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a b s t r a c t

Due to the poor preservation of old peat formations and the limited research developed on them, the
contribution of peat oxidation to the global C cycle at geological scales is poorly understood. Iron dur-
icrusts containing abundant well-preserved plant structures have been reported above Humic Gleysols in
the Uberaba Plateau (Brazil). We show that the iron accumulation results from an in-situ impregnation of
peat, fast enough to preserve the plant structures. The formation of iron oxides results from two pro-
cesses: precipitation in the pores and C/Fe replacement. The iron duricrusts were probably triggered by
oxidation of the peatland following dry climatic events during the last 50 kyr. The large amount of iron
dissolved in peatland waters was immobilized contemporaneously with the destruction of organic
matter. The oxidation of organic matter from the lower peat, dated at ca 24e27 kyr BP, may have released
between 0.08 and 2.26 kg CO2 m�2 yr�1 in the atmosphere. These rates are in a good agreement with
present-day measurements of CO2 release from drained peatlands. Although peatland formation has
been identified as a significant contributor to the global CO2 uptake, our findings suggest that natural
peatland oxidation should also be considered as a source of atmospheric CO2 during past climate change.

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

The oxidation of organic matter from peatland has become
a major global concern because it can release significant CO2 into
the atmosphere (Limpens et al., 2008; Joosten, 2009; Sorensen,
1993; Evans and Lindsay, 2010). Although the impact of peatland
accumulation on climate radiative forcing is significant at the long-
term scale (i.e. for Holocene: Frolking and Roulet, 2007), the con-
sequences of environmental change on peatland oxidation is so far
not documented by any paleosol or sedimentological data. The
preservation of plants remnants requires a rapid replacement by an
inorganic solid phase before destruction of the organic material
(Pailler et al., 2000; Akahane et al., 2004). Such a fossilization is
a priori not favorable to the preservation of peat features in an
oxidizing environment. However, plant fossils are sometimes
encountered in lateritic duricrusts (Grandin and Perseil, 1977;
All rights reserved.
Varajão et al., 2002, 2007) suggesting a replacement of carbon
features by minerals stable in oxidizing environment such as iron
oxides.

Goethite and hematite are two common minerals in iron dur-
icrusts that are known to develop under tropical climate with
strong seasonality (Tardy, 1993). Two mechanisms are proposed to
explain the enrichment of these minerals in the iron duricrusts
(Nahon, 1991; Thomas, 1994): 1) in-situ enrichment by weathering
of iron-rich parent rocks, 2) lateral migration of Fe 2þ in reduced or
acid solutions and accumulation of Fe3þ oxides at the interface with
an oxidizing, neutral to alkaline environment. Vegetation cover and
biological activity in soil are assumed to play an important role in
leaching iron from rocks through the local reduction of iron around
roots where pH is lowered. Therefore, if iron is sufficiently mobi-
lized in a peatland, any environmental changes leading to oxidation
and destruction of peatland would be favorable to precipitation of
iron oxides. The objective of this paper is to document this scenario
as well as its consequences for CO2 release into the atmosphere.

At Uberaba Plateau (South-Eastern, Brazil), Varajão et al. (2002,
2007) reported on an iron duricrust containing plant fossils above
a peat layer which may indicate peat oxidation and fossilization by
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iron oxi-hydroxides. In order to address if iron duricrusts at Uber-
aba are evidenced of peat oxidation during environmental changes,
we have conducted a study combining mineralogy and geo-
chemistry on the peateduricrust interface reported by Varajão et al.
(2002, 2007).

2. Materials and method

The study area has been the object of previous investigations
including morphological, mineralogical and geochemical studies
(Lara, 1997; Varajão et al., 2000, 2002, 2007). The climate is tropical
with rainfall averages of 1550 mm/year, a dry season from April to
October and a humid season from November to March. Average
temperatures are 23.9 �C in the summer and 18.3 �C in the winter.
The Uberaba Plateau (Fig. 1) belongs to the Triângulo Mineiro re-
gion in the Minas Gerais state. The plateau is located at elevations
between 940 and 980 m, covers approximately 2000 km2 and is
surrounded by 150 m high escarpments. Bedrock is composed of
Proterozoic-age schists, gneiss and migmatites of the Araxá Group,
covered by Mesozoic clastic rocks of the São Bento and Bauru
Groups. The plateau encloses basins formed by gentle slopes that
surround central depressions where peatlands have developed.

The landscape is covered by the “cerrado” biome, a major Bra-
zilian savanna-like ecosystem (Oliveira and Marquis, 2002) that
encompasses an extremely variable physiognomy, ranging from
open grassland to forest with a discontinuous grass layer
(Goodland, 1971). In the study area can be recognized the “cerrado
sensu strict” in the high slope, the “campo sujo” in the medium
slope associated to the earthmounds-bearing endemic trees and
shrubs and, in the low slope the waterlogged grasslands. This for-
mer hydromorphic physiognomy consists of Poaceae and Cyper-
aceae with the Rhynchospora emaciata as the dominant species
(Borba-Roschel et al., 2006).

The representative soil catena of the area (Varajão et al., 2000,
2002, 2007) is the following: 1) at high elevations: typical lateritic soil
that is called Latosol in the Brazilian soil classification system
(Embrapa, 2006) or Ferralsol (FAO, 1990); 2) at intermediate eleva-
tions: «earthmound fields» composed of Red-Yellow Latosol
(Embrapa, 2006) and Plinthic Gleysol (FAO, 1990) where oscillations
and overall lowering of the water table have occurred; 3) at low ele-
vations: thick organic (H, peat layer) horizons overlie Humic Gleysols
(FAO, 1990) where surface materials are constantly water-saturated.

