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SUMMARY

In prehistoric times, innumerous shell middens, called “sambaquis”, consisting
mainly of remains of marine organisms, were built along the Brazilian coast.
Although the scientific community took interest in these anthropic formations,
especially since the nineteenth century, their pedological context is still poorly
understood.  The purpose of this study was to characterize and identify the physical
and chemical changes induced by soil-forming processes, as well as to compare
the morphology of shell midden soils with other, already described, anthropogenic
soils of Brazil.  Four soil profiles developed from shell middens in the Região dos
Lagos - RJ were morphologically described and the physical and chemical
properties determined.  The chemical analysis showed that Ca, Mn, Mg, and
particularly P and Zn are indicators of anthropic horizons of midden soils, as in the
Amazon Dark Earths (Terras Pretas de Índio).  After the deposition of P-rich
material, P reaction and leaching can mask or disturb the evidence of in situ man-
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made strata, but mineralogical and chemical studies of phosphate forms can
elucidate the apparent complexity.  Lower phosphate-rich strata without direct
anthropic inputs indicate P leaching and precipitation in secondary forms.  The
total and bioavailable contents of Ca, Mg, Zn, Mn, Cu, P, and organic C of midden
soils were much higher than of regional soils without influence of ancient human
settlements, demonstrating that the high fertility persisted for long periods, at
some sites for more than 4000 years.  The physical analysis showed that wind-
blown sand contributed significantly to increase the sand fraction in the analyzed
soils (texture classes sand, sandy loam and sandy clay loam) and that the aeolian
sand accumulation occurred simultaneously with the midden formation.

Index terms: sambaquis, pre-columbian settlements; anthropic contribution;
anthropogenic soils, Indian Black-Earth.

RESUMO:        ATRIBUTOS FÍSICOS E QUÍMICOS DE SOLOS ARQUEOLÓGICOS
DESENVOLVIDOS DE SAMBAQUIS DA REGIÃO DOS LAGOS –
RJ, BRASIL

Ao longo do litoral brasileiro foram erigidos, na pré-história, centenas de depósitos,
constituídos principalmente por restos de organismos marinhos, denominados sambaquis.
Essas formações de origem antrópica despertaram a curiosidade da comunidade científica,
especialmente a partir do século XIX; entretanto, permanecem pouco conhecidas no contexto
pedológico.  Este trabalho objetivou caracterizar e identificar resultados dos processos
pedogenéticos, que produziram alterações físico-químicas e morfológicas, bem como comparar
solos de sambaquis com outros solos antropogênicos do Brasil, já conhecidos.  Quatro perfis de
solos desenvolvidos de sambaquis na Região dos Lagos - RJ foram estudados.  Os solos foram
descritos morfologicamente, e amostras foram coletadas para execução de análises físicas e
químicas.  As análises químicas revelaram que os elementos Ca, Mn, Mg e, especialmente, P e
Zn são indicadores de horizontes antrópicos de solos de sambaquis, à semelhança das Terras
Pretas de Índio da Amazônia.  Após a deposição de materiais ricos em fósforo, reações e
lixiviação podem alterar drasticamente as evidências de camadas feitas pelo homem in situ,
porém estudos químicos e mineralógicos das formas de fósforo podem elucidar a complexidade
aparente.  Horizontes ricos em fósforo sem a deposição direta de materiais antrópicos indicam
a lixiviação de P e sua precipitação em formas secundárias.  Os teores de Ca, Mg, Zn, Mn, Cu,
P e C-orgânico dos solos de sambaquis são muito maiores em comparação aos dos solos
regionais sem interferência de antigos assentamentos humanos, o que demonstra a permanência
de elevada fertilidade por longo período – em alguns sítios, superior a 4 mil anos.  Quanto às
análises físicas, elas mostraram que o aporte eólico de areias foi significativo no incremento
dessa fração na composição dos solos analisados – todos se mostraram entre as classes texturais
areia, franco-arenosa e franco-argiloarenosa – e que o acúmulo de areias eólicas foi
contemporâneo à formação dos sambaquis.

Termos de indexação: assentamentos pré-colombianos, solos antropogênicos, pedogênese, Terra
Preta de Índio.

