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Abstract In salt marshes, the hydrodynamics and the

availability of iron, organic matter and sulphate, influence

the formation and/or dissolution of iron sulfides and iron

oxyhydroxides. Therefore, they constitute key factors

affecting the iron biogeochemical processes in these envi-

ronments. The aim of this work is to evaluate the physico-

chemical and mineralogical variations associated to iron

biogeochemistry in palaeo and actual salt marshes in the

area of influence of the Mar Chiquita coastal lagoon,

Pampean Plain, Argentina. In soils of exhumed palaeo

marshes, the iron contents are 56–95 lmol g-1, whereas

these contents decrease to 36–75 lmol g-1 in actual marsh

soils. The presence of framboidal and poliframboidal pyr-

ites associated with gypsum, barite, calcite, halite and iron

oxyhydroxides defines the conditions of the pedosedi-

mentary sequences of the Holocene paleomarshes.

Sequences of pyrite formation (sulfidization) and degra-

dation (sulfuricization) were observed. These processes

were evidenced by a sequential extraction, reflecting that

the largest proportion of iron is in the form of crystalline

iron oxides (28–76 %) and lepidocrocite (6–16 %); while

the proportion associated with ferrihydrite and pyrite is low

(0–9 and 1–17 %, respectively). These facts could be partly

explained by the complex redox processes characteristic of

these environments, such as aeration generated by the

rhizosphere and intense bioturbation by invertebrates.

These iron biomineralizations have been useful because

they allow paleoenvironmental interpretations and charac-

terization of paleomarshes, and environmental inferences

related to the management of actual salt marshes.

Keywords Biomineralization � Framboidal and

poliframboidal pyrites � Sequential extraction � Coastal
wetlands

Introduction

Salt marshes are one of the most productive systems of the

world (Odum 1970; Duarte et al. 2005); they are widely

urbanized zones and occupy large coastal areas. They are

transitional ecosystems that couple continental and marine

environments (Viaroli et al. 2007), where major changes in

water chemistry, sediment composition and biology can

occur on small spatial and temporal scales (Bianchi 2006).

Because of that, soils in estuarine environments are com-

plex systems that result from interactions between abiotic

(e.g., tides and physiography) and biotic (activities of

plants, invertebrates and microorganisms) factors, which

may change within short distances (Ferreira et al. 2010); in

concordance with the pedological processes of additions,

transformations, transfers and removals defined by

Simonson (1959).

& N. Borrelli

nlborrel@mdp.edu.ar

1 Instituto de Geologı́a de Costas y del Cuaternario (IGCyC),

FCEyN, UNMdP-CIC, CC 722 (7600), Mar Del Plata,

Buenos Aires, Argentina

2 Instituto de Investigaciones Marinas y Costeras (IIMyC),

CONICET-UNMdP, Mar Del Plata, Buenos Aires, Argentina

3 Consejo Nacional de Investigaciones Cientı́ficas y Técnicas

(CONICET), Buenos Aires, Argentina

4 Departamento de Ciencia do solo, Escola Superior de

Agricultura Luiz de Queiroz (ESALQ), Universidade de São

Paulo (USP), Sao Paulo, Brazil

5 Departamento de Geoquı́mica, Instituto de Quı́mica,

Universidade Federal Fluminense, Niteroi, Brazil

123

Environ Earth Sci  (2016) 75:672 

DOI 10.1007/s12665-016-5506-8

http://crossmark.crossref.org/dialog/?doi=10.1007/s12665-016-5506-8&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12665-016-5506-8&amp;domain=pdf


Soils developed in salt marshes are characterized by

high organic matter contents and tidal flooding, and play an

important role in the biogeochemical cycling of iron (Fe)

and sulfur (S) (Tobias and Neubauer 2009). In anoxic soils

of salt marshes, the bacterial sulfate reduction (BSR) may

be one of the main processes in the mineralization of

organic matter (Howarth 1984). When favorable conditions

to the BSR occur (e.g., abundant supplies of sulfate;

organic matter; and reactive Fe from active hydrological

systems, rivers and tides), some metastable Fe sulfides are

formed and accumulated such as amorphous FeS, macki-

nawite (FeS), greigite (Fe3S4) and pyrrhotite (FeS) (Morse

et al. 1987). These iron sulfides can be later transformed to

pyrite (FeS2), mainly in framboidal pyrite form (Berner

1970; Osterrieth 1992; Tobias and Neubauer 2009).

