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Abstract  The accumulation of pollutants derived from 

vehicular activity, whether on paved roads or within 

recreational urban areas, constitutes a significant source of 

environmental contamination, particularly in densely 

trafficked zones. This study aimed to assess the levels of 

heavy metal contamination in sediments and road runoff 

collected from high-traffic neighborhoods in the city of 

Juliaca, Peru. Heavy metal concentrations were determined 

in three road sediment samples, two urban park soil 

samples, and three runoff samples collected during 

precipitation events. The results were evaluated against 

national and international environmental quality standards 

for sediments and water. Daily vehicle counts at the 

sampled sites ranged from 6,128 to 8,464 vehicles per day. 

Lead (Pb) exhibited moderate contamination levels based 

on the geo-accumulation index, while other analyzed 

metals remained within non-contaminated thresholds. In 

contrast, runoff samples revealed elevated concentrations 

of Zn, Cu, and Pb, with the descending concentration order 

of Zn > Cu > Pb > Co > As > Ni > Cr > Cd, surpassing 

national Environmental Quality standards (ECA) for 

surface water. These findings indicate a significant 

presence of heavy metals, particularly in stormwater runoff, 

and emphasize that sedimentary Pb levels exceed 

internationally accepted guidelines. The persistent 

presence of elevated heavy metal concentrations in urban 

runoff underscores the need for preventative and remedial 

measures in urban green spaces, transportation corridors, 

and stormwater infrastructure to mitigate potential 

environmental and public health risks. 

Keywords  Road Sediments, Traffic Intensity, 

Geo-Accumulation, Lead, Public Health, Urban Soil, 

Vehicle Emissions 

1. Introduction

Metals are naturally present in environmental matrices 

such as water, air, soils, and sediments. Nevertheless, their 

concentration in the biosphere has markedly increased in 

recent decades due to intensified anthropogenic activities, 

including industrialization, urbanization, agriculture, 

mining, and commercial development [1], [2]. Currently, a 

significant proportion of the global population resides in 

areas where air quality fails to meet the thresholds 

established by the World Health Organization (WHO) for 

human health protection [3]. According to Kapper et al. [4], 

atmospheric pollution is primarily attributed to airborne 

particulate matter, which can subsequently undergo 

deposition processes. Heavy metals associated with these 

particles pose substantial health risks, as they can be 

absorbed into the human body via inhalation, ingestion, or 
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dermal exposure, potentially leading to toxic effects [5], 

[6]. 

In recent years, urban water bodies have transitioned 

from being perceived as degraded and functionally 

obsolete systems to being recognized as novel and 

ecologically valuable components of the urban landscape 

[7]. These aquatic ecosystems deliver a range of essential 

ecosystem services that contribute significantly to human 

well-being [8], thereby underscoring the need for 

comprehensive and effective management and protection 

strategies. 

Urban dust constitutes a heterogeneous mixture of 

particulate matter and soil derived from both 

anthropogenic and natural sources, with a substantial 

proportion comprising particulate matter smaller than 10 

micrometers (PM10) [9]. Urban soils, irrespective of their 

land use classification, may contain heavy metals that pose 

potential exposure risks to nearby populations. Human 

exposure to these toxic elements occurs through multiple 

pathways, including inhalation, ingestion, and dermal 

contact with contaminated street dust and urban soils [10]. 

Among these, inhalation is considered the primary route of 

exposure, as the likelihood of significant ingestion and 

dermal absorption is comparatively limited [11]. 

Globally, road dust often contains particles enriched 

with potentially toxic elements (PTEs), primarily resulting 

from wear and degradation of vehicular mechanical 

components, tire abrasion, and emissions from fuel 

combustion processes [12]. Moreover, the environmental 

quality of soils in urban green spaces, such as parks, can 

significantly impact human health following prolonged 

exposure [4]. Anthropogenic activities, including 

agriculture, industrial operations, and vehicular traffic, are 

strongly associated with elevated concentrations of heavy 

metals such as copper (Cu), zinc (Zn), lead (Pb), cadmium 

(Cd), arsenic (As), and mercury (Hg) [13]. In urban 

environments, heavy metal contamination is closely linked 

to vehicular emissions [14]. Numerous studies conducted 

in countries such as Colombia [15], China [16], Poland 

[17], [18], and Greece [19] have demonstrated that 

vehicular traffic is a major contributor to the accumulation 

of heavy metals in road sediments, highways margins, and 

urban park soils [20], [21]. 

Primary sources of contamination in urban include 

organic waste from vegetation and domestic animals (e.g., 

dogs, birds), municipal solid waste and its associated 

leachates, chemical residues from industrial processes, 

precipitated airborne compounds and particulates, as well 

as toxic emissions from motor vehicles, such as lubricants, 

fumes, and particulate matter [22], [23], [24]. Brake wear 

residues are typically characterized by elevated 

concentrations of iron (Fe), Cu, and barium (Ba), whereas 

tire wear particles predominantly contain Zn, Pb, and Cu 

[25]. Field studies conducted in various urban settings have 

demonstrated that high-speed urban roadways tend to 

generate significantly higher concentrations of heavy 

metals, such as Zn, Fe, Cu, chromium (Cr), nickel (Ni), and 

Pb, compared to those found on standard urban roads [26], 

[27], [28]. 

