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List of Symbols and Acronyms

AC Soil Aeration Capacity

Fis Fissure Pores

Mac Macroporosity

Mes Mesoporosity

Mic Microporosity

n van Genuchten retention curve slope/shape parameter
PC1 First Principal Component

PC2 Second Principal Component

r? Coefficient of determination

Str Storage Pores

TP Total Porosity

Tr Transmission Pores

o van Genuchten air-entry parameter
0 Volumetric water content

0s Saturated volumetric water content
pb Soil bulk density

ps Particle density

CV Coefficient of Variation
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Abstract

Physical and hydraulic properties of urban soils strongly influence gas exchange and
liquid movement; however, high-resolution physical data for undisturbed tropical soils in
burial environments remain scarce. This study evaluated the vertical variation of
physical properties and water retention dynamics in a 2.0-m Oxisol profile located at
the Sao Vicente de Paula cemetery in Ponta Grossa, Southern Brazil. Undisturbed soil
cores were collected across ten depth layers (0.2 m intervals) to determine bulk
density, pore size distribution, and soil water retention curves fitted with the van
Genuchten model. Microporosity dominated the entire profile (~67% of total porosity),
maintaining high physical water storage capacity throughout depth. Soil bulk density
peaked in the surface (0-0.2 m) and deep (>1.6 m) layers, whereas total porosity,
macroporosity, and aeration capacity were highest in intermediate layers (0.4—1.2 m).
Consequently, structural drainage and air-filled porosity decreased in deeper layers.
While intermediate layers exhibit structural traits favorable for soil aeration, the high
microporosity and water retention at depth indicate physical constraints on vertical fluid
flux. As a single-profile baseline characterization, these physical-hydraulic parameters
provide preliminary baseline data on soil physical structure, though further spatial
replication and direct contaminant transport studies are required to assess

environmental risk.

Keywords: Urban cemeteries; Brazilian Red Latosol; Soil environmental quality; Sao
Vicente de Paula Cemetery; Necrosols.

Highlights

e Soil profile functionality was controlled by pore-size distribution.

e Intermediate layers favored aeration, drainage, and microbial activity.
e Deeper layers acted as water and solute retention zones.

e PCA confirmed the functional differentiation along the soil profile.

e The Oxisol displayed characteristics favorable for cemetery use.

Introduction

The consolidation of cemeteries as formal spaces designated for burial,
especially after their relocation away from urban centers for sanitary reasons, did not
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eliminate the geoenvironmental risks associated with human decomposition, but rather
redefined them within expanding urban landscapes (Jenner 2005). As cities expand
and encompass these burial sites, the environmental impacts of cemetery operations
have drawn increasing scrutiny from public health authorities and urban planners (Lins
et al. 2019). In Brazil, environmental regulations recognize the potential of cemeteries
to pollute surrounding soil and groundwater resources (Baum et al. 2021; Morandi et al.
2024). However, many historical cemeteries operate without adequate
geoenvironmental characterization or engineered barrier systems.

During organic decomposition, the primary environmental concern is the
generation of necroleachate, a complex liquid effluent with high biochemical oxygen
demand, elevated concentrations of dissolved organic carbon, inorganic salts, heavy
metals, and potential pathogenic microorganisms (Zychowski and Bryndal 2015;
Neckel et al. 2017; Mordhorst et al. 2022; Tewari et al. 2025). In cemeteries where
burials occur directly in unlined soil, the physical and hydraulic properties of the
unsaturated vadose zone serves as the primary natural medium governing both oxygen
transport, essential for aerobic soft-tissue breakdown, and liquid percolation toward
underlying aquifers (Junkins and Carter 2017; Marini et al. 2025).

Many tropical urban cemeteries in Brazil are established on highly weathered
Red Latosols (Oxisols) (Schaefer et al. 2025). These soils characteristically feature a
strongly aggregated, granular structure that yields high total porosity, yet they are
dominated by low-activity clays that promote intense internal microporosity (Ottoni et al.
2025). Despite their widespread distribution, a major scientific gap remains:
environmental impact assessments and urban planning frameworks in tropical
cemeteries frequently rely on basic textural classifications or hydrological models
developed for temperate soils. These simple metrics fail to quantify how the dual
structural nature of Oxisols, balancing high physical water retention with rapid macro-
pore drainage, varies continuously across the upper two meters of the soil profile
where burials take place.

