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Abstract

Environmental contamination found in urban areas generally has a chemical composition that favors the generation of a
variety of physical, chemical and biological processes that differ from natural soil parameters. Thus, understanding natural
attenuation processes in tropical environments is still a challenge, as is understanding how biogeochemical processes
can influence and modify natural soil characteristics. The study aimed to apply methods that are not commonly used
in investigations of contaminated areas, in order to assess the applicability of non-invasive methodology for detailed
stratigraphic characterization and biogeochemical changes resulting from contamination by hydrocarbons in a complex
hydrogeological environment site. To date, few studies have presented results obtained using non-invasive techniques to
understand biochemical processes. The research was based on the interpretation of results obtained by high-resolution
physical environment characterization techniques (such as gamma geophysical profiling and electrical conductivity
surveys) and chemical analysis of groundwater. The data was interpreted to obtain a detailed characterization of the
study area and evidence of the occurrence of natural attenuation of creosote contamination. The results indicated that
the combination of geoenvironmental and geophysical methods is an interesting alternative for obtaining data and
understanding the mineralogical and stratigraphic variation of the contaminated area. The physical parameters variations
obtained by the methods suggested the presence of local geochemical alterations resulting from natural processes of
attenuation of contamination by aliphatic and aromatic hydrocarbons in a tropical environment. The natural attenuation
processes were confirmed through groundwater samples, biological analysis and metagenomic classification.
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1 Introduction

Urbanization has been a defining global trend over the past century, with the world’s population increasingly con-
centrated in cities. This rapid urban expansion, driven by industrialization and economic opportunities, has led to
significant environmental challenges, particularly in managing land use and contamination in densely populated
areas. In Brazil, about 85% of the population lives in urban areas, as documented in the latest national census pub-
lished in 2010 [1]. This percentage is even higher in the southeastern part of the country, where it reaches 93%. The
sharp rise in urban populations can be traced back to the massive wave of urbanization and the migration from rural
areas between the 1960s and 1980s, a phenomenon seen not only in Brazil but across many Latin American nations
[2]. This accelerated urban expansion gave rise to large metropolitan regions, including Sao Paulo, which has since
become the most populous city in Latin America and a key global megacity in terms of both population and geo-
graphical size. Sao Paulo exemplifies the extensive industrial and urban growth that reshaped South America in the
latter half of the twentieth century. With more than 166 inhabitants per square kilometer, the city is under pressure to
transform previously unusable land, such as brownfields and other polluted sites, into areas fit for urban use [1]. The
rapid pace of urbanization has led to a notable increase in the number of contaminated sites in major cities, creating
risks for both human health and environmental quality. The revitalization and redevelopment of these areas have
become not only a legal requirement but also a necessity, given the lack of space available for new development in
densely packed cities. In Sdo Paulo, for example, the number of restored contaminated sites saw a 23% increase in
2018 compared to the previous year [3]. Despite these efforts, many contaminated areas have since changed their
function, with new industrial or commercial activities taking place during environmental assessments. This adds a
layer of complexity to the remediation process, requiring detailed analyses to ensure effective cleanup and restora-
tion of the affected sites.

The understanding of contaminant behaviour in the subsurface is directly linked to the characterization of the
stratigraphic and hydrogeological context of the site. The velocity and direction of pollutant flow are primarily deter-
mined by hydraulic conductivity, groundwater level, and lithological characteristics. In traditional geotechnical and
environmental studies, a detailed subsurface investigation involves obtaining a large number of samples, thereby
increasing project costs. In the case of contaminations caused by dense non-aqueous phase liquids (DNAPL), such
as creosote, improper handling can lead to a preferential flow path carrying pollutants to greater depths. Thus,
the combined use of invasive and non-invasive field techniques to support the geological, hydrogeological, and
environmental characterization of the study area presents an interesting alternative for obtaining a large volume of
information at a low cost and with lower technological risk [4-7]. Electrical resistivity methods are highly sensitive
to variations in the soil’s physical parameters, primarily influenced by the mineralogical and textural characteristics
of the soil. By identifying anomalous values, it is possible to infer the presence of exogenous chemical compounds
in soil and groundwater [8, 9]. For this reason, electrical geophysical methods play a significant role in investigating
contaminated sites, assisting in delineating the dimensions and behaviour of contamination plumes [10-15]. Sev-
eral studies have indicated that recent hydrocarbon contaminations result in resistive anomalies [16-18]. However,
aged contaminations tend to alter the electrical behavior of pollutants, generating conductive anomalies due to the
biodegradation process in the subsurface [19-21]. Studies have revealed that the biodegradation process occurs
in both aromatic and aliphatic hydrocarbons, indicating that even complex multi-component pollutants like creo-
sote, with recalcitrant and biocidal substances, are susceptible to natural biodegradation processes by indigenous
microorganisms [22-25].

Contaminated sites in urban areas usually have a chemical composition that triggers a series of physical, chemical
and biological processes that are distinct from natural soil processes. Therefore, understanding natural attenuation
processes in tropical environments remains a challenge, as does understanding how biogeochemical processes can
affect and modify natural soil characteristics. Hydrocarbon contamination induces rapid geochemical changes in
groundwater, driven by microorganisms and by reactions between contaminants and electron-accepting inorganic
substances. These changes occur mainly through specific pathways such as aerobic respiration, denitrification, iron
(I11) reduction, sulphate reduction and methanogenesis. These processes together lead to the generation of unique
biogeochemical signatures [26]. As a result, they contribute to the chemical weathering of grains, causing differ-
entiation in the natural characteristics of the soil, including mineralogical and electrochemical changes, as well
as biogeochemical and geobotanical anomalies. They result in an increase in total dissolved solids concentration
and, consequently, of the electrical conductivity of the environment [27-29]. However, there is a scarcity of studies
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providing field data on the natural attenuation of creosote in tropical environments, posing a challenge to under-
standing the behaviour of contaminants and how biogeochemical processes can influence and alter the natural
characteristics of tropical soils. The present study shows the results of environmental investigations developed in
a former creosote wood treatment plant, which operated near one of the main rivers of the city of Sdo Paulo. The
research aims to apply methods that are not commonly used in contaminated site investigations in tropical areas,
assessing the applicability of non-invasive gamma-ray logging methods associated with electrical conductivity profil-
ing for the stratigraphic characterization of a complex hydrogeological environment. The study attempted to verify
the relationship between variations in the physicochemical parameters of the environment and the occurrence of
biogeochemical natural attenuation processes of contamination by aliphatic and aromatic hydrocarbons. The bio-
geochemical natural attenuation processes of contamination by aliphatic and aromatic hydrocarbons were confirmed
through chemical analyses of groundwater, biological activity assessing the degradation of the contaminant, and
metagenomic classification using a soil sample from the study area.

