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Abstract. Seagrass meadows are among the most valuable ecosystems on Earth. However, in tropical countries, there is a 

substantial knowledge gap on “seagrass science”. To address this gap, seagrass soils from three Brazilian coastal regions were 

investigated (the NE, SE, and S coasts). Soil profiles from different geological and bioclimatic settings were sampled, 

described, and analyzed. Thus, detailed macromorphological descriptions, soil classification, physicochemical analysis (soil 

particle size, soil pH, pHoxidation, Eh, total organic carbon; TOC), Fe partitioning, and X-ray diffractometry were performed. 

Additionally, water samples were analyzed for pH, salinity, and ion concentrations. Different environmental settings in the 

coastal compartments produced contrasting geochemical conditions, which caused different intensities of pedogenetic 

processes. On the NE coast, the denser plant coverage favored higher TOC contents (2.5±0.1%) and an anaerobic environment 

(Eh = +134 ± 142 mV), prone to an intense sulfidization (i.e., pyrite formation; Py-Fe). Py-Fe contents in NE soils were 6 and 

2-fold higher than in SE and S coastal soils, respectively. Conversely, lower TOC contents (0.35 ± 0.15%) and a suboxic 

environment (Eh +203 ± 55 mV) in the SE soils, along with the Fe-rich geological surroundings, decreased the intensity of 

gleization. The contrasting intensities in the soil processes, related to the (seemingly subtle) differences in the geochemistry 

of each environment, ultimately caused relevant pedodiversity among the studied sites. Our findings contribute to a better 

understanding of the general functioning of tropical seagrass meadows but also have significant environmental implications 

for studies focused on carbon sequestration in these ecosystems. 

1 Introduction 

Seagrass meadows are ecosystems adapted to a wide range of environmental conditions, such as salinity, soil grain size 

composition, temperature, light, and water column depth (Copertino et al., 2016). Despite the low taxonomic diversity of plant 
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species (approximately 14 genera and 60 species), the global distribution can range from 300,000 to 600,000 km2, 

corresponding to 0.2–0.5% of the ocean area (Fourqurean et al., 2012; da Silva Copertino, 2011). Seagrasses are distributed 

throughout the shallow coastal waters in temperate and tropical regions (Short et al., 2007) and found in more than 120 

countries, with the most extensive areas in the United States, Australia, the Philippines, and India (Green and Short, 2003).  

These ecosystems are recognized as highly productive (Duarte et al., 2005, 2010) and a source of nutrients (e.g., C, N, and P) 

to the adjacent areas and deep ocean (Short et al., 2011). Thus, these meadows are among the most important ecosystems on 

the planet, supporting several species at all trophic levels and providing numerous ecological services (Costanza et al., 2014; 

Orth et al., 2006). However, despite many of these ecosystem services are directly supported by their soils (e.g., carbon 

sequestration, nutrient provision, filtering of pollutants, and hosting biodiversity; Walker and McComb, 1992; Baden et al., 

2012; Marbà et al., 2015; Zarnoch et al., 2017; Thorhaug et al., 2017), the comprehension of subaqueous soils as natural bodies 

still scarce (Ferronato et al., 2016), regardless of the seminal pedological studies on temperate seagrasses conducted in the 

early 1990s (Demas, 1993; Demas et al., 1996). 

In many tropical countries, there is a substantial knowledge gap on “seagrass science” (Ooi et al., 2011). In Brazil, marked by 

the extensive (approximately 9,200 km) and diverse coastline (Copertino et al., 2016), very few pedological studies have been 

conducted on seagrass meadows (Nóbrega, 2018). Brazil’s latitudinal gradient provides a variety of climates, geological 

settings, and geomorphological environments and, thus, a unique framework for assessing soil diversity in tropical seagrass 

meadows. Although most studies on subaqueous soils worldwide have investigated soil-landscape relationships, 

hydrodynamics, and hydromorphism (Wessel et al., 2021; Vittori Antisari et al., 2016; Osher and Flannagan, 2007; Erich and 

Drohan, 2012; Bradley and Stolt, 2006; 2003), few have focused on how and to what extent contrasting soil-forming factors 

drive the variability of seagrass soils and their potential environmental implications.  

The present work aimed to study the pedogenesis of seagrass soils under contrasting environmental conditions of three coastal 

regions of Brazil (the Northeastern Semiarid Coast, Southern Granitic Coast, and Southern Quaternary Coast). By studying 

seagrass soils under contrasting hydrological, geological, and bioclimatic settings, we sought to provide a better understanding 

of the diversity, formation, and functions of these subaqueous soils in the provision of key ecosystem services. 

2 Material and methods 

2.1 Study sites 

Seagrass meadows located in three contrasting geomorphoclimatic regions along the Brazilian coast were studied: the 

Northeastern Semiarid Coast (NE coast), samples were collected at Ceará state in the estuary of Timonha River (Fig. 1); 

southeastern granitic coast (SE coast), samples were collected at São Paulo state in the São Sebastião city (Fig. 2); and Southern 

Quaternary Coast (S coast), samples were collected at the Rio Grande do Sul state, inside the world’s largest choked lagoon, 

(e.g., Patos Lagoon Estuary; Fig. 3). The NE and SE coastal compartments are predominantly vegetated by Halodule spp. 

(tropical marine species), whereas the euryhaline Ruppia maritima inhabits the S coast (Fig. S1). On the NE coast, the seagrass 
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meadows were characterized by dense vegetation under low anthropogenic impacts and at water depth ranging from 1.7 to 2.9 

m (water column during sampling: approximately 2 m, collected during low tide). In the SE, the sampled seagrass meadows 

were marked by lower plant densities and growing at a mean water depth of 1.3 m (water column during sampling: 

approximately 1.6 m, collected during low tide). The S coast seagrass meadows were colonized by Ruppia maritima and are 

marked by low-density vegetation and a mean water depth of 1.3 m (water column during sampling: approximately 1.5 m, 

collected during low tide). 

The NE coast, which stretches from Piauí to Pernambuco states, is characterized by a semiarid climate (Aw and Bhs climate 

types, according to Köppen-Geiger Climate Classification; Fig. 1; Peel et al., 2007), with an annual rainfall of 700–1,000 mm 

and high potential evapotranspiration rates of 1,500–1,600 mm (Alvares et al., 2013). Seagrasses on the NE coast are subjected 

to a mesotidal regime and low riverine discharges (< 1,000 m3 s
−1

; Schaeffer-Novelli et al. 1990). The geological setting is 

characterized by the Barreiras Formation, a Miocene-Pliocene extensive sedimentary deposit (Dominguez, 2006) 

predominantly composed of fine to coarse sands; grey-reddish, purple, and yellowish clays; and poorly sorted grey-whitish, 

yellow, and coarse to conglomeratic sandstones with a kaolinite matrix (Vilas Bôas et al., 2001). Soils from the Barreiras 

Formation are mostly Lixisols and Acrisols (Bezerra et al., 2015). 

 

 

Figure 1: (a) Sampling site location at the NE Brazilian coast and the Köppen-Geiger climatic classification of the studied sites 

(Source: Peel et al., 2007); (b) The representative soil profile of the NE coast (NE1; soil horizons: Arz 0-10 cm, CArz 10-26 cm; Crz1 

26-37 cm, Crz2 37-56 cm, 2Crz  56-84 cm, 3Crnz 84-114 cm) classified as a Eutric Fluvic Reductigleyic Subaquatic Gleysol (Loamic, 

Hypersalic, Sodic, Hypersulfidic); Detailed images of: (c) and (d) contrast between the massive and single grained grades in horizons 

3Crnz and Crz2, respectively; (e) coarse soil texture (fine sandy loam) in the Crz2 horizon; (f) lowermost 3Crnz horizon with black 

coloured spots in the soil matrix due to metal sulfides; (g) and (h) intact and fragmented seashells in the Crz1 soil horizon. 
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The SE granitic coast covers an area from Rio de Janeiro (Guanabara Bay) to Santa Catarina state (Praia dos Sonhos). In this 

coastal region, seagrasses are mostly subjected to a microtidal regime and humid tropical climate (CWa, according to the 

Köppen-Geiger Climate Classification; Fig. 2; Peel et al., 2007), with a mean annual rainfall of >2,000 mm for 150–170 days 

(i.e., rainy season), resulting in a considerable hydric surplus (Minuzzi et al., 2007; Banco de dados climáticos do Brasil, 2019). 

The coastal plain is narrow and surrounded by a Precambrian mountain range (i.e., Serra do Mar outcrops) composed of 

crystalline massifs of granite-gneiss rocks (Dominguez, 2006; Schaeffer-Novelli et al., 1990; Reverte and Garcia, 2016). The 

surrounding soils are mainly Cambisols, Acrisols, Podzols, and Arenosols (Furlan et al., 2011).  