As framboidal pyrite is mainly the result of a biological

metabolic process, it is included within the process of

biologically induced mineralization, also called biominer-

alization (Lowenstam 1981; Lovley 2000). Because pyrite

is thermodynamically the most stable end product of the

bacterial sulfate reduction (Berner 1984), it is widely used

as biogeochemical proxy to reconstructing geological

events and identifying periodically changing environmen-

tal redox conditions (Henderson 2002; Ferreira et al. 2015).

This pyrite applicability as a proxy to identify a variety of

redox controlled cyclic transitions in depositional envi-

ronments is due to its stability (Raiswell and Berner 1985),

allowing interpretations on the factors that control its for-

mation and accumulation during early diagenesis, includ-

ing availability of iron, sulfate, organic carbon and

hydrodynamics (Berner 1970, 1982, 1984).

Knowledge of the evolution of palaeomarshes is critical

to understand the processes acting in the actual marshes,

especially considering urban development in coastal areas

and the consequences that different human activities could

have, considering the active iron biogeochemistry and the

possible acidification processes generated by the oxidation

of iron sulfides (Polastro 1981).

In Argentina, the first report about the biomineralization

of framboidal pyrite associated with palaeo salt marshes

environments was in 1992 (Osterrieth 1992), without fur-

ther information; while there are a large number of reports

of the pyrite formation and its biogeochemical implications

in salt marshes ecosystems in other regions (Stribling 1997;

Wilkin et al. 1996; Roychoudhury et al. 2003; Ferreira

et al. 2010; Koretsky et al. 2003; Otero and Macias 2003;

Otero et al. 2006; Tobias and Neubauer 2009).

In the Pampean Plain, coastal morphodynamics

throughout the Holocene has been very active, producing

variations linked to the installation of coastal barriers that

determine the evolution of both palaeo and actual marsh

(Isla et al. 1988; Violante et al. 2001), and dunes which

have fully or partially buried ancient coastal lagoons. For

this reason, and because Mar Chiquita Coastal Lagoon is a

unique type of environment in Argentina, the aim of this

work is to evaluate the physico-chemical and mineralogical

variations associated to iron biogeochemistry in palaeo and

actual salt marshes in the area of influence of the Mar

Chiquita coastal lagoon, Pampean Plain, Argentina.

Although the presence of framboidal pyrite is frequently

reported for soils of tidal flats, coastal marshes and swamps

from tropical to subtropical environments of Southeast

Asia, Africa and South America, this work is the first report

of its presence in the southeast Pampean Plain.

Materials and methods

Study area

The site under study is located in the Mar Chiquita district,

Province of Buenos Aires (37�801000–37�510S and 58�504000–
57�110400W) (Fig. 1a). This area is part of the depressed

Pampa (Tricart 1973) where four geomorphological areas

are distinguished (Schnack and Gardenal 1979): (a) Coastal

dunes, (b) Marginal plain, (c) Shell ridges, (d) Continental

deposits. The parent materials of soils conform four strati-

graphic units: (1) Faro Querandı́ Formation: coastal dunes;

(2) Mar Chiquita Formation: ingressive deposits, which are

distinguished: beach facies, shell cordon and coastal lagoon

facies, sandy-clay sediments greenish gray, with shell frag-

ments; (3) Santa Clara Formation: continental deposits

(pampean loess and silts (Frenguelli 1950); (4) Silts Nahuel

Ruca Formation: silty dunes around Hinojales and Nahuel

Rucá lakes. Soils in the study area belong to different series,

dominated by typic Udipsaments, aquic Hapludolls, typic

Peluderts, fluventic Hapludolls, thaptoargic Hapludolls,

typic Natraquolls and haplic Sulfaquents (INTA 1987).

The regional climate is mesothermic and subhumid,

with little or no water deficiency (Burgos and Vidal 1951).

The annual precipitation is 809 mm. The annual average

temperature is 13.7 �C; the average minimum temperature

is 8.1 �C in June, while the average maximum temperature

reaches 19.8 �C in January (National Weather Service Mar

del Plata, according to the 1920–1980 record 1901–1970).