To address this gap, this study presents a single-profile baseline
characterization of the physical and hydraulic properties of an Oxisol profile (0—2.0 m
depth) located at the Sao Vicente de Paula Cemetery in Ponta Grossa, Southern
Brazil. Rather than evaluating active contaminant transport directly, our primary
objective is to quantify the intrinsic physical constraints governing fluid and gas
dynamics across depth.

Specifically, we address two key research questions: 1) How do structural bulk
density and functional pore-size distribution (micro-, meso-, and macroporosity) shift
vertically across the burial horizon (0-2.0 m)? and 2) Does the soil matrix exhibit
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sufficient aeration capacity in intermediate layers to support gas exchange while
maintaining physical water retention in deeper layers?

We hypothesize that structural aggregation in intermediate soil layers creates
high macro/mesoporosity favorable for soil aeration, whereas dominant microporosity
in deeper layers provides high physical water retention that acts as a structural
retardant to rapid vertical water flux. By establishing these baseline physical-hydraulic
parameters, this work provides fundamental physical boundary data necessary for
future spatial evaluations, numerical transport modeling, and sustainable land-use

planning in tropical urban ecosystems.

Materials and Methods
Study area and baseline sampling strategy

Soil sampling was conducted in the municipality of Ponta Grossa, Parand State,
Southern Brazil, immediately adjacent (~30 m) to the active burial area of the Sao
Vicente de Paula Cemetery (UTM 22S 588322.01E, 7223368.99N; Figure 1). The
climate is classified as Cfb (subtropical highland) under the Képpen system, with well-
distributed annual rainfall between 1,400 and 1,800 mm and no dry season (da Cruz
2020). The local lithology comprises Devonian siltstones and mudstones of the Parana
Basin (Grahn et al. 2010). The soil is classified as a deep, highly weathered Rhodic
Hapludox (Oxisol / Latosolo Vermelho) according to USDA Soil Taxonomy (Soil Survey
Staff 2014).

Cartographic convenctions

D Latin American Countries

I:] Brazilian states

D Parana and municipalities

. Muni of Ponta

Grossa

=========

mmmm Master contour line
COORDINATE SYSTEM UTM 225

DATUM:; SIRGAS 2000 Intermediate contour line
SOURCE: IBGE 2023, 2024; GCOGLE
2024; TOPOGRAPHIC MAP OF PONTA Cemetery

GROSSA 1:50000/IAT 2024.

ELABORATION: E. R. SANTOS
@ Ssample collection area

Fig. 1. Geographic location map of the study area, highlighting the regional setting, local
administrative boundaries, the urban cemetery site, and the diagnostic soil profile sampling
trench.
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Due to regulatory restrictions and the high density of existing graves within the
cemetery grounds, excavating a large deep trench inside the active burial section was
unfeasible without destroying existing grave architecture. Consequently, sampling was
established in an undisturbed native soil area directly adjacent to the burial plots. This
sampling location belongs to the exact same soil mapping unit, parent material, and
topographic position (upper slope) as the cemetery. This strategy was intentionally
chosen to characterize the unmanaged, baseline physical-hydraulic properties of the
native Oxisol matrix, providing diagnostic boundary conditions free from severe
anthropogenic physical turning or structural backfilling.

In July 2024, a single representative trench (3.0 m long x 3.0 m x 2.0 m deep)
was excavated. Soil samples were collected across ten depth layers at 0.20 m regular
intervals (designated L1 through L10, covering 0.10 m to 1.90 m depth), spanning both
the shallow surface soil and the subsoil beneath the typical regional burial depth (~1.0
m) (Figure 2). Disturbed samples were collected for particle-size distribution.
Undisturbed soil cores (5.0 cm height x 5.0 cm diameter; V = 98.2 cm?®) were sampled
in replicate (n = 8 cores per layer; 80 undisturbed cores total) using steel volumetric
rings carefully driven into the soil at field water capacity to minimize structural
deformation (Teixeira et al. 2017).

Fig. 2. Representative field photograph of the Sao Vicente de Paula Cemetery grounds,
illustrating intensive hand-excavation of burial pits, high grave density, and exposed reddish

Oxisol profile material across the landscape.