 

 

Figure 2: (a) Sampling site location at the SE Brazilian coast and the Köppen-Geiger climatic classification of the studied sites 

(Source: Peel et al., 2007); (b) The representative soil profile of the SE coast (SE2, soil horizons: Arz 0-5 cm, ACrz 5-12 cm, Crz 12-

26 cm, Crnz 26-33 cm, 2Crzn1 33-42 cm, 2Crz2 42-47 cm, 2Crz3 47-50+ cm) classified as a Eutric Fluvic Reductigleyic Subaquatic 

Gleysol (Loamic, Hypersalic, Sodic, Hyposulfidic);  Detailed images of: (c) fragmented seashells in the 2Crz1 soil horizon (d) mica-

like grain morphology in the surface horizons of the soil profile (feature produced by sediment inputs from the surrounding 

crystalline rocks); (e) coarse soil texture (loamy coarse sand) in the ACrz horizon; (f) finer soil texture (coarse sandy loam) in the 

2Crz3 horizon; (g) and (h) very dark greenish grey colours (10BG 3/1) in the Crnz soil horizon. 

 

The S coast extends 600 km south of the granitic coast to the border with Uruguay. This coast has a temperate climate (CFa, 

according to the Köppen-Geiger Climate Classification; Fig. 3; Peel et al., 2007) with low mean annual temperatures 

(approximately 18 oC during winter and 23–28 oC during summer) and a hydric surplus of approximately 400 mm (Schaeffer-

Novelli et al., 1990; Bernardino et al., 2015). The seagrass meadows in this coastal region were subjected to a microtidal 
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regime. The geology is characterized by sandy deposits related to Quaternary transgressive events (Toldo Jr. et al., 2000). The 

dominant soils in the S river basins are mainly Fluvisols and Planosols (Lemos et al., 1973).  

 

 

Figure 3: (a) Sampling site location at the S Brazilian coast and the Köppen-Geiger climatic classification of the studied sites (Source: 

Peel et al., 2007); (b) The representative soil profile of the S coast (S1, soil horizons Ar 0-6 cm, ACrj 6-13 cm, CAr1 13-30 cm, CAr2 

30-44 cm, Cr 44-70 cm, 2Crn1 70-93 cm, 2Crn1/2Crn2 93-106 cm, 2Crn2 106-111 cm) classified as a Eutric Fluvic Reductigleyic 

Subaquatic Gleysol (Loamic, Protosalic, Sodic, Hypersulfidic); Detailed images of: (c) and (d) black coloured spots (10BG 3/1 very 

dark greenish grey) due to metal sulfides in the Crn2/2Crn; (e) and (f) brown mottles (7.5YR 4/4) associated to roots (oxyhydroxides 

precipitations); (g) and (h) contrasting soil textures between horizons 2Crn2 (clay texture) and Ar (loamy fine sand), respectively. 

 

2.2 Soil and water sampling 

Preliminary soil sampling was performed at all sites to better assess the spatial variation in the studied compartments. Based 

on the local soil variation, each compartment’s most representative and permanently submerged soil profiles were selected. 

Data corresponding to six representative profiles (two at each study site) is presented for the present study. Soil profiles were 

sampled using transparent polycarbonate tubes (1.5 m long, 90 mm diameter) attached to an auger for submerged soils 

(Supplementary File; Nóbrega et al., 2018). After sampling, the soil cores were carefully removed from the tubes, and the soil 

profiles were morphologically described (Fig. S2) according to the FAO/WRB guidelines (Jahn et al., 2006) within one to two 

hours to minimize atmospheric interference and samples oxidation. Water samples were collected at each study site (in 

triplicate) using pre-rinsed polyethene bottles, which were cooled until analysis. 



6 

 

After the morphological description, the soil profiles were sectioned according to the identified soil horizons. The pHfield, redox 

potential (Eh), and electrical conductivity (EC) were measured in situ in each soil horizon using portable electrodes 

immediately after removing the soil cores from the tubes. The pHfield and EC were determined using calibrated glass electrodes 

(Hannah HI 9025), and Eh was obtained using a platinum electrode (Hannah HI 9025) by directly inserting the probes into the 

soil. The final Eh readings were corrected by adding the potential of the calomel reference electrode (+244 mV) (Nóbrega et 

al., 2014; Otero et al., 2009). Then, samples were transferred in plastic bags and stored at approximately 4 °C in the laboratory.  

At the laboratory, sub-samples were frozen (named as fresh samples), whereas the remaining sub-samples were pretreated with 

ethanol (60%) to remove soluble salts until the silver nitrate test (0.05 mol L
−1

 AgNO3) indicated the absence of chlorides. 

After the removal of soluble salts, samples were dried (45 oC) and sieved (2 mm) for chemical (i.e., exchangeable cations) and 

physical (i.e., particle size distribution) analyses (Bower et al., 1952; Sumner and Miller, 2018). 

2.3 Soil physical and chemical characterization 

The particle size distribution was determined by the hydrometer method using a combination of chemical (0.015 mol L
−1

 

(NaPO3)6 + 1.0 mol L
−1

 NaOH) and physical (16 h shaking) dispersion methods (Gee and Bauder, 1986). Samples were 

previously treated to remove organic matter (H2O2 30%). Then, the sand was separated using a 0.053 mm sieve, and clay was 

separated from the silt by sedimentation based on Stokes’ law. 

Fresh soil sub-samples were used to determine the total organic carbon content (TOC), total potential acidity (pHoxidation), 

calcium carbonate equivalent (CCE), and partitioning of Fe solid phases. The TOC content was determined by dry combustion 

using an elemental analyzer (LECO TruSpec CHNS). The fresh sub-soil samples were pretreated to remove inorganic carbon 

with 1 mol L
−1

 HCl, and then dried at 45 oC for TOC determination (Howard et al., 2014). The titrimetric method was applied 

to quantify the CCE (FAO, 2020). The pHoxidation was determined after the oxidation of fresh soil samples with hydrogen 

peroxide (30%, pH 5.5; 1 soil:5 solution), followed by pH measurement to test for the presence of sulfidic materials (IUSS 

Working Group WRB, 2015; Konsten et al., 1988).  

The solid-phase Fe partitioning was obtained in 2 g of fresh soil samples using the method proposed by Lord III (1982), 

resulting in two distinct phases: Fe-oxyhydroxides (Oxy-Fe), extracted with 20 mL of a 0.25 mol L
−1

 sodium citrate + 0.11 

mol L
−1

 sodium bicarbonate solution, with 3 g of sodium dithionite, at 75 °C for 30 min shaking; After the extraction of Oxy-

Fe (i.e., before the extraction of Py-Fe), the residue was pretreated to remove Fe bound to phyllosilicates and organic matter 

using 10 mol L
−1

 HF for 16 h under agitation and concentrated H2SO4 (2 h under agitation). Next, Pyritic Fe (Py-Fe) extracted 

with 10 mL of concentrated HNO3 shaking for 2 h at room temperature. Between each step, samples were centrifuged (6,000 

rpm at 4 °C) and washed with 20 mL ultrapure water. The Fe concentrations in the extracts were determined using an 

inductively coupled plasma optical emission spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). For Fe 

determination, curve calibration solutions were prepared by diluting a certified standard solution (iron standard for ICP, 

TraceCERT®), and certified reference materials were used (NIST SRM 2709a) to ensure quality control. The sum of Py-Fe 
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and Oxy-Fe was considered a pseudo-total Fe since these fractions represent the most important and active fractions in coastal 

wetland soils (Ferreira et al., 2007; 2022). Additionally, quantification of Py-Fe is a useful approach to improve the 

comprehension of Fe and sulfur dynamic in coastal wetland soils (for example, please see Queiroz et al., 2022; Jimenez et al., 

2022; Ferreira et al., 2022). The degree of iron pyritization (DOP %) was calculated as follows: DOP (%) = Py-Fe/pseudo-

total Fe (Berner, 1970). DOP values reflect the percentage of pseudo-total Fe incorporated into pyrite and enable comparisons 

among soils with different reactive Fe content (Berner, 1984, 1970). 

Exchangeable bases (Na+, K+, Ca2+, and Mg2+) were extracted from salt-free samples with 1.0 mol L
−1

 ammonium acetate and 

determined by atomic absorption (Ca2+ and Mg2+), atomic emission spectrometry (K+), and flame photometry (Na+). The 

exchangeable acidity (H+Al) was extracted with 1.0 mol L-1 KCl and determined by titration (IUSS Working Group, 2015; 

Van Reeuwijk, 2002). The sum of exchangeable bases (ΣNa+ + K+ + Ca2+ + Mg2+), cation exchange capacity (CEC; CEC = 

sum of bases + Al3+ + H+), exchangeable sodium percentage (ESP; ESP = Na+ x 100/ CEC), and base saturation (base 

saturation: sum of bases*100/CEC) were calculated according to the IUSS Working Group WRB (2015). 

