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The coastal region of Cabo Frio, in the Brazilian state of Rio de Janeiro, is characterized by xeric vege-
tation. Surrounded by humid forest, it is considered as a phytogeographical enclave. The vegetation is
adapted to the dry conditions which are present locally, mainly due to the Cabo Frio coastal upwelling.
Although Quaternary changes in the intensity of the upwelling were reconstructed from coastal lagoons
and oceanic sediment records, the lack of continental deposits has precluded vegetation reconstructions.
The objective of this study was to investigate the pedogenic features of two soil profiles developed under
patches of dry forest in the Cabo Frio area and to assess their potential for inferring past changes in tree
cover density, from their phytolith assemblages. For this purpose, field and petrographical observations,
C content, C/N ratio, phytolith content and phytolith assemblages were investigated. Soil phytolith
assemblages were compared to modern phytolith assemblages. The deepest soil organic carbon (SOC)
samples were analyzed in 14C-AMS. Related 14C mean age values were interpreted as the youngest ages of
the oldest SOC. These data suggest a first soil development phase, occurring after 13 ka cal BP followed by
erosive and depositional episodes and by a second soil development phase. Given the complexity of the
studied soil sequences, an attempt to quantify the sources of SOC and phytoliths would require inves-
tigation of many more soil samples than the ones collected. This prevents interpretation of the phytolith
sequences as continuous chronological sequences. However, for both profiles phytolith indices D/P from
A, Ab and bottom horizons can be compared, assuming a bicompartmental distribution of phytoliths in
relation with each of the soil development phases. D/P values range from 0.8 to 4, in agreement with
what would be expected for dry forest D/P values, and do not substantially change in both profiles. This
comparison suggests that the tree cover density of the successive vegetation sources did not suffer
considerable change over the period under analysis (last 13 ka for profile A) and never reached the tree
density of the humid forest currently widespread in the Rio de Janeiro state.

� 2012 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

The coastal region of Cabo Frio (22�300e23�000 S/41�520e42�420

W), in the Brazilian state of Rio de Janeiro (Fig. 1), is considered as
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a phytogeographical enclave (Ab’Saber, 2003). While semi-
deciduous forest and rainforest are the natural vegetation domi-
nating the state, xeric formations such as dry forest, xeric shrubland
with Cactaceae (also called “caatinga”) from comparison with the
shrubland typical of the semi-arid northeastern part of Brazil
(Mooney et al., 1995), restinga shrubland and restinga forest char-
acterize the region of Cabo Frio (Araujo, 1997) (Fig. 2). The Cabo Frio
vegetation is adapted to the geomorphic diversity of the area and to
the current locally dry conditions,mainly in relation to the Cabo Frio
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Fig. 1. Location of the Cabo Frio region in the state of Rio de Janeiro, Brazil (modified from Bohrer et al., 2009).
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coastal upwelling. Occurrence of upwelling events, concentrated in
the austral spring and summer, mainly depend on local and remote
northeastern wind regimes favouring upward transportation of the
cold thermocline level South Atlantic Central Water towards the
coast. The upwelling system leads to a local decrease in precipita-
tion and, hence, to the settlement of a dry microclimate (with
a mean annual rainfall of 850 mm), while the regional climate, not
Fig. 2. Vegetation map of the Cabo Frio area (modified from Bohrer et al., 2009). The two inv
displayed (white circles). PA: soil profile A; PB: soil profile B; HF: humid forest phytolith as
shrubland with Cactaceae phytolith assemblage sampling site.
affected by the upwelling, is tropical humid (with a mean annual
rainfall of 1500mm) (Barbiere,1984). AlthoughQuaternary changes
in the intensity of the upwelling and in marine transgression/
regression phases were reconstructed from coastal lagoons and
oceanic sediment records (Ireland, 1987; Barbosa, personal
communication; Sylvestre et al., 2005; Laslandes, personal
communication; Andrade, personal communication; Oliveira,
estigated soil profiles as well as the sampled sites for modern phytolith assemblages are
semblage sampling site; DF: dry forest phytolith assemblage sampling site; XSC; xeric