2 Area location and history of use

The research site is situated in the Jaguaré neighborhood, located in the western part of Sdo Paulo city, Brazil, in close
proximity to the University of Sdo Paulo. This area’s historical significance is intertwined with the industrialization of the
city, having been originally designed as an industrial zone. By 1935, oil storage facilities had already been established
by some industries in this region. However, the neighborhood’s industrial development saw a marked increase in the
1950s, spurred by the growth of sectors such as construction, textiles, food production, along with chemicals, electron-
ics, and paper manufacturing [30]. The data discussed in this paper stem from the remediation efforts of the former
wood treatment facility in Jaguaré (UTM Jaguaré), conducted by the Institute of Technological Research of Sédo Paulo.
Between the 1970s and 1990s, this site was utilized as a research and development hub for wood treatment, specifically
for applications in the aeronautics industry, as well as for furniture, construction, and railroad ties. The site’s operations
encompassed all stages of wood treatment, including cutting, chemical preservation, and storage. These processes
carried the potential for environmental contamination, given the involvement of various chemicals, such as sodium
pentachlorophenol, chromated copper arsenate (CCA), and polycyclic/aromatic hydrocarbons, particularly if proper
environmental controls were not in place. All industrial activities at the facility ceased in 2005, with the removal of equip-
ment, and an environmental contamination investigation began in 2011 (Fig. 1).

One of the most problematic chemicals historically utilized in wood preservation is creosote oil. This organic contami-
nant was extensively employed during the twentieth century as a biocide to preserve wooden railroad ties [31]. At the
research site, creosote oil, along with other chemicals, was applied to treated wood and stored in overhead tanks. Over
time, poor maintenance of these tanks led to pollutant leaks, resulting in soil and groundwater contamination. Environ-
mental assessments [32] revealed the presence of pollutants such as polycyclic aromatic hydrocarbons, total petroleum
hydrocarbons, and various metals in both soil samples (indicating high NAPL saturation) and groundwater samples
(dissolved phase), with concentrations exceeding Brazil’s regulatory thresholds [33]. This led to the site’s classification
as contaminated. Given the complexity of contaminant migration through subsurface layers, a thorough stratigraphic
analysis is essential to comprehending contaminant flux behavior and developing effective remediation strategies. An
additional complicating factor is the site’s proximity to major drainage systems in Sdo Paulo, including the Jaguaré Stream
and the Pinheiros River [34]. The occurrence of contaminated sites near primary drainage networks is a frequent issue
in densely populated metropolitan areas.

3 Geological-geotechnical context of the study area

The city of Sdo Paulo is situated in the geological context of the Parana Sedimentary Basin, a large intracratonic basin
in the central-south portion of the South American Platform [36]. The sedimentary basin is one of the most important
sedimentary basins in South America, as it contains significant deposits of natural resources such as petroleum, natural
gas, coal, and groundwater [37, 38]. The water resources originating from this basin are essential for supplying cities,
industries, and agriculture throughout South America and need to be monitored and preserved [39]. The geological
mapping of the city of Sdo Paulo is characterized by the Precambrian basement, approximately 600 million years old,
composed of magmatic and metamorphic units, and tertiary sediments of the Sdo Paulo Basin, essentially composed of
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Fig. 1 Aerial image of the study area in 2004 [35], with evidence of the presence of aerial tanks for chemical products storage, the autoclave
supply operation track, and residual contamination by creosote on the surface

sedimentary rocks of different grain sizes, conglomerates, and mudstones. Overlying these formations, Quaternary covers
composed of sands, clays, and conglomerates are observed, resulting from the action of rivers, lakes, and oceans that
existed in the area during past geological periods [40] (Fig. 2). The interaction between sedimentary and igneous rock
formations plays a fundamental role in the geology of the city, influencing aspects such as topography, water resources,
and geotechnical challenges faced in urban development.

The study area is located in the region of the Pinheiros River floodplain and, as a result, exhibits a typical floodplain
stratigraphy, made up of layers of clay, sand and gravel, resulting from the frequent flooding of the river during flood
periods [6]. These deposits overlie the Tertiary sediments of the Itaquaquecetuba Formation [38]. Important geological
studies have been carried out in the vicinity of the study area as part of the effort to geologically map the University of
Sao Paulo campus. For example, [39] carried out geological mapping from an excavation parallel to the Pinheiros River,
while other studies [37, 40] focused on detailed characterization of the alluvial deposits and analysis of the geotechni-
cal conditions of the region. In this study, lithotypes from the Itaquaquecetuba Formation were observed (Fig. 3). This
geological formation exhibits typical characteristics of an interwoven river deposit system and typically comprises five
lithofacies: medium to coarse-grained sandstones, conglomerates, massive medium to fine-grained sandstones, massive
mudstones, sandy siltstones, and sub-angular blocks of basement rocks. The local geological characterization revealed
that changes in flooding conditions, currents, and sediment transport, over time, resulted in a significant variation in the
arrangement of sediment layers, making it challenging to identify and characterise the layers in detail. The composition
of sediments can vary significantly on small scales, making it difficult to collect representative samples and extrapolate
results to a larger area, a procedure typically carried out in geo-environmental studies [39]. Therefore, the stratigraphic
context is a relevant and interesting factor in this study to understand the behaviour of contaminants in the physical
environment since the heterogeneity of stratigraphic layers, such as the presence of clay lenses, will influence the speed
of contaminant percolation in the physical environment, for example.
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Fig.2 Geological context of the city of Sdo Paulo and the location of the study area [modified from [37]]

4 Materials and methods

This study employed a combination of high-resolution site characterization (HRSC) methods, including techniques
like gamma-ray logging and electrical conductivity profiling, drone imagery, and groundwater chemical analyses.
These approaches were integrated to generate a comprehensive characterization of the site, revealing signs of natural
attenuation of the creosote contamination. The results from the HRSC techniques were corroborated by particle size
distribution analyses conducted on soil samples taken from the study area. Additionally, groundwater samples from
monitoring wells were analyzed for total petroleum hydrocarbons (TPH), polycyclic aromatic hydrocarbons (PAH),
electron acceptors, and metabolic byproducts. These assessments were carried out along two transects (Transects
1 and 2 in Fig. 4) that aligned with the groundwater flow, ensuring a detailed understanding of the subsurface con-
taminant dynamics. The high-resolution aerial photogrammetric survey was executed with the use of a small drone,
with high spatial resolution, and subsequent image processing. The drone flight reached 120 m from the horizontal
plane of reference, with a resolution of 4.65 cm/pixel, surveying an area of 79 ha. The aerial images were processed in
ESRI® ArcMap 10.6.0 and projected in the UTM coordinate system in DATUM Sirgas 2000, generating an orthophoto,
that allowed detailed visualization of the current situation of the study area. Figure 4 illustrates the location of the
high-resolution site characterization investigations, groundwater sampling, and geological surveys developed on
the site. The high-resolution site characterization methods used were the natural gamma profiling performed in the
groundwater monitoring wells, and the electrical conductivity profiling (EC), with electrical conductivity sensors in
a dipole-type array with horizontal alignment, chosen due to the large application of this technique in the investiga-
tion of contaminated sites, as it allows the correlation of the measured values with analytic data.
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Fig.3 Geological map of the University of Sdo Paulo based on previous studies. Study area was delimited in red [modified from [39]]