Based on morphological, physical, and chemical analyses, all soils were classified according to WRB-FAO (IUSS Working 

Group WRB 2015). 

2.4 Mineralogical analysis 

Samples from representative surface and subsurface horizons were chosen for mineralogical characterization. X-ray diffraction 

(XRD) analysis was carried out to identify the mineralogical assemblage of the sand and clay fractions. The sand fraction was 

separated using a 0.053 mm sieve after chemical dispersion with 0.015 mol L-1 (NaPO3)6 + 1.0 mol L-1 NaOH for 16 h shaking; 

silt and clay were separated according to Stoke’s Law.  

The sand fraction was analyzed as randomly oriented powder mounts. The clay fraction was saturated with Mg2+ using 1 mol 

L
−1

 MgCl2 solution. After saturation, the excess chloride was removed by several centrifugations using 95% ethanol and 

distilled water. After ultrasonic dispersion, the saturated suspended clay was pipetted onto glass slides and dried overnight at 

room temperature to prepare oriented clay mounts. Clay samples were analyzed as follows: (1) Mg-saturated at room 

temperature (Mg), (2) Mg-saturated solvated with ethylene glycol (by exposure to a glycol-saturated atmosphere at 60 °C for 

20 h; EG), and (3) Mg-saturated after heating at 550 °C for 2 h. X-ray diffraction patterns were obtained using a Rigaku 

Miniflex II with Cu-Kα radiation. The sand fraction was scanned from 3 to 50 °2θ, and the clay fraction from 3 to 35 °2θ, both 

with a 0.02 °2θ s
−1 

step size and a count time of 3 s−1 step. 

2.5 Water analysis 

The pH of all water samples was immediately measured in the laboratory using a glass electrode calibrated with standard 

solutions (pH 4.0 and 7.0; Hanna HI 9025), whereas the salinity was determined using a hand refractometer. Water samples 

were then filtered (0.4 µm filter), acidified (nitric acid; pH < 2.0), and frozen for the determination of Ca2+ and Mg2+ using 
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atomic absorption spectrophotometry, Na+ by flame photometry, Cl
−

 by titration, and sulfate by turbidimetry, according to the 

methods proposed by Nollet and De Gelder (2000).  

2.6 Statistical analysis 

Discriminant analysis (DA) was performed to develop a function that yielded optimal discrimination of the study sites (NE, 

SE, and S coasts). DA allows the identification of the relative contribution of variables in separating the soil from 

biogeographical regions (Reimann et al., 2008). The relationships between variables were established using Spearman’s rank 

correlation coefficient (r). All statistical tests were performed using XLSTAT version 2014.5.03 (Copyright Addinsoft, USA). 

3 Results 

3.1 Morphological attributes 

The studied soil profiles showed sequences of A–C horizons (along with eventual transitional AC or CA horizons) at different 

depths and with contrasting subordinate characteristics (i.e., horizon suffixes). The thickness of the surface A horizons ranged 

from 5 cm (SE2) to 12 cm (S2; Table 1). Soil profiles showed marked shifts in grain size composition, with lithologic 

discontinuities occurring at various depths (e.g., NE1 and NE2; Table 1). Some profiles also present discrete but intermingled 

horizons (e.g., 2Crn1/2Crn2 and Crn2/2Crn in S1 and S2, respectively). Soil colors varied widely between and within the 

studied profiles (Table 1). The studied soil horizons presented dominant soil matrix colors (e.g., NE2 and SE1; Table 1) and 

mottled soil colour patterns (e.g., S1 and S2; Table 1) with different abundances, sizes, and at various depths. Soil horizons 

presented hues varying from yellowish (10Y) to purple-bluish (5PB), with values between 2.5 and 6, chromas ranging from 0 

to 8 (Table 1), and several horizons with neutral (i.e., chroma = 0; Table 1) and dark colors (i.e., low values, ranging from 2.5 

to 5; and chromas ranging from 0 to 2; e.g., N 2,5/; 10Y 5/2; Table 1; Figs. 1, 2, and 3). Variegated colors and orange-reddish 

mottles were observed around the root channels in some studied soil profiles (Figs. 1, 2, and 3).  

Soil textures also varied widely between and within soil profiles, showing textures from clay (e.g., S1, 2Crn2, 70% of clay) to 

coarse sand (e.g., SE1, Arz, 5% of clay; Table 1). Coarser soil textures were recorded on the SE coast, with sand contents 

ranging between 62 and 89% (mean: 81.2±7.2%, Table 1) compared to S (mean: 68.5±22.8%, ranging from 11 to 91%) and 

NE (mean: 64.5±13.9%, ranging from 44% to 82%). Regarding soil structure, soil horizons were apedal, showing both massive 

and single-grained grades, with single-grain structures recorded in horizons with coarser grain-size composition (i.e., higher 

sand content, coarse sand or shell fragments; Table 1; Figs. 1, 2, and 3), whereas massive structures were recorded in horizons 

presenting loam to fine textures  

A higher abundance of roots was recorded in the NE and S coastal soils, whereas roots were almost absent in the SE coastal 

soil profiles (Figs. 1 and 3). For the NE coast soils, medium (diameter ranging from 2 to 5 mm) roots and rhizomes could be 

distinguished, whereas a predominance of very fine (<0.5 mm) and fine roots (0.5 to 2 mm) was recorded at the S coast (Fig. 
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3). Additionally, intact and fragmented seashells were recorded in both the NE and SE coastal soils (Figs. 1 and 2), whereas 

none were recorded on the S coast.
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Table 1 – Morphological properties and grain size composition of subaqueous soils from Brazilian seagrass meadows 

Horizon 
Depth Matrix 

Colour 
Color Mottle2 Structure3 Plasticity4 Stickiness5 

Sand Silt Clay 
Texture6 Boundary7 

(cm) (%) 

NE1 -  Eutric Fluvic Reductigleyic Subaquatic Gleysol (Loamic, Hypersalic, Sodic, Hypersulfidic) 

Arz 0-10 
5GY 3/1, 

10YR 3/11 

Very dark 

greenish gray, 

Very dark gray 

 MA PL SST 66 14 20 SCL/FSL GS 

CArz 10-26 5G 4/1 
Dark greenish 

gray 
 MA PL SST 60 15 25 SCL CS 

Crz1 26-37 5GY 4/1 
Dark greenish 

gray 
 MA SPL NST 78 6 16 FSL AS 

Crz2 37-56 10Y 4/1 
Dark greenish 

gray 
 SG NPL NST 82 6 12 FSL DS 

2Crz 56-84 5GY 4/1 
Dark greenish 

gray 
 SG SPL SST 80 2 18 FSL CS 

3Crnz 84-114+ 10B 4/1 Dark bluish gray  MA VPL ST 48 12 40 SC  

NE2 - Eutric Fluvic Reductigleyic Subaquatic Gleysol (Loamic, Hypersalic, Sodic, Hyposulfidic) 

Arz 0-10 5GY 3/1 
Very dark 

greenish gray 
 MA PL SST 62 18 20 SCL/FSL CS 

Crz 10-39 10Y 4/1 
Dark greenish 

gray 
 SG SPL NST 80 3 17 FSL AS 

2Crz 39-47 5BG 3/1 
Dark greenish 

gray 
 MA PL NST 61 14 25 SCL CS 

3Crnz1 47-91 5PB 4/1 Dark bluish gray  MA VPL SST 44 16 40 C/CL DS 

3Crz2 91-98+ 5PB 4/1 Dark bluish gray  MA VPL ST 49 11 40 SC  

SE1 – Eutric Fluvic Reductigleyic Subaquatic Gleysol (Loamic, Hypersalic, Sodic, Hyposulfidic) 

Arz 0-6 10Y 3/2 Olive black  SG SPL NST 89 6 5 CS CS 

ACrz 6-11 10Y 4/1 
Dark greenish 

gray 
 SG SPL NST 87 5 8 LCS GS 

2Crz1 11-17 10Y 3/1 
Very dark 

greenish gray 
 SG SPL ST 82 6 13 CSL CS 

2Crz2 17-25 10Y 3/1 
Very dark 

greenish gray 
 MA NPL NST 78 2 20 

SCL/CS

L 
CS 

2Crz3 25-34 
10GY 

2.5/1 
Greenish black  SG NPL NST 82 5 12 FSL CS 

2Crz1 34-40 10GY 4/1 
Dark greenish 

gray 
 SG PL NST 87 0 13 LCS AI 

3Crz2 40-48+ 5G 5/1 Greenish gray  MA PL NST 71 7 22 SCL  

(Continue) 
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Horizon 
Depth Matrix 