Fig. 3. Schematic description of (a) profile A, showing four main horizons including a buried Ab horizon underlying a discontinuity (in color and structure); (b) profile B, showing
five main horizons including a buried Ab horizon underlying a discontinuity (in color and structure). Sampled depths are indicated by white triangles.
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personal communication), the lack of continental deposits has
precluded vegetation reconstructions. Thus, the history of the Cabo
Frio phytogeographical enclave remained unknown. The objective
of this study was to investigate the pedogenic features of two soil
profiles in the Cabo Frio area and to assess their potential for
inferring past changes in vegetation, from their phytolith assem-
blages. At a given soil depth, phytolith assemblage results from
a balance between erosion, deposition, continuous translocation
and selective dissolution processes (Alexandre et al., 1999). Analysis
of soil phytoliths can provide paleoenvironmental information (e.g.
Piperno and Becker,1996; Blecker et al.,1997; Alexandre et al.,1999)
only if those four controls (mentioned above) can be assessed. In the
present case, pedological processes were inferred from field
observations and petrographical observations. Potential Holocene
changes in tree cover density were discussed taking into account
pedogenesis, changes with depth in phytolith assemblages, and
especially changes in the phytolith indexD/P indicative of tree cover
density (Alexandre et al.,1997; Bremond et al., 2005a; Barboni et al.,
2007). Because soil organic matter (SOM) is composed of a complex
mixture of organicmolecules of different origins in various stages of
decomposition, its bulk 14C analysis can only represent themean 14C
concentration of the soil sample. Mean or apparent ages of SOM
from the base of the two soil profiles were estimated based on 14C
accelerator mass spectrometry (AMS) analyses. They were assumed
to be close to the mean ages of the deepest phytolith assemblages.

2. Regional setting

The Cabo Frio area (Fig. 1) covers 1500 km2 of a complex
geological and geomorphologic setting. Elevation does not exceed
300ma.s.l. andmost of the northesouth oriented coastline has been
shaped by sea level changes during the Quaternary (Ortega,
personal communication). The lithology consists mainly of gneiss,
sand and clay materials. Most soils are poorly developed. However,
deep weathering profiles with ferruginous concretions and occa-
sional stone-lines can be found on colluvial sandy-clay hills such as
in the Buzios peninsula (Muehe, 1994) (Fig. 1). The local climate is
tropical dry,with anaverageannual rainfall of 850mm, a4e5month
dry seasonduring australwinter andanaverage annual temperature
of 23 �C (Barbiere, 1984; Duarte, personal communication).

The natural vegetation is composed of a mosaic of forms (Araujo,
1997) comprising (1) tree or shrub "restinga" formations,



Table 1
Phytolith concentration, phytolith types, phytolith indices D/P and Bi, SOC concentration and C/N ratio, obtained for the reference samples (DF: dry forest; HF: humid forest; XSC: xeric shrubland with dominance of Cactaceae) and the two soil
profiles (PA and PB).

Sample Horizon
depth

Sampling
depth

Phytolith
amount

Globular
Echinate

Globular
Granulate

Globular
Smooth

Bulliform
Cuneiform

Acicular Bilobate Cross Saddle Elongate Blocky/
Tabular/
Parallelepiped
bulliform