Urban areas with high vehicular density are increasingly 

susceptible to pollution from road runoff, primarily due to 

the accumulation of sediments enriched with heavy metals. 

In high-altitude Andean cities such as Juliaca, located in 

southern Peru, this issue is further intensified by the 

prevalence of unpaved roads, elevated levels of 

commercial activity, and inadequate stormwater 

management infrastructure. Juliaca, the most populous city 

in the Puno region and a key commercial hub of the 

Peruvian Altiplano, experiences substantial vehicular 

traffic and associated emissions [29], [30], thereby posing 

a considerable risk of heavy metal contamination in urban 

pavements, public parks, and runoff pathways. 

In this context, the present study aims to address the 

following research question: To what extent does the 

accumulation of sediment on urban pavements and in park 

soils, driven by vehicular activity, affect the concentration 

of heavy metals and pollutant load transported by road 

runoff during precipitation events? 

To address this research question, the study will evaluate 

the influence of traffic-induced sediment accumulation on 

the concentration of heavy metals on urban surfaces and in 

stormwater runoff within high-traffic zones of Juliaca. 

Additionally, the observed pollution levels will be 

compared against national and international environmental 

quality standards. The specific objectives of this study are: 

i) To quantify vehicular traffic volume along selected 

high-traffic urban roadways; ii) To characterize the 

physical and chemical properties of sediments 

accumulated on road surfaces and park soils, with 

emphasis on heavy metal concentrations; iii) To determine 

the concentrations of heavy metals in the initial stormwater 

runoff during precipitation events, and to assess the 

associated pollutant load mobilized from urban surfaces. 

2. Materials and Methods 

2.1. Study Site Description 

The study was conducted in the central urban area of 

Juliaca, characterized by high vehicular traffic density 

(Figure 1). Juliaca is situated at 70°08' W and 15°29' S, at 

3,825 meters above sea level (masl). The city 

encompasses an area of approximately 135 km2 and, as of 

2022, has a population of 343,204 inhabitants, including 

the districts of Juliaca, San Miguel, and Caracoto [31]. 

The city's transportation system is marked by various 

vehicle types, ranging from light passenger vehicles to 

heavy-duty trucks. However, the supply of transport 

options has surpassed the actual mobility needs of the 

population, leading to one of the city's most pressing 

urban challenges. The convergence of multiple transport 

modes on limited road infrastructure has resulted in 

significant congestion and traffic conflicts, particularly in 

the city center [29]. 
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Figure 1.  Geographic location of sampling points S-01, S-02, S-03, S-04, and S-05 within the urban area of Juliaca, Peru 

The climatic conditions in Juliaca are classified as cold 

and semi-arid, characterized by persistently low 

temperatures throughout the year and pronounced diurnal 

temperature fluctuations. The rainy season typically spans 

from November to March, while the remainder of the year 

is predominantly dry, with an average annual precipitation 

of approximately 652 mm. 

Although primary and some secondary roads in Juliaca 

are paved to support vehicular mobility and connectivity, 

a significant proportion of tertiary or local roads remain 

unpaved. This lack of pavement contributes to 

deteriorated air quality, increased sediment dispersion, 

reduced soil and sediment quality, and the accumulation 

of particles in the stormwater drainage system [29]. 

The city also faces critical deficiencies in its 

stormwater drainage infrastructure. The absence of an 

adequate urban drainage network leads to frequent 

flooding events during the rainy season, which adversely 

impacts residential areas, commercial establishments, and 

transportation infrastructure. 

2.2. Sample Collection and Rain Size 

The study was conducted between February and May 

2021, encompassing the rainy and dry seasons. Three 

roadway sediment samples, two park soil samples, and 

three stormwater runoff samples were collected. 

The sediment sampling sites were strategically selected 

in high-traffic zones within Juliaca, especially along the 

Juliaca-Puno highway (S-01) and two central urban 

intersections (S-02 and S-03). Soil samples were collected 

from public green spaces, representing urban park 

environments (S-04 and S-05). The study focused on 

analyzing concentrations of heavy metals in three 

environmental matrices: roadway sediment, park soil, and 

road runoff. The heavy metals assessed included As, Cd, 

Co, Cr, Cu, Fe, Mn, Ni, P, and Zn. Sampling locations 

included Mártires 4 Noviembre Avenue (S-01), the 

intersection of San Román and 2 de Mayo Streets (S-02), 

the intersection of Jáuregui Street and Ricardo Palma 

Avenue (S-03), and the public parks, Bolognesi Square 

(S-04) and Zarumilla Square (S-05) (Figure 1). 

2.3. Vehicular Traffic 

The traffic study was conducted through manual 

vehicle count at each designated sampling point over two 

consecutive days. A time-based and cumulative data 

recording format was employed to register vehicle flow 

throughout the day, distinguishing among various vehicle 

types. The counts were carried out directionally, 

considering the flow of traffic on each road segment, with 

observations recorded hourly between 6:00 a.m. to 8:00 

p.m. Vehicle categories included automobiles, rural vans, 

pickup trucks, motorcycles, buses, trucks, and trailers. 