Particle-size analysis

Soil textural fractions (sand, silt, and clay) were determined following
Donagemma et al. (2017). Air-dried fine earth (ADFE, < 2 mm) samples (20 g) were
chemically dispersed in 1 mol L' NaOH and distilled water, soaked for 12 h, and
subjected to ultrasonic agitation (5 min, 20% amplitude in an ice bath). The sand



163
164
165
166
167
168

169
170

171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188

fraction (> 53 um) was separated by wet sieving and dried at 40 °C for 48 h. The clay
fraction (< 2 um) was quantified using the pipette method based on Stokes' Law
sedimentation velocity (Zhang 2023), adjusting for chemical dispersant mass. Silt was
determined by mass balance. Particle size distribution across the 10 layers is
presented in Table 1.

Table 1. Particle-size distribution (sand, silt, clay %) across depth layers (L1 to L10) of the
studied Oxisol profile (mean * standard deviation, n = 3).

Layer Depth Range Sand (%) Silt (%) Clay (%) Textural
(m) Class
L1 0.00-0.20 6.82+0.12 51.38+3.83 41.8013.73 Silty Clay
L2 0.20-0.40 4.79+0.22 51.57+8.21 43.63+8.40 Silty Clay
L3 0.40-0.60 4.64+0.13 37.36+3.62 58.00+3.75 Clay
L4 0.60-0.80 4.66+0.40 37.36+2.08 73.70+2.46 Clay
L5 0.80-1.00 4.30£0.20 37.36+2.59 68.60+2.55 Clay
L6 1.00-1.20 4.40+0.25 37.3610.44 70.87+0.57 Clay
L7 1.20-1.40 4.28+0.34 37.36+2.53 73.37+2.73 Clay
L8 1.40-1.60 4.19+0.27 18.67+0.25 77.13+0.50 Clay
L9 1.60-1.80 4.88+0.13 24.8212.46 70.30+2.59 Clay
L10 1.80-2.00 4.53+0.18 22.3241.01 73.134+1.19 Clay

Bulk density and total porosity

Soil bulk density (os, g cm®) was determined via the oven-dry mass method
(105°C for 48 h) relative to the exact core cylinder volume (=98.2 cm®) (Blake and
Hartge 1986). Total porosity (TP, cm® cm) was calculated directly from volumetric soil
water content at complete saturation (8s), assumed equivalent to total pore volume

prior to tension drainage (Teixeira et al. 2017).

Pore size classes and aeration capacity

Pore size distributions were categorized according to equivalent pore diameter
(d, um) calculated via the Young-Laplace capillary equation (d = 3000/h, where h is
pressure head in cm H20): 1) Macropores (Mac, d > 100 ym), drained between
saturation (8s) and a tension head of 30 cm H>O (Kong et al. 2021); 2) Mesopores
(Mes, 30 <d < 100 um), drained between pressure heads of 30 and 100 cm H2O (Kong
et al. 2021); 3) Micropores (Mic, d < 30 ym), water retained at a pressure head of 100
cm H20; and 4) Aeration Capacity (AC): Calculated as AC = 6s — Brc, where field
capacity (Brc) corresponds to soil water retention at 100 cm H>O (Hegde et al. 2026).
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Functional pore size classification

To complement physical diameter classes, functional pore categories were
assigned following Greenland’s (1977) functional pore framework: 1) Fissure pores (d >
500 um), associated with rapid crack drainage and macro-aeration (h > 6 cm H0); 2)
Transmission pores (50 < d < 500 pm), facilitating main gravitational drainage and root
growth (60 cm H20 < d < 6 cm H20); and 3) Storage pores (d < 50 um), retaining plant-
and microbe-available water against gravity (h < 60 cm H20).

Water retention curves and van Genuchten modeling

Undisturbed cores (n = 8 per layer) were saturated gradually by capillary wetting
from the base (0.5 cm h") for 24 h. Saturated cores were transferred to tension tables
and subjected to sequential pressure heads ranging from 10 to 100 cm H2O at 10 cm
H20 intervals. Hydraulic equilibrium at each suction step was confirmed by cessation of
water outflow from drainage tubes before core mass determination. Soil dry mass
(105°C) was subsequently recorded to calculate volumetric water content (8) at each
pressure head (Teixeira et al. 2017; Fu et al. 2021).

Partial soil water retention curves (SWRC) over the 0 to 100 cm H2O range
were fitted using the van Genuchten (1980) non-linear model:

05 — O,

[1+ (ah)n]m
where 6(h) is volumetric water content (cm® cm®) at pressure head h (cm H.0), 6, is

8(h) =6, —

residual water content, 6s is saturated water content, a is an empirical parameter
inversely related to air-entry pressure (cm™), and n and m (m = 1 - 1/n) are curve-
shape parameters.