Unclassified
Short Cells

Total
of
Short
cells

Unknown Unclassified
phytoliths

Total of
phytoliths

Total of
counted
phytoliths

D/P Bi C C/N

a a b c c c c c c c c c c c c c d d e f

DF 0.19 26.5 3.83 0 3.5 1.15 0.19 2.11 6.33 54.7 1.92 5.4 0.19 29.2 46.52 848 3.0 0 0.89 11.25
HF 0.25 57.3 4.67 0.5 4.2 0.25 0 0.25 4.67 23.8 0.5 1 2.34 33.8 51.72 673 10.1 8.6 0.81 12.75
XSC 34.48 6.5 1.33 2.5 3.4 0.57 0 11.05 7.43 25.6 3.81 15.4 3.04 28.88 41.53 887 0.3 11.6 0.73 9.78
PA A 0e20 5 0.17 1.89 23.5 22.17 0.6 4.2 3.77 0.47 1.89 7.08 31.6 6.60 8.1 14.15 46.72 0.17 602 1.8 4.7 1.73 11.45
PA B1 20e85 65 0.05 1.09 16.1 20.65 2.3 1.9 4.89 0.54 5.43 6.52 37.6 3.26 8.4 26.09 45.89 0.05 756 1.3 18.3
PA B2 85e95 90 0.19 1.59 23.0 30.16 1.3 4.2 0 0.53 5.29 3.17 27.1 7.41 1.7 16.40 32.67 0.19 486 3.2 18.1 0.83 11.24
PA B3 95e160 130 0.45 3.56 23.9 36.44 1.5 2.7 0 0 2.22 6.22 28.1 0 4.5 12.44 37.11 0.45 706 2.7 17.2 0.87 11.40
PA Ab 160e170 160 0.99 1.14 23.1 14.0 0.5 3.5 0 0.29 0.57 8.57 33.3 1.71 5.8 10 47.85 1 808 2.4 5.1 0.51 13.59
PA BC 170e210 195 0.15 1.09 17.9 9.24 1.6 3.1 0 0 0.54 2.17 55.1 0 0 8.15 29.06 0.16 305 3.8 34.0 0.49 11.04
PB A 0e20 10 0.06 3.51 11.5 4.39 1.8 6.2 1.75 0 0 17.54 28.3 3.51 5.3 9.7 56.4 0.06 308 0.9 13.5 1.91 10.96
PB BA 20e48 34 0.05 6.36 15.0 9.41 1.2 7.2 0 0 0 5.09 43.8 0.25 0.3 6 47.5 0.05 714 1.7 13.8 0.47 9.37
PB B 48e78 63 0.09 6.10 11.7 7.98 0.2 1.9 0.23 0 0.47 6.34 45.6 0.94 2.0 9.3 64.5 0.09 1153 3.0 0 0.79 9.04
PB Ab 78e115 96.5 0.22 0.48 14.6 6.25 1.6 5.7 0.96 0 5.29 9.62 34.4 3.85 10.9 12 47.8 0.22 426 0.8 8.8 0.60 14.25
Pb Bp 115e145 130 0.14 0.97 19.3 14.01 1.4 4.8 0 0 0 2.90 24.1 0.48 0.5 13 57.1 0.14 506 2.9 20.1 0.31 8.34

a: in cm.
b: in % of dry weight <2 mm.
c: in % of the sum of classified phytoliths.
d: in % counted particles.
e: in units.
f: in %.
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characterized by medium sized trees and shrubs adapted to dry and
nutrient-poor conditions, covering the sandbanks; (2) marshes and
lagoon shores covering flooding environments; (3) deciduous dry
forest composed of dense treeswith thin trunks, 3 to 10mhigh, in the
colluvialealluvial plain (Ibraimo et al., 2004); (4) rainforest, also
called the Atlantic low-montana forest (Rizzini, 1979), in wind-
protected or humid sites; (5) xeric shrubland with predominance of
Cactaceae (especially theendemicspeciesPilosocereusulei),with little
floristic diversity but adapted towater stress anddisturbance (Araujo,
1997), covering the areasmost exposed to sea breezes, like the coastal
massifs. Pastures and urban areas are today widespread (Fig. 2).
3. Materials and methods

3.1. Materials

North to the town of Buzios (Fig. 1), two thick soil outcrops
located on the gentle slopes of two coastal hills were sampled.

Profile A (22�4502800S/41�5402800W) (Fig. 2) is located on the upper
part of a 70 m a.s.l. hill covered by a dry forest patch made of Sapin-
daceae, Ericaceae, Anacardiaceae, Bombacaceae and Euphorbiaceae.
HerbaceousCactaceae, BromeliaceaeandArecaceaeare common. Few
Poaceae occur, represented by the Panicoideae subfamilly. However,
200maway from the sampled soil profile, planted Bambusoideae and
invasive Panicoideae are present. This 210 cm depth cambisol (WRB
reference soil groups, 2006) is developed at the expense of gneissic
rocks. Fourmainhorizonswere identified as follows (andpresented in
detail in Fig. 3a): (1) from 210 to 170 cm, a dark-red clay-sandy BC
horizon; (2) from 170 to 160 cm a buried Ab horizon, darker, sandier
and with more fine pores than the underlying horizon. A stone line
occurs between 165 and 160 cm; (3) at 160 cm a discontinuity is
revealed byanabrupt change in color andgrain size, leading, from160
to 20 cm, to a B horizon that can be subdivided as follows: (3a) from
160 to 95 cm depth, a strong brown B3 horizon, more clayey than Ab,
presents a structure in small subangular blocks; (3b) from95 to85cm,
the occurrence of frequent small pores (<1mm), of few thin roots and
some biopores filled by distinct materials (bioturbation) define a B2
horizon; (3c) from 85 to 20 cm, larger pores, thinner roots and amore
clayey texture characterize a B1 horizon. From the base of this B
horizon to 140 cm, the presence of aggregates with the color of the
underlying Ab horizon evidences amixing zone; (4) from 20 cmup to
Fig. 4. Main phytolith types observed: (1) Globular echinate, XSC; (2) Globular granulate (D
Saddle, XSC; (8) elongate, HF; (9) blocky or parallelepiped bulliform, XSC (Photos Alexandr
the soil surface, an A horizon can be identified from its dark color
similar to the color of the Ab horizon, and from many bioturbation
features associated with ant or termite activity.