The data were used to calculate the average daily traffic 
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volume, weighted by vehicle type, which enabled the 

estimation of traffic intensity in terms of passenger car 

equivalents (PCEs). 

2.4. Analytical Methods for Heavy Metals 

Sediment samples were collected from the margins of 

urban roadways in accordance with the methodology 

recommended by Wang et al. [26]. For the park soil, the 

topsoil layer was extracted at a depth ranging from 10 to 

20 cm, as suggested by Ministerio del Ambiente [32]. 

Sediment sampling during the rainy season was conducted 

following a minimum dry period of five consecutive days 

to ensure the accumulation of pollutants on road surfaces. 

All sampling instruments were thoroughly rinsed with 

distilled water and air-dried prior to use. Collected 

samples were stored in clean polyethylene bags and 

transported to the laboratory for processing. In the 

laboratory, samples were air-dried at ambient temperature, 

homogenized using a hand-held mortar and pestle, and 

subsequently sieved through a 2 mm mesh. The prepared 

samples were then stored in polyethylene container for 

subsequent chemical digestion and analysis [33], [34]. 

Heavy metal concentrations in sediment and soil 

samples were determined using Inductively Coupled 

Plasma Optical Emission Spectrometry (ICP-OES), 

following the EPA Method 200.7 (Protocol 7003) [35]. 

Analyses were performed at Laboratorios Analíticos del 

Sur (LAS), located in the city of Arequipa, Peru. The 

laboratory procedure is Instituto Nacional de Calidad 

(INACAL) of Peru, 

Data was interpreted by comparing the measured 

concentrations with internationally recognized 

environmental quality guidelines. For sediment samples, 

the Canadian Council of Ministries of the Environment 

(CCME) Interim Sediment Quality Guidelines [36] were 

applied, which include threshold values such as the 

Threshold Effect Level (TEL) and the Probable Effect 

Level (PEL). The TEL represents concentrations below 

which adverse biological effects are expected to occur 

only occasionally. In contrast, the PEL indicates levels 

above which adverse effects are likely to occur frequently 

in aquatic ecosystems. 

For soil samples collected from urban parks (Bolognesi 

Square and Zarumilla Square), the analysis was based on 

both the Peruvian Environmental Quality Standards (ECA) 

for soils [37], and the CCME soil quality guidelines to 

assess potential ecological and human health risks. 

2.5. Heavy Metal Contamination Assessment 

The Geo-accumulation Index (Igeo) is a geochemical 

criterion introduced by [38] commonly employed to 

evaluate the degree of heavy metal contamination in soils 

and sediments by comparing current concentrations with 

pre-industrial baseline levels. The Igeo was calculated 

using equation (1). 

𝐼𝑔𝑒𝑜 = 𝑙𝑜𝑔2 (
𝐶𝑛

1.5𝐵𝑛
)    (1) 

Where: Cn represents the measured concentration of a 

given heavy metal in the soil or sediment (mg/kg), and Bn 

denotes the corresponding geochemical background 

(reference) value. The constant factor 1.5 accounts for 

possible natural fluctuations and variations in the 

background values due to lithological heterogeneity [39]. 

The Igeo values are classified into seven contamination 

classes, ranging from unpolluted to extremely polluted, as 

summarized in Table 1. 

The Pollution Index (PI) was used to further assess the 

contamination level of individual heavy metals. The PI 

was calculated according to equation (2) [17]. 

𝑃𝐼 =
𝐶𝑛

𝐵𝑛
 (2) 

Where Cn is the measured concentration of the heavy 

metal and Bn is its respective reference value (both in 

mg/kg). The classification of contamination severity 

based on the Igeo and PI values is detailed in Table 1. 

Table 1.  Soil contamination categories based on Igeo and PI 

Igeo Class Igeo Contamination category PI Contamination category 

0 Igeo  0 Not polluted  1 Low 

1 0 < Igeo  1 Slightly to moderately polluted 1 – 3 Middle 

2 1 < Igeo  2 Moderately polluted > 3 High 

3 2 < Igeo  3 Moderately to strongly polluted 

4 3 < Igeo  4 Strongly polluted 

5 4 < Igeo  5 Strongly to extremely polluted 

6 Igeo  6 Extremely polluted 
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2.6. Statistical Analysis 

A comprehensive statistical evaluation was performed 

to analyze the distribution and potential relationship 

among heavy metal concentrations concerning traffic 

density and sample location. Descriptive statistics, 

including measures of central tendency (mean, median) 

and dispersion (standard deviation, minimum and 

maximum values), were calculated to summarize the data 

and characterize variability across sampling sites. 

To assess differences in heavy metal concentrations 

between sampling locations, the Kruskal-Wallis test, a 

non-parametric alternative to ANOVA, was applied. This 

test was used to determine whether statistically significant 

differences existed among the median concentrations of 

metals across multiple sampling points. 

In addition, Spearman's rank correlation coefficient (r) 

was computed to evaluate the strength and direction of 

monotonic associations between daily traffic volume and 

heavy metal concentrations in soils and sediments. 

Statistical significance was determined at a threshold of p 

<0.05. All statistical analyses and visualizations were 

conducted using R software, employing a suite of 

specialized statistical and data visualization packages. 