Parameter optimization was conducted using non-linear least-squares fitting in
RETC software. High coefficients of determination (r? = 0.99) and minimal root mean
square errors (RMSE < 0.007) reflect model optimization across the controlled low-
pressure head range (0 to 100 cm H>O) measured under standardized laboratory
equilibrium conditions (Table 2).

Table 2. Fitted van Genuchten (VG) model parameters across soil depth layers (L1-L10) of the
studied Oxisol profile (Bs: saturated water content; O residual water content; a: air-entry
parameter; n, m: shape parameters; r2: coefficient of determination; RMSE: root mean square

error).

VG Model Soil layers

Parameters L1 L2 L3 L4 L5 L6 L7 L8 L9 L10
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0s 0.50 0.55 0.54 0.52 0.53 0.50 0.51 0.50 0.49 0.48
(cm® cm®)

6: 0.28 0.13 0.19 0.20 0.24 0.24 0.14 0.01 0.00 0.00
(cm3 cm?®)

a 0.10 0.06 0.06 0.0/ 007 008 012 0.13 0.14 0.19
(cm H20)

n 1.34 1.31 1.53 1.51 1.60 1.43 1.24 1.17 1.12 1.11

()

m 0.25 0.24 0.35 0.34 0.37 0.30 0.19 0.14 0.11 0.10

()

r2 099 099 099 099 099 099 099 0.99 0.99 0.99

()

RMSE 0.004 0.007 0.007 0.004 0.004 0.003 0.003 0.004 0.004 0.003

Statistical analysis

To assess variations in soil physical and hydraulic parameters across the
vertical profile (layers L1 through L10), data were evaluated using descriptive statistics,
including arithmetic means and standard deviations as metrics of central tendency and
dispersion, respectively.

To explore complex multivariate structures and interrelationships among the
physical-hydraulic attributes across soil depths, Principal Component Analysis (PCA)
was performed. Prior to multivariate ordination, the dataset was autoscaled (z-score
transformation) to standardize variances across variables measured in different units.
PCA reduced data dimensionality into uncorrelated principal components, enabling the
identification of dominant variance patterns, depth-wise sample clustering (score
analysis), and parameter covariance structures (loading analysis). All descriptive
statistical computations and multivariate ordinations were conducted using PAST
software v4.03 (Hammer et al. 2001). A summary of the analytical workflow is
presented in Figure 3.
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239 Fig. 3. Methodological workflow illustrating the sequential analytical phases, including field core
240  sampling (0.0-2.0 m depth, L1-L10), sample preparation (ADFE), laboratory physical-hydraulic
241  determinations, water retention curve analysis, and multivariate statistical modeling (PCA).
242  ADFE = air-dried fine earth (< 2 mm).

243

244  Results
245  Bulk density and total porosity dynamics

246 Soil bulk density and total porosity exhibited inverse vertical trends across the
247 2.0 m Oxisol profile (Figure 4). The highest mean ps occurred in the surface layer L1
248  (1.01 g cm?®), followed by a sharp drop in layer L3 (0.81 g cm). Below L3, ps increased
249  progressively with depth, reaching 1.00 g cm™ in the deepest layer (L10) (Figure 4a).
250 Profile-wide, mean ps was 0.92 g cm™.

251 Conversely, total porosity peaked in the upper-intermediate layers (L2-L5),
252 expanding from 49.6% in L1 to a maximum of 54.5% in L3 (Figure 4b). Beyond L5, TP
253  systematically decreased toward the base of the profile, reaching its minimum in L10
254  (47.5%). The mean TP across the profile was 51%, with spatial dispersion peaking in
255 layer L7 (CV = 6.1%).
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Fig. 4. Depth profiles (0.0-2.0 m, layers L1-L10) of (a) soil bulk density (os) and (b) total
porosity (TP). Points represent layer mean values, and horizontal error bars denote standard

deviations (n = 8 undisturbed cores per layer).

Pore size distribution and aeration capacity

Microporosity dominated the pore system throughout the profile, averaging
34+2% across all layers and accounting for approximately 67% of total pore volume.
Micropore fraction was greatest in the upper layers L1 (37.4%) and L2 (36.7%),
stabilizing at moderate levels (32.2% to 34.7%) from L4 down to L10 (Figure 5a).

