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Abstract 14 

In this study, soils from the La Chimba Urban Wetland were compared with an urban 15 
control site (University of Antofagasta nursery) and an ecological reference site (Naltahua). 16 
Metals and metalloids were quantified across grain-size fractions, along with 17 
physicochemical parameters and the activity of nine key enzymes associated with the C, N, 18 
P, and S cycles. 19 

The results show that La Chimba concentrates the highest contamination levels. Total 20 
arsenic reached up to 8.6 µg/g at La Chimba versus <2 µg/g at Naltahua. Copper had a 21 
median of 227.5 µg/g, in contrast to values <5 µg/g at Naltahua. Lead ranged from 32.8–22 
35.5 µg/g, while at the reference site it was <1 µg/g. Mercury concentrations were near zero 23 
at both the nursery and Naltahua, unlike the ~0.6 µg/g observed at La Chimba. This 24 
homogeneous distribution reflects a process of chronic accumulation linked to industrial 25 
and urban sources. 26 

The results of this study show significant geochemical and biological alteration in the soils 27 
of the La Chimba Urban Wetland, attributable to the chronic accumulation of heavy metals 28 
from urban and industrial activities. The presence of high concentrations of arsenic, 29 
copper, lead, cadmium, mercury, chromium, and zinc, especially in La Chimba, was 30 
significantly associated with a generalized reduction in the activity of key enzymes 31 
involved in carbon, nitrogen, phosphorus, and sulfur cycling. 32 

Keywords: Heavy metals, enzymes, wetland, soil, physicochemical parameters, arsenic 33 

 34 
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Highlights:  35 

The La Chimba wetland sector had the highest concentration of heavy metals compared to 36 
the other sites studied. 37 

A negative correlation was observed between heavy metal concentrations and enzyme 38 
activity in soils  39 

The analysis of soil enzyme activity is a promising method for conducting studies on soil 40 
quality 41 

 42 

1. Introduction 43 

Urban wetlands are key ecosystems for the ecological resilience of cities, providing essential 44 
services such as water regulation, pollutant retention, and biodiversity support. In Chile, 45 
Law 21.202 (MMA, 2020) has promoted their legal protection; however, many of these 46 
systems remain exposed to severe anthropogenic pressures. Such is the case of the La 47 
Chimba Wetland, located in the city of Antofagasta, an arid area with a strong mining and 48 
industrial legacy, where high concentrations of geochemical pollutants have been reported 49 
in its soils. The recent declaration of the site as a "Nature Sanctuary" through Exempt 50 
Resolution No. 787 of the Ministry of the Environment (2022) represents a step forward in 51 
its protection, but scientific evidence is still needed to support its ecological restoration. 52 

One of the least visible but most critical effects of soil contamination is the alteration of the 53 
edaphic microbiome and the inhibition of enzymatic processes associated with nutrient 54 
cycling. The activity of enzymes such as dehydrogenase, phosphatase, and glucosidases has 55 
been recognized as a sensitive indicator of the ecological status of the soil, as it reflects the 56 
system's ability to sustain key functions such as the mineralization of organic matter and 57 
the flow of essential nutrients. However, these functions can be severely compromised by 58 
the presence of heavy metals such as As, Cu, Pb, and Hg, which are common in degraded 59 
urban environments. 60 

This study analyzes the relationship between heavy metal contamination and soil enzyme 61 
activity in the La Chimba Wetland, comparing its conditions with a controlled urban site (UA 62 
nursery) and an ecological reference site (Naltahua). Multivariate analysis techniques (PCA) 63 
and bivariate correlations were used to identify patterns of association and validate the 64 
hypothesis of edaphic dysfunction induced by geochemical contamination. The results allow 65 
baselines to be established for the planning of restoration strategies, such as 66 
phytoremediation and biostimulation, and offer a replicable model for other urban wetlands 67 
in northern Chile. 68 

2.1 Urban wetlands 69 

Urban wetlands are key ecosystems in the ecological balance of cities, acting as natural 70 
filters, reservoirs of biodiversity, water regulators, and sinks for atmospheric pollutants 71 
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(Iturriaga, 2024). In Chile, the recent enactment of Law 21.202 (MMA, 2020) has promoted 72 
their recognition and legal protection, although there are still gaps in their effective 73 
conservation, especially in regions such as Antofagasta, where the La Chimba Wetland is a 74 
unique case due to its location in a highly mining and desert city (Hiriart et al., 2018). 75 

This wetland was officially declared a "Nature Sanctuary" by Exempt Resolution No. 787 of 76 
the Ministry of the Environment in 2022 and recognized as an "Urban Wetland" under Law 77 
21.202, which reinforces its importance for local biodiversity and the urgent need for its 78 
protection  (MMA, 2022). 79 

Urban wetlands such as La Chimba are fragile and highly productive ecosystems that 80 
provide essential ecological services, including water cycle regulation, habitat for native 81 
wildlife, and carbon storage. However, their location in urban areas exposes them to 82 
multiple threats, including soil contamination, habitat fragmentation, and invasion by exotic 83 
species (Rojas-Quezada et al., 2022; Pizarro-Araya et al., 2022; Navarro et al., 2021; Hidalgo-84 
Corrotea et al., 2023). 85 

Despite being subject to intense anthropogenic pressure, these ecosystems represent 86 
unique opportunities for the conservation of essential ecological functions in densely 87 
populated urban environments. The multifunctionality of urban wetlands includes not only 88 
supporting ecosystem services (nutrient cycling, habitat), provisioning (water, food), 89 
regulating (air and water quality, flood mitigation), and cultural (environmental education, 90 
landscape), but also have a high capacity for resilience to disturbance (Alikhani et al., 2021). 91 

The application of environmental monitoring tools based on enzymatic bioindicators can be 92 
strategic for these wetlands, particularly in the context of cities with arid climates where 93 
water resources are scarce. Thus, the conservation of the La Chimba Wetland represents a 94 
model for the adaptive and resilient management of urban socio-ecological systems in 95 
northern Chile. 96 

2.2 Heavy metals and urban wetlands 97 

The accumulation of heavy metals in urban soils is a critical environmental problem, 98 
especially in cities in northern Chile, where historical mining and industrial activities have 99 
left persistent environmental liabilities. Elements such as arsenic (As), lead (Pb), copper 100 
(Cu), zinc (Zn), and cadmium (Cd) are deposited in the soil through industrial waste , 101 
particulate matter, and runoff, posing a threat to human health and local biodiversity (Li et 102 
al., 2022; Tapia et al., 2018; Valdés et al., 2023) 103 

One of the main threats to urban wetlands is contamination by heavy metals, such as Pb, Cd, 104 
Cu, Ni, Zn, and Cr, from urban, mining, and vehicular activities. These metals alter 105 
biodiversity and affect key biochemical processes in the soil (Yang et al., 2022). In this 106 
context, soil enzyme activity emerges as an effective bioindicator of ecological status and 107 
soil quality, allowing anthropogenic impacts to be detected before they manifest themselves 108 
at other levels of biological organization (Zerrari et al., 2023). 109 
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 110 

2.3 Enzymatic Activity 111 

Soil enzymatic activity is a key indicator of its ecological health, as enzymes reflect the 112 
metabolic processes of the microbial biota responsible for nutrient recycling and organic 113 
matter decomposition (Aponte et al., 2020). 114 

Soil enzymes, such as dehydrogenase, acid and alkaline phosphatase, urease, arylsulfatase, 115 β-glucosidase, and β-galactosidase, play key roles in the carbon, nitrogen, phosphorus, and 116 
sulfur cycles (Nikolova et al., 2023). For example, dehydrogenase is related to microbial 117 respiration and reflects the overall metabolic activity of the soil. β-glucosidase and β-118 
galactosidase are involved in carbohydrate degradation, while arylsulfatase participates in 119 
the mineralization of sulfated compounds. Phosphatase contributes to the release of 120 
phosphorus available to plants, and urease catalyzes the hydrolysis of urea, which is 121 
essential in the nitrogen cycle. 122 