Profile B (22�4505600S/41�5204700W) (Fig. 2) is located half way
to the top of a 20 m a.s.l. hill covered by a young dry forest. Shrub
species are dominated by Ericaceae (predominant), Myrtaceae,
Bombacaceae, Clusiaceae and Euphorbiaceae. No Poaceae are
present right above the profile, but invasive Panicoideae settle
along the road 20 m away. This cambisol was sampled up to
145 cmdepth. The gneissic parent rockwas not reached. Fivemain
horizons were identified as follows (and presented in detail in
Fig. 3b): (1) from 145 to 115 cm, a reddish brown B horizon, very
gravelly, presents rare and very thin roots and no biological
activity. Coarse quartz lenses suggest a detrital paleopaving; (2)
from 115 to 78 cm, a dark brown horizon presents a structure with
medium subangular blocks. Few small pores (<1 mm) and
pedotubes suggest a buried Ab horizon. Roots are fewand thin and
no biological activity was identified; (3) A discontinuity in color
and structure occurs at 78 cm. From 78 to 48 cm, a lighter and
more clayey B horizon presents big subangular blocks, frequent
small pores, few and very thin roots and no biological activity; (4)
from 48 to 20 cm, a dark reddish brown BA horizon, coarser than
the B horizon, presents a structure with small subangular blocks,
many small pores, frequent thin roots and no biological activity;
(5) from 20 cm to the surface, a dark and very dark reddish brown
A horizon presents a structure with small subangular blocks,
frequent small pores, thin roots and biopores.

For both profiles, samples were collected at middle depth of
each of the observed horizons (Fig. 3).

In order to interpret the soil phytolith assemblages in light of
modern phytolith assemblages (Bremond et al., 2005b, 2008), undis-
turbed soil top samples were collected under three characteristic
vegetation types of the Cabo Frio area (Fig. 2): humid forest (HF), dry
forest (DF) and xeric shrublandwith predominance of Cactaceae (XSC).
The sampled humid forest is located at the top of the Serra da
Sapiatiba (22�4900500S/42�0903100W). It consists of trees of 6e20 m
high, belonging to the Arecaceae, Sapindaceae, Rubiaceae and
Moraceae families. Epiphytes are abundant. The herbaceous layer is
composed of ombrophilous plants, pteridophytes and epiphytic
Bromeliaceae. Poaceae and Cyperaceae are absent. The sampled dry
forest is located at the base of the Serra da Sapiatiba (22�0805700S/
F); (3) Cuneiform bulliform, HF; (4) Acicular, XSC; (5) Bilobate, XSC; (6) Cross, DF; (7)
e, 2011).
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42�0805700W). It is dominated by bushes of the Myrtaceae,
Euphorbiaceae and Leguminosae families. The herbaceous layer is
composed of grasses, mainly Panicoideae, and of some herbaceous
dicotyledon (Rubiaceae and Asteraceae families). Some Cactaceae
and epiphytic Bromeliaceae are present. The xeric shrubland with
predominance of Cactaceae is located close to Tucuns beach, Buzios
(22�4900500S/42�0903100W). It is dominated by the Cactaceae
Pilosocereus ulei. Trees from the Anacardiaceae, Apocinaceae,
Ericaceae, Bombacaceae, Euphorbiaceae, Clusiaceae and
Bignoniaceae families are present. The understory consists of
Bromeliaceae, Araceae, Iridaceae and Arecaceae. Poaceae and
Cyperaceae are absent. The three sampled sites are located a few
meters away from secondary roads or tracks where Panicoideae
grasses settle on the edges.
Fig. 5. Petrographical features of B3 and Ab horizons from profile A and of Ab horizon
from profile B: (A) profile A B3 horizon above the mixing zone: skeleton, well
distributed in the slide, angular to subangular, composed by oriented quartz grains (Q)
and weathered biotite grains (B), polarized analyzed light (PAL); (B) profile A Ab
horizon: skeleton composed by large (several millimeters) and small quartz grains
without any orientation; natural light (NL); (C) profile B Ab horizon: biotite grains with
concentric orientation (in red oval) indicate that the origin of this horizon is associated
to mass movements (NL). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
3.2. Methods