INTRODUCTION

One of the most unique and significant
archaeological remains left by pre-Columbian peoples
on Brazilian territory are the Sambaquis, or shell
middens, commonly found in several coastal areas of
the world (Goldberg & Macphail, 2006).  The oldest in
Brazil were dated at about 8000 and the youngest
around 2000 years before present (BP), (Prous, 1992).
The coastal middens in the form of hillocks have a
diversified physiognomy, e.g., semi-spherical, cone-
shaped, flat or elongated and have different sizes, with

an average base diameter of some tens of meters (some
with more than one hundred), and a height of 2–30 m
(Lima, 2000).  Occasionally, shell middens with over
30,000 m3 have been found (Kröne, 1914; Abreu, 1928;
Leonardos, 1938; Duarte, 1968).

Coastal middens, or Sambaquis, consist basically
of food remains (mollusk shells, bones of the terrestrial
and marine fauna, as well as seeds), which contain
numerous traces of human occupation, such as
artifacts (made of stone, bone and shells), human
burials, and hearth and housing structures (Barbosa
& Duda, 1996; Gaspar, 1999).



PHYSICAL AND CHEMICAL ATTRIBUTES OF ARCHAEOLOGICAL SOILS DEVELOPED...             1103

R. Bras. Ci. Solo, 35:1100-1111, 2011

Shell middens are found in Brazil ranging from
the state of Rio Grande do Sul, to the mouth of the
Amazon in Pará, but are absent, or drowned, along
the east-west coastal sector between the states
Maranhão and Rio Grande do Norte, where no lake
formations were found (Penna, 1876; Prous, 1992,
Lima, 2000).  Middens are always associated to
nutrient-rich environments, where food is abundant,
along the coast or in continental fluvial-lacustrine
systems near the large rivers estuaries.  However,
the shell mounds found in riverine environments are
smaller than those along the coast.  They occur along
several Brazilian rivers, and are common in the
regions of the lower Amazon and Ribeira de Iguape
(Penna, 1876; Leonardos, 1938; Roosevelt, 1991).

Due to the way and time the shell mounds were
constructed, they are not structured in a homogeneous
body but contain significantly older remains in the
lower layers than in the upper, peripheral material.
This is reflected in the dating results (Prous, 1992),
as well as the stage of pedogenesis of the material.
According to Figuti (1999), the age difference between
the base and the surface material of a midden can be
more than 500 years, indicating that their formation
took hundreds of years.

On the coast, the shell mounds were heaped up
mostly in environments such as lagoon areas,
estuaries, mangroves, and brackish ponds, all rich in
fish, crustaceans, and mollusks.  Such areas favored
settlement, allowing long residence periods.  However,
marked environmental variations such as marine
transgressions and regressions (Bigarella, 1954) forced
the shell-midden peoples to dynamic adaptations to
the environmental changes.

The shell midden peoples later became extinct or
were incorporated into the Tupi-Guarani culture,
which occupied most part of the Brazilian coast
(Prous, 1992).  Without their builders, the middens,
merging with the landscape, became an edaphic
contribution to the environment (Figure 1); their
pedogenesis resulted in the establishment of
contrasting vegetation (Kröne, 1914, Duarte 1968,
Penna, 1876).  The chemical conditions, such as
alkaline pH, and the continuous covering of the
cultural remains, protecting them against weathering,
resulted in a good preservation of the anthropic strata,
turning these shell mounds into archaeological
structures of great value (Prous, 1992).

From the early sixteenth century, the middens
were intensively exploited for lime production, causing
widespread, significant archaeological losses in many
regions.  In the northern region, which is the poorest in
limestone, they were virtually wiped out (Penna, 1876).

Soil formation from middens can be interpreted,
as defined Kämpf et al. (2003), as an essentially
anthropogenic and anthropo-geomorphological activity,
since the development is associated with long-term
human settlements with additions of domestic waste,
and based on earth constructions and landfill sites
for housing and burial, respectively.  The properties
of these soils differ in the darker color and the presence
of cultural remains (artifacts, burials, charcoal
fragments, among others) from other soils, and are
therefore characterized as Archeo-anthrosols(8) or shell-
midden soil (Kämpf et al., 2003; Goldberg & Macphail,
2006).

The aim of this study was to characterize the main
physical and chemical aspects of soils developed from
shell middens in the Região dos Lagos - RJ, to clarify
the processes of soil formation in coastal middens,
leading to chemical and morphological changes in the
deposited material, and its comparison with other,
already described anthropogenic soils of Brazil.