4.1 Laboratory tests—soil characterization

In order to assess the stratigraphic variation along the soil profile within the study area, soil samples were taken
at the SOIL-01 location for laboratory-based physical analysis. The samples were obtained through the direct push
method [41], utilizing a pneumatic hammer, polyvinyl chloride (PVC) samplers, and jacketed rods of 140 cm, with
a maximum sampling depth reaching 750 cm. Prior to sampling, the soil texture was estimated manually [42], and
samples were gathered at each point of stratigraphic change, resulting in 17 samples that were subsequently analyzed
for particle size distribution. For particle size analysis, sedimentation was employed to assess the fine fraction of the
soil, while sieving was used to categorize the coarser fractions. Based on the particle size distribution, soil particles
were classified into seven distinct categories, following the [43]: clay (< 0.002 mm), silt (0.002-0.06 mm), fine sand
(0.06-0.2 mm), medium sand (0.2-0.6 mm), coarse sand (0.6-2.0 mm), and particles larger than 2 mm. This approach
aimed to provide a detailed understanding of subsurface textures, confirming the visual and tactile descriptions,
and aiding in the identification and differentiation of the stratigraphic layers.
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Fig. 4 Scheme of data acquisitions performed in the study area, detailing the locations of investigation and monitoring test points, the two
transects used, and the flow direction

4.2 Electrical conductivity profiling (EC)

Techniques based on soil drilling principles, commonly referred to as penetrometric methods, are widely employed in
geoenvironmental investigations. These approaches facilitate the measurement and recording of various data types—
geotechnical, geophysical, hydrogeological, and analytical—along profiles or cross-sections. One of the key features of
penetrometer systems used in high-resolution geoenvironmental research is the integration of sensors that can meas-
ure the electrical conductivity of subsurface materials. The technique discussed by [44] enables detailed soil profiling
through percussive driving, capturing continuous electrical conductivity measurements at centimeter-scale intervals,
offering a high level of precision [45]. A notable advantage of this method is its ability to correlate data with other
investigative techniques, such as gamma logging and seismic testing, as demonstrated in this study. In rocks and soils,
electrical current is transmitted by two primary mechanisms: electronic conduction, through the solid rock matrix, and
ionic conduction, facilitated by ions present in the pore water. These processes differ between the vadose zone—where
the properties of the soil matrix, including granulometry and mineral composition, dominate—and the saturated zone,
where the characteristics of the liquid phase play a more critical role in electrical conductivity [46]. Of the two, ionic
conduction is typically the most significant mechanism in electrical resistivity surveys [47]. Among the various physical
properties of rocks and minerals, electrical resistivity demonstrates the greatest variation range, making it an invaluable
tool for assessing contaminated sites. Contaminants often alter the natural properties of their environment, leading to
detectable changes in electrical resistivity, as captured by geophysical methods [48]. Furthermore, the identification of
small-scale stratigraphic changes is essential, as these can substantially affect the movement of groundwater and solutes
within the subsurface. However, few subsurface characterization methods provide sufficient detail on hydrostratigraphy.
Electrical conductivity variations in soils and rocks also correspond to lithological changes, making conductivity sensors
particularly useful for evaluating stratigraphic differences throughout a soil profile [49].

In this study, six sets of electrical logging measurements were performed using a Geoprobe® 6620DT direct push
system and the MH6534 probe (Fig. 5A). The probe’s electrical conductivity (EC) sensor is a device used to measure
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Fig. 5 A Schematic of the Membrane Interface Probe elements (detail of the CE sensor on the tip). B Field drilling (detail of Geoprobe and
real-time acquisition system)

the electrical conductivity of soil and groundwater in situ. Electrical conductivity is a physical property that indicates
a material’s ability to conduct an electric current and is directly influenced by the presence of dissolved salts, conduc-
tive minerals, humidity and temperature. The Geoprobe® MH6534 sensor operates on the principle of electromagnetic
induction. The system consists of two sets of coils: an emitting coil and a receiving coil. The emitting coil generates
an alternating electromagnetic field that induces electrical currents in the surrounding soil. These currents in turn
generate a secondary magnetic field which is detected by the receiving coil. The strength of the secondary magnetic
field is directly related to the electrical conductivity of the material surrounding the probe. The EC sensor is a dipole-
type array. This type of array is particularly sensitive to variations in electrical conductivity along horizontal layers,
which is essential in detailed stratigraphic characterization studies in contaminated areas. The main advantage of
the horizontal array is its ability to detect subtle changes in conductivity along the interfaces between different soil
layers in real time (Fig. 5B), such as those between clay and sand or between contaminated and uncontaminated
sediments. This is because the horizontal orientation maximizes the conductivity response along the plane of the
layer, making it more effective than vertical or coaxial arrangements in capturing conductivity variations parallel to
the soil surface.

The drilling site was prepared by stripping away the top 50 cm of surface gravel to prevent potential damage to the
equipment. This was followed by conducting initial and final response tests to ensure that the response standards were
met and the quality of the results was maintained. Subsequently, the acquired data were analyzed in conjunction with
laboratory soil texture analyses to investigate how electrical variations correlated with clay content in the soil.

4.3 Natural gamma logging

The geophysical technique utilized in this study was gamma well logging, where the primary measured property is
the gamma radiation emitted naturally by the geological formations encountered during drilling. The radioactivity of
these formations is primarily influenced by three elements: potassium (K), uranium (U), and thorium (Th), with vari-
ations in radiation levels indicating different lithologies—higher levels typically associated with pure clay deposits
and lower levels linked to sandy formations. Well logging involves capturing vertical profiles that provide continuous
data on a specific physical property of the medium within wells or boreholes. The measurements typically extend
only a few tens of centimeters into the surrounding formation, focusing on the area immediately adjacent to the
well. The gamma probe used in this study can function effectively in both cased and uncased holes, regardless of the
groundwater level. For this research, gamma logging was conducted in six wells situated in the study area, employ-
ing a gamma probe logging system developed by Robertson Geologging® and equipped with a high-sensitivity Nal
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crystal. The probe was lowered into the boreholes at a speed not exceeding 4 m/min. The main aim of this method is
to achieve lithological characterization and recognition, facilitating stratigraphic correlation between the wells and
with tests that evaluate other physical parameters, as outlined in this study [50, 51].