Most of the study area, except for S-SE sector, is

included in the Biosphere Reserve, Man and Biosphere

Reserve Program, UNESCO, called ‘‘Parque Atlántico Mar

Chiquito’’. This reserve, like other existing in the world, is

a coastal ecosystem possessing a variety of sub-environ-

ments that host a specific diversity of organisms (Iribarne

2001), and influence complex biogeochemical processes.

Mar Chiquita is a shallow body of brackishwater affected

by low amplitude tides (Fasano et al. 1982), and constitutes

an estuarine environment with a very particular behavior

(Marcovecchio et al. 2006).

 672 Page 2 of 12 Environ Earth Sci  (2016) 75:672 

123



Fig. 1 a Map of the location of the study area, b Panoramic view of

paleosol exhumed in coastal area of Mar Chiquita (S1), c Panoramic

view of area covered by Sarcocornia perennis (S2), d Panoramic

view of area covered by Spartina densiflora (S3), e Detail of exhumed

paleosol (S1), f Detail of actual soil in S2, g Detail of actual soil in S3
with crab burrows
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The vegetation of the Mar Chiquita coastal lagoon is

characterized by psammophytic, halophytic, freshwater and

woodlands plant communities, the latter mainly composed

of Celtis ehrenbergiana (Vervoorst 1967).

Study sites

In the first sampling site (S1), we worked with exhumed

soils, which are located on the actual platform of erosion

(Fig. 1b, e). The sequence has evolved from ancient coastal

deposits, linked to last Holocene transgressive–regressive

cycle, and are affected by episodes of storms. The soils are

moderately drained, present moderate permeability and are

exposed to high levels of erosion. The presence of cracks is

commonly observed, besides the precipitation of sodium

salts and dissolution of calcium carbonate from bioclastic

materials, mainly in the horizons containing plant remains.

In the second sampling site (S2), soils are located within

the marginal plain, in micro-depressions linked to ancient

tidal channels (Fig. 1c, f). They are affected by the water

table very near the surface, remaining saturated for long

periods during the rainy seasons and/or affected periodi-

cally by the Mar Chiquita coastal lagoon, where iron sul-

fides are common in the surface. Instead, during dry

summers, the presence of cracks and crusts of sodium salts

is observed at the surface. These soils are poorly drained,

with slow permeability and characterized by the presence

of mollusk shells and intensely bioturbated by Uca

uruguayensis and Neohelice granulata (Olivier et al. 1972;

Spivak et al. 2001). The predominant vegetation consists of

Sarcocornia perennis and brackish communities (Isacch

et al. 2006) covering approximately 50 % of the surface.

In the third sampling site (S3), the soils have evolved

from sand and bioclastic sediments reworked by water

action, within the floodplain of the Mar Chiquita coastal

lagoon (Fig. 1d, g). They are moderate to fastly drained,

with fast permeability detected by the presence of crusts of

sodium chloride in dry summers. There is a dense plant

cover, predominantly composed of Spartina densiflora

(Isacch et al. 2006), covering 80 % of the surface.

Methodology

The exhumed soils were analyzed across a section of

12 km length (Fig. 1). The complete soil profile was

sampled due to the irregularity given by the storm episodes

and ocean erosion. Dating by 14C acceleration mass spec-

trometry (AMS) were performed (Beta Analytic, USA;

LATIR-UNLP) on soil organic matter and bioclastic

material (Tagelus plebeius) that have been found in life

position in the study area. In the actual soils, the first 20 cm

of six profiles in each sampling site were analyzed (Fig. 1).

Although many soil profiles were studied in all the sam-

pling sites, we report the description of the modal profiles.

Soil morphological description

Morphological profile descriptions were made according to

the standards established by the Soil Survey Staff (1996).

Physical and chemical analysis

The soil pH in paste (1:1) was determined with a digital

Orion Research 501 pH meter and the organic matter

content by the Walkley and Black (1965) method.

To determine soil particle size distribution, samples of

each soil horizon were air-dried. About 20 g of each soil

sample was treated with 10 % hydrochloric acid and 30 %

hydrogen peroxide at 70 �C to eliminate carbonates and

oxidize organic matter, respectively. Particle size distri-

bution was determined by pipette analysis (Ingram 1971;

Galehouse 1971).