3. Results 

3.1. Characteristics of Vehicular Traffic 

Vehicular traffic in the study area primarily comprises 

cars and rural vans used for public transportation in 

addition to private vehicles, pickup trucks, various types 

of freight trucks, motorcycle taxis, and standard 

motorcycles. Among the sampled locations, the highest 

traffic volume was recorded on Mártires 4 de Noviembre 

Avenue (S-01), with an average of 8,464 vehicles per day, 

while the lowest was observed at the intersection of 2 de 

Mayo Street and Ricardo Palma Avenue (S-03), with 

6,128 vehicles per day (Table 2). 

Table 2.  Summary of average daily traffic volumes recorded at 
sampling points in the city of Juliaca 

Code Sampling points 
Total 

vehicles/day 

S-01 Mártires 4 Noviembre Avenue 8,464 

S-02 Intersection of San Román and. 2 de Mayo 

streets (Centro Comercial No. 2) 
8,082 

S-03 Intersection of 2 de Mayo Street and 

Ricardo Palma Avenue 
6,128 

S-04 San Román Street (Bolognesi Square) 7,767 

S-05 Apurímac Street (Zarumilla Square) 7,585 

The volume of vehicular traffic observed in the study 

area is closely associated with the functional classification 

of the roads. Sampling point S-01, located on Mártires 4 

de Noviembre Avenue, corresponds to the primary access 

route to Juliaca and exhibited the highest traffic intensity. 

In contrast, S-02 and S-03 are situated along secondary 

commercial corridors characterized by moderate traffic 

flow and reduced vehicular speed. Meanwhile, S-04 and 

S-05 are located on roads adjacent to public squares or 

recreational parks, where traffic is less intense, and the 

surrounding areas share common features of 

agricultural-type soil. 

3.2. Sediment and Soil Granulometry 

The granulometric analysis of sediment samples from 

sites S-01, S-02, and S-03 revealed a predominance of 

coarse material, with sand contents of 82.1%, 63.41%, 

and 55.81%, respectively, and minimal fine particle 

content. The fraction passing through mesh No. 200 

(0.075 mm) was 2.60%, 8.59%, and 9.38%, respectively, 

indicating a relatively low presence of silt and clay. In 

contrast, samples collected from sites S-04 and S-05, 

representative of urban parks or agricultural soils, 

exhibited significantly higher fine content, with silt and 

clay fractions comprising 41.06% and 54.37%, and sand 

fractions of 48.74% and 33.45%, respectively (Figure 2). 

The median particle diameter (d50) varied across the sites, 

with values of 0.715 mm (S-01), 0.921 mm (S-02), 0.820 

mm (S-03), 0.139 mm (S-04), and 0.014 mm (S-05), 

reflecting a transition from coarse to fine-textured 

materials depending on land use and location. 

3.3. Concentration of Heavy Metals in Sediments and 

Soils 

3.3.1. Roadway Sediment 

The mean metal concentrations at heavy metals in 

roadway sediment samples across all sites were ranked in 

the following descending order: Fe > Mn > Pb > Cr > Cu > 

Zn > Ni > Co > As > Cd (Table 3). Among these, Pb 

exhibited elevated concentrations that exceeded 

international sediment quality guidelines, whereas the 

concentrations of the remaining metals were within 

acceptable limits. 

According to Geo-accumulation Index (Igeo), only Pb 

was classified within the "slightly to moderate 

contaminated" category, while all other heavy metals fell 

within the "uncontaminated" classification (Figure 3). 

In terms of Pollution Index (PI), values generally 

indicated low contamination levels (PI  1.0). However, 

localized exceedances were observed: Cd at site S-04 and 

Cu at site S-05 recorded PI values within the moderate 

contamination range (1.0 < PI  3.0). 

3.3.2. Park Soils 

The heavy metal concentrations in park soil samples 

from sites S-04 and S-05 are summarized in Table 4. 

These results complement the broader assessment of 

contamination across urban land uses. 
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Figure 2.  Particle size distribution ranges of sediments and soils at sampling sites S-01 to S-05 

Table 3.  Heavy metals concentrations in park soil samples collected from sites S-01, S-02, and S-03 (mg/kg) 