2.4 Enzymes and Heavy Metals 123 

Several studies have shown that chronic exposure to heavy metals can significantly reduce 124 
the activity of these enzymes or alter their relationship with the physicochemical properties 125 
of the soil, such as pH, organic matter, and texture (Zerrari et al., 2023; Nikolova et al., 126 
2023). For example, Zerrari et al. found positive correlations between Cu, Pb, and Zn and 127 
phosphatase and urease activity, while Cr and Ni showed negative effects. In turn, Yang et al. 128 
(2022) demonstrated that enzyme activity can be modulated by land use, being higher in 129 
forest areas than in cropland or fallow land. For their part, Jaworska and Lemanowicz 130 
(2019) determined that dehydrogenase, catalase, and phosphatase activity correlates 131 
positively with the content of organic carbon and metals such as Pb, Zn, and Cd in soils near 132 
roads. 133 

Additionally, meta-analytical studies have confirmed that heavy metals reduce soil enzyme 134 activity by an average of 30% to 70%, with those involved in the carbon cycle (such as β-135 
glucosidase) and sulfur cycle (such as arylsulfatase) being the most affected (Aponte et al., 136 
2020). These intracellular enzymes are more susceptible to denaturation by metals such as 137 
As, Pb, Cu, or Cd, while extracellular enzymes stabilized on clay minerals are more resistant 138 
(Li et al., 2022). 139 

On the other hand, the level of toxicity is closely linked to the chemical form of the metal 140 
and its bioavailability, rather than its total concentration. This implies that variables such as 141 
pH, clay content, and organic matter can modulate its impact on the soil. In arid 142 
environments such as Antofagasta, low vegetation cover and soils with low organic matter 143 
content hinder the immobilization of metals, increasing their ecological risk (Li et al., 2022). 144 

The objectives of this study are to quantify physicochemical parameters and heavy metals 145 and to evaluate the enzymatic activity associated with carbon cycles (β-glucosidases, β-146 
galactosidase, PHE), nitrogen (urease, NAG), phosphorus (acid phosphatase), and general 147 
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microbial metabolism (dehydrogenase, arylsulfatase) in the soils adjacent to the "La 148 
Chimba" Urban Wetland, comparing the results with a semi-controlled site (Antofagasta 149 
University Nursery) and a reference site (Naltahua). 150 

3. Methodology 151 

3.1 Sampling Sites 152 

The study area corresponds to a sector of the coastal plain in the northern coastal sector of 153 
the city of Antofagasta, together with an immediate catchment area located on the western 154 
slope of the Cordillera de la Costa.  155 

The catchment area is dominated by outcrops of the La Negra Formation (Lower-Middle 156 
Jurassic), composed of a thick sequence of andesitic lavas and basalts, volcanic breccias, and 157 
tuffs interbedded with volcaniclastic sediments, interpreted as part of an ancient 158 
continental magmatic arc developed on an active margin . In the regional context, this 159 
sequence is underlain by Jurassic plutons of dioritic to granodioritic composition, with local 160 
occurrences of gabbros and tonalites exhibiting vein-type Cu, Au, and Ag mineralization and 161 
a degree of fracturing and hydrothermal alteration  .  162 

In the Aguada la Chimba sector, composite samples were taken from a total area of 2.24 ha 163 
(Fig. 1). A Falcon tube was used to collect the first 5 cm of soil from 10 points, each point 164 
was a composite of three samples of the La Chimba Wetland, with 5 points corresponding to 165 
the El Rubio watershed and 5 points to Chimbanito. The composite samples from the 166 
triplicate of each zone were stored in 50 mL Falcon tubes and then refrigerated at 10°C 167 
(EPA, 2020; EPA, 2023). The coordinates are found in Appendix A. 168 
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 169 

Fig. 1 Urban Wetland and Nursery sampling area, Antofagasta Commune. Site 1: La Cascada Wetland, Site 170 
2: Vertientes de la Chimba Wetland, Site 3: La Aguada La Chimba Nature Sanctuary, and Site 4: Nursery, 171 
University of Antofagasta. 172 

In the upper part of the Coloso Campus, in the midst of the aridity of the desert, hundreds of 173 
plant species find a perfect habitat to grow and reproduce in the University of Antofagasta 174 
Nursery (Fig. 1). This site was studied as a comparative site using the methodology 175 
described above, with 5 points instead of 10. 176 

The community of Naltahua, located on the southern bank of the Maipo River and near the 177 
mouth of the Mapocho River (a tributary of the Maipo), was also studied as a reference site 178 
(Fig. 2) for active agricultural soils. It is located at the foot of Cerro Yerbas Buenas, part of 179 
the Paine mountain range.  180 

This territory has historically been used mainly for agriculture, although in 1908 a French 181 
company exploited the copper and minerals in the area, establishing a mining camp with 182 
more than 2,500 people, schools, a polyclinic, a general store, etc., which shaped what is 183 
now the town of Naltahua. When mining operations ended, the land was returned to its 184 
former owners, and due to the precarious conditions, many miners migrated to the city, 185 
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while others remained to work on farms under the supervision of a boss. Since then, 186 
Naltahua has continued its tradition as an agricultural town. 187 

In 2014, it was declared a saturated area due to daily MP 2.5 levels, and subsequently, the 188 
Metropolitan Region's Air Pollution Prevention and Decontamination Plan was developed, 189 
D.S. No. 31 of 2016 of the Ministry of the Environment. 190 

Although the municipality does not have pollutant measurement stations, the Talagante 191 
station is located nearby, which, according to current records and data from 2018, does not 192 
show alert, emergency, or pre-emergency values. This situation is mainly due to its location 193 
near areas with greater ventilation and, on the other hand, it does not have significant 194 
sources of pollution. 195 

According to the diagnosis of the Isla de Maipo Community Regulatory Plan,2023 196 
(Municipality of Isla de Maipo, 2023) update study, the main polluting activities are related 197 
to the extraction of aggregates. 198 

On the other hand, it is important to consider the use of firewood for heating in the winter 199 
season, a situation discussed in participatory forums as a problem in Isla Centro, and the 200 
increase in the vehicle fleet (926 additional vehicles between 2016 and 2018) due to the 201 
arrival of new residents in the commune. Both factors can influence local air quality; 202 
however, there is no air quality monitoring station in the municipality.  203 

The samples methodology is the one described above but instead of composite samples 204 
these were 5 points in triplicate. 205 
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 206 

Fig. 2 Sampling area, reference site, San Antonio de Naltahua 207 

3.2 Sample treatment 208 

Once in the laboratory, the study and control samples are separated into two subsamples. 209 
For Hg analysis, they are dried at room temperature, and for As, Cu, Pb, Cd, Zn, Ni, and Co 210 
analysis, they are dried at 100°C in a WTC Binder forced-air oven for 24 hours. 211 

The sample is prepared for physicochemical parameter (Total Organic Carbon (TOC), Ca+, 212 
Cl-, Mg+, pH, Conductivity, C, SO4-2, CO3-2) analysis by leaching with distilled water. Ten 213 
grams of soil sample are weighed and added to a beaker, then 100 mL of distilled water is 214 
added, and leaching is carried out with agitation for 24 hours. Finally, the solution is filtered 215 
through a Nalgene vacuum system using a 0.45µm Milipore cellulose membrane filter. 216 

3.2.1 Mineralization of the samples under study. 217 

Approximately 0.5 g of sample is weighed into Teflon containers, which are wet-218 
disintegrated with 6 mL of aqua regia (HCl: HNO₃), 2 mL of H2O2 , and 2 mL of HClO  . These 219 
are left to react for 24 hours, after which time they are placed in an oven and heated to 220 
150°C. Once the containers have cooled, they are vacuum filtered through 0.45 µm cellulose 221 
membranes and a Nalgene system. They are measured with deionized water to 50 mL (EPA 222 
3015A). 223 