Fresh soil subsamples were used for iron sequential

extraction (by a combination of method adapted from

Tessier et al. 1979; Huerta-Dı́az and Morse 1990; Fortin

et al. 1993). The results were expressed in dry weight basis,

after correction for water content (61–72 % for all sam-

ples) as determined by drying soil subsamples to constant

weight. The procedure includes six operationally defined

phases (Ferreira et al. 2007):

F1: Exchangeable and soluble Fe: shaken for 30 min in

30 ml of 1 M MgCl2 solution (pH 7.0);

F2: Carbonate-associated Fe: shaken for 5 h in 30 ml of

1 M NaOAc solution (pH 5.0);

F3: Ferrihydrite Fe: shaken for 6 h at 30 �C in 30 ml of

0.04 M hydroxylamine ? acetic acid 25 % (vol/vol)

solution;

F4: Lepidocrocite Fe: shaken for 6 h at 96 �C in 30 ml

of 0.04 M hydroxylamine ? acetic acid 25 % (vol/vol)

solution;

F5: Crystalline Fe oxides and oxyhydroxides: shaken for

30 min at 75 �C in 20 ml of 0.25 M sodium citra-

te ? 0.11 M sodium bicarbonate solution with 3 g of

sodium dithionite;

F6: Pyrite Fe: after a silicate phase (10 M HF extraction)

and organic phase (concentrated H2SO4 extraction)

elimination (Huerta-Dı́az and Morse 1990), the pyritic

phase was extracted by shaking for 2 h at room

temperature in 10 ml of concentrated HNO3.

The degree of iron pyritization (DOP) was calculated as

follows, considering the RF1 ? F5 as the reactive-Fe

phase (Ferreira et al. 2007; Otero et al. 2009; Ferreira et al.

2010):
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DOP ð%Þ ¼ ½ðpyrite� FeÞ=ðreactive� Fe þ pyrite� FeÞ�100

Mineralogical and mineralochemical characterization

Once the carbonates and the organic matter were removed

from the soil samples, light and heavy minerals were sepa-

rated by a heavy liquid separation with sodium polytungstate

(3Na2-WO4�9WO�H2O, d: 2.89 g/cm3). Light and heavy

minerals of the sand fraction: very fine sand (125–62 lm),

were mounted with Canada balsam and 400–500 grains per

slide were counted under an optical microscope

(LeitzWetzlarD35780), polarization microscope (Olimpus

BX 51P) and scanning electron microscope (JEOL

JSM6460LV). The mineralochemical analyzes were per-

formed using an energy dispersive X-ray spectrometer EDS,

between 15 and 25 kV, in undisturbed natural samples.

Results and discussion

Morphological properties

Exhumed soils (S1) presented specific characteristics

associated with coastal environment and subsequent active

erosion processes, generating several cycles of buried to

exhumed soils (Fig. 1b, e). Given this variability, the soils

have a low to moderate development, with characteristics

of Entisolls and Mollisols (Table 1; Fig. 2). As the

palaeosoils classification is very discussed, and in this case

soils are affected by the actual coastal morphodynamic

with a permanent marine effect; it is considered that these

complex sequences that have been diagenized, exhumed

and eroded (Buurman 1998), could belong to Hapludolls

(A horizons), Sulfaquents (C1 horizons) and Udipsaments

and/or Aquents (C2 horizons).

Actual soils have developed from sandy-silt bioclastic

parent materials, in a plane environment where microtopo-

graphical variations and the degree of saturation have condi-

tioned the evolution of the different soils, showing differences

despite the sedimentological homogeneity (Osterrieth 1998).

In S2, soils have low development and correspond to Entisolls

(haplic Sulfaquents) (Table 1; Figs. 1c, f, 2). In S3, soils have

moderate development and belong to Aquolls (aquic Udiflu-

vents) (Table 1; Figs. 1d, g, 2).

Physical and chemical analysis

Organic matter content and pH

Prior to the burial of the exhumed soils, the system func-

tioned as a marsh, generating hydromorphic conditions that

slowed the organic matter degradation. This could explain

the abundance of plant residues in the sequence and the

lower content of organic matter compared with actual soils

(Fig. 2). Once the sequence was exposed to oxic conditions

and eroded by storm episodes, the oxidation of sulfides and

the intense dissolution and transformation of framboidal

pyrite into iron crystalline phases could be the responsible

for the acidic conditions, mainly in the surface horizons

(Fanning et al. 2002) (Fig. 2).

In the actual soils, the content of organic matter

decreases with depth and is affected by the plant cover.