3.2.1. Phytolith analysis
3.2.1.1. Chemical extraction and counting. Phytoliths were extracted
from 20 g of dry soil, slightly crushed, sieved at 2 mm and processed
through the following stages (Kelly, 1990): (1) dissolution of
carbonatesusingHCl (1N); (2) oxidationof organicmatterusingH2O2

(30%) at 90 �C; (3) removal of the clay fraction (<2 mm) by decanta-
tion; (4) densimetric separation of opal particles in a heavy liquid of
ZnBr2 (density of 2.3 g/cm3). Particles were dried and weighed after
extraction. Phytoliths were then mounted on microscope slides in
glycerine for 3D observation and in Canada balsam for counting at
600� magnification. More than 200 phytoliths with a diameter
greater than 5 mm and with taxonomic significance were counted.

3.2.1.2. Phytolith types. Phytoliths were classified into ten types
following the classification of Twiss (1992); Twiss et al. (1969)
improved and completed by phytolith shape descriptions of
Mulholland (1989), Fredlund and Tieszen (1994), Kondo et al.
(1994), Alexandre et al. (1997); Strömberg (2004), Mercader et al.
(2009) and named after the International Code for Phytolith
Nomenclature 1.0 (ICPN Working Group, 2005): (1) the Globular
echinate type is produced by Palmae (Kondo et al., 1994; Runge,
1999; Runge and Fimbel, 1999; Vrydaghs and Doutrelepont, 2000)
but can also be found in Bromeliaceae (Piperno, 1985); (2) the
Globular granulate type is produced by tropical trees at low eleva-
tion (Scurfield et al., 1974; Kondo et al., 1994; Alexandre et al., 1997;
Bremond et al., 2008); (3) the Globular smooth type, appears to
have several origins. It has been reported in the epidermis of leaves
and in the ray or parenchyma cells of dicot twigs and wood (Kondo
et al., 1994); (4) the Cuneiform bulliform cell type is produced in the
grass epidermis (Twiss et al., 1969; Kondo et al., 1994) but can also
be found in Cyperaceae subject to hydrous stress (e.g. Grigore et al.,
2010); (5) the Acicular type from micro-hair and prickles is
produced in grass epidermis (Palmer et al., 1985; Kaplan et al.,
1992); (6) the Bilobate and (7) Cross short cell types are produced
in great quantities by the grass Panicoideae subfamily (Twiss et al.,
1969; Mulholland, 1989; Fredlund and Tieszen, 1994; Kondo et al.,
1994); (8) the Saddle type is produced in high quantities by the
grass Chloridoideae subfamily (Twiss et al., 1969;Mulholland,1989;
Fredlund and Tieszen, 1994; Kondo et al., 1994); (9) the Elongate
type originates from the silicified long cells of grass epidermis and
(10) the Blocky and Tabular types reported in woody taxa
(Strömberg, 2004; Mercader et al., 2009) are not easy to distinguish
from the Parallelepiped bulliform types from grasses and were
merged in a single morphological group. Phytoliths without taxo-
nomic significance (non-classified phytoliths) because of their
original shape, or due to dissolution or fragmentation, were gath-
ered into a non-classified category. Types are presented as
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percentages of the sum of classified phytoliths. Counting of the
same slide by two persons gave reproducibility (SD) of �2%.

