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Abstract. Humanity is confronted with unprecedented challenges related to climate change, water
scarcity, and food security, as underscored by the United Nations Sustainable Development Goals
(SDGs). Overpopulated megacities, such as São Paulo, are particularly susceptible to these issues,
which are anticipated to have significant environmental and social consequences. Tackling these
emerging challenges necessitates a holistic approach to comprehending the increasing human influ-
ence on physical, biological, and social environments. This paper emphasizes the Critical Zone Ob-
servatory (CZO) initiative in a crucial area of São Paulo, a megacity that has undergone various urban
transformations over the years. The São Paulo CZO seed site aims to address vital questions concern-
ing the anthropogenic impacts on groundwater, soil, and vegetation. We present environmental mag-
netism techniques and geochemical analyses carried out to enhance our understanding of the struc-
ture and dynamics of the critical zone. The findings reveal notable discrepancies between soil analy-
ses obtained through geochemical and environmental magnetic methods. Magnetic parameters have
pinpointed a significant interface in the saturated zone, revealing transformations in mineral phases
and grain sizes of iron-bearing minerals. At greater depths, magnetic properties distinguished sam-
ples closer to the Tietê River, which is heavily aVected by sewage, potentially indicating geochemical
changes caused by interactions with polluted waters. Environmental magnetism oVers insights into
the transformations occurring within both biotic and abiotic processes. These dynamic processes are
frequently influenced by anthropogenic factors (e.g., soil contamination) and climatic events (e.g.,
droughts and floods). Therefore, environmental magnetism serves as a valuable tool for monitoring
and understanding the resilience of the critical zone.
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1. Introduction

Megacities present numerous socio-environmental
problems associated with the patterns of
development and transformation of space. One
of the main concerns from scientists has been iden-
tifying, monitoring, and understanding the impacts
of mitigation and/or environmental restoration pro-
cesses, and possible future changes in climate and
land in urban areas and their peripheries. In studies
of climate and anthropogenic impacts on the envi-
ronment, the concept of a critical zone and its moni-
toring are important instruments for understanding
the growing influence of humans.

The “Critical Zone” (CZ), i.e., the zone between the
inner atmosphere and the rocks through which the
groundwater circulates, supports all the complex in-
teractions between rocks, soil, water, air and organ-
isms that sustain life on Earth (Banwart et al., 2012).
The concept encompasses its physical boundaries,
the knowledge developed about its functioning, and
its recognition as a system vulnerable to human ac-
tivities (Lee et al., 2023). Nevertheless, most stud-
ies still focus on low-impact environments. Urban-
ization, although a major driver of land-use and so-
cioeconomic change, remains weakly integrated into
Critical Zone research (Yu et al., 2024). This limi-
tation restricts a more comprehensive understand-
ing of how urban transformations aVect the structure
and functioning of this system.

Urbanization drives changes in hydrological and
biogeochemical cycles (ibid.). At the same time, flu-
vial corridors connect terrestrial and aquatic envi-
ronments and play a central role in mass and en-
ergy exchanges. These environments include the ac-
tive river channel, the hyporheic zone, and the flood-
plain. Although geology and climate are recognized
as primary controls, the physical eVects of human in-
terventions remain underrepresented in conceptual
models of the Critical Zone (Wymore et al., 2023).

The challenge of crossing disciplines and scales of
time and space to understand the CZ has motivated
scientists to establish networks of Critical Zone Ob-
servatories (CZO) to investigate CZ processes in dif-
ferent environments, covering gradients of various
environmental variables (e.g., climate, topography,
lithology, land use, biology and time). CZOs became
an international initiative for developing observato-
ries along global gradients, through collaborative and

multidisciplinary research, aiming to understand the
chemical, physical, geological and biological pro-
cesses that shape the Earth’s surface and sustain ter-
restrial life.

Multidisciplinary investigations explore specific
topics that contribute to important questions of the
Critical Zone Science (CZS): (1) What controls the
properties and processes of the CZ? (2) What will
be CZ’s response to climate change and land use?
(3) How can advancing knowledge of CZ be used to
increase the resilience and sustainability of ecosys-
tems? These wide-ranging questions allow for di-
verse approaches to quantify the role of environmen-
tal forces in the biogeochemical processes that gov-
ern the long-term sustainability of soil and water re-
sources, and their responses to anthropogenic forces.