Colour 
Color Mottle2 Structure3 Plasticity4 

Stickines

s5 

Sand Silt Clay 
Texture6 Boundary7 

(cm) (%) 

SE2 – Eutric Fluvic Reductigleyic Subaquatic Gleysol (Loamic, Hypersalic, Sodic, Hyposulfidic) 

Arz 0-5 10Y 5/2 Olive gray  SG NPL NST 87 3 10 LCS CS 

ACrz 5-12 
10GY 

3/1 

Very dark 

greenish gray 
 SG NPL NST 86 4 10 LCS GS 

Crz 12-26 
10GY 

4/1 

Dark greenish 

gray 
 SG NPL NST 86 1 13 CSL GS 

Crnz 26-33 
10BG 

3/1 

Very dark 

greenish gray 
 MA NPL NST 81 4 15 CSL CS 

2Crz1 33-42 
10BG 

4/1 

Dark greenish 

gray 
 MA NPL NST 80 3 17 CSL CS 

2Crz2 42-47 10B 3/1 
Very dark 

bluish gray 
 SG NPL NST 82 0 18 CSL CS 

2Crz3 47-50+ 

10G 5/1, 

10 YR 

6/81 

Greenish gray, 

Brown 
 MA PL NST 62 13 25 CSL  

S1 - Eutric Fluvic Reductigleyic Subaquatic Gleysol (Loamic, Protosalic, Sodic, Hypersulfidic) 

Ar 0-6 
N 2.5/ 

10Y 3/1 1 

Black,Very 

dark greenish 

gray 

 SG SPL SST 85 5 10 LFS CW 

ACrj 6-13 2.5Y 5/1 Yellowish gray 

7.5YR 

4/4 CVD 

N 2.5/ 

VVD 

SG NPL NST 91 4 5 FS CW 

CAr1 13-30 2.5Y 4/1 Yellowish gray  MA SPL SST 69 11 20 SCL/FSL GS 

CAr2 30-44 N 4/ Dark gray  MA SPL SST 80 4 16 FSL GS 

Cr 44-70 N 5/ Gray  SG SPL SST 81 4 15 FSL GS 

2Crn1 70-93 N 3/ Very dark gray  MA PL ST 50 20 30 SCL CB 

2Crn1/2

Crn2 
93-106 

5B 3/1 

N 3/ 1 

Very dark 

bluish gray, 

Very dark gray 

 MA PL ST 80 5 15 FSL CS 

2Crn2 106-111 5B 3/1 
Very dark 

bluish gray 
 MA VPL VST 26 4 70 C  

S2 – Eutric Fluvic Reductigleyic Subaquatic Gleysol (Loamic, Protosalic, Sodic, Hypersulfidic) 

Arj 0-12 2.5Y 5/1 Yellowish gray 

7.5YR 

4/4 VVD 

N 2.5/ 

VVD 

SG SPL SST 85 5 10 LFS CW 

CAr1 12-25 2.5Y 4/1 Yellowish gray  MA PL ST 72 3 25 SCL GS 

CAr2 25-42 2.5Y 5/1 Yellowish gray  SG SPL SST 81 2 17 FSL GS 

Cr1 42-77 2.5Y 4/1 Yellowish gray  SG SPL SST 81 3 16 FSL CS 

Crn2 77-84 10B 4/1 
Dark bluish 

gray 
 MA SPL SST 69 8 23 SCL CS 

Crn2/2Cr

n 
84-94 10B 4/1 

Dark bluish 

gray 
 MA PL ST 11 19 70 C CS 

2Cr 94-100 10B 6/1 Bluish gray  MA VPL VST 67 3 30 SCL  

1 Variegated; 2 CVD: common, very fine, distinct; VVD: very few, very fine, distinct; 3 MA: massive; SG: single grain; 4 NPL: non-plastic; 

SPL: slightly plastic; PL: plastic; VPL: very plastic; 5 NST: non-sticky; SST: slightly sticky; ST: sticky; VST: very sticky; 6 C: Clay; CL: 

Clay loam; CS: Coarse sand; CSL: Coarse sandy loam; FSL: Fine sandy loam; FS: Fine sand; LCS: Loamy coarse sand; LFS: Loamy fine 
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sand; SC: Sandy clay; SCL: sandy clay loam; SL: Sandy loam; 7 GS: gradual smooth; CS: clear smooth; AS: abrupt smooth; DS: diffuse 

smooth; CW: clear wavy; CB: clear broken (discontinuous) 

3.2 Soil physicochemical conditions 

The pHfield values ranged from 6.77 to 7.84 between the soil profiles, indicating neutral to slightly alkaline conditions (Table 

2). Higher mean pHfield values were observed on the S (7.51 ± 0.37), followed by the SE coast (7.35 ± 0.21), while lower values 

were recorded on the NE coast (6.99 ± 0.14). The pHoxidation values also differed significantly among sites (Table 2). The lowest 

values (pHoxidation <3.0) were recorded in the NE (mean pHoxidation: 4.64 ± 1.73) and S soils (mean pHoxidation: 2.73 ± 0.39), 

whereas the highest pHoxidation values (>5.0) were recorded in the SE soils (mean pHoxidation: 6.02 ± 0.66; Table 2). 

Eh varied widely among sites, ranging from −36 to +384 mV (Table 2). Redox conditions varied from anoxic (Eh < +100 mV) 

to oxic (Eh > +350 mV) in the NE and S soils (values between −36 to +384 mV and -36 to +366 mV for the NE and S soils, 

respectively; Table 2). However, anoxic conditions prevailed (mostly in the surface horizons) in the NE, whereas in the S soils, 

redox conditions were anoxic in the lowermost horizons (Table 2). In contrast, suboxic (+100 mV < Eh < +350 mV) conditions 

predominated the SE soil profiles (values ranging between +113 and +304 mV). The studied soils also presented significant 

differences regarding EC, with higher values recorded in the NE soil profiles (mean 45.9 ± 3.8 dS m−1), followed by the SE 

(mean 39.8 ± 3.5 dS m-1 ), and S soils (mean 3.5 ± 1.1 dS m− 1 ;Table 2). 

Soils from the NE coast presented the higher TOC contents (mean 2.5 ± 0.9%; values ranging from 1.1 to 3.5%) when 

compared to soils at the SE (mean 0.4 ± 0.2%; values ranging from 0.1 to 0.6%) and S coasts (mean: 0.6 ± 0.1%; values 

ranging from 0.4 to 0.8%; Table 2). Additionally, at the NE coast, an increase on TOC content was observed in deeper soils 

layers (e.g., 3.2% for both NE1 Crz2 at 37-56 cm depth and NE2 3Cmz1 at 47-91 cm depth), which was not observed for the 

other coast compartments. Similarly, the higher CCE contents were also recorded at the NE coast (mean: 7.0 ± 4.9%), with 

values ranging from 2.0 to 14.6%, while the SE and S coast soils showed significantly lower CCE values (mean: 1.9 ± 0.1 and 

1.8 ± 0.1% to SE and S coast respectively; Table 3). As occurred with TOC contents, an increase in CCE content was observed 

in deeper soil horizons from NE profiles (e.g. 13.8 and 12.8% for both NE1 Crz2 and NE2 3Cmz1, respectively) 

3.3 Iron partitioning and DOP 

Iron partitioning and DOP showed marked differences among the sites. The NE soils showed higher contents of Py-Fe when 

compared to the other studied sites (Table 2); the mean contents of Py-Fe and Oxy-Fe were 70.9 ± 54.7 µmol g−1 and 25.5 ± 

8.9 µmol g−1, respectively. On the other hand, the S coast soils showed lower contents of Py-Fe (mean: 45.4 ± 42.1 µmol g−1) 

and Oxy-Fe (mean: 15.8 ± 410.4 µmol g−1). The SE coast soils showed the highest contents of Oxy-Fe (mean: 51.0 ± 8.5 µmol 

g−1), whereas the mean content of Py-Fe was 17.0 ± 9.5 µmol g−1 (Table 2). DOP values varied between 4% and 84% among 

sites (Table 2). The higher DOP values were recorded in the NE (65.5 ± 9.3%) and the lower in the SE coastal soils (23.9 ± 

10.6%; Table 2). In the S, the mean DOP value was 59.3 ± 24.5% (Table 2).  
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Table 2. Physico-chemical conditions and Fe partitioning of seagrass meadows soils from Brazilian coast 