Mesoporosity and macroporosity displayed parallel depth-dependent
trajectories (Figures 5b, 5c¢). Both pore classes increased from the surface to peak in
layer L3 (Mes = 10.0%; Mac = 12.5%), coinciding with the lowest ps. Below L3, meso-
and macroporosity declined continuously toward deep layers, reaching profile minima
in layers L9-L10 (Mac < 8.8%; Mes = 4.3%). Profile averages were 7+2% for
mesopores (13% of TP) and 10+£2% for macropores (20% of TP).
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Fig. 5. Depth profiles (0.0-2.0 m, layers L1-L10) of (a) macroporosity (Mac); (b) mesoporosity
(Mes); (c) microporosity (Mic); (d) aeration capacity (AC). Points represent layer mean values,
and horizontal error bars denote standard deviations (n = 8 undisturbed cores per layer).

Soil aeration capacity was strongly governed by larger pore fractions (Mac +
Mes). Air-filled pore volume rose significantly from L1 (11.9%) to a maximum in L3
(22.5%), reflecting enhanced macro-aggregation (Figure 5d). Below L3, AC steadily
contracted, falling below 14% in layers L9 and L10. Overall mean AC was 17+£3%, with
intermediate layers exhibiting higher standard deviations due to localized structural
heterogeneity.

Functional pore size classes

Categorization by pore functionality confirmed the structural predominance of
water storage over rapid transmission (Figure 6). Storage pores constituted the
dominant functional class across all depths, averaging 37+1% (CV = 4%). Storage pore
volume was highest in L1-L2 (=39%) and remained consistently elevated (35.5% to

36.5%) throughout intermediate and deep layers (Figure 6a).

Transmission pores mirrored macropore trends: starting at 8.0% in L1,
expanding to a maximum of 16.1% in L3, and progressively declining through deep
layers to 7.7% in L10 (Figure 6b). Fissure pores represented the minor fraction (< 4%
overall, mean 2.7+0.5%). Fissures remained stable in upper and intermediate layers
(2.2—2.3%) but showed a minor upward trend in deep layers, peaking at 3.5% in L8 and
3.2% in L10 (Figure 6c).
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pores (Tr); (c) fissures (Fis). Points represent layer mean values, and horizontal error bars

denote standard deviations (n = 8 undisturbed cores per layer).

Water retention characteristics

The van Genuchten model provided excellent fits to the measured partial water
retention data across all layers (r> = 0.99; RMSE < 0.007; Table 2, Figure 7). Saturated
volumetric water content ranged from 0.476 cm® cm (L10) to 0.551 cm® cm™ (L2),

directly reflecting TP variations.
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Fig. 7. Partial water retention curves obtained for the different layers (L1 to L10) of the Oxisol

studied. Volumetric water content is represented by 6 and pressure head by h. Points represent

layer mean values, and vertical error bars denote standard deviations (n = 8 undisturbed cores

per layer).

Tension-drainage behavior varied distinctively with depth. For example,

intermediate layers (L2-L6) were characterized by lower air-entry suctions (van

Genuchten a) and steeper retention slopes (higher n values, 1.31-1.60), indicating

rapid drainage of capillary water between 1 and 100 cm H2O pressure head due to
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312  higher macro/mesopore frequencies. On the other hand, surface (L1) and deep layers
313  (L7-L10) displayed higher air-entry suctions (a = 0.12-0.19 cm H2O) and flatter
314  desorption curves (n = 1.11-1.24). The gentle slope in deep layers reflects persistent
315 physical water retention under increasing pressure head, driven by dominant

316  microporosity and reduced macropore availability.
317
318  Aeration porosity profiles

319 Aeration porosity curves (TP-8) demonstrated progressive replacement of water
320 by air as pore equivalent diameters decreased from > 500 um down to 1 ym (Figure 8).
321  Drainage was concentrated primarily within the 150 to 30 ym diameter interval (Mac

322  and Mes equivalent range).
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Fig. 8. Aeration porosity (TP-0) for the different layers (L1 to L10) of the Oxisol studied. Points
represent layer mean values, and vertical error bars denote standard deviations (n = 8

undisturbed cores per layer).