MATERIAL AND METHODS

The Região dos Lagos is located in the south-central
part of the Brazilian coastline, in the State of Rio de
Janeiro (Figure 1).  This is the driest region of the
state, with an average annual rainfall of less than
800 mm and the predominant hypoxerophytic
Caatinga vegetation (Brazil, 1983).  Geologically, the
landscape is composed of alkaline rocks, especially
syenites, related to magmatic events of opening of the
Atlantic Ocean, and metamorphic rocks of the
crystalline bedrock, mostly gneiss (Brazil, 1983).

The studied region has the shape of a small
peninsula, surrounded by sandy Quaternary
sediments with a complex known as Morro do Atalaia
in the center, consisting of metamorphic rocks,
orthogneisses of the Cabo Frio Complex (Tenorio et
al., 2005).  In the Quaternary sandy plain lies the
Lagoa de Araruama, with predominantly dunes and
“restinga” (coastal sandy bars, covered with
characteristic herbaceous/shrubby plants).  In this
part of the State of Rio de Janeiro, soils with rather
peculiar morphological, mineralogical and chemical
features are found, formed by pedogenic processes of
alternating paleoclimates, at times humid, at times
dry, represented by Luvisols, Argisols, Organosols,
Planosols and Latosols (Camargo, 1979; Embrapa,
1979; Moniz et al., 1990; Ibraimo et al., 2004).

Four sites with midden soils (Kämpf et al., 2003;
Goldberg & Macphail, 2006) formed from shell mounds

(8) The term midden soil used in this study was not intended to support the concept of anthropogenic soils of the Brazilian System
of Soil Classification, which to date contains no comparable definition of shell midden soils; the term refers to materials at sites
of prehistoric human occupation, pedogenetically transformed, whose archaeological nature was substantially modified by
pedogenesis; it represents a pedostratigraphic sequence in the sense used by Goldberg & Macphail (2006).
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were selected for the study in Arraial do Cabo (RJ), as
follows: (a) Sítio do Condomínio do Atalaia (profile P1)
on the hill of Atalaia, 50 m asl; (b) three occupation
layers, dated at 4190 ± 130 and 4120 ± 110 yr BP and
the third layer at 1690 ± 90 yr BP; (c) Sítio do Boqueirão
(profile P2), 53 m asl, with two layers, apparently from
two periods of occupation; the upper from 1623 ± 32
yr BP; (d) Sítio Ilha do Cabo Frio (profile P3), located
in an area of little mobile dunes near the tide line,
part of which is submerged, highest point at 20 m
asl.  Two occupation layers, in which two ages were
determined at the basis of the site, at 2219 ± 32 and
1242 ± 31 yr BP; Sítio Usiminas (profile P4), 53 m asl
on a large-scale dune, eight occupation layers, more
than 160 cm deep; the fifth layer was dated at 1533 ±
31 yr BP.

All ages and classifications of the above sites were
obtained from the study of Tenorio et al. (2005).  The
profiles were described and the soil sampled as
suggested by Santos et al. (2005).  The soils were
classified as proposed by Kämpf et al. (2003).

The samples collected in the horizons were air-
dried, loosened and sieved (2 mm mesh) to obtain air-
dried fine earth, which was analyzed as proposed by
Embrapa (1997).  The texture was analyzed using the
pipette method, however, with slow agitation of
50 rpm for 16 h (Ruiz, 2005a) and silt determination
by a pipette method (Ruiz, 2005b); water-dispersible
clay was determined by the method described for
particle size analysis, with fast agitation (12,000 rpm
for 15 min) and without chemical dispersants.  The
pH was determined in water and in KCl 1 mol L-1

solution in a suspension soil/solution at a ratio of 1:2.5.
Exchangeable cations were extracted by KCl 1 mol L-1

and quantified by atomic absorption spectrometry
(Ca2+ and Mg2+) and by titration with NaOH (Al3+).
Na+ was extracted with a solution of ammonium
acetate 1.0 mol L-1 at pH 7.0 and determined by flame
photometry.  The potential acidity (H + Al) was
extracted with calcium acetate 0.5 mol L-1 at pH 7.0
and quantified by titration with NaOH.  Available P

and exchangeable K were extracted by Mehlich-1, P
being measured by the ascorbic acid method as
described by Kuo (1996), and K+ determined by flame
photometry.  The available micronutrients Cu, Zn,
Fe, and Mn were extracted by Mehlich-1 and
determined by atomic absorption.  The organic matter
(OM) content was estimated after determining organic
carbon by the Walkley Black method, without heating.