3.2.1.3. Phytolith indices. Two phytolith indices were calculated as
follows: (1) the D/P index is the ratio of the dicotyledon phytolith type
(Globular granulate) over the sum of Poaceae phytolith types (Short
cellsþAcicularþCuneiformbulliform) (Bremondetal., 2005a); (2)The
hydrous stress index Bi, previously named Fs (Bremond et al., 2005b;
Messager et al., 2010) is the ratio of the Cuneiform bulliform type over
the sum of Poaceae phytolith types (Short cellsþ Acicularþ Bulliform
cuneiform), expressed as a percentage. Given the low amount of Bilo-
bate type, the aridity index Iph (Fredlund and Tieszen, 1994; Bremond
et al., 2005b) was not calculated in this study.

3.2.2. Organic matter analyses
Elemental C and N concentrations were measured with a Carlo

Erba elemental analyzer. The limit of detection for C and N was
0.03%. Samples of soil organic carbon (SOC) from the top and the
base of the soil profiles (Fig. 3) were selected and processed to
undergo 14C-AMS analyses. 14C-AMS analyses were performed at
KCCAMS/UCI Facility, Irvine (USA) as following: (a) identifiable
components such as plant residues were thoroughly inspected
under the microscope and removed; (b) bulk soil samples were
then treated with HCl (1N) to remove carbonates; (c) samples were
combusted at 900 �C for 3 h in evacuated, flame-sealed quartz tubes
Fig. 6. Phytolith concentration, phytolith indices, C content and C/N values obt
together with CuO and silver wire; and (d) the resulting CO2 was
cryogenically clean and subsequently reduced to filaments graphite
following an established protocol (Santos et al., 2004). Radiocarbon
concentrations are given as fractions of the Modern standard d14C,
and conventional radiocarbon age, following the conventions of
Stuiver and Polach (1977). Sample preparation backgrounds were
subtracted, based on measurements of 14C-free coal. The accuracy
and precision of the AMS measurements performed at the
KCCAMS/UCI facility lies in the range of 2e3& on modern graphite
target samples (Santos et al., 2007). For the interpretation of results,
radiocarbon ages were calibrated using CALIB 5.0 program.

3.2.3. Petrographical observations
In order to describe the soil constituents and their arrangement,

thin sections of the soil samples were observed under a petro-
graphical microscope and interpreted following Bullock et al.
(1985), Delvigne (1998) and Castro (2002).

4. Results

4.1. Modern phytolith assemblages

The three modern phytolith assemblages are presented in
Table 1 and Fig. 4. The humid forest assemblage (HF) is dominated
by the Globular granulate type (57% of the classified phytoliths).
ained for (a) reference assemblages, (b) soil profile A and (c) soil profile B.



Fig. 7. Profile A: schematic representation of two phases of soil development and
bicompartmental distribution of phytoliths in relation with those two phases.
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Although neither Poaceae nor Cyperaceae species were observed
on the site, some phytolith types produced by grasses are present in
small amount: the Elongate and Acicular types both account for
more than 4% of the classified phytoliths, and the Short cell types
and the Cuneiform Bulliform type do not exceed 1%. Grass phyto-
liths may originate from the invasive grasses observed on the
track’s edges close to the site. The dry forest assemblage (DF) show
a lower proportion of the Globular granulate type (27%) but
a higher proportion of the Short Cell types (5%), in agreement with
grass occurrence in the herbaceous layer. The assemblage from the
xeric shrubland with predominance of Cactaceae (XSC) is domi-
nated by the Globular Echinate type (34.5%), which can be
explained by the presence of Bromeliaceae. Poaceae Short cell types
are represented (15%), although no grasses or sedges were found on
the site. They may originate from invasive grasses observed on the
track’s edges close to the site. In spite of the puzzling occurrence of
grass phytolith types in HF and XSC assemblages, the D/P index
decreases from 10 to 3 and 0.3 respectively for HF, DF and XSC, in
agreement with a decrease of the tree cover density.

4.2. Petrographical, C content, C/N and SOC 14C mean age of the soil
profiles

Field observations suggested the occurrence of a buried A
horizon (Ab) in both profiles, underlying a discontinuity in soil
development. Petrographical features supported these observa-
tions: Ab horizon from profile A presents a darker color (strong
brown) than the overlying (brown) and underlying (red) horizons.
Skeleton grains are made of quartz and biotite in both Ab and the
overlying B3 horizons. However, although the quartz grains are
oriented in B3 above the mixing zone (Fig. 5A), they do not show
any orientation in Ab and in the mixing zone (Fig. 5B). While
skeleton grains are thin andwell sorted in themixing zone, they are
coarser and more angular in the Ab horizon.