Intermediate layers (L3, L4, L5) exhibited the greatest air-filled pore
development across all suction steps, with L3 reaching an air-filled volume of 0.244
cm® cm® at 20 um equivalent pore diameter. Conversely, deep layers (L9 and L10) and
the immediate surface (L1) displayed significantly lower air-filled volumes at 20 pm
(0.130 to 0.152 cm® cm®), indicating high residual water retention and lower gas-phase

volume following gravitational drainage.

Multivariate ordination (PCA)

Principal Component Analysis integrated the physical and functional dataset,
with the first two axes explaining 86.68% of total variance (PC1 = 64.18%, PC2 =
22.50%; Figure 9).
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Fig. 9. Principal Component Analysis (PCA) biplot of the soil's hydrophysical and functional
attributes for the studied layers (L1 to L10). Black points represent the eighty analyzed samples,
while red symbols indicate the ten soil layers (L1 to L10). Green vectors depict the physical and
structural properties (ps: Soil bulk density; TP: Total Porosity; Mac: Macroporosity; Mes:
Mesoporosity; Mic: Microporosity). Blue vectors designate the functional dynamic and water
retention properties (AC: Air capacity; Tr: Transmission pores; Str: Storage pores; Fis:

Fissures).

The PC1 Loadings (Structural Functionality) were positively associated with
aeration capacity (0.41), transmission pores (0.40), macroporosity (0.38), and
mesoporosity (0.38). Soil bulk density (-0.38) and microporosity (-0.32) loaded strongly
in the negative direction (Table 3). Intermediate layers (L3, L4, L5) clustered in the
positive PC1 quadrant, driven by high macroporosity and aeration. Deep layers (L6, L7,
L9, L10) and surface layer L1 projected into the negative PC1 domain, aligning with
high bulk density and microporosity vectors.

The PC2 Loadings (Matrix Retention vs. Fissuring) were positively influenced by
storage pores (0.55), microporosity (0.41), and total porosity (0.40), separating layer L2
near the top of the axis. The fissure vector loaded strongly negative (-0.53), isolating
layer L8 in the lower quadrant (Figure 9, Table 3).
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Table 3 - Principal component (PC) analysis loadings for soil physical, structural, and functional
properties across the studied soil profile.

Category Variable PC1 (64.18%) PC2 (22.50%)

Ps -0.38 -0.03
TP 0.30 0.40

Physical an
Structuyrs;IcI:r:p:rties Mac 0.38 010
Mes 0.38 0.23
Mic -0.32 0.41
AC 0.41 0.05
Hydraulic and Str -0.23 0.55
Functional Properties Tr 0.40 0.14
Fis 0.00 -0.53

ps: Soil bulk density; TP: Total porosity; Mac: Macroporosity; Mes: Mesoporosity; Mic:

Microporosity; AC: Air capacity; Str: Storage pores; Tr: Transmission pores; Fis: Fissures.

Discussion
Structural zonation and aeration dynamics in upper layers

The physical and hydraulic attributes of the evaluated Oxisol reflect a physical
matrix typical of highly weathered, micro-aggregated tropical soils with low
anthropogenic disturbance (de Oliveira et al. 2021). The low bulk density and high total
porosity observed across the profile, particularly in intermediate layers L2—L5 (Figure
4), are linked to the characteristic gibbsitic and iron-oxide pseudo-aggregate structure
of Latosols (Reatto et al. 2009). These structural conditions establish an interconnected
pore network that governs both gas exchange and fluid retention across depth
intervals.

In the intermediate layers (L3-L5), elevated proportions of macropores,
mesopores, and transmission pores coincided with peak aeration capacity > 0.20 cm?®
cm (Figures 5 and 6). In all layers, AC remained well above the critical biological
threshold of 0.10 cm® cm (Stepniewski et al. 1994), indicating that gas transport is not
structurally restricted within the upper meter. The concentration of drainable pores (30—
150 pm) within the burial depth zone (= 1 m) suggests physical pathways capable of
supporting gas diffusion (Karahan and Ersahin 2017). This structural configuration
provides an environment conducive to aerobic soil microbial respiration near typical
burial depths (Carter et al. 2010), without displaying the continuous macropore
dominance that would otherwise trigger excessive gravitational bypass flow (Ramesh
et al. 2019).

Deep layer porosity and hydraulic matrix dynamics
Below layer L5, the progressive increase in bulk density (o, = 1.00 g cm™) and
concurrent reductions in TP, Mac, and AC demonstrate a clear transition toward a
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micropore-dominated matrix (Figure 5a). Micropores constituted up to 67% of total pore
volume across the profile, with water storage pores exhibiting marked stability (CV =
4%) from L4 to L10 (Figure 6a). This pore system architecture dictates the hydraulic
behavior observed in the partial water retention curves (Figure 7) and aeration porosity
profiles (Figure 8).