Spectral gamma-ray logs record the relative contribution of the natural radioactivity in a sedimentary succession
and stratigraphic characterization. According to [52] in siliciclastic sedimentary rocks, K is concentrated in micas,
micaceous clays, and sodium and potassium feldspars; Th occurs in sand and silt-sized grains of certain heavy minerals
and U accumulates in phosphates, organic matter, and uranium-bearing minerals. [53] describe the use of spectral
gamma-ray logs in testing and refining high-resolution stratigraphy in fluvial strata; however, [54], when studying
the concentrations of uranium, thorium, and potassium, observed their presence in different formations, indicating
that the radioactive source is associated with different compositions, and their respective concentrations depend on
the depositional environment. [55] successfully employed gamma logging as a High-Resolution Site Characterization
(HRSC) technique to distinguish between higher clayey layers (characterized by low permeability) and sandy layers
(permeable) in a contaminated area affected by hexavalent chromium (Cr V1), demonstrating the efficiency of applying
gamma-ray to the characterization of stratigraphy in contaminated sites. The tests were carried out in the following
groundwater monitoring wells installed in the study area: GW-02 (6.0 m), GW-03 (6.35 m), GW-10 (7.50 m), GW-12
(7.0 m), GW-13 (6.0 m), and GW-15 (7.9 m), aiming to apply the concept of alignment in two transects, to observe
the behavior of gamma-ray values in the subsurface as a function of the presence of hydrocarbon contamination in
the groundwater.

4.4 Groundwater contamination, geochemical and biological monitoring

The evaluation of the existence of biogeochemical processes of natural attenuation was carried out in the existing
groundwater monitoring wells in the study area, each monitoring cluster being composed of wells installed in two depth
levels: Shallow—between 6.0 to 8.2 m bgl (below ground level), and Deep—between 10.6 to 12 m bgl. The clusters were
arranged to include one monitoring well located upgradient of the contaminant spill, one within the NAPL source area,
and two directly downgradient of the source area, within the dissolved contaminant plume. Transect 1 also included
one well downgradient of the contamination source, but laterally offset from the direction of groundwater flow (GW-5),
and in transect 2 two more clusters were added (GW-14 and GW-15). The identification of electron acceptors available
in an aquifer is critical to evidence the occurrence of microbial and geochemical processes in the area. Thus, the study
included the analysis of sulfate (5042‘) and nitrate (NO;5"), using the [56], and dissolved oxygen (DO), analyzed in flow
through-cell during pumping on site [57]. Iron concentration is an indicator of anaerobic degradation routes of organic
carbon via Fe3* reduction, and methane is an indicator of methanogenesis processes during the biodegradation of
petroleum hydrocarbons. Thus, their presence is also an indicator of the existence of metabolic by-products. Iron (Fe*t
was analyzed by the [58], and methane (CH,) by the [59]. The contaminants evaluated were total petroleum hydrocarbons
(results reported as XTPH), analyzed by the [60], and the 16 USEPA priority polycyclic aromatic hydrocarbons (results
reported as XPAH,,), analyzed by the [61]. The presence of polycyclic aromatic hydrocarbon-degrading biological activ-
ity and metagenomic classification was carried out through the collection of a sample (BIO01) in Unit 3 (5 m bgl) in
the saturated zone. PCR assays and determination of polycyclic aromatic hydrocarbon concentrations were conducted
[62]. The extracted DNAs were subjected to the amplification reaction flanking the conserved region of 16S rDNA, and
the primers used were 16S Illlumina F and 16S lllumina R [63]. The sequencing and classification of the amplified DNA
with primers for the 16S gene (amplicon) were sent to the laboratory for sequencing of fragments of 150-250 bp in
both directions with a coverage of 100,000 paired-end reads. The raw data generated were downloaded and stored for
processing and analysis. Sequencing was performed on a MiSeq system (lllumina, San Diego, CA, USA), with taxonomic
identification using the SILVA 138 database [64].

5 Results
The analysis of the study area involved utilizing geophysical and geoenvironmental techniques. Consequently, the results

from the methods employed are initially outlined separately, followed by a synthesis of the interpretations regarding
the observed physical properties.
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5.1 Stratigraphic characterization of the site

Based on the results from the visual-manual analysis of the collected soil samples, the background soil profile of the area
was categorized into four units and a lens. These units were differentiated into strata according to their formation char-
acteristics, with detailed descriptions provided in Fig. 6. The pedogenetic processes observed throughout the soil profile
are influenced by factors such as the material of formation, deposition, position within the subsurface, and groundwater
level, which are primarily linked to fluvial depositions in the region of the former floodplain of the Pinheiros River, within
the Séo Paulo Sedimentary Basin. As noted by [65], these depositions exhibit basal layers of gravel and cobble, fine to
coarse sands in intermediate portions, and peaty layers at the surface (organic clays). Above these sediments lie techno-
genic deposits that create landfill layers of 2 m or more, overlaid on the original floodplain [65]. This observation aligns
with the soil profile identified in the area, characteristic of zones influenced by the fluvial material of the Pinheiros River.

According to the classification provided by the World Reference Base for Soil Resources [66], the soil in the study area
is identified as an Epileptic Humic Technosol. This type of soil is characterized by properties and pedogenesis significantly
influenced by human activities, as evidenced by the presence of technological materials located less than 100 cm from
the surface. Additionally, there is a layer of humic matter containing more than 1% of organic carbon situated beyond
50 cm of the mineral soil surface. The presence of external materials and the modifications observed in the area, such
as cobblestones and gravel in the upper layers of the profile, as well as the identified landfill layer, greatly affect the
soil characteristics. According to [40], the occurrence of organic clays is typical of alluvial deposits found in Quaternary
sediments within the metropolitan region of Sao Paulo, suggesting a historical groundwater level that was higher than
present conditions.

The results from the soil granulometric analysis (Table 1) support the observations made during the visual-manual
assessment, revealing that the laboratory classifications provided a more precise understanding than field descriptions.
The data indicate that units 01 and 02 exhibit high clay content, which decreases significantly beyond 3.4 m, where sand
particles become predominant. This is particularly relevant for the vertical spread of contaminants, especially in areas
containing dense nonaqueous phase liquids (DNAPLs), as the pore distribution characteristics can greatly influence the
movement of contaminants throughout the stratigraphic profile. Notable increases in clay content are observed in three
samples: from 3.87 to 4.15 m, from 5.8 to 6.0 m, and from 7.05 to 7.10 m. These deposits are representative of alluvial
deposits. The abrupt texture transition layers impact the rate of vertical hydraulic conductivity, primarily affecting the
vadose zone and percolation processes, leading to preferential horizontal flow. Thus, identifying these layers is critical