Horizon 
Depth pH Eh EC TOC CCE Oxy-Fe Py-Fe Pseudo-total Fe DOP 

cm field Ox* mV dS.m-1 %  μmol g-1 % 

NE1 - Eutric Fluvic Reductigleyic Subaquatic Gleysol (Loamic, Hypersalic, Sodic, Hypersulfidic) 

Arz 0-10 6.78 4.92 -36 42 3.5 2.9 47.8 126.7 174.5 71 

CArz 10-26 7.14 2.89 34 42 1.8 2.0 23.6 52.6 76.2 67 

Crz1 26-37 7.06 2.76 4 45 1.2 2.3 14.3 44.7 59 66 

Crz2 37-56 6.85 6.14 32 45 3.2 13.8 23.8 14.4 38.2 48 

2Crz 56-84 6.88 6.96 222 45 2.9 14.6 31.3 152.0 183.3 75 

3Crnz 84-114+ 6.80 2.90 169 52 2.5 4.2 31.5 176.9 208.4 83 

NE2 - Eutric Fluvic Reductigleyic Subaquatic Gleysol (Loamic, Hypersalic, Sodic, Hyposulfidic) 

Arz 0-10 6.89 5.26 -32 42 3.5 8.9 24.0 38.3 62.3 59 

Crz 10-39 7.11 6.49 384 45 1.1 7.4 18.9 32.9 51.8 59 

2Crz 39-47 7.12 2.70 294 45 1.9 2.2 24.3 66.7 91 69 

3Crnz1 47-91 7.11 6.97 230 50 3.2 12.8 22.1 35.6 57.7 62 

3Crz2 91-98+ 7.10 3.04 169 52 2.9 5.9 19.4 39.5 58.9 62 

SE1 – Eutric Fluvic Reductigleyic Subaquatic Gleysol (Loamic, Hypersalic, Sodic, Hyposulfidic) 

Arz 0-6 7.21 6.09 225 37 0.4 1.6 47.6 5.5 53.1 10 

ACrz 06-11 7.24 5.49 212 37 0.5 1.9 57.0 7.5 64.5 11 

2Crnz 11-17 7.35 5.00 128 42 0.6 1.8 53.5 24.1 77.6 30 

2Crz1 17-25 7.25 5.24 113 43 0.5 1.8 52.2 27.4 79.6 34 

2Crz2 25-34 7.10 6.52 162 36 0.4 1.9 51.6 27.1 78.7 34 

2Crz1 34-40 7.42 6.96 219 40 0.3 2.1 34.1 13.5 47.6 34 

3Crz2 40-48+ 6.96 6.48 251 44 0.1 1.9 37.6 10.9 48.5 22 

(continue) 
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Horizon 
Depth pH Eh EC TOC CCE Oxy-Fe Py-Fe Pseudo-total Fe DOP 

cm field Ox* mV dS.m-1 %  μmol g-1 % 

SE2 – Eutric Fluvic Reductigleyic Subaquatic Gleysol (Loamic, Hypersalic, Sodic, Hyposulfidic) 

Arz 0-5 7.63 6.64 239 37 0.2 1.9 50.5 5.6 56.1 10 

ACrz 5-12 7.18 5.75 236 42 0.4 1.9 61.5 17.8 79.3 22 

Crz 12-26 7.39 5.13 169 43 0.5 1.9 50.4 19.2 69.6 27 

Crnz 26-33 7.38 5.21 132 36 0.4 2.0 55.0 33.7 88.7 37 

2Crz1 33-42 7.50 6.45 210 34 0.2 1.9 45.3 26.0 71.3 36 

2Crz2 42-47 7.70 6.66 304 42 0.2 1.8 66.8 14.7 81.5 18 

2Crz3 47-50+ 7.63 6.64 239 44 0.2 1.9 50.5 5.6 56.1 10 

S1 - Eutric Fluvic Reductigleyic Subaquatic Gleysol (Loamic, Protosalic, Sodic, Hypersulfidic) 

Ar 0-6 7.72 2.99 269 3 0.6 1.9 13.2 0.7 13.9 5 

ACrj 6-13 7.14 2.45 294 3 0.5 1.7 10.8 19.2 30 55 

CAr1 13-30 6.98 2.28 366 2 0.6 1.7 16.1 53.1 69.2 76 

CAr2 30-44 7.93 2.47 94 3 0.6 1.8 13.5 26.8 40.3 63 

Cr 44-70 7.84 2.65 -36 4 0.6 1.7 10.5 16.5 27 60 

2Crn 70-93 7.84 2.87 38 5 0.4 1.7 15.1 22.1 37.2 59 

2Crn/2Crn2 93-106 7.73 3.30 39 4 0.5 1.8 15.2 16.9 32.1 45 

2Crn2 106-111 7.58 2.83 40 2 0.8 1.8 49.0 24.2 73.2 66 

S2 – Eutric Fluvic Reductigleyic Subaquatic Gleysol (Loamic, Protosalic, Sodic, Hypersulfidic) 

Arj 0-12 7.12 2.64 294 3 0.5 1.7 25.5 1.2 26.7 4 

CAr1 12-25 6.77 2.28 274 3 0.7 1.6 16.0 56.2 72.2 69 

CAr2 25-42 7.05 2.35 274 3 0.6 1.9 19.2 65.2 84.4 76 

Cr1 42-77 7.81 2.49 246 5 0.8 1.8 6.8 56.7 63.5 74 

Cr2 77-84 7.68 2.90 182 5 0.7 1.6 7.2 52.6 59.8 73 

Crn2/2Crn 84-94 7.75 2.71 24 5 0.7 1.8 8.7 118.4 127.1 84 

2Cr 94-100 7.66 3.77 40 2 0.5 1.9 10.9 150.8 161.7 80 

 

 3.4 Soil exchangeable cations capacity 

The higher CEC values were recorded in the NE soils (mean: 17.1 ± 8.0 cmolc kg−1
 ranging from 33.2 to 2.3 cmolc kg−1; Table 

3) while lower values were found in the S (mean: 12.8 ± 9.3 cmolc kg−1), and SE coast soils (mean: 11.5 ± 2.9 cmolc kg−1). 

Despite CEC differences, the exchangeable complexes of the six representative soil profiles were mainly dominated by Ca2+ 

and Mg2+, followed by Na+. All soil profiles showed high base saturation values (> 50%; Table 3). 
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Table 3. Exchangeable cations of seagrass meadows soils from Brazilian Coast 

Horizon 
Depth Na+ K+ Ca2+ Mg2+ Al3+ H+Al SB 

Cation exchange 
capacity 

Base saturation 
Exchangeable sodium 

percentage 

cm cmolc kg-1 % 

NE1 - Eutric Fluvic Reductigleyic Subaquatic Gleysol (Loamic, Hypersalic, Sodic, Hypersulfidic) 

Arz 0-10 0.3 0.6 8.3 1.7 <0.01 3.4 10.9 14.3 76 2 

CArz 10-26 0.1 0.3 1.8 2.6 <0.01 2.8 4.8 7.6 63 1 

Crz1 26-37 0.1 0.1 2.0 1.0 <0.01 1.6 3.1 4.7 66 1 

Crz2 37-56 0.1 0.2 7.2 2.4 <0.01 0.4 9.9 10.3 96 1 

2Crz 56-84 0.1 0.2 9.8 3.0 <0.01 0.3 13.1 13.4 98 1 

3Crnz 84-114+ 3.2 2.1 9.7 7.5 <0.01 1.5 22.5 24.0 94 13 

NE2 - Eutric Fluvic Reductigleyic Subaquatic Gleysol (Loamic, Hypersalic, Sodic, Hyposulfidic) 

Arz 0-10 0.5 0.9 13.7 9 <0.01 3.3 24.1 27.44 99 2 

Crz 10-39 0.3 0.3 9.9 3.5 <0.01 0.1 14.0 14.13 99 2 

2Crz 39-47 0.2 0.8 14 7.5 <0.01 0.1 22.5 22.61 100 1 

3Crnz1 47-91 4.1 2.3 10.6 9.5 <0.01 0.2 26.5 26.67 99 15 

3Crz2 91-98+ 1 1.7 9.6 9 <0.01 2.2 21.3 23.47 91 4 

SE1 – Eutric Fluvic Reductigleyic Subaquatic Gleysol (Loamic, Hypersalic, Sodic, Hyposulfidic) 