3.2.2 Pre-reduction As 224 
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In an Erlenmeyer flask, 10 mL of the original solution, broken down in the first step, is 225 
added, then 250 µL of HClO4 and 500 µL of H2SO4 , it is placed on the hot plate and broken 226 
down in an open system, which consists of placing a short-stemmed funnel over the flask. 227 
Once nitrous vapors are observed, a watch glass is placed over the funnel in order to 228 
produce reflux and prevent the sample from drying out. Once  a syrupy state is reached, the 229 
Erlenmeyer flask is removed from the hot plate and allowed to cool, filtered, and titrated 230 
with 0.5M HCl to 25 mL. 231 

3.3.3 Hg Disintegration 232 

The digestion process involves converting the analyte into chemical forms that remain 233 
stable in solution. The applicability of known digestion methods depends on the sample 234 
matrix.  235 

In the disintegration of samples for Hg analysis, 0.5 g of each granulometric fraction per site 236 is weighed and placed in Teflon pumps, followed by the addition of 6 mL of HNO₃ and 6 mL 237 of H₂SO₄. 238 

3.4 Determination of total heavy metal concentration in soil. 239 

The total concentration of heavy metals in the soil grain size fractions was determined using 240 
HG-AAS, FAAS, and HR-CSAAS, which allowed us to determine the concentrations with high 241 
analytical sensitivity. 242 

For the analysis of total concentrations, calibration curves were made using the multiple 243 
standard addition methodology. For this purpose, a Titrisol Merck with a concentration of 244 
1000mg/L of each element under study was used.                            245 

For the multi-element determination of Cr, Cu, Fe, Mn, Ni, Pb, and Zn, the equipment used 246 
was a ContrAA 700 (HR-CS AAS) Analytik Jena. Atomization was performed by flame, and a 247 
xenon lamp was used for the determination of the elements.  248 

For the determination of As, a GBC 933plus Atomic Absorption Spectrometer was used, 249 
coupled with a GBC HG3000 hydride generator and a quartz cell. Air/acetylene and a hollow 250 
cathode lamp were used for As. In hydride generation, the concentration of NaBH4 was 1% 251 
w/v and the concentration of HCl was 3 M. 252 

The total concentration of Cd is determined using flame atomic absorption spectrometry, 253 
with a GBC 933plus atomic absorption spectrometer, an air (oxidizer)/acetylene (fuel) 254 
mixture, and a hollow cathode lamp for Cd. The determination of Hg is performed using the 255 
GBC HG3000 hydride generation technique coupled with a GCB 900Plus atomic absorption 256 
spectrometer. Using air/acetylene, a quartz cell with a thermal heating system, a Hg-specific 257 
hollow cathode lamp, and the concentration of NaBH4 used corresponds to 1% w/v and 0.3 258 
M HCl. 259 

3.5 Analytical Validation 260 
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Analytical measurements are validated with Montana Soil-1 and Montana Soil-2 Certified 261 
Reference Materials and the recovery of added concentrations for those elements that are 262 
only reported and not certified in the reference material Appendix B . 263 

3.6 Determination of enzyme activity in soil 264 The enzymatic activities of arylsulfatase (ARYLS), β-galactosidase (β-GAL), α-glucosidase 265 (α-GLU), β-glucosidase (β-GLU), N-acetyl-β-D-glucosaminidase (NAG), acid phosphatase 266 
(PHOS), acid phosphatase (PAC), alkaline phosphatase (PAK), leucine aminopeptidase 267 
(ARYLN), and urease (URE) were determined using colorimetric microplate assays. (Vélez 268 
Azeraño et al., 2024; Ochoa et al., 2007) 269 As a standard solution for the enzymes ARYLS, β-GAL, α-GLU, β-GLU, NAG, PHOS, 0.36 mM 270 
p-nitrophenol (PNP) was used from a 3.6 mM stock solution; for ARLYS, a 1 mM β-271 
naphthylamine stock solution was used, and for URE, a 0.62 mM ammonium chloride 272 
standard solution was used from a 62 mM stock standard.  273 

Each enzyme was evaluated with a specific substrate prepared in ultrapure water and 274 
stored at –20 °C. Potassium 4-nitrophenyl sulfate (0.025 M) was used for ARYLS, p-275 nitrophenyl β-D-galactopyranoside (0.020 M) for β-GAL, 4-nitrophenyl α-D-276 glucopyranoside (0.025 M) for α-GLU, and β-GLU 4-nitrophenyl β-D-glucopyranoside (0.050 277 
M), for NAG p-nitrophenyl N-acetyl β-D-glucopyranoside (0.010 M), and for PHOS/PAC/PAK 278 
4-nitrophenyl-phosphate disodium hexahydrate (0.050 M). ARYLN analysis was performed 279 
with 0.008 M L-leucine β-naphthylamide HCl dissolved in 50 mM Trizma base buffer pH 7.5, 280 
while URE activity was assessed with 0.4 M urea prepared fresh weekly and stored at 4 °C. 281 

The reactions were performed by mixing sample, substrate, and buffer/ultrapure water, 282 incubating at room temperature and in the dark for 20 minutes for PNP and β-283 
naphthylamine and 30 minutes for urease. The reaction was stopped with specific reagents: 284 0.5 mM CaCl₂ and Trizma pH 12 for PNP, acidified ethanol and DMCA for β-naphthylamine, 285 
and salicylate/cyanurate reagents for urease, with centrifugation prior to reading in the 286 
latter case. 287 Finally, 150 μL of β-naphthylamide and 200 μL of PNP and urease were transferred to a 288 plate for absorbance measurement at 405 nm (PNP), 540 nm (β-naphthylamine), or 650 nm 289 
(urease). Enzyme concentrations were calculated from the corresponding calibration 290 
curves. 291 

3.7 Determination of Microbial Biomass in Soils 292 

The substrate-induced respiration (SIR) methodology (Bruni et al., 2025; Anderson and 293 
Domsch, 1978) was used to measure the microbial biomass of soils. Based on short-term 294 respiration rates (CO₂ production). The higher the respiration rate, the greater the 295 
microbial biomass in a given soil. 296 

3.8 Determination of Nitrification Potential 297 
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To measure nitrification potential, the rates of nitrification potentials in the soil are 298 
measured in order to infer the size of the nitrifying population in a given soil. To do this, a 299 solution containing NH₄⁺ and PO₄³⁻suitable for maximizing nitrification rates is added to 300 
the sample along with chlorate to block the reduction of nitrite to nitrate. Measurements are 301 taken at 543 nm and the slope of the line relating NO₂⁻ concentration to time is calculated 302 
(Belser and Mays, 1980). 303 

3.9 Statistical procedure. 304 

For the Statistical procedure and generation of graphs for the analysis of the data, the 305 
software used was Rstudio Version 2024.09.1. 306 

2.6.2. Environmental Index 307 

To evaluate the environmental condition of the study areas, different environmental indices 308 
were used. Since Chile does not have regulations that establish background values, four 309 
different baselines were applied — two general (Hakanson, 1980; Turekian and Wedepohl, 310 
1961) and two local (CENMA, 2014). Using these reference values, the environmental 311 
indices were calculated, such as the Contamination Factor (Cf) for each heavy metal: 312 𝐶݂݅ = ஼௜஼௜ ௕௔௖௞௚௥௢௨௡ௗ  313 

where Cfi is the contamination level of heavy metal i, Ci (mg/kg) is the measured 314 
concentration of metal i, and Ci background is the baseline concentration of that metal. The 315 
contamination levels of heavy metals were categorized as low, moderate, considerable, and 316 
very high when Cf < 1, 1 ≤ Cf < 3, 3 ≤ Cf < 6, and Cf ≥ 6, respectively (Hakanson, 1980). 317 