Fig. 6 Description of the 0.0
stratigraphic profile in the
study area (units and lens) b Unit 01 Dark yellowis brown (10R 4/6) from 0.0 m to 1,25 m bgl, clay layer with fine
Landfill sand and silt, low plasticity. Allochthonous soil, presence of remains
— construction materials (technogenic deposit), abrupt transition.
2.0 Dark gray (10YR 4/1) from 1.25 m to 3.4 m bgl, clay layer with high plasticity,
Unit 02 presence of plant material with clear identification of biochannels arising from
- Clay decomposing of organic remains. Gradual transition, the natural soil begins in
| this layer. The first 0.25 m has a peat with presence of undecomposed plant
—] / remains
A
- |
4.0 > Unit 03
| Poor sorted Dark reddish gray (2.5 YR 3/1) from 3.4 mto 5.8 m bgl, fine sand, non-plastic,
h f sand gradual transition of downward increase in grain size, abrupt transition.
i Lens 01 Light gray (5Y 7/1) from 5.8 mto 6.0 m bgl, clay lens, high plasticity, presence of
Clay fine sand, abrupt transition.
6.0 T=rmmrrra s
Lens 02 Brownish (10 YR 4/7) from 6.0 m to 6.18 m bgl, gravel lens, range in size form
a Stone line  pebble, presence of medium and coarse sand.
| Unit 04 Light gray (10 YR 7/1) from 6.18 to 7.05 m and 7.10 m to 8.0 bgl, sandy layer
Sand with a predominance of medium sand, non-plastic, abrupt transition.
Lens 03 Light gray (5Y 7/1) from 7.05 m to 7.10 m bgl, clay lens, high plasticity, abrupt
80— .. .\Clay loam transition.
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Table 1 Results of the particle

‘ - Lithology Top Base Clay Silt Sand >2mm
size analysis
Fine Medium Coarse
(m) (%)
Unit 01 0.25 1.25 55.2 3.2 25.5 1.4 4.7 0.0
Landfill
Unit 02 125 150 - - - - - -
Clay
1.50 340 73.0 18.3 8.1 0.4 0.2 0.0
Unit 03 3.40 3.87 6.5 19.5 67.4 6.5 0.1 0.0
Poorlysortedsand 387 415 230 420 340 1.0 0.0 0.0
4.15 4.40 0.0 20 76.0 18.0 1.0 3.0
4.40 4.90 0.0 0.0 16.0 56.0 26.0 20
4.90 5.00 6.0 20.0 60.0 12.0 2.0 0.0
5.00 5.27 0.0 23.0 62.0 13.0 2.0 0.0
5.27 5.40 8.0 16.0 56.0 17.0 30 0.0
5.40 5.68 5.0 20 14.0 56.0 220 1.0
5.68 5.80 0.0 0.0 16.0 58.0 24.0 20
Lens 01 5.80 6.00 57.0 14.0 13.0 7.0 4.0 5.1
Clay
Lens 02 6.00 6.18 0.0 1.4 74 10.5 235 58.2
Stone line
Unit 04 6.18 7.05 3.0 2.0 8.0 44.0 41.0 2.0
Sand
Lens 03 7.05 7.10 394 345 9.3 10.5 6.3 0.0
Clay loam
Unit 04 7.16 8.0 0.0 20 45 183 71.7 35
Sand

since clay layers within the subsurface can serve as natural barriers to vertical flow. Between 6.00 and 6.18 m, a layer of
cobbles was detected, with 58.2% of the materials exceeding 2 mm in diameter. This layer is characteristic of the Holocene
deposits from the alluvial plain of the Pinheiros River (Stone Lines), as noted by [36], where such deposits are located at
the base of alluvium in floodplain regions and low terraces, comprised of sandy and clay layers rich in organic matter.

5.2 Electrical conductivity log (EC)

The profiling results for electrical conductivity were obtained at intervals of 1.6 cm, recording minor changes and discre-
tization along the measurement profile. This investigation technique allows for the identification of different lithologies,
as higher electrical conductivity values typically correlate with higher clay content, whereas lower conductivity values are
indicative of sandy materials. The behavior of the profiling indicates that electrical signal variations adhere to a consistent
pattern, despite the spatial differences in drilling locations. Clay layers exhibited electrical conductivity values exceeding
20 mS/m, while sand layers displayed values below 15 mS/m. Notably, two peaks in conductivity values were recorded at
depths of 6 m and 7.2 m, likely linked to the presence of clay lenses beneath the surface. This discretization aligns with
findings from [44], who reported that the dipole array exhibits increased sensitivity in detecting small environmental
variations, although it is also more prone to contact issues with the profiling walls due to its configuration of just two
horizontally arranged electrodes.

The profiling results reveal a correlation between electrical conductivity responses and particle size data. The
highest field-recorded conductivity values are associated with clay-rich layers present at shallow depths in the
profile. As noted by [67], variations in soil texture can produce intricate spatial patterns in electrical conductivity
readings, significantly influenced by changes in soil texture, moisture content, and salinity. Therefore, despite utiliz-
ing indirect measurement techniques, it remains essential to conduct sampling for the validation and calibration
of the interpretations. In this study area, the implementation of electrical conductivity profiling emerged as a rapid
and precise approach for acquiring indirect data regarding stratigraphic distribution. Although the area exhibits
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significant vertical stratigraphic variation with thin layers, this technique successfully characterized and identified
these layers. Throughout the profiles, the electrodes detected narrow electrical anomalies that correspond to granu-
lometric variations identified as clay layers in Unit 01 (0.26 to 1.25 m) and sand layers in Unit 03 (6.0 to 8 m). These
findings underscore the material’s heterogeneity within the profile being assessed. The dipole array was also capable
of pinpointing clay lenses with thicknesses ranging from 5 to 13 cm, as noted during the visual-manual description.
This outcome highlights the effectiveness of the electrical conductivity sensors and the array system in acquiring
stratigraphic data for thin layers.

5.3 Gamma Ray Log (GR)

The results of gamma well logging is presented in Table 2 and graphs (profiles) that show the variation of the gamma-
ray emission count (in units of cps—counts per second) as a function of depth of variation of the stratigraphic
composition of the subsurface [51]. During the borehole operations conducted in the study for the stratigraphic
characterization of the site, the presence of several clay lenses in the unsaturated layer, intercalated with sandier
layers, was observed. This stratigraphic behavior marked by the presence of this finer-grained material was expected
since the study area is situated in the floodplain region of the Pinheiros River. Therefore, the results of the gamma ray
geophysical logging were focused on identifying soil properties at small intervals (centimetres) above the water level.
Variations in the grain compositions of soils in the unsaturated zone are directly related to the lateral and vertical
extent of creosote development in the study area. The different units determined in the stratigraphic characteriza-
tion of the area exhibited variations in natural gamma ray counts with depth. Units 1 and 2 had readings with little
fluctuation, with values between 100 and 150 cps, which may be related to the presence of lithologies with high
clay-mineral contents. However, sandy lithologies with a high concentration of potassium feldspars can also present
high values of gamma count, above 150 cps, as observed in GW-02, GW-03 and GW-10 logs close to a depth of 4 m.
Although, the values obtained in GW-12, GW-13 e GW-15 logs is a considerable increase in the gamma-ray emission
count values for the same depths. The gamma logging data obtained from the investigation of six wells within the
study area is shown in Fig. 7.