Arz 0-6 0.9 0.4 6.8 2.0 <0.01 0.4 10.1 10.5 96 9 

ACrz 06-11 1.3 0.5 7.8 2.2 <0.01 0.3 11.8 12.1 98 11 

2Crnz 11-17 5.2 0.8 8.7 3.1 <0.01 0.1 17.8 17.9 99 29 

2Crz1 17-25 1.9 0.7 9.5 3.2 <0.01 0.1 15.3 15.4 99 12 

2Crz2 25-34 1.9 0.6 9.4 2.5 <0.01 0.1 14.4 14.5 99 13 

2Crz1 34-40 0.7 0.4 7.8 2.2 <0.01 0.1 11.1 11.2 99 6 

3Crz2 40-48+ 0.6 0.5 2.3 3.4 <0.01 0.1 6.8 6.9 99 9 

(continue) 
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Horizon 
Depth Na+ K+ Ca2+ Mg2+ Al3+ H+Al SB 

Cation exchange 
capacity 

Base saturation 
Exchangeable sodium 

percentage 

cm cmolc kg-1 % 

SE2 – Eutric Fluvic Reductigleyic Subaquatic Gleysol (Loamic, Hypersalic, Sodic, Hyposulfidic) 

Arz 0-5 1.6 0.6 6.2 2.7 <0.01 0.2 11.1 11.3 98 14 

ACrz 05-12 1.1 0.5 5.7 2.7 <0.01 0.4 10.0 10.4 96 11 

Crz 12-26 1.3 0.6 5.8 2.4 <0.01 0.1 10.1 10.2 99 13 

Crnz 26-33 2.3 0.6 6.4 2.8 <0.01 0.1 12.1 12.2 99 19 

2Crz1 33-42 1.1 0.5 5.9 2.3 <0.01 0.2 9.8 10.0 98 11 

2Crz2 42-47 0.3 0.3 4.8 1.9 <0.01 0.3 7.3 7.6 96 4 

2Crz3 47-50+ 1.6 0.6 6.2 2.7 <0.01 0.2 11.1 11.3 98 14 

S1 - Eutric Fluvic Reductigleyic Subaquatic Gleysol (Loamic, Protosalic, Sodic, Hypersulfidic) 

Ar 0-6 0.1 0.2 0.9 1.2 <0.01 1.3 2.3 3.6 64 <1 

ACrj 6-13 0.1 0.1 0.4 0.9 <0.01 0.9 1.4 2.3 61 1 

CAr1 13-30 0.8 0.4 1.3 4.7 2.8 5 7.2 12.2 59 7 

CAr2 30-44 0.5 0.4 0.9 2.8 1.7 3.9 4.6 8.5 54 6 

Cr 44-70 0.1 0.3 0.5 1.7 1.1 2.2 2.6 4.8 54 2 

2Crn 70-93 4.6 2.4 5.4 8.6 <0.01 0.4 21.0 21.4 98 22 

2Crn/2Crn2 93-106 4.5 2.7 6.2 8.4 <0.01 0.1 21.8 21.9 99 22 

2Crn2 106-111 4.4 2.7 9.3 10.1 <0.01 0.2 26.5 26.7 99 16 

S2 – Eutric Fluvic Reductigleyic Subaquatic Gleysol (Loamic, Protosalic, Sodic, Hypersulfidic) 

Arj 0-12 0.1 0.2 0.5 1 <0.01 1.2 1.8 3.0 60 3 

CAr1 12-25 1.3 0.5 1.6 5.3 3 7 8.7 15.7 55 8 

CAr2 25-42 0.8 0.5 1 3.7 1.9 3.7 6.0 9.7 62 8 

Cr1 42-77 0.6 0.3 0.8 2.6 1.2 2.8 4.3 7.1 60 8 

Cr2 77-84 0.8 0.9 2.9 3.8 <0.01 1.1 8.4 9.5 88 8 

Crn2/2Crn 84-94 4.9 4.0 10.4 13.8 <0.01 0.1 33.1 33.2 100 15 

2Cr 94-100 1.2 1.2 4.3 5.1 <0.01 0.4 11.8 12.2 97 10 

 

3.5 Mineralogy 

The sand XRD diffractograms from both the surface and subsurface horizons of the NE and S soils were dominated by quartz. 

Small peaks of biotite and feldspar were also recorded in the SE soils (Fig. 4a). The clay fraction XRDs highlighted the 

presence of smectite, illite, vermiculite, kaolinite, and different interstratified minerals (e.g., kaolinite-smectite and smectite-

illite; Fig. 4b). Sharper kaolinite peaks were observed in the S and NE coastal soils, whereas broader peaks were observed in 
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the SE soils. In the NE, peaks of smectite, smectite-illite, and illite were also observed (Fig. 4b), with sharper smectite and 

smectite-illite peaks at the surface layers. Vermiculite and goethite were only recorded on the SE coast (Fig. 4b), along with 

less intense kaolinite peaks (at the subsurface layers) and high intensities of the 2:1 clay peaks (smectite and vermiculite). On 

the S coast, soils showed the presence of kaolinite, smectite, smectite-illite, and illite with sharper peaks on the soil surface 

(Fig. 4b). 

 

Figure 4: XRD patterns of sand (A) and clay fractions (B) from the seagrass soils of the different studied coast compartments 

(Northeastern – NE; Southeastern – SE and South – S coast). Bt: Biotite; Fd: Feldspar; Il: Illite; Kt: Kaolinite; K-S: kaolinite-

smectite; Qz: Quartz; Sm: Smectite; Sm-Il: Smectite-illite; Vm: Vermiculute. 
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3.6 Discriminant analysis 

Discriminant analysis showed clear differentiation among soils from different coasts (Fig. 5). Function 1, with a total variance 

of 91.89%, allowed discrimination of NE and SE soils from those of the S coast, primarily based on salinity (eigenvector: 

−0.005), SO4
2− (eigenvector: −0.001), EC (eigenvector: −0.073), pHoxidation (eigenvector: −0.116), Oxy-Fe (eigenvector: 

−0.011), and pHfield (eigenvector: −0.148). Function 2, with a total variance of 8.11%, was correlated with TOC (eigenvector: 

0.354), DOP (eigenvector: −0.002), CCE (eigenvector: 0.002), Py-Fe (eigenvector: 0.001), and ESP (eigenvector: −0.025) and 

allowed the discrimination of NE soils from those on the SE and S coasts (Fig. 5). Soils from the NE coast were associated 

with higher TOC, CCE, CEC, and EC contents. In contrast, soils from the S coast were associated with lower EC and pHoxidation. 

Soils from the SE coast were associated with lower DOP values and higher Oxy-Fe and pHoxidation values (Fig. 5). 

 

 

Figure 5: Discriminant analysis (DA) showing the differentiation of the seagrass soils from the three studied coast compartments 

(NE coast, SE coast, and S coast). CCE: calcium carbonate equivalent; CEC: cation exchange capacity; EC: Electrical conductivity; 

ESP: exchangeable sodium percentage; Oxy-Fe: Fe-oxyhydroxydes; Py-Fe: Pyritic Fe; TOC: Total organic carbon. 

 

3.7 Soil classification 

Based on the presented data (morphological, physical, and chemical), the six studied soils were classified as Eutric Fluvic 

Reductigleyic Subaquatic Gleysols according to the WRB-FAO soil classification; however, there were marked differences in 

their subqualifers (Table 1).  
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Soils showed clear differences in EC, ESP, sulfide content (i.e., Py-Fe), and the capacity to generate intense acidification upon 

oxidation (i.e., presence of hypersulfidic material). The NE1 profile met the criteria for the hypersalic (EC >30 dS m -1), sodic 

(saturation of Na+ + Mg2+ >15% and ESP > 6%), and hypersulfidic (pHoxidation <2.5); thus, it was classified as Eutric Fluvic 

Reductigleyic Subaquatic Gleysol (Loamic, Hypersalic, Sodic, Hypersulfidic). On the other hand, both southeastern soils (SE1 

and SE2) were classified as Eutric Fluvic Reductigleyic Subaquatic Gleysol (Loamic, Hypersalic, Sodic, and Hyposulfidic) 

because they did not meet the criteria for hypersulfidic material. 

Hypersulfidic material and sodic horizons were identified in the southern soils (S1 and S2). However, the lower electrical 

conductivity (<15 dS m
−1

) met the criteria for a protosalic qualifier (EC >4 dS m
−1

). Thus, soils from the S coast were 

classified as Eutric Fluvic Reductigleyic Subaquatic Gleysol (Loamic, Protosalic, Sodic, and Hypersulfidic). 