Soil’s biogeochemical processes have a wide influ-
ence on the function of the CZ, structured by flows of
energy and matter. Although (bio)geochemical reac-
tions occur on a molecular scale, they have implica-
tions on the CZ’s ability to sustain human life (Per-
drial et al., 2015). In soil, water meets various ex-
posed surfaces, which aVects the transfer of solutes
in the heterogeneous environment, driving diVerent
biogeochemical reactions which in turn control the
quality of the surface and groundwater. Geochemical
gradients develop due to spatial and temporal het-
erogeneity and are therefore aVected by groundwa-
ter and precipitation events.

The redox processes control the fate and toxicity
of the elements in the CZ, as well as of numerous or-
ganic pollutants. The dissolved oxygen present in the
upper parts of the soil quickly depletes in the satu-
rated zone. As a result, redox gradients develop. In
this environment, minerals that carry iron are of par-
ticular interest, because they are abundant in soil and
because they contain iron in diVerent redox states,
thus functioning as donors and recipients of elec-
trons (Liu, Roberts, et al., 2012). In addition, natu-
ral organic matter plays a key role in electron trans-
fer with mineral surfaces, as well as the various mi-
crobial communities found in soils. More broadly,
the processes of transfer of electrons in soil can im-
pact the redox state and the bioavailability of nutri-
ents such as N, S, Fe or Mn.

In the CZ, iron occurs in two main redox states: ox-
idized, being ferric iron Fe (III), and reduced, ferrous
iron Fe (II) (Kappler, Bryce, et al., 2021). Under aero-
bic conditions, Fe (II) is rapidly oxidized to Fe (III),
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forming insoluble oxides and hydroxides, reduc-
ing the bioavailability of iron in the aqueous phase
and limiting biological production in ecosystems
(Kendall et al., 2012). Under anaerobic conditions,
Fe (II) is used as an electron source by phototrophic
bacteria to fix CO2 (Weber et al., 2006). Magnetic
phases such as ferrihydrite also help to stabilize or-
ganic matter (OM) against microbial degradation,
influencing soil carbon storage (Eusterhues et al.,
2011). On the other hand, alteration processes of
magnetic minerals can also degrade OM, releasing
CO2 and CH4 into the atmosphere (H. Dong et al.,
2023). Therefore, because they are coupled to the
cycle of other elements, such as carbon (C), trans-
formations of iron (hydr)oxides can be an indicator
of biogeochemical changes in terrestrial ecosystems
(Raiswell and Canfield, 2012).

In contaminated soils, Fe- and Mn-bearing min-
erals, as well as organic matter, are key compounds
because they interact with each other and consti-
tute important electron shuttles. Their solubility and
structure control the mobility of many essential and
toxic elements. For example, Mn (IV) oxides, which
are among the strongest oxidants in nature, control
the redox state of elements such as Cr, and are fre-
quently associated with the release of toxic Cr (VI)
in natural systems. Mixed-valence Fe minerals car-
rying both Fe (II) and Fe (III) (e.g., green rusts and
magnetite) are of major interest, particularly in redox
transition zones within the CZ, and are reported in
numerous studies to act as strong reducing agents for
nitrite, chlorinated and nitroaromatic compounds,
as well as elements such as Cr (VI), Se (VI) or U (VI)
(Davranche et al., 2020).

The formation of iron oxides and hydroxides
in soils results from biogeochemical interactions
between biotic (microorganisms and vegetation)
and abiotic (minerals, pH, O2 and water) factors
(Jordanova, 2017). In addition to environmental
conditions, soil magnetic mineralogy also strongly
depends on the origin and, consequently, on the
initial mineralogical composition of the particles
(Maxbauer et al., 2016).