The Pollution Load Index (PLI) was also used as an overall estimator of the contamination 318 
status of the different zones: 319 PLI = (Cf1 X Cf2 X Cf3 X Cf4……)(1/n) 320 

where Cfn corresponds to the contamination factor of each metal, and n is the total number 321 
of metals considered in the calculation. The overall contamination status was classified as 322 moderate, high, or extreme when PLI < 1, 1 ≤ PLI < 2, 2 ≤ PLI < 3, and PLI ≥ 3, respectively 323 
(Tomlinson et al., 1980). 324 

4. Results and Discussion 325 

4.1 Heavy metals by site 326 



12 
 

 327 



13 
 

Fig.3. Boxplot of heavy metals concentration (mg/Kg) by site soil samples. A. Arsenic 328 
Concentration, B, Arsenic (III) concentration, C. Arsenic (V) concentration, D. 329 
Methylated Forms of Arsenic concentration, E. Chromium concentration, F. Copper 330 
Concentration. G. Mercury concentration, H. Manganese, I. Nickel concentration, J. 331 
Lead concentration, K. Iron concentration, L. Cadmium concentration, M. Zinc 332 
concentration. 333 

The analysis of heavy metal concentrations in soil samples revealed marked and consistent 334 
differences between the three sites evaluated: La Chimba Wetland (M), the controlled urban 335 
nursery (MC), and the ecological reference site (Naltahua, N). In general, La Chimba had the 336 
highest levels of contamination, with values well above those recorded at the other sites 337 
and, in several cases, exceeding international soil quality thresholds for agricultural or 338 
ecological use (CCME, 2007). 339 

Total arsenic (As) (Fig. 5.A) reached concentrations of up to 8.6 µg/g in samples from the 340 
La Chimba wetland, distributed in its trivalent (As(III)) (Fig. 5.B) and pentavalent (As(V)) 341 
(Fig. 5.C) forms. The highest concentrations of FM (up to ~3 µg/g) (Fig. 5.D) were found in 342 
samples from the La Chimba wetland. These samples could correspond to areas with 343 
greater anthropogenic influence, such as areas close to sources of contamination. As(III) 344 
ranged from 0.53 to 0.81 µg/g, while As(V) remained between 5.5 and 8.4 µg/g in La 345 
Chimba, decreasing to less than 1.5 µg/g in the Naltahua. This suggests an oxidizing 346 
environment, conducive to the stabilization of the pentavalent form, and a continuous 347 
source of arsenic input, possibly from industrial runoff or urban deposits. 348 

Chromium (Cr) (Fig. 3.E) showed high values in La Chimba, with a median close to 47 349 
µg/g, decreasing to 20 µg/g in the nursery and being practically undetectable in the 350 
Naltahua samples. The persistence of Cr in soils may be associated with industrial waste, 351 
pigments, or the presence of minerals rich in metal oxides. 352 

Copper (Cu) (Fig. 3.F ) recorded its highest values in La Chimba, with a median of 227.5 353 
µg/g, decreasing to ranges of 110–125 µg/g in MC and values below 5 µg/g in Naltahua. 354 
This pattern reflects an obvious anthropogenic origin and is consistent with the presence of 355 
Cu in urban metal waste. 356 

As for mercury (Hg) (Fig. 3.G), abnormally high levels were observed in La Chimba, 357 
with average concentrations close to 0.65 µg/g, in contrast to values <0.02 µg/g at the 358 
control sites. This notable difference suggests a localized source of Hg, probably related to 359 
former industrial activities or unregulated urban discharges. 360 

The accumulation of Mn (Fig. H) (380–410 µg/g in La Chimba vs. <40 µg/g in Naltahua) 361 
and extremely high levels of Fe (Fig. 3.K) (>750,000 µg/g) could be linked to natural 362 
concentration processes associated with the wetland's water regime, but also to the 363 
sedimentation of atmospheric industrial particles. 364 
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Nickel (Ni) (Fig. 3.I) was distributed consistently with the other metals, with values ranging 365 
from 5.7 to 6.2 µg/g in La Chimba and <2 µg/g in MC and Naltahua. Ni accumulation is 366 
often linked to industrial activities or the use of contaminated phosphate fertilizers. 367 

Lead (Pb) (Fig. 3.J) showed similar behavior, with values between 32.8 and 35.5 µg/g in 368 
La Chimba, intermediate levels of 12–13 µg/g in MC, and concentrations below 1 µg/g in 369 
Naltahua. The homogeneous distribution at the impacted site suggests a diffuse and 370 
persistent source of this contaminant, probably associated with vehicular traffic, 371 
deteriorated paint, or old waste. 372 

Cadmium (Cd) (Fig. 3.L), concentrations of up to 4.8 µg/g were observed in La Chimba, 373 
decreasing to a range of 2.0–2.5 µg/g at the control site and 0.9–1.2 µg/g in Naltahua. This 374 
element is particularly relevant due to its high mobility and toxicity at low concentrations, 375 
making it a sensitive marker of soil contamination. 376 

As for Zinc (Zn) (Fig. 3.M) showed a marked accumulation in La Chimba, reaching between 377 
148 and 157 µg/g, with values of 50 µg/g in MC and <10 µg/g at the reference site. Zn, 378 
although essential as a micronutrient, can interfere with enzymatic and microbial processes 379 
in the soil when present in excess. 380 

These results reflect a clear geochemical disturbance gradient, in which La Chimba 381 
wetland is the most impacted site, with the simultaneous and elevated presence of multiple 382 
metals. This contaminant profile coincides with the urban and industrial nature of the 383 
wetland's surroundings and suggests a cumulative history of diffuse contamination. The 384 
homogeneity of levels within the impacted site reinforces the hypothesis of a chronic rather 385 
than episodic accumulation process. In contrast, Naltahua acts as an ecological control with 386 
baseline values for regional comparison 387 

Anova analysis for heavy metals in each site shows that there is a p value < 0,05 for all the 388 
sites in study (Appendix C). 389 

 390 

 391 

 392 

 393 

 394 

 395 

 396 

 397 

 398 
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4.2 Enzymatic activity in soils from the three study sites 399 

 400 

Fig.4. Boxplot of heavy metals concentration (mU/gDS) (milliuunits per gram of dry 401 
soil) by site soil samples. A. α-glucosidase, B, Arylsulfatase concentration, C. β-402 

glucosidase concentration, D. Deshidrogenase concentration, E. Acid/alkaline 403 
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phosphatase concentration, F. Acid phosphatase Concentration. G. β-galactosidase 404 
concentration, H. N-acetyl-β-D-glucosaminidase concentration, I. Urease 405 
concentration. 406 

Analysis of soil enzyme activity at the three study sites—the La Chimba urban wetland (M), 407 
the University of Antofagasta nursery (MC), and the Naltahua ecological reference site (N)—408 
revealed marked differences in soil biological functionality, reflected in the levels of nine 409 
key enzymes associated with the biogeochemical cycles of carbon, nitrogen, phosphorus, 410 
and sulfur (Figs. 3 and 4). 411 