ID Date Cr Cu Pb Zn As Cd Co Ni Fe Mn 

S-01 13/02/21 5.8100 2.8000 23.630 7.6300 1.1000 0.0640 2.1300 4.1600 5,495 211.40 

S-02 13/02/21 13.730 21.500 57.110 18.210 1.2600 0.2910 3.2900 5.4600 5,289 273.60 

S-03 13/02/21 15.690 13.500 57.960 19.920 1.1700 0.1340 2.8000 4.9800 5,143 284.30 

S-01 25/04/21 14.030 12.900 137.60 10.330 1.6800 0.1360 3.5600 5.5900 6,755 628.70 

S-02 25/04/21 19.550 21.400 55.860 13.730 1.1400 0.1000 2.8500 10.740 5,625 314.80 

S-03 25/04/21 16.310 8.2000 96.390 9.3800 1.0800 0.0960 3.2200 5.1100 5,776 229.00 

S-01 13/05/21 13.390 5.1000 105.58 8.0300 1.2900 0.1100 3.6600 5.8800 6,211 502.60 

S-02 13/05/21 18.090 37.400 128.61 28.880 1.4100 0.2400 3.2000 7.2400 6,176 263.50 

S-03 13/05/21 18.910 4.5000 46.040 7.4600 1.0800 0.1080 3.4200 5.8600 6,096 251.60 

Mean 15.0567 14.1444 78.7533 13.730 1.2456 0.1421 3.1256 6.113 5,841 328.83 

Median 15.690 12.900 57.960 10.330 1.1700 0.1100 3.2200 5.5900 5,776 273.60 

Standard deviation 4.1428 11.1152 39.5489 7.3093 0.1971 0.0742 0.4711 1.9236 513.8 141.13 

Minimum 5.8100 2.8000 23.630 7.4600 1.0800 0.0640 2.1300 4.1600 5,143 211.40 

Maximum 19.550 37.400 137.60 28.880 1.6800 0.2910 3.6600 10.740 6,755 628.70 

CCME PEL 90.00 197.0 91.30 315.0 17.00 3.500     

ISQG 37.30 35.70 35.00 123.0 5.900 0.600     

Ref. value 90.00 45.00 20.00 95.00 13.00 0.300 19.00 68.00 47,200 850.0 

Note: ISQG= Canadian interim sediment quality guidelines; PEL = Probable effect levels; Reference value by Turekian and Wedepohl [40] 
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Figure 3.  Geo-accumulation Index values for heavy metals at all sampling sites (S-01, S-02, S-03, S-04, and S-05) 

Table 4.  Heavy metal concentrations in park soil samples collected from sites S-04, and S-05 (mg/kg) 

ID Date Cr Cu Pb Zn As Cd Co Ni Fe Mn 

S-04 13/02/21 12.440 8.5000 109.55 25.040 1.7600 0.3360 3.7000 5.8300 4,451 275.10 

S-05 13/02/21 12.500 7.1000 76.240 20.630 1.4800 0.2700 3.0200 5.5400 4,854 235.70 

S-04 25/04/21 11.690 8.6000 130.85 25.420 1.6800 0.3860 3.8100 5.7500 7,375 255.60 

S-05 25/04/21 13.290 7.5000 108.93 20.220 1.4800 0.2440 3.0100 5.2900 7,931 234.80 

S-04 13/05/21 11.880 9.5000 143.12 24.980 1.7300 0.3480 3.7000 5.8900 4,483 252.00 

S-05 13/05/21 13.770 7.7000 86.950 21.090 1.4600 0.2660 2.9400 5.3400 4,797 253.00 

Mean 12.595 8.1500 109.27 22.896 1.5983 0.3083 3.3633 5.6067 5,649 251.03 

Median 12.470 8.1000 109.24 23.035 1.5800 0.3030 3.3600 5.6450 4,826 252.50 

Standard deviation 0.8033 0.8803 25.302 2.4846 0.1395 0.0561 0.4119 0.2552 1,571 14.856 

Minimum 11.690 7.1000 76.240 20.220 1.4600 0.2440 2.9400 5.2900 4,451 234.80 

Maximum 13.770 9.5000 143.12 25.420 1.7600 0.3860 3.8100 5.8900 7,931 275.10 

CCME Parks 64.00 63.00 140.0 250.0 12.00 10.00 50.00 45.00 

CCME Commercial 87.00 91.00 260.0 410.0 12.00 22.00 300.0 89.00 

Ref. value ECA Perú 140.0 50.00 10.00 

The lead (Pb) concentration in park soil samples ranged 

from 76.24 to 143.12 mg/kg. Notably, the Pb 

concentration at sites S-04 slightly exceeded both the 

Canadian soil quality guidelines for parkland use and the 

Peruvian Environmental Quality Standard (ECA) for soils, 

the latter establishing a permissible threshold of 140 

mg/kg (Table 4). For total chromium (Cr), the Canadian 

guideline for park soils sets a reference limit of 64 mg/kg. 

In this study, Cr concentrations ranged between 11.69 and 

13.77 mg/kg, indicating compliance with the established 

standards. Cu concentrations followed a spatial 

distribution of S-04 > S-05, with maximum and minimum 

values of 9.5 mg/kg and 7.1 mg/kg, respectively. These 

values remained below both the Canadian guideline and 

Peruvian ECA threshold for commercial land use. Zinc 

(Zn) concentrations varied from 20.22 to 25.42 mg/kg, 

and Nickel (Ni) levels were low and did not indicate 

potential environmental or public health concerns. 

Ni concentrations in park soils were substantially below 

the reference value of 45 mg/kg established by the 

Canadian Council of Ministers of the Environment 

(CCME) [36], with the highest observed concentration 



Environment and Ecology Research 13(3): 358-370, 2025 365 

being 5.89 mg/kg (Table 4). Co concentrations ranged 

from 2.94 to 3.81 mg/kg, remaining well below the 

international reference threshold across all sampling sites. 

Concentrations were measured between 1.46 and 1.76 

mg/kg, also remaining below the Peruvian ECA for park 

soils, which sets a limit of 50 mg/kg. 