Despite the sandy texture of the actual soils and their low to

moderate pedogenesis, the plant cover (*80 %) in envi-

ronments associated with S. densiflora, has generated

horizons with organic matter content similar to other

Mollisols in the Pampean Plain (*4–10 %) (Borrelli et al.

2008). These values were two-times higher than those

obtained in other sampling sites with smaller plant cover

(Fig. 2). These organic matter contents decreased sharply

to the parent materials because of the intense transforma-

tion and translocation processes that take place in these

soils probably in response to the biological activity

(Koretsky et al. 2003). The pH values showed quite

homogeneous behavior throughout the profile and showed

neutral to alkaline values (Fig. 2). Despite the differences

in organic matter contents, the pH results may be explained

by the saline and/or brackish water influence, also resulting

in high exchangeable sodium contents. This acid–base

condition may also be related to the composition of the

parent materials with abundant bioclastic materials affected

by bioerosion processes and reprecipitation of calcium

carbonates and oxalates (Osterrieth 2005).

Particle size distribution

In every sampling site analyzed, the soils showed a sandy

texture (74–87 %, u 2–4.5) with scarce pelites (4–9 %, u
5–11). The results of textural analysis reveal a uni-modal

type of distribution, being the fine sands (43–62 %, u
3–3.5) and very fine sands (27–44 %, u 4–4.5) the most

representative within the sand fraction (Fig. 2).

The dominance of sand fraction, and particularly the

very fine sand fraction, is in close relationship with the

parent materials from which the soils have evolved. The

sandy sediments with abundant bioclastic material would

be related to the actual soils while the ancient coastal

deposits with the exhumed soils. Moreover, additions

processes are very important in these environments, gen-

erating not only contributions of fine and very fine mate-

rials by wind action; but also by the coastal

morphodynamics; mostly by the income of seawater and

the effects of the coastal dunes over the exhumed soils. In
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actual soils, besides the contributions of fine and very fine

materials by wind action, the input of pelites are caused by

flooding processes from the Mar Chiquita lagoon, com-

bined with a greater entrapment of material given the

increased vegetation cover, especially in environments

dominated by S. densiflora.

Iron sequential extraction and degree of iron pyritization

The total iron content in the analyzed soils is similar to

those reported for other saltmarshes with the same plant

cover (Kostka and Luther 1994; Taillefert et al. 2007;

Koretsky and Miller 2008); but lower than other similar

environments in tropical ecosystems (Ferreira et al. 2007),

where the total iron content is fivefold the values observed

in these temperate soils.

The average total iron content was 66 ± 11 lmol Fe/g

of soil in the exhumed soils and 36–75 lmol Fe/g of soil in

the actual soils (Fig. 3). While there were no significant

differences in iron contents between all the analyzed soils,

the highest content of heavy minerals and their highest

degree of weathering in the exhumed soils (Fig. 2), could

explain their higher mean iron contents (66 ± 11 lmol Fe/

g) when compared to the actual soils (44–60 lmol Fe/g).

There was no a clear pattern in the distribution of total iron

with depth (Fig. 3). In S2 soils, a tendency of increasing

iron with depth was observed. On the other hand, in S3 and

the exhumed soils, an homogeneus depth distribution and a

decreasing tendency of iron contents with depth were

observed, respectively (Fig. 3).

In all the actual and exhumed soils, no iron associated

with the exchangeable phase (F1) and carbonate phase (F2)

was observed (Fig. 3). The greater proportion of iron

remained associated with crystalline oxides and oxyhy-

droxides (F5, 61–82 %) and lepidocrocite (F4, 13–25 %),

and a low proportion to the ferrihydrite phase (F3, 0–9 %)

(Fig. 3), as it was reported in other saltmarshes, mainly in

the surficial layers of the soils (Luther et al. 1992; Otero

and Macias 2003). In these soils, the degree of pyritization

(DOP) was low and below the typical values reported for

modern estuarine sediments (Wilkin et al. 1996). In the

actual soils, DOP did not exceed 3 %, with an average of

1.5 %. On the other hand, the exhumed soils the DOP was

greater ranging between 1.2 and 9.4 %.These DOP values

are very low compared with other salt marshes where DOP

reaches values of about 20–80 % (Kostka and Luther 1994;

Otero and Macias 2003) and with analogous tropical

environments (15–40 %) (Otero et al. 2009; Nóbrega et al.