The fine earth was analyzed by sulphuric acid
attack, with 1:1 H2SO4 (volume), heated to boiling
under reflux with subsequent cooling, dilution and
filtration.  In the residue, Si was determined by
alkaline extraction and Fe, P, Mn, Ti, Cu, Zn, and Al
in the filtrate, by the method described by Embrapa
(1997).

The total chemical analysis was carried out using
fine earth solubilized in a mixture of concentrated HF
+ HNO3 + HCl, microwave-heated and pressed
(USDA, 1996).  Potassium and Na were determined
by flame photometry, and Fe, Al, Mg, Mn, Ca, P, Ti,
BA, PB, Cd, Cr, Mo, Cu, V, Zn, and Sr by simultaneous
readings of inductively coupled plasma-atomic
emission spectrometry. (ICP-AES).

RESULTS AND DISCUSSION

Physical analysis

The sand fraction was significant in all soils
(Table 1).  This characteristic is due to the contribution
of aeolian sand deposits, consisting mostly of quartz,
featuring a dune landscape in areas with greater
deposition.  The abundance of 2–0.05 mm fragments
from the prehistoric human activities also contributed
to higher values  of the sand fraction.  No contribution
of clayey material to the sites was observed in any of
the soil profiles, in contrast to results of Tenorio et al.
(2005), who found a clay underground at the Sítio
Condomínio do Atalaia.  This result may be due to a

Figure 1. Location of the study area (a, b, c); image of one of the studied profiles (P4) (d).
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discontinuity of the clayey material, therefore absent
in P1.

The textural variations along the profiles P1 and
P2 (Table 1) are minor but subtle differences in color
and amount of rubble and other materials (frequently
anthropogenic), distinguished the pedogenic horizons.
However, the sites differ in the landscape position; at
the Sítio Condomínio do Atalaia, in a more flat and
open part, the deposition of coarser sand particles was
intensified, due to the greater wind power bringing
more coarse material than to the area of the Sítio do
Boqueirão, where a narrow rocky cliff forms a barrier
to dune movement.

The textural contrast in the layers of P3 is very
clear.  The most abundant anthropogenic materials to
a depth of 33 cm have a more clayey and silty texture
than the surrounding soils, typically aeolian sand
deposits.  The textural characteristics of P4 indicate
the palaeoenvironmental significance of the area.
Apparently, there was a recent period in which the
contribution of aeolian sand deposits was more
significant than in previous periods (Table 1).  The high
P content in the surface layer (Table 2), similar to the
subsurface stratum, shows that human activity was
not responsible for the textural changes in P4.

The dark color and strong melanization, with low
value and chroma in the studied profiles, is a common
feature of layers under prolonged anthropogenic

influence, due to the great accumulation of half-burnt
organic matter related to the cultural habits of
prehistoric peoples, as reported by Kern & Kämpf
(1989), Prous (1992), Lima (2001), Glaser et al. (2003),
Kämpf et al. (2003), Myers et al. (2003), Woods (2003)
and Corrêa (2007).  In all horizons influenced by direct
occupation of prehistoric peoples (letter u in the
horizons), the value and chroma of the colors (Table 1)
were lower.  However, even layers considered sterile
from the archaeological point of view, when underlying
non-sterile layers, were strongly influenced by
pigmenting organic matter.  This can be explained by
the probable eluviation of overlying organic colloids
that are common in sandy coastal soils with high Na+

content.  The colors (dry sample) of the anthropogenic
horizons ranged from dark gray (10YR 4/1) to black
(2.5Y 2/1) (Table 1).

Chemical analysis

The fertility of the studied midden soils was high
(Table 2), and greater than in the soils of the
surrounding areas (Camargo, 1979; Embrapa, 1979;
Moniz et al., 1990; Ibraimo et al., 2004).  This agrees
with previous, indicating that under prolonged
occupation, the soil color is darker and fertility levels
higher than of adjacent soils (Kern & Kämpf, 1989;
Costa et al., 2002; Lima et al., 2002; Woods, 2003;
Schaefer et al., 2004; Kämpf & Kern, 2005; Corrêa,
2007).