3.8 Water analysis 

Water chemistry and salinity showed significant differences between coastal compartments (Table 4). Higher salinities were 

recorded on the NE coast (>40; Table 4) along with higher concentrations of cations and anions, especially 

Cl−>>Na+>>SO4
2−~Mg2+>Ca2+ (Table 4). Conversely, cations, anions, and salinity were slightly lower on the SE coast, 

whereas the lowest salinities and concentrations of cations and anions were recorded on the S coast (Table 4). 

 

Table 4 – Average values (n=3 ± standard deviation) of the physicochemical parameters (pH, salinity, cations, and anions concentration) of 

the water column from the three coast compartments (Northeastern, Southeastern, and Southern Brazilian Coast) 

Site pH Salinity 
Ca2+ Mg2+ Cl− Na+ K+ SO4

2− 

mg L−1 

NE coast 8.6±0.2 42±0 467±21 1,460±131 18,550±353 11,317±1279 253±104 1,168±44 

SE coast 8.5±0.1 39±3 474±21 1,281±77 17,500±459 9,767±189 333±15 1,021±38 

S coast 8.1±0.1 5±0 9±4 20±7 455±15 233±50 13±2 43±11 

4 Discussion 

4.1 Effects of the geological and bioclimatic settings on the geochemical pedoenvironments 

Although the studied soils presented a dominance of sand (approximately 50%; Table 1), the contrasting geological (i.e., 

sedimentary and igneous/metamorphic rocks) and hydrodynamic settings between the studied sites caused different degrees of 

sand deposition by the size-sorting mechanism (preferential removal of fine particles; Mueller et al., 2008). The finer texture 

of the NE (Table 1) soils is likely related to the lower river discharges in the estuaries owing to the semiarid climate conditions 

of the region (lower annual rainfall and high evapotranspiration rates; Alvares et al., 2013) and to the higher vegetation density 

(Fig. S1), which favors the trapping of fine particles (Larcombe et al., 2001). Additional deposition of allochthonous material 

(both mineral and organic; see Inoue et al., 2011) is significantly enhanced by the presence of high-density vegetation 

(Mazarrasa et al., 2015) and is favored by larger seagrass species or by those with greater biomass (Mazarrasa et al., 2015). 
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Moreover, the occurrence of finer-textured soil horizons interspersed with (or followed by) coarse-textured horizons indicates 

a variation in hydrodynamic energy, which also indicates different depositional processes (Schoeneberger et al., 2002) where 

coarser textures are associated with higher energy depositional events (Flemming, 2000). These processes are likely 

responsible for the presence of lithological discontinuities in all soil profiles (Table 1). Moreover, the higher TOC contents 

observed in deeper soil horizons from NE coast may indicate these subaqueous soils resulted from successive depositional 

events burrowing former A horizons. 

The marked differences in the geological and hydrological settings of the studied sites also resulted in differences in the 

mineralogical compositions of the soil profiles (Fig. 4a). In the NE and S soils, the sand fraction presented a poor Fe 

monomineralic assemblage predominantly composed of quartz, likely due to inputs from the surrounding Cenozoic sandy 

deposits, that is, Barreiras Tablelands and Quaternary plains, respectively (Campos et al., 2008; Dominguez, 2006). However, 

at the SE coast, the granitic gneiss outcrops of Serra do Mar act as sources of both biotite and feldspars in the estuary (Souza-

Júnior et al., 2007).  

Clay mineralogy also reflects contrasting geological settings (Fig. 4b). Barreiras Formation, on the NE coast, and the 

Quaternary deposits on the S coast, mainly composed of kaolinite and illite (Albuquerque et al., 2014; Lopes et al., 2016; Melo 

et al., 2002) directly influence the clay mineralogy of the seagrass soils. Despite the predominance of sand, the NE soils 

presented high-activity clays (mostly smectite, illite, and interstratified mineral species), which indicates an active mineral 

transformation process (Środoń, 1999). These minerals are likely formed owing to the high ionic force commonly found in 

intertidal and marine environments (Furquim et al., 2008; Velde and Church, 1999), which is corroborated by the high ion 

concentrations in the estuarine water from the NE coast (Table 4). Such mineralogical transformations may also be inferred 

by the decrease in the intensity of the kaolinite peaks along with the enlargement of 2:1 peaks with depth (i.e., subsurface 

horizons, Fig. 4; Andrade et al., 2014). On the other hand, on the SE coast, the weathering of Fe-containing minerals (e.g., 

biotite; Fig. 4) sourced from the Serra do Mar outcrops favors the formation of Fe oxides and their deposition in the estuary 

(Ferreira et al., 2022). The peaks of goethite (Fig. 4) registered in these soil compartments are also likely related to the 

weathering of Fe-bearing primary minerals in the surrounding watershed soils (Souza-Júnior et al., 2008). Additionally, the 

higher Oxy-Fe contents in the SE coastal soils (Table 2) corroborate a more efficient source of Fe in this geological setting 

(Ferreira et al., 2022). 

The differences in the physical and mineralogical compositions of the studied soils seemed to affect the TOC content (Table 

2). In the NE coast soils, the significantly higher TOC contents (mean: 2.5 ± 0.1%) were associated with higher plant biomass 

(Fig. 1) but also with the higher clay contents and 2:1 clay mineralogy. This suggests the presence of organic-mineral 

interactions as a driver of organic matter persistence (Lehmann and Kleber, 2015). Under such conditions, the higher CEC 

(Table 3) of 2:1 clays (Fig. 4) and the high concentrations of divalent cations (i.e., Ca2+ and Mg2+; Table 3) would favor the 

formation of organic-mineral complexes (Kida et al., 2017), promoting organic matter stabilization and preventing its 

decomposition (Schmidt et al., 2011). The positive and significant correlations between TOC and cation exchange capacity 
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(TOC vs. CEC; r = 0.415; p<0.01; see Supplementary File), and exchangeable Ca2+ + Mg2+ (TOC vs. Ca2+ + Mg2+; r = 0.466; 

p = 0.002; see Supplementary File) corroborate this stabilization mechanism.  

The differences in the physicochemical parameters of the water column (Table 4) also revealed the effects of contrasting 

geological and hydrological settings among the studied sites. The significantly lower EC values and ionic concentrations at 

the S coast are both related to sandy materials in the geological surroundings and the geomorphological features of the estuary. 

The latter is characterized by a choked lagoon where seawater influx is limited (Seeliger, 2001). Conversely, the higher 

salinities and ionic concentrations found on the NE coast (Tables 2 and 4) are related to the low freshwater input in these 

estuaries because of the dominant semiarid climate in the region’s watersheds (Lacerda et al., 2007). 

 

4.2 Contrasting geochemical conditions and their effects on soil-forming processes 

 

The different geological, bioclimatic, and hydrodynamic settings of the Brazilian coast produced contrasting geochemical 

pedoenvironments, which caused different intensities of pedogenetic processes and ultimately, soil diversity among the studied 

sites.  

Because of the abundant sulfate supply from seawater, hydromorphic conditions, organic matter inputs from vegetation, and 

deposition of reactive Fe from hydrological systems (i.e., rivers and tides), Fe and S bacterial reduction are the main pathways 

of respiration in these ecosystems (Nóbrega et al., 2013; Holmer et al., 2001; Brodersen et al., 2017; Giblin, 1988) (equations 

1 and 2; Canfield et al., 1993). Thus, the geochemical environment to which the studied soils were subjected is prone to both 

gleization and sulfidization (Schaetzl and Thompson, 2015; Ferreira et al., 2007), which are processes typically active in hydric 

soils (Veneman et al., 2015; Lowry et al., 2012; Ferronato et al., 2016). However, the intensity and reach of such processes 

varied widely among the studied sites and thus, ultimately produced diverse soils depending on the characteristics of each 

pedoenvironment.  

Although gleization-related colors occurred in all studied profiles (i.e., dark-greenish-bluish soil colors with low values and 

chromas, e.g., N2.5-5/, 5BG 3/1, 5PB4/1; Fig. 2 and 3; Table 1), our data showed varying intensities of gleization, which are 

related to the (seemingly subtle) differences in the geochemical environment of each study site. Upon gleization, solid Fe(III) 

forms (oxyhydroxides and oxides) are reduced (and solubilized; equation 1), leading to the formation of Fe(II), which can 

either be removed from the soil (Otero et al., 2008) or reprecipitated as poorly crystalline Fe oxyhydroxides (equation 2; 

Canfield et al., 1993), forming high chroma mottles (e.g., along the root and benthos burrows; Figs. 1, 2, and 3), which contrasts 

with the surrounding soil matrix dominated by lower chromas and gray hues (Figs. 1, 2, and 3). Within the studied seagrass 

soils, roots showed a marked influence on gleization and affected soil morphology by creating variegated soil colors and brown 

mottles (especially in the upper soil horizons of some profiles; Fig. 3; Table 1). These variegated colors result from the 

oxidation of dissolved Fe2+ (Equation 2) promoted by the rhizospheres of these marine phanerogams (Weiss et al., 2004). 