At site M (La Chimba), a generalized inhibition of enzymatic activity was observed. In 412 particular, hydrolytic enzymes of the carbon cycle, such as α-glucosidase (A. GLUCO) (Fig. 413 3.A) and β-glucosidase (B. GLUCO) (Fig. 3.C), which are key to the decomposition of 414 
polysaccharides, recorded levels below 0.2 and 0.5 mU/gDS (milliuunits per gram of dry 415 
soil), respectively. Aryl-sulfatase (ARYL-S) (Fig. 3.B), associated with the sulfur cycle, 416 
remained at very low levels (5–20 mU/gDS), while dehydrogenase (DH) (Fig. 3.D)—an 417 
indicator of general microbial activity—had values below 0.03 mU/µgDS, practically zero 418 
in most samples. Phenol oxidase (PHE) (Fig. 3. E), involved in the degradation of 419 
lignocellulosic compounds, showed low concentrations (<10 mU/gDS), suggesting a 420 
reduction in the decomposition of recalcitrant organic matter. In the case of acid 421 
phosphatase (PHOS) (Fig. 3.F), associated with the phosphorus cycle, values did not exceed 422 70 mU/gDM, being considerably lower than those recorded at the other sites, while β-423 
galactosidase (B. GAL) (Fig. 4.G) did not exceed 8 mU/gDS. As for nitrogen cycle enzymes, 424 
N-acetylglucosaminidase (NAG) (Fig. 4.H), essential for chitin mineralization, remained 425 
below 100 mU/gDS, and urease (URE) (Fig. 4.I) showed values between 10 and 25 mU/gDS. 426 
This ultimately indicates a cross-sectional deterioration in soil biogeochemical processes. 427 

In contrast, site MC (Nursery) showed a partial recovery of enzymatic activity. At this site, 428 
enzymes such as PHOS, B. GAL, URE, and PHE showed average values ranging between 70 429 
and 150 mU/gDS, suggesting a relative improvement in soil functionality possibly linked to 430 
its status as a managed green area, although still influenced by the urban environment. 431 

The Naltahua (N) reference site showed the highest ecological functionality of the soil. All 432 
enzyme parameters showed high and stable levels, characteristic of healthy soils: DH 433 
exceeded 0.2 mU/gDS, PHOS exceeded 400 mU/gDS, B. GLUCO and A. GLUCO reached 1.2 434 
and 0.9 mU/gDS respectively, NAG remained above 220 mU/gDS, and URE around 80 435 
mU/gDS. Likewise, PHE, B. GAL, and ARYL-S presented values of 35, 25, and 150 mU/gDS, 436 
respectively, evidencing intense microbial activity and efficiency in the transformation of 437 
organic matter and nutrients. 438 

Anova analysis for enzymes in each site shows that there is a p value < 0,05 for all the sites 439 
in study (Appendix C). 440 

4.3 Relation between enzymes and soil 441 
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The impact of As on soils depends critically on whether it is present as arsenite [As(III)] or 442 

arsenate [As(V)]. 443 

The results of enzymatic activity in contaminated soils for the different samples under study 444 

(M-1 to M-10), measured in mU/gDS (milliuunits per gram of dry soil), show that enzymes 445 

act as bioindicators; low or zero values are usually correlated with high levels of toxicity 446 

from this metalloid. The presence of these arsenic species generates oxidative stress in the 447 

soil microbiota, which decreases the total enzyme reserve and its catalytic efficiency. This 448 

means that even if the soil has nutrients, microorganisms cannot process them because the 449 

enzymes are blocked by arsenic.  450 

We observed (Table.1) that M-4 and M-3 have a more critical and alarming biological 451 

toxicity profile compared to the other enzymes under study, due to the total inhibition of 452 

multiple essential metabolic processes in the soil. 453 

 454 
Table 1. Risk interpretation of indicators in samples M-3 and M-4. 455 

Indicator Sample M-3 

mU/gDS  

Sample M-4 

mU/gDS  

Risk Interpretation 

α GLUCO nd 0,0018 M-4 shows signs of activity, but it remains 

extremely low. 

 β GLUCO 0,0032 0,0018 M-4 has almost half the activity of M-3-1, 

indicating greater inhibition of the carbon cycle. 

PHOS 100,53 445,95 The high value in M-4 suggests severe 

competition with As(V). The enzyme tends to 

have an affinity for arsenate. 

ARYL-S 13,308 nd Critical Point: M-4 has no activity in the sulfur 

cycle, while M-3-1 is still functioning. 

URE 13,308 nd Critical Point: M-4 has completely lost its ability 

to process nitrogen (urea), unlike M-3. 
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DH 0,0005 0,0005 Both are in “biological death,” with almost no 
microbial respiration. 

Although M-3 shows undetectable values for α Gluco and DH, M-4 shows systemic collapse. 456 

The total absence of urease (URE) and arylsulfatase (ARYL-S) in M-4 indicates that arsenic 457 

toxicity has blocked not only energy, but also the nitrogen and sulfur cycles, which are 458 

fundamental to any form of plant or microbial life (Trasar-Cepeda et al., 2000). 459 

 460 

In addition, the PHOS value in M-4 is four times higher than in M-3. In soil ecotoxicology, an 461 

excessive increase in phosphatase in the presence of arsenic is usually a stress response to 462 the “deception” of arsenate [As(V)], which displaces real phosphorus (Dixit and Hering, 463 

2003) 464 

Carbonate and pH levels are parameters that influence the mobility and toxicity of arsenic. 465 

In M-4, the pH is 6.97 (almost neutral). At a pH close to 7, arsenate [As(V)] is in its most 466 

mobile ionic forms. Arsenic is released from iron and clay particles in the soil and passes 467 

into the liquid phase, where it can directly attack enzymes such as ARYL-S and URE, whose 468 

concentrations were not detected in this study (Aponte et al., 2020; Trasar-Cepeda et al., 469 

2000). 470 

 471 

Sample M-4 has a value of 8.179 mg/kg of carbonates that compete for the same adsorption 472 

sites as arsenic on the surface of soil minerals. When carbonates are present, as in M-4, they 473 

displace arsenic from the minerals, increasing its bioavailability (Puglisi et al., 2005). 474 

 475 

This explains why, despite having very high PHOS activity (445.95 mU/gDS), the other 476 

enzymes are completely inactive; there is so much free arsenic due to the carbonates that 477 

the biological system is saturated with the toxin(Trasar-Cepeda et al., 2000). The arsenic is 478 not “trapped” in the soil; it is free and active. The pH close to 7 and the carbonate levels are 479 

acting as a vehicle that delivers the arsenic directly to the enzymes, completely blocking the 480 

nitrogen and sulfur cycles. When compared to other samples such as M-1 (pH 7.14 and 481 

carbonates of 7.454 mg/kg), it can be deduced that M-4 has a chemical balance that is more 482 

conducive to the release of the metalloid. 483 

The ratio between As(III) 0.722 mg/kg and As(V) 5.328 mg/kg in M-4 confirms that the 484 

most mobile form is As(V), approximately 7 times more than As(III) (Hughes, 2002). 485 

Although As(V) predominates in quantity, the As(III) present is sufficient to cause the 486 

collapse of the other enzymes, which have undetectable values for ARYL-S and URE. As(III) 487 
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is much more potent in blocking the sulfur groups of these enzymes, so even in smaller 488 

amounts, it is toxic to the biological health of the soil (Hughes, 2002). 489 

 490 

The combination of neutral pH, high carbonates, and a predominance of As(V) creates a 491 

perfect synergy. Arsenic is not only present, but it is in its most mobile form, competing 492 

with phosphorus and nullifying microbial life (Dixit and Hering, 2003). 493 

 494 

When comparing sample M-4 with M-9 (Table.2), a stark contrast is observed: while M-4 is 495 a “biologically dead” soil due to arsenic toxicity, M-9 shows remarkable biological resilience, 496 

with active and healthy nutrient cycles (nitrogen and carbon). 497 
 498 

Table 2. Biological Meaning of the enzyme results in samples M-4 and M-9 499 

Enzyme M-4  

(Toxic Profile) 

mU/gDS  

M-9        

  (Healthy Profile) 

mU/gDS  

Biological Meaning 

NAG nd 16,481 M-9 has the ability to degrade chitin and 

recycle nitrogen, a process that is not 

possible in M-4. 

URE nd 14,211 Urea is processed perfectly in M-9, 

while in M-4 the nitrogen cycle is 

blocked.. 

β GLUCO 0,0018 0,0032 Carbohydrate degradation is almost 

twice as efficient in M-9-1. 