2013).

The difference in the iron content and the degree of

pyritization between exhumed and actual soils could be

explained according to the evolutionary stage of both

Table 1 Morphological characterization of the studied soils

Profile Horizon Colour Texture Structure Observations

S1 A Very dark gray

(10YR 3/1) (d)

black

(10YR 2/1) (w)

Sandy

loam

Massive to medium granular; weak,

friable, slightly hard, slightly adhesive

and non-plastic

Charred remains and bioturbations

indicated by the presence of crab

burrows

Cgkb Light olive

(5Y 6/2) (d)

olive

(5Y 5/3) (w)

Silty-

sandy

loam

Massive; friable, loose; slightly adhesive

and plastic

Abundant whole and fragmented shells,

bioturbation signs and decomposed

plant residues

S2 A Very dark brown

(10YR 2/2) (d)

black

(10YR 2/1) (w)

Sandy Massive; loose, very friable and slightly

adhesive

Few bioclastic fragments and abundant

roots

2Cgk1 Olive gray

(5Y 5/2) (d) dark gray

(5Y 4/1) (w)

Sandy Massive; loose, non-adhesive nor plastic Abundant remains of shells, few roots and

veins of gley colors

S3 Ak Dark gray (10YR 4/1)

(d) and black (10YR

2/1) (w)

Sandy

loam

Moderate granular; soft, very friable,

slightly plastic and slightly adhesive

Fragments of bioclastic material,

abundant roots and crab bioturbations

2Ck light gray

(10YR 7/2) (d) gray

(10YR 6/1) (w)

Sandy Massive; soft, very friable, non plastic nor

adhesive

Abundant whole and fragmented

bioclastic material and crab

bioturbations

S1: exhumed soils, S2 and S3: actual soils
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Fig. 2 Morphological, physical and chemical properties of the exhumed (S1) and actual soils (S2, S3) studied. a Morphological properties.

b Organic matter content and pH. c Particle size distribution. d Light and heavy minerals

Fig. 3 Total iron content (lmolFe/g-1) and percentages of the geochemical phases of Fe in exhumed (S1) and actual soils (S2, S3). F1:

exchangeable. F2: carbonate-bound. F3: ferrihydrite-bound. F4: lepidocrocite-bound. F5: goethite/hematite-bound. F6: pyritic (DOP)
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environments. The palaeomarshes have completed their

pedological cycle and were buried by the dunes barrier

during late Holocene (Osterrieth 1998, 2005). This greater

pedological development, compared with actual marshes,

has been accompanied by a preservation of framboidal

pyrites that, through the exhumation and erosion pro-

cesses, and oxic conditions, have been only partially

weathered.

Another factor to take into account involved in framboidal

pyrite preservation is the dissolution of biogenic amorphous

silica (diatoms, spicules of Porifera and silicophytoliths) due

to the basic conditions of the soils and the presence of halite

(Fig. 5a, c). This dissolution process and the subsequent silica

precipitation as amorphous gels (Fig. 5c), may have allowed

pyrite framboidals to be preserved despite the oxidizing

environment to which they have been exposed.

In actual soils, the lower pedological development and

the aeration generated by bioturbation and the intense

biological activity may have, led to a lower pyritization

degree. Particularly, S. densiflora has significant under-

ground biomass (7729–7994 gr/m2) when compared to the

aboveground biomass (Bortolus 2006); and crab burrows

reach high densities ([60/m2) with depths that can reach

1 m (Iribarne et al. 1997). This biological activity in the

surface levels of the soils would generate intense pyrite

oxidation leading to the production and turnover of large

amounts of reactive iron oxides that conform the predom-

inance of oxidized iron phase in these soils (Luther et al.

1992; Kostka and Luther 1994; Koretsky et al. 2003;

Taillefert et al. 2007; Araújo et al. 2012).

Mineralogical and mineralochemical

characterization

Generally, mineralogy is homogeneous in all analyzed

soils. The light mineral fraction was mainly composed of

minerals coated by oxides, Ca–Na feldspars, quartz and

lithic fragments. A low proportion of K feldspar, muscovite

and volcanic shards were also present (Fig. 2). The quartz

occurs in subangular grains; the plagioclases are limpid to

partially coated and weathered; the lithic fragments are

mostly weathered or coated and the volcanic shards are

clear and some with many oxides and clays in their chan-

nels and surfaces (Fig. 2).