Table 1. Physical and morphological characteristics: soil color, particle size distribution and textural class
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In the exchange complex, the levels of all cations
were generally high, mainly of Ca2+ and Mg2+, of which
the first was most abundant in almost all horizons.
The reason is that the material with anthropogenic
contributions is very rich in malacofauna shells of
brackish water, consisting essentially of pure calcium
carbonate (Corrêa, 2007).  Al3+ is absent in the
exchange complex, but levels are high in the
lithological material of the area, in the form of
aluminosilicates (Corrêa, 2007), indicating that at
elevated water pH, Al3+ activity in the medium
decreased markedly, aside from the significant organic
matter content that acts as a Al3+ complexant,
restricting its activity (Parfitt, 1978).  The soils are
highly Na+-saturated, indicating strong influence of
the salt spray brought by the constant winds to the
coastal area, as pointed out by Ibraimo et al. (2004) in
soils near the sites.  Microchemical studies (Corrêa,
2007) showed many K-rich constituents in the sand
fraction, e.g., feldspars and micas, and Na-rich
components, such as sodic plagioclase, which also
helped to increase the Na levels.  These are little
weathered soils, in which easily weathered primary
minerals are preserved in the soil fractions.

The P contents extracted with Mehlich-1 were very
high (Table 2), which is a characteristic feature of
anthropogenic soils.  In these soils, the available P

level was higher than in any other Brazilian soil
characterized before.  In P1, where the levels are
highest, the dating by Tenorio et al. (2005) was
consistent with the results of this study, indicating
that the longer pedogenesis facilitated a greater P
release from anthropogenic materials (from fish
remains, mainly) with consequent formation of
secondary phosphates, which are preserved from
dissolution due to the equilibrium conditions of the
environment (high soil P availability), especially by
the support of the dry regional climate.  The lowest P
levels in P3 can be explained by two factors: by the
more sandy texture, where losses of P and other
elements were more intense, and lower contribution
and less accumulation of anthropogenic material than
in other profiles.  Even in strata that are sterile from
the archaeological point of view, the P levels were high,
indicating a vertical downward movement of P
through leaching, as observed in P4.

It was assumed that the predominant P form in
these soils was P-Ca (P bound to calcium) and that,
although normally unstable, this P form can persist
in the environment due to the high pH and high P
and Ca contents in solution.

Of the micronutrients (Table 3), the values of Cu
and Zn are noteworthy.  Copper enrichment in
anthropogenic environments is closely associated with

Table 2. Chemical properties of the studied soils
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urine, but does not remain in the soil very long.
According to Woods (2003), in about 2000 years most
Cu is lost by leaching.  Zinc is associated with feces
and bones and much more stable in the soil than Cu
(Woods, 2003), indicating layers of human occupation
more clearly.

The highest Fe values (Table 3) in P1 and P2 were
associated with the horizons C/R, where there must
be redox variations related to Fe reduction, affecting
Fe availability.

Sulfuriphc acid attack

The high pH values (Table 2) are favorable for Si
activity and solubility, explaining its higher
concentration in the deeper horizons (Table 4),
indicating Si mobility in the profile.  On the contrary,
the solubility of Al2O3 and Fe2O3 was lower at higher
pH, allowing the persistence of higher values in
comparison to SiO2 in the surface horizons.

The values of Ki and Kr (Table 4) showed the
unfeasibility of considering these indexes, which are
linked to weathering stages, in the study of shell-
midden soils.  The molecular relationships cannot
portray the pedogenetic reality of these soils, nor
indicate the nature of the clay mineralogy.

The high P2O5 contents (Table 4), especially in P1,
P2 and P4, reinforce the predominant occurrence of

phosphatic plasma in the clay fraction.  The way of
life of pre-Columbian people resulted in increased
concentration of various elements in their settlement
areas, especially of P, present in urine, feces, and plant
and animal tissues, such as bone (Woods, 2003).  The
high stability of P in the environment, especially in
tropical climates (Novais & Smyth, 1999), regardless
of the soil conditions, make P a key element in studies
of midden soils.  Even strata or layers without
abundance of stone, shell or bone fragments can
contain extremely high P amounts, indicating its
importance as marker of occupations in the past
(Woods, 2003; Kämpf & Kern, 2005; Goldberg &
Macphail, 2006).