These peak values observed might indicate the presence of a sandy layer enriched with potassium feldspars or
a lithology that contains elevated levels of clay minerals. However, the electrical conductivity values obtained in
the electrical conductivity log were below 15 mS/m, consistent with values for sandier lithologies. These values are
associated with changes in the characteristic of the material deposited along the fluvial plain of Pinheiros river. As the
study area is located in the Itaquaquecetuba formation, its fluvial deposits are composed of part of the fluvial plain of
Pinheiros river, which has coarse arcosean sandstones with crossed stratifications and may contain levels of clay-silt
and conglomerates with pebbles. Two samples were prepared: Sand A (5.00-5.27 m), and Sand B (5.68-5.80 m), both
located in Unit 3 of the SOIL-01 point (background). Using a Leica stereomicroscope (model M165C), the samples were
arranged in Petri dishes, which were leveled for a better observation of the distribution of the grains, thus avoiding
distortions of the image focus during the acquisition (Fig. 8).

Sand A sample presents a predominance of the fine sand fraction, and a greater abundance of quartz minerals,
with the presence of biotite and feldspar. In the Sand B sample, the mineral fraction is larger, between medium and
coarse sand fractions, with the presence of biotite and feldspar minerals with a larger diameter. High gamma-ray
values are indicators of the presence of feldspar and micas, being associated with arcosian materials and alteration
products, such as kaolinite, sericite, and chlorite [68], corroborating with the gamma-ray results and geological
description presented by [51, 69].

Table 2 Descriptive statistics Variable Mean Min Max SD Variance

for gamma-ray log data
GW-02 126.1 90.7 155.6 16.8 281.5
GW-03 127.0 76.9 188.7 229 526.2
GW-10 143.5 829 2384 355 1257.3
GW-12 155.1 90.3 287.0 38.4 1474.5
GW-13 134.9 89.6 186.2 17.9 319.5
GW-15 199.9 935 541.3 91.6 8393.9
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Fig. 7 Results of gamma well logging in the study area

Fig. 8 Image of Unit 3 sam-
ples for the depths of 5.00-
5.27 m (left), and 5.68-5.80 m
(right). It is possible to identify
the variation of the material
that composes the unit, with
its increasing grain size of
sand, feldspar mineral, and
biotite particles
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5.4 Groundwater contamination, geochemical and biological monitoring

The analytical results validated the existence of groundwater contamination resulting from the former opera-
tions of UTM Jaguaré, and the sources of contamination were identified in the areas where the monitoring wells
GW-02 (ZPAH=8.13 mg/L and XTPH=10.74 mg/L), GW-13 (XPAH=15.57 mg/L and 3TPH=29.37 mg/L), and GW-13B
(XPAH=16.38 mg/L and ZTPH=18.09 mg/L) are located. Contamination values of PAH and TPH were observed in GW-03,
GW-03B, GW-04, GW-11, and GW-12, classified as zones under the influence of the contamination plumes, due to the
presence of concentrations of polycyclic aromatic hydrocarbons and total petroleum hydrocarbons below the reference
level (Table 3).

Based on the data obtained, the area of monitoring wells GW-12 and GW-12B was classified as Source 1. This clas-
sification was based on knowledge of the physical and chemical characteristics of the contaminant, the origin of the
contamination activity and the specific context of its location, as detailed in Sect. 2.2. Although the concentrations of
total petroleum hydrocarbons (TPH) and polycyclic aromatic hydrocarbons (PAH) in the GW-12B deep well are low, this
area was identified as a primary contamination source due to surface contamination associated with operations in the
region, where autoclaves were located (Fig. 9). Operational activities in this area mainly affected the topsoil, and the clay
layer identified in Unit 2 acted as a barrier, controlling the vertical percolation of creosote and limiting the migration of
contaminants to deeper levels, which explains the low concentrations observed in GW-12B. Therefore, the significant
contamination is present in the superficial zone, where the anthropogenic impact was more direct, justifying the clas-
sification as Source 1. On the other hand, the area of wells GW-13 and GW-13B was classified as Source 2 due to the
presence of contamination at both levels (superficial and deep), with higher concentrations of TPH and PAH, especially
at level 1. This extensive and intense contamination is due to the lower density of the hydrocarbons, which allowed for

Table 3 Analytical results for contamination values, electron acceptors, and by-products evaluated in groundwater

ID of moni-  Length Level Water table  IPAH,, XTPH oD NO,~  Fe* S0, CH,
toring well () Type (m) (mg/L)  (mg/L)  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Transect 01  GW-01 0.0 Shallow  4.79 0.001 <0300 1.1 <050 110 37.0 <0.100
GW-02 25.0 4.66 8.137 10.748 14 <050 300 1.2 0.388
GW-03 43.0 456 0.357 1.185 3.1 <050 15.0 43 1.255
GW-04 56.0 2.85 0.348 2.031 29 <050 73 14 0.790
GW-05 23 5.16 0.006 <0300 2.1 <050 420 10.0 0.201
(Offset=16)
GW-01B 0.0 Deep 492 N.D <0300 1.2 <050 93 17.0 <0.100
GW-02B 25.0 5.32 0.014 <0300 2.2 <050 230 9.1 <0.100
GW-03B 43.0 5.90 0.353 1.604 2.7 <050 260 <05 0.404
GW-04B 56.0 451 0.014 <0300 16 <050 204.0 9.5 0.163
Transect 02 GW-10 0.0 Shallow  4.97 0.033 <0300 1.8 <050 220 66  <0.100
(Offset=17)
GW-11 13.0 483 0.039 0511 1.8 <050 6.2 48 0.219
GW-12 33.0 462 0.284 1157 1.9 <050 200 3.3 0.593
GW-13 48.0 431 15577 29375 2.5 <050 150 46 0.199
GW-14 41 462 0.001 <0300 0.7 <050 350 3.9 0.101
(Offset=14)
GW-15 67 468 0.009 <0300 3.9 <050 280 310  <0.100
(Offset=18)
GW-11B 13.0 Deep 440 0.003 <0300 1.6 3.00 120 88  <0.100
GW-12B 33.0 528 0.002 <0300 1.9 <050 430 120 <0.100
GW-13B 48.0 457 16.381 18.096 2.3 <050 120 43 0.407
GW-14B 41 470 N.D <0300 28 <050 500 150  <0.100
(Offset=14)
GW-15B 67 465 0.009 <0300 54 <050 360 350  <0.100
(Offset=18)
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greater migration through the strata, resulting in a deeper distribution of the contaminants. In addition, the analysis
of geochemical parameters and natural attenuation processes indicated that the Source 1 area, associated with wells
GW-12 and GW-12B, is subject to active degradation processes, mainly due to the availability of electron acceptors and
microbial competition, which contributes to the classification of this area as a significant source of contamination, even
though the contaminant concentrations at depth are lower.