Cd concentration in sediment samples collected from 

the five sampling sites ranged from 0.24 to 0.386 mg/kg, 

with an average concentration of 0.308 mg/kg. These 

values are significantly below both the Canadian 

guideline for park soils (22 mg/kg) and the Peruvian ECA 

for soils (10 mg/kg) [36], indicating low contamination 

risk. 

A Kruskal-Wallis test revealed no significant 

differences (x2 = 1.4386, df = 4, p-value = 0.8375), 

suggesting that the metal concentrations were statistically 

similar across the study area. The mean concentrations are 

summarized in Tables 3 and 4. 

Correlation analysis, incorporating variables such as 

average daily traffic volume, vehicular speed, percentage 

of fine particles, and heavy metal concentration, revealed 

generally low correlation coefficients among the variables 

(Figure 4a). 

3.4. Pollutants in Road Runoff 

The concentrations of heavy metals in road runoff 

samples followed the descending order: Zn > Cu > Pb > 

Co > As > Ni > Cr > Cd (Table 5). The concentrations for 

surface water were evaluated against the Peruvian 

Environmental Quality Standards (ECA), specifically 

under subcategory B. The results indicated that Cd, Cr, Cu, 

Ni, Pb, and Zn concentrations exceeded the established 

regulatory limits. 

The average concentrations of Zn, Pb, and Cu in runoff 

were 1.39, 0.124, and 0.203 mg/L, respectively. Notably, 

Ni concentrations surpassed the ECA threshold of 0.02 

mg/L; however, runoff from site S-04 recorded a slightly 

lower concentration in dry deposition samples from 

high-traffic areas and did not exceed international 

reference values. This discrepancy suggests differing 

behaviors of certain metals in particulate-bound versus 

dissolved forms under runoff conditions. 

As summarized in Table 6 for sites S-01, S-02, and 

S-04, the physicochemical properties of runoff water 

reveal pH values ranging from 5.37 to 6.02, all slightly 

below the recommended national standards for surface 

water. Total Suspended solids (TSS) varied from 93.00 to 

282.00 mg/L, exceeding guideline values, indicating a 

significant particulate load likely associated with urban 

surface wash-off. 

Given the non-normal distribution of data across the 

three sampling sites, a Kruskal-Wallis test was applied, 

revealing no statistically significant differences in metal 

concentrations between sites S-01, S-02, and S-04 (x2 = 

0.62043, df = 2, p-value = 0.7333). 

A correlation analysis investigated further potential 

interactions between influencing variables and pollutant 

loads. Key variables included average daily traffic volume, 

vehicular speed, fine particle content, and metal 

concentrations commonly associated with urban 

environments. The analysis demonstrated strong 

correlations among specific metal pairs, such as As and Fe, 

Cr and Fe, Cr and As, Co and Cr, and Mn and Ni, which 

are likely attributed to vehicular emissions, brake wear, 

and pavement abrasion (Figure 4b). 

Table 5.  Heavy metal concentrations (mg/L) in runoff at from sites S-01, S-02, and S-04 

ID Cr Cu Pb Zn As Cd Co Ni 

S-01 0.0156 0.1544 0.0865 0.6981 0.0367 0.0019 0.0134 0.0265 

S-02 0.0196 0.1943 0.0992 1.7900 0.0329 0.0059 0.0151 0.0329 

S-04 0.0152 0.1639 0.0868 2.0330 0.0242 0.0057 0.0108 0.0277 

S-01 0.0223 0.2233 0.1068 0.7092 0.0474 0.0020 0.2051 0.0410 

S-02 0.0503 0.3059 0.2313 2.1420 0.0633 0.0060 0.0320 0.0619 

S-04 0.0143 0.1734 0.1327 0.9838 0.0250 0.0023 0.0093 0.0183 

Mean 0.0229 0.2025 0.1239 1.3927 0.0383 0.0040 0.0476 0.0347 

Median 0.0176 0.1839 0.1030 1.3869 0.0348 0.0040 0.0143 0.0303 

Standard deviation 0.0138 0.0563 0.0553 0.6702 0.0149 0.0021 0.0776 0.0153 

Minimum 0.0143 0.1544 0.0865 0.6981 0.0242 0.0019 0.0093 0.0183 

Maximum 0.0503 0.3059 0.2313 2.1420 0.0633 0.0060 0.2051 0.0619 

Ref. value ECA Perú 0.0110 0.100 0.0025 0.1200 0.1500 0.00025 0.0520 
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Table 6.  Physicochemical properties of the road runoff from sites S-01, S-02, and S-04 

Parameter S-01 S-02 S-04 

Temperature (°C) 13.70 13.70 13.70 

pH 5.370 5.960 6.020 

Electrical Conductivity (S/cm) 950.00 654.00 970.00 

Total dissolved solids (mg/L) 480.00 327.00 485.00 

Total suspended solids (mg/L) 282.00 93.00 185.00 

Total Hardness as CaCO3 (mg/L) 192.20 225.20 65.38 

Sulfates as SO4= (mg/L) 156.05 204.04 126.80 

Alkalinity as CaCO3 (mg/L) 153.43 99.10 107.53 

Chlorides as Cl- (mg/L) 255.92 187.94 869.73 

Magnesium as Mg++ (mg/L) 7.6300 13.78 11.820 

Percentage of salinity (%) 0.5000 0.40 0.500 

Calcium as Ca++ (mg/L) 64.320 67.41 212.08 

Turbidity (NTU) 172.00 506.00 456.00 

Figure 4.  Spearman correlation matrices for heavy metal concentration in a) dry soil/sediment b) road runoff 

