 25 - 0.016 Cu, (0.003) 0.36 +0.11 SOM (0.007) 0.43
B) SL Cu, 25-0.016 Cu, (0.003) 0.36 ns -
C) SL Cu,, 24-3.5 Cu,, (0.005) 032  ns -
D) SL pCu? ns - ns -
E) SL Cu, / Zn, 25-19 Cu, / Zn, (0.003) 0.31 ns -
F) SL Cu, ns - ns -
G) SL Zn, ns - 19 +0.053 Zn, (<0.001)  0.52
B 27-9.8 (Cu, /Zn,)
H) SL Cu, / Zn, ns (0.001) F F 0.44
D Cu, Cu,, pH, SOM, Sand ns - 15+ 0.027 Cu, (0.004) 0.39
) Zn,  Zn,pH SOM,Sand °o%L2Zn;(<0.001)~53pH (0.004) 77 49,0537, (0.001) 048

+22 SOM (0.007) + 2.0 Sand (0.004)

All the variables were significant in the regression model (p < 0.05).
SL= shoot length; Me = soil total metal concentration; SOM= soil organic matter content; Sand= sand content; Cu, = dissolved Cu; Me = foliar
metal content; ns= not significant (p > 0.05).

Table 3. Comparison of the soil physicochemical characteristics between smelter and mining area. Range values and medians
(in parentheses) are shown.

Cuadro 3. Comparacién de las caracteristicas fisicoquimicas del suelo entre el area de la fundicién y el area minera. Se
muestran los rangos y las medianas (entre paréntesis).

Variable Unit Mann-Whitney Smelter Mining

test difference
pH - 51-7.8(7.1) 59-7.4(7.0)
EC dSm™ 0.37-6.2 (0.74) 0.49 - 4.5 (0.81)
Sand % * 31-100(82) 33 -88(46)
SOM % * 1.1-7.7 (3.0) 1.8-10 (4.0)
DOC mg L? * 2.4 -28(13) 2.2-48(6.2)
K,-SOM Lkg*! * 1.1-15(2.2) 2.2-29(6.2)
Total Cu mg kg 51-520(194) 92 - 651 (240)
Total Zn mg kg! * 79 -185 (126) 79 -373(201)
Total Cu / Total Zn - 0.60-5.1(1.3) 0.78-3.1(1.2)
Total Cd mg kg 0.43-5.1(1.3) 1.0- 2.1 (1.5)
Total Pb mg kg 19-71(37) 24-50(33)
Total As mg kg * 11-60(21) 2-43(12)
Dissolved Cu mg L! * 0.15-3.1 (0.46) 0.048 - 1.1 (0.27)
pCu? - 7.2-10(9.3) 8.1-9.8(9.0)
K, -Cu Lkg! * 153-1153(379) 325-2190 (1023)

EC= Electrical conductivity; SOM= soil organic matter; DOC= dissolved organic carbon; pCu?*= negative logarithm of the activity of free Cu?*.
Asterisks indicate statistically significant difference between smelter and mining areas according to the Mann-Whitney test (p < 0.05).
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length in the smelting area (R? = 0.36; Table 2). Ove-
rall, it appears that Zn uptake may have prevented Cu
phytotoxicity in ryegrass grown in the mine tailing area
soils, but not in the smelting area soils.

This is among the first studies to demonstrate the
alleviating effect of Zn on Cu toxicity in plants grown
in field-collected soils. Zinc alleviates Cu phytotoxicity
under hydroponic conditions (Le et al, 2013; Versieren
et al., 2014). Proposed mechanisms include competi-
tion for cell binding and uptake (Le et al, 2013; Versie-
ren et al., 2014) and physiological protection at the cell
level (Upadhyay and Panda, 2010). Both Cu?* and Zn*
possess parallel physicochemical properties (Weast,
1976) that explain their competitive interactions.

CONCLUSION

Overall, sites with differing Cu contaminant source
may exhibit different thresholds of Cu phytotoxicity
that may depend, at least in part, on the extent of Zn
competition with Cu for plant uptake.
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