PHOS 445,95 91,105 In M-9, phosphatase has a balanced 

value, indicating that phosphorus does 

not compete for arsenic as in M-4.  

When observing the arsenic species in both samples, M-4 has 5.328 mg/kg of As(V). This is 500 

a very high and mobile toxic load (Abbas et al., 2018). M-9-1 has 4.888 mg/kg of As(V). 501 

Although the concentration is similar, its impact is much lower and it has a pH of 7.55 (more 502 

alkaline) compared to 6.97 for M-4.  503 
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In more alkaline soils, arsenic may be interacting differently with minerals, allowing the 504 

microbial community to develop resistance mechanisms or making the metal less 505 “available” to attack enzymes (Dixit and Hering, 2003). These results are reflected in the 506 

high concentrations of NAG (16,481 mU/gDS) and URE (14,211 mU/gDS). Despite the 507 

presence of arsenic, their enzymes function at full capacity. This suggests that at this point 508 the soil has a higher quality of organic matter or an adapted microbiota that “sequesters” 509 

the arsenic, preventing it from blocking the active sites of the enzymes (Guan et al., 2024). 510 

In contrast, M-4 showed severe impairment of soil biological functioning, characterized by 511 

very low dehydrogenase activity and the loss of urease and arylsulfatase activity, consistent 512 

with the inhibitory effects of metal(loid) contamination on soil enzymatic processes 513 

(Trasar-Cepeda et al., 2000; Aponte et al., 2020) 514 

By analyzing the TOC (Total Organic Carbon) and Conductivity values, we find the 515 

explanation for why sample M-9 is so resistant and healthy, while M-4 has collapsed. The 516 

difference in organic content is the main key to protection. M-4 has a TOC concentration of 517 

22,917.25 mg/kg, while M-9 has a TOC of 27,000.00 mg/kg (approximately 18% more) 518 

(Guan et al., 2024). Organic matter acts as a chemical “sponge.” The functional groups of 519 

TOC trap [As(V)], preventing it from circulating freely in the soil water. In M-9-1, there is 520 

greater immobilization capacity to sequester As, leaving the NAG, URE, and β GLUCO 521 

enzymes free (Aftabtalab et al., 2022). 522 

Comparison between the M study samples and the MC control. The fundamental difference 523 

lies in how the presence of arsenic has fractured biological health in the M samples 524 

compared to the stability of the MC. 525 

The contrast in enzymatic activity reveals a collapse in the vital functions of the 526 

contaminated soil: 527 • Cycle Cancellation (N and S): While MC samples maintain functional levels of NAG (14.19 528 

mU/gDS), URE (13.30 mU/gDS), and ARYL-S (14.58 mU/gDS), samples such as M-4 show an 529 

undetectable value. This indicates that arsenic has interfered with the soil's ability to 530 

recycle N and S (Trasar-Cepeda et al., 2000).  531 • Carbon Resilience: The β GLUCO enzyme is the most resistant; in the Study Samples, it 532 

retains about 43.9% of the activity of the Control Samples, suggesting that it is the last 533 

metabolic cycle to fail in the face of toxicity (Wang and Mulligan, 2006). 534 
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The comparison explains why the control samples are generally healthy and why some 535 

study samples, such as M-9, manage to survive: 536 • The control has a mineral balance that immobilizes metals. M-9 matches this health 537 

because it has 27,000 mg/kg of Fe, the same level as the control, acting as a magnet that 538 

traps arsenic (Aponte et al., 2020; Trasar-Cepeda et al., 2000) 539 • M-4 has a deficit of organic matter compared to the control samples (22,917 vs. 27,000 540 mg/kg). Without this “buffer,” arsenic is free to attack enzymes, unlike in the control 541 

sample, where TOC protects the system (Wang and Mulligan, 2006). 542 • The Study Samples show severe degradation, where As has interfered with the soil 543 

chemistry. Only those samples with high levels of Fe and TOC come close to the 544 

performance of the Control Samples. 545 

4.4 Enrichment Factor (EF) 546 

 547 

Fig.5 Enrichment Factor of samples applied to soil international references  548 
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It can be observed that for the element Cu, when comparing with levels presented as 549 
possible local background levels (Valdés and Tapia, 2019), the EF indicates that the La 550 
Chimba sector has a value of 1.7, which indicates a Minor Enrichment. However, when 551 
comparing the background levels presented by CENMA, 2014. All sectors have values less 552 
than 1, indicating no enrichment of this metal. 553 

The enrichment factor for the element Pb using both background levels indicates that there 554 
is no enrichment of this metal in the soils of the different areas. 555 

In the case of the element As, the La Chimba sector showed minor enrichment with a value 556 
of 1.13 when using the values referenced by Upper Continental Crust. In the case of 557 
Turekian and Wedepohl, 1961, the sectors show no enrichment.  558 

Cd showed severely moderate enrichment in the La Chimba sector and minor enrichment in 559 
the Vivera sector when using the values presented by Upper Continental Crust. However, 560 
when using the levels of Turekian and Wedepohl 1961, only the La Chimba sector shows 561 
enrichment, which is minor. 562 

The Enrichment Factor (EF) analysis shows that the interpretation of the degree of 563 
contamination depends significantly on the selected background value, whether local or 564 
global. This variability highlights the importance of using geochemical references that are 565 
representative of the geological context of the study area. 566 

From a spatial perspective, the La Chimba sector consistently presents the highest EF values 567 
for most of the elements evaluated, which could indicate greater relative anthropogenic 568 

pressure compared to the other sectors. However, in general terms, most of the metals 569 
analyzed show low or non-existent enrichment. 570 

4.5 Geological Index (Igeo) 571 
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 572 

Fig. 6 Geological Index of samples applied to local and international references 573 
concentration. 574 

In the case of the Geological Index (Fig. 6), local and foreign base levels were used, with the 575 
La Chimba sector presenting the highest values when compared to local values (Valdés and 576 
Tapía, 2019; CENMA, 2014). The La Chimba sector showed strong to extreme 577 
contamination, while the Vivero sector showed strong contamination. Metal concentrations 578 
in Naltahua are below the concentrations presented in the local values and those of 579 
Turekian and Wedepohl, 1961.  580 

In the case of Cu (Fig 6.A) When compared with international values, the La Chimba sector 581 

shows extreme contamination, as it is greater than 5, as does the Vivero sector, which 582 
shows values close to and above 5.  583 

This indicates that there is contamination in these areas, which highlights the need to 584 
characterize the soils in the region in order to generate comparisons that are more in line 585 
with the reality of the location.  586 

The results obtained for As (Fig. 6.B) using local values and Turekian and Wedephol, 1961, 587 
indicate no contamination in general to moderately contaminated for the La Chimba sector. 588 
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When compared with the Upper Continental Crust, the La Chimba sector shows strong to 589 
extreme contamination of As and the Vivero sector as moderately contaminated. 590 

For Pb (Fig. 6.C), we can observe that the La Chimba sector shows strong to extreme 591 
contamination when compared to local and international baselines, while the Vivero sector 592 
shows moderate to strong contamination, with values mainly between 2 and 4. 593 

Overall, the results demonstrate that contamination classification is highly sensitive to the 594 
selected reference baseline. In metallogenic regions such as northern Chile, the 595 
establishment of robust, site-specific geochemical background values is essential to avoid 596 
misinterpretation of contamination levels. 597 

The data support the interpretation that La Chimba and, to a lesser extent, Vivero are 598 
affected by anthropogenic metal enrichment, while Naltahua represents background 599 
geochemical conditions. These findings reinforce the importance of integrating local 600 
baselines, spatial analysis, and geochemical behavior in environmental contamination 601 
assessments. 602 

4.6 Contamination Factor 603 

 604 

Fig.7. Contamination Factor of samples applied to local and international 605 
concentration references in soil.  606 