4. Discussion

4.1. Vehicle Traffic Characteristics and Sediment 

Granulometry 

The vehicular traffic volumes recorded during the 

monitoring campaign indicate relatively low traffic 

intensity, as categorized by Zafra et al. [41]. In 

comparison, global traffic volume data reported by Huber 

and Helmreich [42] span a wide range from 726 to 

130,000 vehicles per day, with an average of 33,011 

vehicles/day, underscoring the variability across urban 

roadways due to local infrastructural and socioeconomic 

conditions. Given the traffic volumes in Juliaca, ranging 

from 6,128 to 8,464 vehicles/day, an initially low 

potential for heavy metal accumulation from vehicular 

sources might be inferred. However, local environmental 

dynamics and unpaved urban surroundings must also be 

considered. 

The granulometric composition of sediment samples 

suggests that a significant proportion of the particulate 

material originates from vehicular activity, particularly 

through the resuspension of road dust and deposition of 

fine particulates from vehicular emissions and mechanical 

wear, as previously noted by Wang et al. [26]. The 

particle size analysis revealed that a substantial fraction of 

the sediments passed through a 0.075 mm sieve, 

corresponding to silt and clay fractions. These finer 

particles exhibit high adsorption capacities for heavy 

metals due to their specific surface area and 
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physicochemical properties [4], [43]. 

Additionally, coarser sediment fractions, primarily 

sands and gravels (> 0.075 mm), are likely derived from 

surface erosion within the urban watershed, construction 

site runoff, and particles transported via tire abrasion and 

vehicular movement. This indicates that the road-deposited 

sediment (RDS) comprises a heterogeneous mixture, 

primarily influenced by unpaved peripheral areas, aeolian 

transport, and localized watershed erosion processes. 

Overall, the sediment characteristics reflect a complex 

interaction of anthropogenic and natural sources, 

highlighting the importance of considering localized traffic 

and broader land use influences when assessing urban 

sediment contamination. 

4.2. Heavy Metal Concentration in Sediments and 

Soils 

Heavy metal contamination in urban environments is 

often associated with traffic-related sources, particularly 

road runoff, vehicular emissions, and mechanical wear. Pb, 

for instance, is a common contaminant originating from 

fuel residues, lubricating oils, tire degradation, brake wear, 

and corrosion of vehicular components [44]. Other metals 

such as Cr, Cu, Zn, and Ni are also introduced into the 

urban environment through a combination of 

anthropogenic activities (e.g., industrial emissions, urban 

runoff, construction) and natural geogenic processes [45], 

[46]. 

Several studies, including those by Wang et al. [26], 

have demonstrated that the concentration of heavy metals 

in soils decreases with increasing distance from roadways 

and with greater soil depth. This spatial and vertical 

distribution pattern supports the hypothesis that roadways 

act as point sources for the dispersion and deposition of 

heavy metals into adjacent environments. Specifically, 

cadmium (Cd) is predominantly retained in surface layers 

(0–10 cm), with concentrations decreasing by 

approximately 19% at deeper layers (90–100 cm), 

indicating its limited vertical mobility and potential for 

long-term accumulation in the upper soil horizon. 

The presence of these contaminants in roadside 

sediments and soils poses a potential risk to the 

surrounding environment. Transport-related heavy metals 

can negatively affect soil quality, microbial activity, and 

plant health. They may also infiltrate aquatic systems 

through surface runoff, contributing to the degradation of 

water quality and aquatic ecosystems [47]. Therefore, the 

observed concentrations of Pb and other metals in the 

sampled sites highlight the influence of traffic emissions 

and underscore the importance of continuous 

environmental monitoring and implementing mitigation 

strategies in urban areas with increasing vehicular density. 

4.3. Pollutants in Road Runoff 

The Cd, Cu, and Zn concentrations detected in road 

runoff samples exceeded the permissible limits 

established by the Peruvian ECA for water. Sampling 

points S-01, S-02, and S-03 correspond to sections of 

paved roads located in high-density commercial zones, 

which are likely subjected to higher vehicular and 

anthropogenic pressure. The relatively low concentrations 

of heavy metals in sediments at these sites may reflect the 

overall moderate traffic volume observed in Juliaca. As 

noted by Zhang et al. [48], sediment contamination is 

often a reliable indicator of broader environmental 

contamination, particularly when associated with fine 

particles (< 0.075 mm) capable of adsorbing heavy 

metals. 

These fine sediments may originate from multiple 

sources, including dust resuspension, vehicular tire 

abrasion, and erosion of nearby unpaved roads and 

construction sites. The prevalence of sandy sediments at 

the sites suggests mechanical transportation through tire 

adherence or water runoff, with limited heavy metal 

retention capacity in coarse fractions. 