FeOOH + 3H+ + e- → Fe2+ + 2H2O (equation 1) 
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4 Fe2+ + O2 +6 H2O → 4FeOOH + 8 H+  (equation 2) 

As Fe oxy-hydroxides are solubilized, the soil matrix acquires bluish/greenish dark gray colors (e.g., 5BG 3/1, 10BG 4/1, and 

10BG 3/1; Table 1), which also reflects the presence of Fe-rich clays (e.g., glauconite and nontronite) (Prada-Gamero et al., 

2004; Souza-Júnior et al., 2008; Pugliese Andrade et al., 2014). The presence of such clays results from mineral transformations 

triggered by the high Fe activity (from Fe oxy-hydroxides dissolution) and high salinities (Pugliese Andrade et al., 2014; 

Souza-Júnior et al., 2010). 

However, on the SE coast, gleization was less intense than that in the NE and S coastal soils. The significantly higher contents 

of Oxy-Fe in the SE soils (51.0 ± 8.5 µmol g−1; Table 2) evidence the less intense gleization (i.e., Fe reduction) process. The 

higher Eh values (+203 ± 55 mV; Table 2), and significantly lower TOC contents (0.4 ± 0.2%; Table 2) when compared to 

soils from other coastal compartments, characterized a geochemical environment less prone to the reduction of Fe-

oxyhydroxides (see Fig. 6). Additionally, the presence of goethite XRD peaks (Fig. 4b), only observed in the SE soils, further 

corroborates the lower intensity of gleization at this site as well as the direction of the Oxy-Fe vector towards the plotted data 

of the SE coast in the DA (Fig. 5). In this case, the goethite that is transported as suspended sediments (Souza-Júnior et al., 

2008) settles within seagrass meadows and is preserved as a result of the prevailing redox conditions caused by the low TOC 

contents for microbial metabolism (Søndergaard, 2009). 



23 

 

 

Figure 6: Eh values registered in the studied soils profiles. The shaded areas indicate the Eh intervals indicative of oxygen, nitrate 

(< +100 mV; brown area), Fe (+100–0 mV; yellow area), and SO4
2- reductions (blue area) at pH close to 7.0 (Søndergaard, 2009). 

 

As organic matter decomposition proceeds and most of the ferric-Fe compounds are consumed, bacteria start using sulfate 

from seawater as the terminal electron acceptor, producing sulfides (equation 3; Canfield et al., 1993; Nóbrega et al., 2016). 

Since ferrous Fe is generally present, the precipitate of different Fe-sulfides (e.g., pyrite and/other metastable phases such as 

the “acid volatile sulfides”; i.e., greigite and mackinawite; equation 4 and 5) produce dark-colored spots (as those observed in 

the subsurface horizons of the NE soil profiles; Fig. 1), characteristic of the sulfidization process (e.g., 5PB 4/1; 10B 3/1; 10B 

4/1; (Macías and Camps-Arbestain, 2020; Otero et al., 2008).  

Sulfidization was also evidenced by the accumulation of sulfidic material (pHoxidation ≤2.5; Table 2) and by the DOP values 

(>50%; Table 2) registered in all the studied soil profiles; the significant negative correlation between both proxies corroborates 

this statement (r = −0.518; p<0.01; n = 40; see Fig. S3). On the other hand, the significantly higher DOP values found in the 
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NE soils (65.5 ± 9.3%; Table 2) suggest a greater intensity of sulfidization in this coastal region. In this case, the higher TOC 

contents (2.5 ± 0.9%; Table 2) fueled by the high plant densities and biomass (see Supplementary File) favor a more reduced 

geochemical environment and, ultimately, sulfate reduction (Fig. 6). Indeed, the soil profiles from the NE coast showed 6-fold 

and 2-fold higher Py-Fe contents (70.9 ± 54.7 µmol g−1) than the SE and S coastal soils, respectively (Table 2). Notably, 

despite the high Py-Fe contents in the NE soils (Table 2), the higher CCE (7.00 ± 0.48 cmolc kg−1; Table 2) and the presence 

of biogenic seashells (Fig. 1 g-h) prevented the acidification in some soil horizons (Crz and 2Crz from soil profile NE1 and 

Crz and 3Crz from profile NE2) resulting in circumneutral pHoxidation values (Table 2). This natural buffering capacity highlights 

the importance of biogenic calcium carbonates in hampering soil acidification (Payne and Stolt, 2017; Still and Stolt, 2015; 

Vittori Antisari et al., 2016).  

SO4
2−- + 9H+ 8e- → HS− + 4H2O (equation 3) 

2Fe2+ + 2HS- → 2FeS + H2 (equation 4) 

2Fe2+ + 4HS- → 2FeS2 + 2H2 (equation 5) 

The higher TOC contents in the seagrass soils located on the NE coast are especially relevant because they are consistently 

higher than those previously recorded for the surrounding semiarid terrestrial soils (mean: 0.6 ± 0.1%) and humid forest soils 

(mean: 1.1 ± 0.3%; Nóbrega et al., 2019).  

Seagrass meadows have been globally recognized as significant carbon sinks, with most C sequestered within their soils 

(Serrano et al., 2016, 2015). When compared to global data (mean: 1.8 ± 0.3 % median 1.2%, according to Fourqurean et al., 

2012; or mean 2.5 ± 0.1% and median: 1.8%, according to Kennedy et al., 2010), the C contents of the studied seagrass soils 

were considerably lower (mean: 1.0 ± 1.0% and median: 0.6%, for all studied sites), except for those observed at the NE coast 

(mean: 2.5 ± 0.1%). Thus, seagrass meadows may constitute a relevant (but not yet quantified) C sink in the tropics, indicating 

that efforts for seagrass replanting and restoration should be considered for climate mitigation. However, the TOC content was 

highly variable among the studied soils from the different compartments (Table 2). These data reinforce the need to obtain 

local- and regional-scale inventories to better understand and quantify the role of tropical seagrass soils as sinks for C. 

Additionally, it is worth noting that gleization and sulfidization are both controlled by the availability of metabolizable organic 

matter that stimulates dissolved oxygen consumption, followed by the metabolic pathways of Fe oxyhydroxides and sulfate 

reduction. Therefore, our results not only demonstrate the variability of these soils for carbon storage but also how soil-forming 

processes can vary considerably in response to different environmental settings. 

5 Conclusion 

Despite some similarities among the studied subaqueous soils, the unique environmental features that characterize the different 

biogeographical regions of the Brazilian coastline (e.g., water column characteristics, geological setting, and varying 

hydrodynamics) result in different intensities of pedogenetic processes (Fig. 7). The characteristics of Brazilian seagrass soils 
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reflect the effects of hydrological, geological, and bioclimatic settings on pedogenesis, which results in different intensities of 

gleying and sulfidization processes, and, ultimately, in relevant pedodiversity (Fig. 7). Additionally, the different intensities 

of these pedogenetic processes may affect the capacity of seagrass meadows to provide important ecosystem services (e.g., 

carbon sequestration). 

 

Figure 7: Graphical abstract illustrating the control exerted by the contrasting environmental (i.e., geological, hydrological and 

bioclimatic) settings along the Brazilian coast over the geochemical pedoenvironments and its consequences on the intensities of soil 

forming processes (i.e., gleization and sulfidization). In the NE coast, the denser plant coverage favored higher TOC contents and 

an anaerobic environment, prone to a more intense sulfidization. The lower river discharges at the NE, due to the semiarid climate 

conditions, produced soils with finer textures and high activity clays, more efficient in stabilizing soil organic matter. In the SE, the 

sparse vegetation favors soils with lower TOC contents and also the establishment of a less oxidizing (i.e., suboxic) environment. 

Additionally, the Fe-rich geological surroundings constitute a more efficient source of Fe to the estuary decreasing the intensity of 

gleization. At the S, the geological surroundings marked by Quaternary Fe-poor sandy deposits, along with the geomorphological 

feature of the estuary (i.e., a choked lagoon), significantly lowers the EC and ionic concentrations (especially sulfate) and ultimately 

decrease both the intensities of gleization and sulfidization. 

 

The contrasting pedogenesis observed in the studied tropical seagrass meadows is a valuable contribution to the knowledge of 

these poorly studied (especially from a pedological perspective) and ecologically valuable tropical ecosystems. The overall 
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findings of the present study are not only useful for a better understanding of the general functioning of seagrass meadows but 

also to foster environmental studies focused on ecosystem services conservation and sustainable management of these 

meadows within the tropics. 
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