The increase of quartz content in the exhumed soils

could be related to actual contributions given the intense

erosion that prevail in these environments, as well as to the

additions of marine materials and to the translocations from

the barrier of coastal dunes. The great amount of coated

minerals could be explained by the intense iron biogeo-

chemistry, given the oxidation processes of pyrite and its

transformation from framboidal pyrite into the predomi-

nant iron oxides and oxyhydroxides.

Heavy minerals contents varied among the different

soils. Generally, the exhumed soils showed a greater pro-

portion than the actual ones, probably in response to the

activity and energy of the erosive agent, given the impor-

tant marine contributions, storm episodes and the presence

of cracks. In the A horizons of the exhumed soils, the

content of heavy minerals increases up to 22–42 %wt and

decreases in the C horizons to values of 8.5 and 32.2 %wt

for the fine and very fine sand fractions, respectively.

Pyroxenes, opaque minerals, coated minerals, amphiboles

and lithic fragments are the most representative. Garnets,

epidotes, tourmalines and zircons do not exceed 5 %

(Fig. 2). Exceptionally, tiny specks or irregular black

subspherical aggregates are observed at petrographic

microscope, which correspond to framboidal pyrite

(Figs. 4a, 5a). In the S2 soils, heavy minerals are negligible

in the fine sand fraction, and in the very fine sand fraction

values of 9–15 %wt arises in the A and C horizons,

respectively. In the S3 soils, the content of heavy minerals

ranges between 3.6 and 1.8 %wt (A and C horizons,

respectively) for the fine sand fraction; and 2.7 %wt in the

very fine sand fraction in both horizons.

In order to detail the mineralochemical of the studied

soils, aggregates were analyzed (by SEM and EDS) to

characterize the matrix components. The analysis of peds

of the exhumed soils showed that there is a predominance

of silica, iron, sulfur and calcium in the composition of the

matrix. In turn, it was observed that the presence, abun-

dance and recurrence of metastable forms of pyrite

(mackinawite and greigite), framboidal and poliframboidal

pyrite, and isolated octahedral and dodecahedral pyrite

closely associated with plant debris, pores and channels of

bioclasts (Fig. 4f, h, i, k). The framboids are associated

with different types of biofilms mainly of siliceous com-

position, and have diverse morphologies: combined

microcrystals, octahedral–dodecahedral subedrals; irregu-

lar octahedral microcrystals subedrals to anedrals, with

rounded edges and holes centered; microcrystals with

fracture following the crystal structure; loose microcrystals

in irregular mass groups, mixed with framboids partially

degraded and isolated pyrite microcrystals (Figs. 4g, k, 5b,

d–h).

The poliframboids are elongated and subspherical. The

subspherical poliframboids have sizes of 55 lm by 65 lm
and are immersed in a pure amorphous silica gel, from

which emerge framboids leaving the imprint of their indi-

vidual microcrystals. Elongated poliframboids form clus-

ters of 190 to 140 lm length and 50 to 90 lm wide and are

cemented by thin films of amorphous silica and iron

(Fig. 5c). Pyrite microcrystals forming framboids are

octahedral, dodecahedral, with cubic shapes and sizes of

about 0, 2 lm to 5 microns, with a rustic and irregular

surface texture. In all cases, framboidal pyrites are
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authigenic, generated ‘‘in situ’’ under anoxic conditions

and, thus, correspond to secondary pyrite (Pons 1965;

Osterrieth 1992, 1998). The framboidal pyrite genesis in

these coastal soils of the Pampean Plain is bacterial through

reduction biogeochemical processes that influence the

microcrystals structure, generating clear differences

between these biogenic microcrystals and those generated

by purely chemical action (Wilkin et al. 1996). The surfi-

cial texture of the microcrystals that delineates the fram-

boidal pyrites is rustic and irregular, typical of bacterial

activity. Additionally, the semiquantitative analysis of

EDAX showed that pyrites were composed of about

Fig. 4 Exhumed and actual soils. a Petrographic view of framboids.

b Halite in voids on plant remains. c Carbonates and calcium oxalates

on shells. d Greigite with biofilm. e EDS of greigite. f Dodecahedral
pyrite microcrystals on plant remains. g Framboidal irregular groups.

h Little and big pyrite framboids. i Octahedral pyrite microcrystals.

j Elongated poliframboids. k Pyrite framboids and biofilm on plant

remains. Scales a–c: 100 lm; d, f, h, i, k: 5 lm; g, j: 50 lm
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38–59 % sulfur and 35–58 % iron (Figs. 4, 5), all values

that match the chemical composition of pyrite and its

intermediate stages.