The elevated concentrations of suspended solids 

observed in the runoff are consistent with findings that 

traffic volume positively correlates with TSS content [49]. 

In the urban context of Juliaca, the influx of sediments is 

exacerbated by unpaved feeder roads and active 

construction zones, which contribute to the mobilization 

of particulate matter, particularly during precipitation 

events. 

Wang et al. [26] observed similar trends in Taipei, 

where road runoff exhibited elevated levels of TSS, 

chemical oxygen demand (COD), and ammonia nitrogen 

(NH3-N) compared to international benchmarks in the 

present study. However, Cd, Cr, Cu, and Zn 

concentrations fell within established international 

reference levels. A comparative assessment for Ni, Pb, 

and As was limited due to the unavailability of reference 

thresholds. 

The elevated concentrations of Pb observed in both 

sediments and runoff are likely associated with gasoline 

combustion, as reported in urban runoff studies [26], 

underscoring the need for regulatory measures such as 

promoting unleaded gasoline. Cd concentrations averaged 

0.004 mg/L, a value lower than those documented in 

earlier research. Despite some metals falling within 

permissible ranges, the predominance of Zn, Pb, and Cu 

in runoff reflects their association with vehicle-related 

emissions, brake and tire wear, and atmospheric 

deposition [45]. 

Furthermore, heavy metal concentrations in road runoff 

are influenced by multiple interacting variables, including 

total precipitation during runoff events, antecedent dry 

periods, surface imperviousness, and daily traffic volume 

[50]. These dynamics are further modulated by industrial 

activities, urban construction, and unregulated waste 

disposal. 

In agreement with the findings of Wang et al. [26], high 

sediment deposition rates are strongly associated with 

elevated concentrations of trace metals in urban runoff. 
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The accumulation of Zn, Pb, Cu, and Cd in runoff 

samples from Juliaca may indicate recurring 

anthropogenic inputs, reinforcing the critical need for 

urban runoff management strategies to mitigate pollutant 

loads in stormwater systems. 

4.4. Future Directions and Policy Implications 

Future research should incorporate a broader spatial 

sampling framework to enhance the understanding of 

heavy metal contamination in urban environments, 

encompassing diverse land-use types such as residential 

zones, industrial sectors, and peri-urban areas [39]. 

Long-term environmental monitoring programs are 

recommended, integrating geospatial technologies and 

remote sensing tools to facilitate spatiotemporal 

assessments of contamination trends. Additionally, 

applying advanced multivariate statistical methods (e.g., 

principal component analysis, cluster analysis) would 

allow for identifying potential pollution sources, 

elucidating relationships between contaminants and 

environmental variables, and assessing potential public 

health risks [51]. 

Moreover, sustainable remediation strategies, such as 

phytoremediation, should be prioritized to mitigate the 

accumulation of heavy metals in urban soils and 

sediments [52]. This technique offers an eco-friendly and 

cost-effective approach to removing toxic elements 

through plant-based systems. 

From a policy standpoint, regulatory agencies must 

reinforce environmental governance by updating and 

enforcing standards related to atmospheric emissions, 

solid waste disposal, stormwater management, and 

vehicular emissions control [53]. Complementary to 

regulatory frameworks, public awareness campaigns and 

educational initiatives are essential to inform communities 

about heavy metal exposure's environmental and health 

implications, fostering civic engagement and promoting 

environmentally responsible behaviors [54]. 

5. Conclusions

The daily vehicular flow recorded in Juliaca is 

comparatively low compared to urban centers globally. 

Nonetheless, the predominant use of private vehicles, 

public transportation units (e.g., rural vans), motorcycle 

taxis, and other motorized transport modes contributes 

significantly to atmospheric particulate emissions and 

sediment, soil, runoff, and air quality degradation. 

The analysis of trace metal concentrations in sediments 

at points S-01, S-02, and S-03 revealed generally low 

contamination levels. Lead (Pb) was the only element to 

exceed the Interim Sediment Quality Guidelines (ISQG), 

indicating localized environmental concern. The 

descending order of metal concentration in these samples 

was Fe > Mn > Pb > Cr > Cu > Zn > Ni > Co > As > Cd. 

According to the calculated geo-accumulation index (Igeo), 

Pb exhibited moderate contamination levels, whereas all 

other elements remained within the uncontaminated 

category. These results suggest that vehicular emissions, 

alongside construction, commercial, and minor industrial 

activities, are probable sources of heavy metal inputs to 

the urban environment. 

Regarding road runoff, this study confirms the presence 

of elevated concentrations of heavy metals, particularly 

Zn, Cu, Pb, and Cd, which frequently exceeded the 

thresholds set by national Environmental Quality 

Standards (ECA) during initial rainfall events. The 

correlation between vehicular activity and the 

mobilization of these pollutants underscores traffic as a 

critical driver of non-point source contamination in urban 

hydrological systems. 

Overall, the findings provide a scientific basis for 

informed urban environmental management and support 

the formulation of integrated strategies to mitigate heavy 

metal pollution in road sediments, urban soils, and 

stormwater runoff. These strategies should encompass 

emission control policies, sustainable urban planning, and 

green infrastructure interventions to minimize 

environmental and public health risks. 
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