In profile B, the Ab horizon is darker (dark brown) than the
underlying Bb horizon (reddish brown) and contains feldspar,
quartz and weathered biotite grains (Fig. 5C). The biotites are
deformed, incurved and have concentric orientation, suggesting
that this material is colluvial, originating from a catastrophic mass
movement. In the basement rocks, biotite are oriented horizontally
due to the intense process of metamorphism occurred at the site
(Schmitt, personal communication). Thus, the way as biotites are
organized on Ab horizon indicates the occurrence of transport
processes, whether through erosion or mass movements, probably
the latter, considering the semi-arid trend of the local climate.

For both profiles, SOC content values decrease drastically with
depth in the first tenths of a cm and more slowly below, with,
however, a slight increase in the B horizons developed above the
discontinuities (Fig. 6). C/N values clearly stabilize around 11 and 9
for profile A and B respectively, except at depth 170e160 cm (Ab
horizon from profile A) and 115e78 cm (Ab horizon from profile B)
where C/N reaches 14, in agreement with field and petrographical
evidence of buried Ab horizons (Fig. 6). A decreasing logarithmic
trend in SOC is common to tropical and temperate soils in equilib-
riumwith their litter input and controlled by particle translocation
and mineralization. It can be modelled as a bicompartimental
distribution assuming two pools of SOC (Jenkinson and Ravner,
1977; O’Brien and Stout, 1978; Balesdent and Guillet, 1982; Parton
et al., 1987; Alexandre et al., 1997, 1999). One pool is recycled
rapidly and is in dynamic equilibrium. The input for that pool is litter
at the top of the profile. With time, the organicmatter in that pool is
translocated downward and is mineralized, decreasing to trace
levels at thebottomof theprofile. The secondpool ismore stable and
its translocation leads to a constant content with depth. At the base
of the soil development, nearly all of the SOC is in the stable pool.
In regard to the studied soil profiles, although petrographical
features suggest that the soils experienced several developments
interrupted by an erosion phase, the deepest SOC is assumed to
mainly belong to the oldest stable pool. Its 14C mean age value can
thus be interpreted as the youngest age of the oldest SOC of a soil.
For profiles A and B, they are respectively 14C 11,175� 25 yrs/13.0 ka
cal BP (#UCIG21168) and 14C 6535 � 15 yrs/7.4 ka cal BP
(#UCIG21107). 14C mean age value of the top SOC is 14C
700 � 15 yrs/745 yr cal BP (#UCIG21163) for profile A and post-
bomb or modern (#UCIG21104) for profile B.
4.3. Phytolith amount, assemblages and indices from the soil
profiles

4.3.1. Profile A
In the A horizon, the D/P index (1.8) is close to the one obtained

for the DF modern assemblage (3), in agreement with the effective
settlement of a dry forest patch on the slope (Table 1, Figs. 4 and 6).
The Bi index is higher (4.7 vs 0%). Along the soil profile, phytolith
concentration stabilizes between 0.05 and 0.2% dry weight except
in the buried humic horizon (1% dry weight) and right above, in the
mixing horizon (0.5% dry weight). The D/P index ranges between
1.3 and 3.8, far below the HF value (10) and published values
previously obtained from humid forest sites (Alexandre et al., 1997;
Barboni et al., 1999). The Bi index clearly increases with depth from
4.7 to 34% (excepted in the buried horizon), in relation to a decrease
in grass short cell phytoliths below 90 cm in depth.