The Contamination Factor (CF) (Fig. 7) results show marked variability depending on the 607 
selected reference baseline, reinforcing the sensitivity of contamination indices to 608 
background definitions. 609 
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For Cu (Fig. 7.A), moderate CF values were observed in La Chimba and Vivero when local 610 
baselines (Valdés and Tapía, 2019; CENMA, 2014) were applied. However, when 611 
international reference values such as Turekian and Wedepohl (1961) and the Upper 612 
Continental Crust (UCC) were used, CF values increased substantially, reaching considerable 613 
to very high contamination levels in La Chimba. This trend indicates that Cu enrichment is 614 
pronounced relative to global crustal averages but less extreme when evaluated against 615 
regionally representative baselines. Such differences likely reflect both anthropogenic 616 
inputs and the naturally elevated Cu background characteristic of metallogenic terrains in 617 
northern Chile. 618 

For Pb (Fig. 7.B), CF values were low for all sectors when compared to the local baseline 619 
proposed by Valdés and Tapía (2019), suggesting that Pb concentrations in the study area 620 

are comparable to regional background conditions. However, when compared with CENMA 621 
(2014) and international values, CF values increased to moderate levels, and in some cases 622 
considerable contamination was observed (particularly when compared with Turekian and 623 
Wedepohl, 1961). This pattern suggests that although Pb may not exceed locally established 624 
background thresholds, it is enriched relative to global averages, potentially reflecting 625 
cumulative anthropogenic deposition. 626 

In the case of As (Fig 7.C) CF values remained low across the three first comparisons (local 627 
baselines and Turekian and Wedepohl, 1961). Nevertheless, when UCC values were applied, 628 
La Chimba reached considerable contamination levels, while Vivero and Naltahua exhibited 629 
moderate contamination. This discrepancy suggests that arsenic concentrations are not 630 
anomalous within a regional context but may exceed global crustal averages. Given the 631 

redox-sensitive nature of As and its association with Fe and Mn oxides, its distribution likely 632 
reflects both lithogenic background and localized anthropogenic influence. 633 

The most pronounced variations were observed for Cd (Fig. 7.D). When compared with 634 
Valdés and Tapia (2019), CF values were generally low. However, using CENMA (2014), La 635 
Chimba exhibited moderate to considerable contamination. Under international reference 636 
baselines (Turekian and Wedepohl, 1961; UCC), Cd showed very high CF values across the 637 
study area, particularly in La Chimba. This suggests that Cd enrichment is significant 638 
relative to global crustal concentrations and may represent a strong anthropogenic signal, 639 
given the typically low natural abundance of Cd in soils. 640 

4.7 Pollution Load Index 641 
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 642 

Fig.8. Pollution Load Index of samples applied to local and international 643 
concentration references in soil.  644 

In the case of the PLI (Fig. 8), when comparing our results with the referenced local baseline 645 
values, the PLI value is less than 1, indicating that these sites are not contaminated, at least 646 
in terms of the elements as a whole. In the case of international baseline values, these do 647 
indicate that there is contamination in the La Chimba sector in Antofagasta. Due to these 648 
differences, it is necessary to create national and even regional environmental regulations. 649 
in this way, it will be possible to accurately represent the reality of the situation in northern 650 
Chile in this case. 651 

 652 

 653 

4.8 Environmental Risk Assessment 654 
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 655 

Fig.9. Environmental Risk Assessment by sites in study.  656 

Finally, by comparing the ERA (Fig. 9) of each site, we can determine which has the highest 657 
probability of toxicity, which indicates a 21% probability of toxicity with a value close to 0.3. 658 
In the case of the Vivero sector, it has a value slightly above 0.1, which reveals a 9% 659 
probability of toxicity, and the Naltahua sector is not within the range, thus presenting no 660 
probability of toxicity when using this risk assessment.  661 

Importantly, the observed discrepancies between local and international baseline 662 
comparisons highlight the strong influence of background selection on contamination 663 
classification. In metallogenic regions such as northern Chile, naturally elevated metal 664 
concentrations may coexist with anthropogenic inputs, emphasizing the need for region-665 
specific geochemical baselines and regulatory thresholds. The integration of multiple 666 
indices therefore provides a more robust and realistic assessment of environmental quality, 667 
allowing discrimination between natural enrichment and anthropogenic contamination. 668 

Overall, the results indicate that urban soils in La Chimba are affected by cumulative metal 669 
enrichment associated with anthropogenic activity, whereas Vivero shows moderate 670 
influence and Naltahua reflects background geochemical conditions. This integrated 671 
approach demonstrates the importance of combining contamination indices with ecological 672 

risk metrics to achieve a comprehensive environmental assessment in arid, mining-673 
influenced regions. 674 

5. Statistical treatment 675 

5.1 Principal Component Analysis (PCA)  676 

For the  PCA the variables included were: 677 

Heavy metals: As, FM, As(III), As (IV), Cd, Cu, Fe, Mn, Ni, Pb, Hg, Cr 678 
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Enzymes: A. GLUCO, B. GLUCO, B. GAL, PHOS, NAG, ARYL-S, URE, DH, PHE. 679 

Physicochemical parameters: C, TOC, pH, Conductivity, Cl-, SO4-2, Mg+2, Ca+2, CO3-2, 680 
NO2-, Humidity. 681 

The standardization method used was Z-Score due to the difference in units of the different 682 
variables in the data. This was obtained from the basic R package with the code: 683 

data_scaled <- scale(data_clean %>% select(-MUESTRA, -Grupo)) 684 

The criteria for selecting components were based on the Kaiser Criterion and the Scree Plot: 685 
The Kaiser Criterion showed that the first four components had values greater than 1, 686 
indicating a significant contribution to the variance. The Scree Plot was then used to 687 
determine which components explain the highest percentage of variance, with PC1 at 72.9% 688 
and PC2 at 8.8% being the highest. Therefore, these dimensions were used to perform the 689 
PCA (Appex). 690 

 691 
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 692 

Fig. 10. PCA: Sampling Sites and Enzymes with heavy metals 693 

Principal component analysis (PCA) (Fig. 10) allowed us to visualize the multivariate 694 
differentiation between sampling sites. Dimension 1 explained 72.9% of the total variability, 695 
while Dimension 2 contributed 8.8%, indicating that the model adequately represents the 696 
main trends in the data. Clear, non-overlapping clusters were observed among the three 697 
sites studied: La Chimba, Vivero UA, and Naltahua. 698 
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The Naltahua site showed a highly compact grouping towards positive values of Dim1, 699 
suggesting internal homogeneity and a distinctive compositional profile, possibly associated 700 
with its status as an ecological reference site. In contrast, the La Chimba samples were 701 
grouped towards negative values of Dim1, showing a relatively homogeneous structure, but 702 
clearly differentiated from Naltahua. Finally, UA Nursery was located in an intermediate 703 
position, although with greater dispersion, reflecting greater heterogeneity among its 704 
samples. 705 

The clear spatial separation between the groups indicates marked differences in the 706 
variables measured between sites. Taken together, these results suggest that the 707 
environmental condition of the Naltahua site differs significantly from the urban sites of La 708 
Chimba and Vivero UA, which may be related to differential levels of anthropogenic 709 
disturbance, pollution, or soil management. 710 

On the factorial plane, two opposing clusters of variables were observed. On the one 711 
hand, soil enzymes (PHOS, DH, ARYL-S, PHE, B. GAL, URE, NAG, etc.) were grouped in the 712 
right quadrant, together with variables such as pH and NO₂⁻, which were also positively 713 
associated with soil biological activity. On the other hand, heavy metal concentrations 714 
(Cu, Pb, Cd, Hg, As, and their species), as well as other elements such as Cr, Ni, and FM, were 715 
located in the left quadrant, indicating a clear functional separation between contaminant 716 
variables and enzymatic bioindicators. 717 