The dissolved oxygen (DO) concentrations observed along the transects were lower than expected for the ground-
water in the perched aquifer, with an increase in its concentration as the distance from Source 1 increased. Low concen-
trations of DO are an indicator of consumption resulting from the decomposition of organic compounds originating
from natural or anthropogenic sources. Due to the shallower position of the perched aquifer, it is more susceptible to
physicochemical changes. On the other hand, with the increase in distance from the source zones, and reduction of
hydrocarbon concentrations, an increase in the concentrations of dissolved oxygen in the offset monitoring wells was
observed. Suggesting that the reduction in DO is caused by anthropogenic impact, also occurring in places upstream
of the study area (Fig. 9).

The results of dissolved oxygen, nitrate (NO;), iron (Fe?), sulfate (SO,), and methane (CH,) denote the presence of
biochemical signatures of polycyclic aromatic hydrocarbons and total petroleum hydrocarbons degradation processes
in groundwater, indicating that the area is under active natural attenuation processes occurring via several simultane-
ous routes, this zonation is likely the result of availability of electron acceptors and the competition of microorganisms
of electron acceptors. The only sample that presented concentrations of NO; (3.0 mg/L) was the one collected in the
GW-11B monitoring well. The absence of NOj; in the solution suggests that the denitrification process is not occurring
or has ended, with nitrate used as the initial priority electron acceptor. Sites with plumes of dissolved total petroleum
hydrocarbons generally do not contain nitrate due to the rapid adaptation of the bacterial population and the preferred
degradation routes are determined by the type of electron acceptor available, usually initiated by denitrification [26].
The evaluation of the routes presented in the conceptual model of geochemical evolution (Fig. 10), indicates the occur-
rence of iron (lll) and sulfate reduction processes, as well as methanogenesis, evidenced by the presence of their electron
acceptors and by-products.

While methane concentrations prevail in the zones that are closest to the sources, the decrease concentration of
SO, (sulfate reduction) and the Fe?* concentration increasing (Fe lll reduction) are observed in the wells furthest from
the sources and offset monitoring wells, as well as in the most peripheral areas of the plumes, which corroborates
the typical distribution of anaerobic terminal electron-accepting processes of groundwater contamination by total

Fig. 10 Conceptual model of

the geochemical evolution of Chemical Species H
groundwater contaminated \i
by hydrocarbons (adapted Organics Fe (Il et
from [70]) @ / \ :
S 1 N T e e e e e e e e e )
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petroleum hydrocarbons and polycyclic aromatic hydrocarbons. If Fe (1) or sulfate are available, methanogenesis
is generally excluded because Fe (Ill) reducers and sulfate reducers are able to outcompete the methanogenic com-
munity for electron donor [71]. Local environmental characteristics will determine the dominant process and the
availability of hydrocarbons in solution. In this way, temporal and spatial variations of the dominant degradation
process are expected. The methane concentrations in transects 1 and 2 increase after the area of Source 1, suggesting
that, due to the proximity of the sampling points, the monitoring wells in transect 2 are under the influence of the
contamination plume generated by Source 1. The behaviour of methane concentrations indicates the occurrence
of methanogenesis, associated with the proximity of the source areas, which present lower dissolved oxygen, and
favor the anaerobic hydrocarbon degradation.

The assessment of degrading biological activity of polycyclic aromatic hydrocarbons and metagenomic classifica-
tion identified 50 genera divided into seven classes in the BIO01 sample: Actinobacteria, Alphaproteobacteria, Bacilli,
Bacteroidia, Clostridia, Desulfovibrionia, Gammaproteobacteria, Halanaerobiia, Synergistia, and Thermotogae. The
dominant presence was identified as Halanaerobium (Table 4), an obligate anaerobic halophile known for its complex
fermentation of organic products and the production of intermediate metabolites for other trophic groups, such as
sulfate-reducing bacteria and methanogenic bacteria [72]. Its prevalence in the sample is associated with the satu-
rated, potassium-rich environment (arkosic sand), being a microorganism that thrives in high salt concentrations by
accumulating cations like potassium and/or producing metabolites that aid in adapting to the environment. Another
genus with significant occurrence was Pseudomonas. This facultative anaerobe is capable of degrading polycyclic
aromatic hydrocarbons. In the absence of oxygen, it utilizes nitrate, sulfate, manganese (IV), iron (Ill), or carbon diox-
ide as alternative electron acceptors [73]. The degradation potential of polycyclic aromatic hydrocarbons and total
petroleum hydrocarbons and BCP is also reported by [74-76].

The presence of all 16 priority PAHs was identified, with a concentration of XPAH16=379.88 mg/kg, suggesting
that the diversity of identified microorganisms may be associated with the heterogeneity and diversity of polycyclic
aromatic hydrocarbon compounds constituting the contamination. The results of metagenomic classification high-
light the occurrence of polycyclic aromatic hydrocarbon-degrading genera and other hydrocarbon molecules, vali-
dating the observations made in groundwater samples. This corroborates [21], who identified variations in magnetic
susceptibility in contaminated soil samples in the UTM Jaguaré area, indicating the presence of ultrafine magnetic
particles related to extracellular biogenic processes containing iron. As pointed out by [77], there is no evidence that
the natural attenuation process of polycyclic aromatic hydrocarbons occurs under specific geochemical conditions;
it can occur simultaneously in microaerophilic regions interspersed with anaerobic regions or sulfidogenic regions
interspersed with ferrogenic regions.

When assessing both the analytical results and the geochemical evolution in the study area’s flowline, it is impor-
tant to consider that there is a multi-component aged contamination, with the presence of total petroleum hydrocar-
bons and PAH (aliphatic and aromatic hydrocarbons). The substances with a lower molecular weight are partitioning
and biodegraded more quickly, altering the dynamics of the known natural attenuation cycles, with overlapping
phases due to the different stages of solubilization, as well as biochemical interactions to which organic molecules
are subjected in the environment. Polycyclic aromatic hydrocarbons compounds can have a low molecular weight
(two or three rings) or a high molecular weight (four rings or more). When introduced into the environment, these
properties affect the degradation potential of polycyclic aromatic hydrocarbons by natural attenuation, as well as
their sorption in mineral and organic fractions. The higher the molecular weight, the more recalcitrant the molecule
becomes, a characteristic that has a slowing effect on the attenuation process due to the gradual release of com-
pounds, producing long-lasting contamination that can remain in the environment for decades [26, 78].