Magnetic particles present in soils can be of
lithogenic, pedogenic, biogenic, or even anthro-
pogenic origin. Lithogenic minerals are inher-
ited from the parent rock and usually have larger
grain sizes. Due to their smaller surface area and
greater surface stability, primary iron oxides are less

influenced by chemical weathering. Pedogenic mag-
netic minerals are formed by the transformations of
mineral phases during soil development (Jordanova,
2017). Iron-reducing bacteria are capable of precip-
itating magnetic minerals, degrading organic matter
(Lovley et al., 1987) or transferring electrons through
the process known as Direct Interspecies Electron
Transfer (DIET) (Xiao et al., 2018). Like pedogenic
particles, particles originated by microbial processes
are also nanometric (5–15 nm in diameter) (Cornell
and Schwertmann, 2003). Magnetic particles formed
because of human activities, such as combustion
processes, can be dispersed as atmospheric dust and
deposited in the most superficial layers of the soil.
They are micrometric particles (2.5–10.0 �m), reac-
tive and with significant potential for adsorption of
heavy metals, which can cause serious impacts on
human health and significant contamination of soil
and water (Cornell and Schwertmann, 2003; Grobéty
et al., 2010).

Environmental magnetism plays an important
role in the study of variations in soil magnetic proper-
ties, due to the sensitivity of iron oxides and hydrox-
ides to changes in environmental conditions (Liu,
Roberts, et al., 2012). The joint application of en-
vironmental magnetism parameters aims to identify
the mineralogical composition, concentration, and
granulometry of magnetic minerals in each environ-
ment (Evans and Heller, 2003). These parameters
have been used in studies of soil pollution (Barbosa
et al., 2019), biogeochemical processes in contami-
nated areas (Moraes et al., 2022; Ustra et al., 2021),
and correlation between magnetic mineral content
and environmental parameters, such as precipita-
tion (Balsam et al., 2011). However, few studies have
taken an integrated approach in the context of crit-
ical zone science. A multi-technique and transdis-
ciplinary analysis allow a deeper understanding, or
new insights into the processes related to the iron
biogeochemical cycle.

In this paper, we show the results of the environ-
mental magnetism study of two land impacted sites
of the São Paulo CZO seed site. Inspired by existing
CZO networks, this project aims to establish a stable
research infrastructure for long-term monitoring to
study anthropogenic impacts on CZ. We hope envi-
ronmental magnetism techniques can help to under-
stand biotic/abiotic processes and redox changes in
degraded urban sediments.
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2. São Paulo CZO seed site

The São Paulo CZO aims to understand how soil, wa-
ter and vegetation resources in a tropical megacity
are responding to natural and anthropogenic drivers.
We explore the hypothesis of biotic and abiotic re-
dox controls the fate of pollutants and organic matter
in CZ. Redox reactions nourish iron-bearing miner-
als transformations, aVecting carbon, sulfur, and ni-
trogen cycles. Even though there is good knowledge
about soil reactions, there is great concern about how
these reactions will be impacted by climate and an-
thropogenic perturbations, over long-time scales. In
degraded land environments, Fe- and Mn-bearing
minerals and organic matter (OM) interact constitute
important electron shuttles. In fact, the diversity of
microbial metabolisms in soil originates from the en-
ergy source these organisms need, as well as from the
redox conditions.

CZOs can better identify and monitor biogeo-
chemical processes in an urban environment, where
land is severely degraded by the presence of diVer-
ent contaminants (organic and inorganic). A bet-
ter understanding of biogeochemical processes can
be incorporated into quantitative models and pre-
dict soil responses to land degradation and to climate
changes in urban areas in tropical climate. That is, to
“earthcast” the CZ in the urban environment.

The CZO is structured in the disciplinary axes of
geophysics, biogeochemistry and hydrogeology. The
database of the implementation phase is composed
of: geophysical imaging, soil geochemistry and mag-
netic properties, groundwater geochemistry, atmo-
spheric and biological. We hope the observations en-
able the conception of soil response models to an-
thropogenic impacts and may lead to earth cast the
CZ at a subtropical megacity.

3. Methods

3.1. Site introduction

This CZO is composed of three sites: Campus Capital
USP Leste and Parque Ecológico Tietê (PET) as the
impacted environment and Parque Natural Munici-
pal Fazenda do Carmo (PNMFC) as the natural envi-
ronment.