Under oxidizing conditions, the well-crystallized pyr-

ites, indicator of their formation in reducing conditions,

coexist with barite and gypsum (Fig. 5b), both minerals

generated under oxic environments, because of the avail-

ability of sulfate and calcium due to degradation of iron

sulfides and the intense biogeochemistry associated to

bioclasts erosion and reprecipitation of calcium carbonates

and oxalates. In both processes, films, coatings or biofilms,

as remnants of plant tissues, and/or extracellular polymer

products of the metabolic activity of the microorganisms

surround the framboids and poliframboids (Polastro 1981).

They are a barrier to the diffusion of ions and would be the

precursors that produce thin coatings of amorphous silica

and Fe hydroxides (Osterrieth 1992, 1998, 2005); pro-

moting coastal sediments stability at the flood plains and

sediment protection to the erosion.

Actual soil aggregates have an amorphous matrix pre-

dominantly composed of indistinguishable elements and

plant remains coated by an amorphous mass. On this mass,

cubic crystals of halite of the disdodecahedric class

(Fig. 4b) stands out and with a massive-grain structure,

partially coating the pores of the aggregates. The EDAX

analysis of the mass or amorphous matrix, showed that

chlorine is dominant (69.65 %), followed by silica

(13.78 %), calcium (5.78 %), iron (4.22 % observed

recurrently), sodium (3.74 %) and aluminum (2.79 %). The

bioclastic materials are affected by processes of bioerosion

and reprecipitation of carbonates and calcium oxalates by

action of fungi and algae (Osterrieth 2005). These

Fig. 5 Exhumed and actual soils. a Pyrite framboids coating by

halite crystals. b Pyrite framboids and gypsum into biofilms on phant

remains. c Pyrite poliframboid cemented by amorphous silica film. d–

f and h Pyrite framboids in different levels of degradation. g EDS of

H: iron oxyhydroxide. Scale 10 lm
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compounds were observed on mollusk shells, in the walls

of the pores of the aggregates and in the cement of the

matrix (Fig. 4c). Despite the presence of iron sulfides

detected by the reaction with sodium thiocyanate, the

presence of framboidal pyrites has not been observed in

these soils; probably due to the dense halophytic vegetation

and abundant presence of halite, which does not allow

adequate microbial colonization for its genesis (Osterrieth

2005).

Conclusions

In the exhumed and actual soils, biological and pedological

processes predominated over sedimentary processes, with a

relevant effect of microtopographical variations in a plane

environment. Between the biological processes, biominer-

alization is conspicuous in the soils biogeochemistry,

functioning as source of iron, calcium and silicon, which

are relevant to the evolution and development of the soils.

In turn, between the pedological processes, additions,

transformations and transfers predominate over removals.

Biofilms detected in the exhumed soils are recurrent,

multifunctional and the product of intense microbial

activity. They promote the conservation and persistence of

framboidal pyrite and help to form flocs that determine the

persistence of pedosedimentary levels even in highly ero-

sive conditions.

It have been defined anoxic pulses that generated acidic

media, even in the persistent exhumed soils, which would

indicate retreat of the sea and production of highly

aggressive sulfuricization process, which would have

caused the degradation of the brackish paleomarsh, mineral

alteration and the possible destruction of calcareous

microfossils.

The study of soil biogeochemistry in palaeomarshes

contributes to the understanding of the pedological and

biogeochemical processes of iron in actual soil marshes.

The presence and persistence of secondary framboidal

pyrite indicates a prevalence and persistence of reducing

conditions linked to the sea advance during the evolution of

the palaeomarsh. Besides, the presence of framboidal

pyrite, Fe oxides and oxyhydroxides in the coastal

exhumed soils of southeast Buenos Aires, constitute an

example of the complex biogeochemistry produced in

humid temperate palaeomarshes. This situation could have

been repeated before the transgressive–regressive pro-

cesses on the actual marshes and/or in response to an

inadequate anthropic management, with serious and irre-

versible environmental problems.
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