Table 4 Metagenomic

classification and counting of
prioritized genera identified in Count %
the BIOO1 sample

Genus BIOO1

Halanaerobium 37,414 58.40
Pseudomonas 18,410 28.74
Pantoea 2612 4.08
Ralstonia 1135 1.77
Burkholderia-Caballeronia-Paraburkholderia 761 1.19
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6 Discussions and interpretations

The results from the granulometric characterization and electrical logging were analyzed to assess how textural variation
affects the acquisition of electrical conductivity logging data. This analysis verified the method’s sensitivity to profiles
with heterogeneous layers and its capability to differentiate small textural changes, which were noted during the visual
tactile description. The correlation between clay content and the electrical conductivity recorded in the profile was good,
as the behavior of the electrical conductivity log aligned well with the distribution and thickness of the described layers
(Figs. 11 and 12). The dipole array utilized in the MH6534 probe successfully identified clay lenses along the driving Sec-
tion (5.87 to 6.0 m; 7.00 to 7.05 m), with thicknesses ranging from 0.05 to 0.13 m. Consequently, this illustrates that the
electrical conductivity profiling technique possesses sensitivity for acquiring and discretizing stratigraphic data, even
in the presence of thin layers, supporting the findings reported by [44]. The variations in natural gamma ray counts with
depth provided information consistent with the interpretations of the electrical logging results. Especially in GW-10,
GW-12 and GW-15 loggings, the gamma ray count values increased at the contact of Unit 02 (clay) and Unit 03 (poorly
sorted sand). The increase in gamma ray count is associated with the considerable presence of potassium feldspars in
the typical sandy layer of this tropical soil, resulting in the observed decrease in electrical conductivity in the logging.
Although the results of both methodologies were obtained in the saturated layer, below the water table, the water fill-
ing in the pores of the sandy soil was not sufficient to prevent contrast with Unit 02 of clayey composition and therefore
with more conductive electrical properties.

Variations in natural gamma ray counts and electrical conductivity values were also important for the stratigraphic
classification of the superficial layer of the contaminated area (Figs. 11 and 12). Although Unit 1 is not very thick, the
layer exhibited material typical of a landfill, characterized by highly heterogeneous material. This included the presence
of anthropogenic materials deposited in the area. The variations in the gamma signal in this unit were not as relevant
when compared with the description of the geological borehole and the results of electrical profiling.

This made it difficult to determine the presence of important geological structures in a study of contaminant behav-
ior in the physical environment, such as the presence of clay lenses. However, variations in electrical conductivity were
observed in this unit. This possibly occurs because electrical logging is more sensitive to changes in the physical environ-
ment. It is therefore interesting to use the two methodologies together, so that one investigation technique complements
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Fig. 11 Integrated analysis of the tests carried out at the sampling points in transect 1, including stratigraphic, electrical conductivity,

gamma-ray logging, and water level data. It is possible to observe variations in physical parameters at the contact between units of distinct
granulometric compositions
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Fig. 12 Integrated analysis of the tests carried out at the sampling points in transect 2, including stratigraphic, electrical conductivity,
gamma-ray logging, and water level data. It is possible to observe variations in physical parameters at the contact between units of distinct
granulometric compositions

the limitations of the other and results in a good stratigraphic characterization of the contaminated area. However,
when analyzing the indirect characterization data at different sampling points (bottom, contaminated area and offset)
(Fig. 13), it can be seen that the variation in the gamma signal in Unit 3 is more evident at the edges of the plumes and in
nearby regions (offset monitoring well), where lower concentrations of contaminants are identified, creating a favorable
environment for the stabilization and development of the microbial community. The dispersion analysis of the natural
gamma ray counts and electrical conductivity values for Units 1, 2 and 3 were compared at different depths. The variations
in gamma ray emissions per second may be associated with the presence of contaminants at depth. These variations
suggest that the natural attenuation of hydrocarbon contamination is triggering biogeochemical changes, causing the
dissolution of potassium in feldspar minerals present in local arcosian sands. In this way, potassium in solution is being
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Fig. 13 Dispersion analysis of natural gamma ray counts (CPS) and electrical conductivity (EC) variables in Units 1, 2 and 3 at depth
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remobilized to greater depths in the unsaturated zone. The geochemical changes were supported by chemical analyses
of the groundwater in the study area.

This suggests that the natural attenuation of hydrocarbon contamination, as evidenced by the chemical analysis and
metagenomic classification, is triggering biogeochemical changes that are causing potassium to dissolve in the feldspar
minerals present in the arcosian sands that make up the local mineralogy. The high mobility of potassium in solution
leads to its remobilization at greater depths, which was evidenced by the gamma signal values recorded. Redox reactions
mediated by microorganisms can alter the stability of minerals, promoting their dissolution and mobilization [79, 80].
The same results were observed by [20], when they showed the chemical weathering generated by biological activity in
the solid fraction of a soil contaminated with hydrocarbons, resulting from natural attenuation processes. As the gamma
profiles are associated with pre-existing monitoring wells, in order to obtain more comprehensive data, it is necessary
to carry out larger studies, covering greater distances from the source of contamination, with analyses inside and out-
side the area of the contamination plume, making it possible to assess the extent of the effects of the presence of total
petroleum hydrocarbons and total polycyclic aromatic hydrocarbons on the geochemical alterations of the environment.

7 Conclusions

The presence of hydrocarbon contaminants in soil and groundwater directly affects biogeochemical processes, which
are dependent on exposure time, stratigraphic architecture, and local, climatic, and geological dynamics, increasing the
complexity of the analysis of natural attenuation processes. In this study, we found that:

1. Indirect and non-invasive methods proved to be a good alternative for obtaining data and understanding mineral-
ogical and stratigraphic variations in detail in the area contaminated by hydrocarbons, in a complex hydrogeological
context. Although natural gamma ray logging is not a geophysical method widely used in environmental contami-
nation studies, the results obtained by the method revealed variations in the counts of gamma ray emissions per
second, which helped to identify a typical floodplain stratigraphy, made up of layers of clay and sand, resulting from
the frequent flooding of the river.

2. Granulometric variations and the results of the electrical conductivity profiles showed a good correlation. Values
above 20 mS/m were observed for the clay layers and values below 15 mS/m for the sandy layers. Two peaks were
observed in the electrical conductivity values, which may be associated with the presence of clay lenses in the sub-
surface. The identification of clay lenses in environmental remediation studies of contaminated areas is very impor-
tant, as the geological material directly interferes with the direction and velocity of contaminant percolation in the
physical environment. The results showed that the sensor-probe array was sensitive and capable of identifying small
variations in a complex environment, such as the study area, characterized by changes in flood conditions, currents
and sediment transport over time.
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