USP Leste/PET location is under the Tietê River
influence area, where historical data indicate intense
anthropic activity. The studied site is situated at a

floodplain of the Tietê River, in São Paulo—SP, Brazil
(Figure 1). The area contains a series of anthro-
pogenic deposits (»4 m) that overlies Quaternary flu-
vial sediments (»6 m) and Neogene sandstones. The
entire site was formerly used as a large drying pool
for dredged sediments when a nearby channel was
opened. The sediments settled in the pool kept un-
der anoxic conditions the organic-rich sediments of
the fluvial plain inducing methanogenic processes
and methane trapping within sandy lenses at diVer-
ent depths of the section (Mendonça et al., 2015).
PNMFC (not shown here) on the other hand, is in
the same hydrographic context, but the area is a Mata
Atlântica biome preservation unity.

3.2. Soil sampling

Soil samples were collected on 11/08 and 11/09/2022
during the drilling of water monitoring drill cores,
whose locations were defined by previous geophys-
ical acquisitions. Parameters were obtained for soil
samples from three drill cores, two in the Tietê Eco-
logical Park (PET-1 and PET-2) and one in the School
of Arts, Sciences and Humanities (EACH-1). For the
characterization of magnetic minerals, samples were
collected every 0.5 m. For the chemical analyses,
sampling was based on changes in color and texture
observed during drilling, with depth intervals rang-
ing from 0.5 to 1.0 m for most samples. Until the
start of data acquisition for magnetic characteriza-
tion, the soil was stored in a refrigerator to mini-
mize the alteration processes of the magnetic min-
erals. Wet samples were prepared in cubic acrylic
boxes (7.0 cm3) and capsules (only for measurement
on a vibrating sample magnetometer). Wet samples
were used in order to minimize the alteration pro-
cesses of the magnetic minerals. The mass of the
samples was measured before acquisitions for sub-
sequent data normalization.

3.3. Soil geochemical

All samples were dried in an environment free of
dust, gas, etc., at room temperature, and then they
were distorted, quartered, and milled with ceramic
balls up to 200 Mesh (74 �m) granulometry. The
samples were analyzed by X-ray fluorescence spec-
trometry. The levels presented were measured in a
pressed sample, in the Standardless calibration, rela-
tive to the analysis without standards of the chemical
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Figure 1. São Paulo CZO seed site localization. EACH (USP Leste campus) is indicated by the white polygon. Red, yellow, and
green pins indicate the location of the drill cores.

elements comprised between fluorine and uranium,
in an X-ray fluorescence spectrometer, Malvern Pan-
alytical brand, Zetium model. The values were nor-
malized to 100%.

Geochemical analyses were used to determine the
content (%) of major elements expressed in terms
of oxides. In this work, only the contents of SiO2,
Al2O3, Fe2O3, K2O were used as indicators of chem-
ical weathering intensity, mineralogical composition
and granulometry, to corroborate the textural anal-
yses. A loss of ignition (LOI) was performed at
1020° for 2 h. This parameter represents the diVer-
ence in the material weight, in percentage. This dif-
ference is due to the loss of structural water from
clays or organic matter.

3.4. Environmental magnetism

Magnetic properties of soil vary according to mag-
netic mineralogy, magnetic minerals content and

grain size. Magnetic susceptibility (MS) variations
can provide important information on minerals
transformations that result from (bio)geochemical
changes. Laboratory additional techniques are
needed to provide specific information, unraveling
the magnetic minerals environment and fingerprints
of biogenic minerals.

Magnetic susceptibility (´) is influenced by all
magnetic behaviors in the sample, such as diamag-
netism (e.g., quartz), paramagnetism (clay miner-
als), ferri- and antiferromagnetism (iron oxides and
hydroxides), associated with the total mineralogi-
cal composition. Percent frequency-dependent mag-
netic susceptibility (´FD%), is sensitive to ferromag-
netic particles with grain size in the range of super-
paramagnetic to stable single domain (SSD) (Dearing
et al., 1996).

Magnetic susceptibility (MS) is the capacity of a
material to acquire magnetization during the appli-
cation of a uniform magnetic field. Mass-normalized
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