The reduced desorption slope (lower van Genuchten n parameters) and higher
air-entry suctions observed in deep layers (L7-L10) indicate strong physical water
retention under increasing matric suction (Maia et al. 2018). While micropores promote
water storage and matrix stability (Pires et al. 2019; Ngolo et al. 2023), they also
increase tortuosity and reduce hydraulic conductivity under unsaturated conditions
(Hou et al. 2023). Although fissure-type pores slightly increased at depth (3.5% in L8;
Figure 6c¢), their minor relative volume (< 4%) suggests a minimal likelihood of macro-
fissure-driven preferential flow paths (Krzeminska et al. 2014). Consequently, while the
intermediate profile supports gas exchange, the deeper layers represent a physical
domain characterized by restricted fluid movement and elevated water retention.
However, whether these physical constraints translate into effective contaminant
attenuation requires hydrochemical and solute transport validation.

Multivariate Integration and Study Limitations

Principal Component Analysis (Figure 9) corroborated the functional vertical
zonation of the profile. PC1 separated the profile into two distinct functional domains:
an upper-intermediate domain (L3-L5) associated with high fluid transmission (Tr-
pores, Mac) and AC, and a deeper domain (L6-L10) defined by higher p», and Mic.
Layer L1 occupied an isolated position along PC1, reflecting surface matrix
reorganization driven by environmental exposure and wetting-drying cycles (Assouline
2004; Orozco-Lépez et al. 2018). PC2 highlighted matrix storage capacity in L2 and
local structural anomalies, such as fissure-type pores alignment in L8. Overall, the
multivariate analysis demonstrates that depth-dependent pore size distribution controls
the spatial segregation of physical functions across the profile.

However, some methodological constraints must be acknowledged when
interpreting these baseline results. Soil characterization was restricted to a single
diagnostic trench due to severe physical space limitations, high grave density within the
urban cemetery, and municipal permitting restrictions. Thus, spatial heterogeneity
across the broader landscape was therefore not evaluated. Sampling was conducted
during a single campaign, which does not capture seasonal fluctuations in soil water
content or transient pore network dynamic changes. Measured physical metrics provide
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static physical structural boundaries; they do not quantify actual field infiltration rates,
solute dispersion, or geochemical attenuation capacity.

To build upon these baseline physical findings, future research should 1)
expand spatial sampling using non-invasive methods (e.g., geophysical imaging or
hand augering) across surrounding urban micro-catchments; 2) perform long-term field
monitoring of pressure head, seasonal water table dynamics, and in-situ hydraulic
conductivity; and 3) combine physical-hydraulic characterization with hydrochemical
sampling (leachate monitoring) and reactive solute transport modeling to evaluate
potential contaminant mobility directly.

Conclusions

This study demonstrates that the evaluated tropical Oxisol exhibits a
compartmentalized physical-hydraulic structure across depth, offering site-specific
insights for urban cemetery planning. Rather than functioning as a uniform physical
medium, the profile displays a distinct functional duality. The intermediate layers (L2—
L5) act as a high-diffusivity aeration and fluid transmission domain capable of
supporting gas exchange within typical burial depths (= 1 m). The deeper subsoil
layers (L6-L10) transition into a capillary-dominated storage domain governed by
microporosity and higher bulk density, which restricts rapid fluid movement.
Furthermore, the minimal occurrence of fissure-type pores across all depths indicates
that fluid and gas transport are regulated primarily by the soil's intra- and inter-
aggregate matrix structure rather than preferential bypass channels.

From an urban environmental management perspective, these findings highlight
the limitations of relying solely on broad textural classes or temperate soil models when
evaluating cemetery suitability in tropical environments. Quantifying the vertical
transition from an aerated surface/intermediate matrix to a retention-dominated subsoil
provides an essential physical baseline for parameterizing local hydrogeological
transport models and designing unsaturated-zone engineering barriers. Because these
findings represent a diagnostic baseline from a single profile, future research
incorporating multi-site spatial sampling, seasonal water content monitoring, and
reactive tracer assays will be critical to fully quantify contaminant transport dynamics in
cemetery tropical urban ecosystems.
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