4.3.2. Profile B
In the humic horizon, the D/P index (0.8) is lower than the one

found for DF and from the A horizon of profile A (Table 1, Figs. 4 and
6), in agreement with the current settlement of a drier and younger
dry forest above profile. Bi (13.5%) is close to the one obtained for
XCS. Along the soil profile, phytolith concentration is stable,
ranging between 0.1 and 0.2% dry weight. The D/P index stays low,
ranging from 0.8 to 2.9. The Bi index varies a lot, ranging from 0 to
20.9% without any intelligible pattern.
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5. Discussion and conclusion

5.1. Steps in soils development

Accumulation and erosion processes acting on soil should be
considered in order to establish a balance between contributions
and losses of material (including phytoliths). These processes
depend on the topographic position of the profile, soil type, vege-
tation cover and rainfall patterns that can lead to erosion and
colluvial deposition from the upward weathering mantle (Piperno
and Becker, 1996). In the present study, field and petrographical
observations, as well as C/N and phytolith concentration values
suggest the occurrence, for both soil profiles, of a first phase of soil
development, indicated by the occurrence of a buried humic
horizon in both soil profiles, followed by an erosive phase, again in
both profiles, materialized by a petrographical discontinuity. A
third phase of colluvial deposition led to the burial of the humic
horizons (Ab). From there a second soil development started
leading to the formation of the A and B horizons in equilibriumwith
the current vegetation (Fig. 7).

5.2. Clues on the Holocene evolution of the vegetation at Cabo Frio

The two phytolith sequences thus experienced erosion and
deposition phases superimposed on translocation/dissolution
processes common to soil particles. At depth, below the disconti-
nuities, phytolith assemblages originated from three sources that
were 1) and 2) the mean vegetations developed during the two
successive soil developments, plus 3) the mean vegetation devel-
oped upward before the erosion/deposition phase, in between the
two soil developments (Fig. 7). Given the complexity of the studied
soil sequences, attempt to quantify the sources of SOC and phyto-
liths would require investigation of many more soil samples than
the ones collected. This prevents interpreting the phytolith
sequences as continuous chronological sequences. However, for
both profiles, radiocarbon mean ages of the oldest and youngest
SOC help to roughly constrain the time frame recorded by the
phytolith sequences. Additionally, comparison of phytolith assem-
blages from A, Ab, and bottom horizons gives several clues about
the evolution of the vegetation in Cabo Frio.

14C mean age of the oldest SOC from profile A is 13.0 ka cal BP,
and top SOC 14C age is 745 yr cal BP. Several studies suggested that
phytolith and organic compounds from tropical soils show close
translocation rates (Piperno and Becker, 1996; Alexandre et al.,
1999). Thus the assumption is made that most of the phytoliths
distributed in soil profile A are younger than 13 ka cal BP (Fig. 7).
Sampling of profile B did not reach the parent rocks. SOC 14C age of
7.4 ka cal BP obtained for the Bb horizon results from a mixing
between stable old SOC and decreasing younger SOC. The oldest
SOC from profile B is thus older than 7.4 ka cal BP. In both soil
profiles, the buried Ab horizon is characterized by a relatively high
concentration in phytoliths. At these depths, phytolith assemblages
should mainly originate from the vegetation in equilibrium with
the first phase of soil development (Fig. 7). Associated D/P indices
are close to the D/P values found for the current A horizons (1.8 vs
2.4 for profile A, 0.9 vs 0.8 for profile B) suggesting that prior to the
erosion/deposition phases the vegetation was close to the modern
one. The bottom of both profiles should be dominated by old and
stable phytoliths translocated from the Ab horizons (Fig. 7). Both
show D/P values slightly higher but still close to that obtained for
the Ab and A horizons.

In the literature, D/P values ranging from 0.2 to 1 are obtained
for vegetation woodier than grasslands but less woody than dry
forests (Bremond et al., 2005b; Barboni et al., 2007), while D/P
values close or higher than 10 are found for rainforests (Alexandre
et al., 1997, submitted). D/P values obtained for reference phytolith
assemblage DF, and for A horizons of profiles A and B (respectively
3, 1.8 and 0.9), all covered by dry forests, are thus in the lower part
of the range between those two groups. D/P values obtained for Ab
and bottom horizons of profiles A and B (>0.8 and <4) are also in
the lower part of the range between those two groups. Although
assessment of the accuracy of D/P from 1 to 10 for quantifying with
precision relative changes in tree cover density is still to be done,
these results suggests the following: 1) the tree cover density of the
successive vegetation sources was close to the ones found for
modern dry forests in the area; 2) the tree cover density did not
significantly change over the considered time period (last 13 ka for
profile A) and 3) the tree cover density never reached the one found
in humid forest currently widespread in the Rio de Janeiro state.
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