This pattern suggests a generalized inverse relationship between metal contamination 718 
levels and soil functionality. The distribution of samples in PCA space also shows a clear 719 
spatial separation between sites: samples from La Chimba (M) are clustered in the metal-720 
dominated zone, while those from Naltahua (N) are located toward the enzyme side, 721 
reflecting a functional gradient at the edaphic microbial community level. 722 

Overall, the PCA statistically validates that the presence of heavy metals in the La Chimba 723 
wetland is associated with a significant reduction in soil enzyme activity and confirms the 724 
usefulness of these variables as key interpretive axes in the ecological monitoring of 725 
contaminated urban soils. 726 

 727 

 728 

 729 

 730 

 731 

 732 

 733 
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5.2 HEATMAP. Correlation between enzymatic activity, heavy metals, and 734 
physicochemical parameters 735 

 736 

Fig. 11.- Heatmap Correlation between enzymes, metals, and physicochemical 737 
parameters 738 
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Due to the skewness of the data, the Spearman correlation was used for the analysis 739 
between biological (enzymatic activity), geochemical (heavy metals), and physicochemical 740 
soil variables which revealed consistent and significant patterns (Fig. 11). In general, a 741 
marked negative correlation was observed between enzyme activity and heavy metal 742 
concentration, suggesting functional inhibition of the edaphic microbiome in the presence 743 
of metal contamination. 744 

The metals Cu, Pb, Hg, Cd, and As (in their total, As(III), and As(V) forms) showed strongly 745 
negative correlation coefficients (r < –0.80) with multiple enzymes. For example, 746 
dehydrogenase (DH) showed r = –0.93 with Cu and r = –0.94 with Pb, while acid 747 
phosphatase (PHOS) showed r = –0.90 with Cu and r = –0.92 with Hg. Similarly, enzymes 748 
involved in the carbon and nitrogen cycles, such as NAG and URE, recorded negative 749 
correlations greater than –0.85 with at least five different metals, reinforcing their role as 750 
sensitive bioindicators of soil toxicity. 751 

In turn, high positive correlations were observed between heavy metals (r > 0.85), 752 
especially between Cu, Pb, Hg, Ni, Cr, and As, suggesting a possible common source of 753 
contamination and synergistic distribution in soil matrices. 754 

On the other hand, enzyme activity was positively correlated with favorable soil 755 
conditions, such as soil pH (r > 0.65 for most enzymes), total organic carbon content 756 
(TOC, r ≈ 0.60–0.70), and nitrite concentration (NO₂⁻), with values up to r = 0.76 in the 757 
case of NAG and B. GAL. This indicates that soils with better chemical quality and greater 758 
nutrient availability have more active and resilient biological functionality. 759 

This set of biochemical alterations suggests a loss of edaphic functionality, reflected in the 760 
decline of essential processes such as nutrient mineralization, organic matter 761 
decomposition, and microbial respiration. Such inhibition is probably due to the presence of 762 
high concentrations of heavy metals in the soil, as evidenced in geochemical analyses, where 763 
elements such as As, Cu, Pb, Cd, Zn, and Ni greatly exceeded background levels. 764 

The strength of inhibition depends on the affinity of the metal for the enzyme. Inhibition of 765 β-glucosidase follows the sequence: Cd > Zn > Cu > Co (Kandziora-Ciupa et al., 2021). Urease 766 
inhibition follows the sequence: Cr > Cd > Zn > Mn > Pb (Opande et al., 2025). The combined 767 
presence of metals such as Cd and Zn produces a negative interaction due to competition for 768 
binding to sorption sites (Sethi and Gupta, 2015). The same occurs with the combined 769 
presence of Cu and Cd (Liu et al., 2024). Metals, including heavy metals, are present in high 770 
concentrations in soils. Some of the metallic elements are essential micronutrients for 771 
microorganisms. Zn, for example, is necessary for the functioning of many enzymes such as 772 
carbonic anhydrase, some dehydrogenases, DNA and RNA polymerase, t-RNA transferase, 773 
etc., but at high concentrations it causes enzyme inhibition. 774 

This evidence is consistent with previous studies (e.g., Zerrari et al., 2023; Nikolova et al., 775 
2023) that have documented the sensitivity of these enzymes to metals such as As, Pb, Cu, 776 
and Cd. It has been proposed that the toxicity of these elements inhibits the synthesis of 777 
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intracellular enzymes and alters the structure of the microbial community, especially in 778 
soils with low- r organic matter retention capacity and high abiotic stress, as is 779 
characteristic of the Atacama Desert. 780 

Our results show a marked inhibition of key enzymes such as dehydrogenase, phosphatase, 781 
and urease in the La Chimba wetland, which is consistent with the global meta-analysis by 782 
Aponte et al. (2020), which documents a generalized reduction of between 30% and 70% in 783 
enzymatic activity in soils contaminated with heavy metals. However, unlike what has been 784 
reported in urban soils near roads, where surface enzyme activity remains relatively high 785 
due to the greater presence of organic carbon (Jaworska and Lemanowicz, 2019), in La 786 
Chimba, uniform inhibition is observed even in the most superficial horizons, reflecting 787 
more severe edaphic stress. Likewise, the negative correlation found between urease and N-788 
acetylglucosaminidase activity with Cu and Pb is consistent with that reported by 789 
Bartkowiak et al. (2020), who demonstrated that the bioavailability of these metals, rather 790 
than their total concentration, explains the functional loss of the edaphic microbiome. 791 
Complementarily, Yang et al. (2017) showed that in contaminated soils, the rhizosphere 792 
maintains higher enzymatic activity than the surrounding soil, highlighting the role of 793 
vegetation in mitigating the impact of metals, an aspect that could be explored in 794 
restoration plans for La Chimba. Finally, experimental studies with cadmium (Cd) in 795 
agricultural soils confirm a rapid and significant inhibition of catalase, urease, and 796 
dehydrogenase (Yeboah et al., 2021), a pattern that is also observed in La Chimba, but 797 
under a scenario of chronic and multi-element contamination. 798 

Taken together, these results support the hypothesis that geochemical contamination 799 
directly affects soil functional integrity and position enzymes such as DH, PHOS, NAG, and 800 
URE as integrative indicators of the ecological status of the edaphic system in contaminated 801 
urban environments. 802 

6. Conclusion 803 

The results of this study show significant geochemical and biological alteration in the soils 804 
of the La Chimba Urban Wetland, attributable to the chronic accumulation of heavy metals 805 
from urban and industrial activities. The presence of high concentrations of arsenic, 806 
copper, lead, cadmium, mercury, chromium, and zinc, especially in La Chimba, was 807 
significantly associated with a generalized reduction in the activity of key enzymes 808 
involved in carbon, nitrogen, phosphorus, and sulfur cycling. 809 

The analysis of soil enzyme activity is a very promising method for conducting studies on 810 
soil quality, as these are closely related to the biological activity present. 811 

In particular, dehydrogenase, acid phosphatase, urease, N-acetylglucosaminidase, and 812 
β-galactosidase showed critically low levels in soils with higher metal loads, while at the 813 
ecological reference site (Naltahua), where metal levels were low or zero, high and 814 
diversified enzyme activity was maintained.  815 
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Enzymatic activity reflects heavy metal contamination. However, inhibition does not 816 
depend solely on the metal. There are many factors that influence metal-enzyme 817 
interaction, making it virtually impossible to say which of them affects each one more or 818 
less. Continuing to study enzyme activity under different conditions will be crucial to 819 
gaining an in-depth understanding of all the variables that define metal-enzyme interaction. 820 
This will enable the creation of a simple yet powerful tool that can be integrated into risk 821 
analysis in the future. 822 

Finally, this work contributes to applied knowledge about the functional degradation of 823 
urban soils in arid areas and reinforces the importance of actively managing ecosystems 824 
declared as urban wetlands and nature sanctuaries, such as La Chimba, based on scientific 825 
evidence. 826 
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