Total concentrations of elements

The formation of shell-midden soils is quite different
from the pedogenesis of the Dark Earths (DE) of the
Amazon.  In the midden soils of the Região dos Lagos,
the separation of the anthropic from the non anthropic
horizons in the field or through laboratory tests is
particularly difficult.  The reason are the interferences
from activities of “sambaquieiros”, the midden
builders, in all horizons of the midden soils (P1, P2,
P3 and P4), in contrast to other midden soils, e.g.,
the Amazon Dark Earths (Kern & Kämpf, 1989; Lima
et al., 2002; Woods, 2003; Schaefer et al., 2004; Corrêa,
2007), in which the pedogenic horizons with and

Table 3. Values of some micronutrients extracted by Mehlich-1 in the fine earth of the studied soils
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without anthropogenic influence can be clearly
distinguished.  Therefore, the reading results of the
HF attack are extremely important to assess the
degree of anthropogenic influence on soils, although
the contents of the elements contributed by human
activity are underestimated due to the separation of
materials by sieving ≤ 2 mm (fine earth).  As a result,
many bone fragments, shells, sea-urchin spikes and

fishbones are excluded from quantification, despite the
large element reserve they represent in the soils,
especially of P, Ca and Mg.

The greatest reserves of Fe, Ti, and Na, associated
with naturally occurring materials in the horizons,
are in the deeper horizons (Table 5), demonstrating a
clear influence of local lithology (alkaline syenite or
gneiss).  This characteristic is valid for the profiles

Table 4. Contents of Cu, Mn, Zn, SiO2, Al2O3, Fe2O3, TiO2 and P2O3 determined by sulfuric acid attack of ADFE

Table 5. Total contents of oxides in the ADFE of the profiles P1, P2, P3 and P4
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P1, P2 and P4.  The profile P3 differs from others by
the location in the dune environment and therefore
consist almost exclusively of quartz grains and are
heavily influenced by salt-rich sea water.  The Mn
levels tended to be highest in the horizons under
greatest human influence (Table 5).

A strong association of Cu with higher levels of
human intervention (Table 6) was only observed in
P1 and P2, where phosphatic clay plasma is more
abundant (Corrêa, 2007).  Zinc was the element with
the strongest association to the horizons richest in
human alterations, with similar efficiency as the P
levels (Table 4) as indicator of past occupations.  The
levels of heavy elements such as Pb, Cr and Cd were
undetectable or very low (Table 6), indicating a low
content of these elements in the materials added by
the midden builders and in the rocks and sand
components of the soil.

The saturation of adsorption sites of P and of other
elements as well as the formation of ionic bonding
allowed ion movement, even those of low mobility,
along the profiles, hampering the separation of the
pedogenic horizons with from those without
anthropogenic influence (supposedly sterile).  These
features suggests the existence of other factors
associated with the above: the constant movement of
the terrain, excavations, burials and landfills in the
middens (at the beginning of its use or reuse) caused
a great blend of the layers; the construction of the

Table 6. Total contents of trace elements in the ADFE of the profiles P1, P2, P3 and P4

shell mounds began on barren or incipient soil, with
little influence on the current characteristics.

CONCLUSIONS

1. Pedological studies of archeological soils on shell
middens represent key contributions to the
reconstruction of past environments. Calcium, Mn,
Mg, and particularly P and Zn are indicators of
anthropic soil horizons of coastal shell mounds
(Sambaquis), similarly to the Amazon Dark Earths.

2. The soils of the Sambaquis of this region are
extremely rich in both total and available P, even
compared to other archeological, midden soils, e.g.,
the Amazon Dark Earths. This is attributed to the
more conservative, dry pedoclimate in the Região dos
Lagos (RJ), where leaching is much reduced.

3. The contents of Ca, Mg, Zn, Mn, Cu, P, and organic
C of midden soils are much higher than in regional
soils without influence of ancient human settlements,
demonstrating the long-standing high fertility,
persisting for more than 4000 years at some sites.

4. Besides the obvious morphological and
pedostratigraphic variations indicating anthropo-
genesis, the values of total P and Zn are the best
chemical indicators of archeological/anthropogenic soil
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horizons derived from shell middens. After deposition
of P-rich debris, P reaction and leaching can mask
the evidence of in situ man-made strata, but the
mineralogical and chemical studies of phosphate forms
can help clarify the apparent complexity. Phosphate-
rich lower strata without direct anthropic inputs
indicate P leaching and precipitation in secondary P
forms.

5. Based on the morphology and pedostratigraphy,
the degree of pedobioturbation of the studied horizons
is comparatively lower than in other anthropogenic
soils studied in Brazil, such as the Amazon Dark
Earths. This was attributed to the local drier climate
and lower biological activity.

6. The contribution of aeolian sand deposits
significantly increased the sand fraction in the
analyzed soils, which all belonged to the texture classes
sand, sandy loam and sandy clay loam. The aeolian
sand accumulation occurred simultaneously with the
midden formation.
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