At intermediate and low elevations there are iron duricrust
horizons (Dc) that contain recognizable plant remains of a peat
layer (H horizon). The upper iron duricrust from the plinthic gleysol
is a few meters wide and located at an elevation of 974 m (A in
Figs. 1 and 2a). The lower iron duricrust from the humic gleysol is
approximately 2 m wide and located at an elevation of 972 m (B in
Figs. 1 and 2b).

In order to assess the formation of both upper and lower iron
duricrusts we conducted a detailed petrographic study of a soil
previously analysed (Table 1). For the lower iron duricrust, 7 sam-
ples of 0.3 kg were continuously sampled along a soil exposure
(Table 2). Six samples of 0.3 kg were randomly hand picked from
the upper iron duricrust (Table 3). Additionally, a peat sample
without duricrust located at 1200 m from the lower iron duricrust
and at a lower elevation (962 m) was collected (C in Figs. 1 and 2c).
The samples were air-dried and macroscopically described. Min-
eralogical and petrographical analyses were done by using an XRD
diffractometer (Philips PW1729) and optical and electron
microscopes.

Samples were grind to homogenized powder before sub-
sampling for the following isotopic and chemical analyses. In order
to determine the age and the timing of the ferruginous process,
conventional 14C dating of organic matter (Centre de Datation par le
Radiocarbone, Lyon, France) of the lower iron duricrust and of the
peat developed in the hydromorphic zone (without duricrust) were
performed. To avoid any contamination by younger plant material,
portions with visible roots were mechanically eliminated from the
samples. Chemical analysis of major elements and of C was done on
sub-samples by using ICP/AES, after fusion with Li Methaborate at
1000 �C (RSDof about 10%), and aCeHeNanalyser (RSDof about 5%).
Bulk density was done using the classical isovolumetric method.

3. Results

3.1. Upper iron duricrust

Macroscopic examination showed that the iron duricrust con-
tains two different textural facies (Fig. 2a): 1) a dark-red, hard
framework and 2) awhite to orange friable facies filling the pores in
the hard framework. The relationship between facies and chemical
composition is illustrated in Table 3. The hard framework is mainly
composed of iron with Fe2O3 contents reaching nearly 800 g/kg Al
and Si contents are also significant (Al2O3 near 30 g/kg and SiO2
near 10 g/kg). The friable facies contains less Fe2O3 (480e577 g/kg)
but higher amounts of SiO2 (51e138 g/kg) Al2O3 (168e202 g/kg)
and TiO2 (47e129 g/kg). X-ray analysis showed that the composi-
tion of the iron crust is dominated by goethite with minor amounts
of hematite, gibbsite, kaolinite and quartz. The hard framework is
mostly composed of goethite and hematite while the friable facies
is composed of kaolinite, gibbsite and goethite. Quartz is present in
both textural facies but is more common in the friable facies. In thin
sections, the hard framework shows a dark-brown ferruginous and
massive facies (un-structured) consisting of hematite and goethite
and pore filling consisting of goethite.

Microscopic examination of the iron duricrust showed that it
consists of well-preserved cell root structures (lumen and walls)
but the original carbon has nearly totally disappeared (2.7e6.4 g/kg
C, Table 3). About 40% of the volume of the iron duricrust is occu-
pied by recognizable cell structures. The cell lumens are totally or
partly filled by pore lining goethite and hematite. Pore fillings are
sometimes attached to quartz grains suggesting that the iron dur-
icrust formation is not the result of above-ground living-tissue
replacement but took place within the soil. The examination
showed that pore lining iron oxides consist of approximately 1e8
superposed bands each approximately 100 mm thick (Fig. 3). The
cell structures are less common in the iron duricrust dominated by
the friable facies.

3.2. Lower iron duricrust

The elemental composition showed a linear decrease of C con-
tents from the bottom peat horizon to the top surface (Table 2).
Carbon decrease is accompanied by a linear increase of iron content
from samples Pr2-3 to Pr2-6. In agreement with the chemical data,
the XRD study showed an increase in goethite and the presence of
hematite at 20e40 cm (samples Pr2-5 and Pr2-6, Table 2 and Fig. 4).
The Si- and Al-bearing minerals are kaolinite, quartz and gibbsite
(Fig. 4). The distribution of Al and Si is similar to C except in the top
sample. In the top 20 cm (Pr2-7), the iron content is lower than in
the bottom-most iron duricrust samples something consistent with
a lower abundance of goethite and the disappearance of hematite.
The concentration of the other analysed elements is low and
showed no significant variation with depth (Table 4)

3.3. Dating

The peat below the lower iron duricrust (Pr2-4) has been dated
at 27,095 � 865 yr BP (not calibrated) while the organic matter



Fig. 1. Location of the study area in the Uberaba Plateau, Minas Gerais. The three studied soil sequences are shown in the topographic map and profile (XeY): A ¼ the upper iron
duricrust (974 m), B ¼ the lower iron duricrust (972 m) and C ¼ the peat soil without duricrust (962 m). A, B and C are also referring to Fig. 2aec.
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Fig. 2. Pictures and sketches of the three studied soil sequences located in Fig. 1: (a) the upper iron duricrust (Dc in Table 1) showing a mixture of dark-red (RD) and orange-white
(OW) facies and vertical root channels (VRC); (b) the lower iron duricrust (Dc) above the black peat/clay horizon (H/Ah) and the light gray horizon (Bwg); (c) the lower peat. Fresh
roots, illustrated as white stokes in the sketches are present in H/Ah horizons in (b and c). (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Table 1
General characteristics of the soil at intermediate and lower elevations (Varajão et al., 2000, 2007).

Soil name Horizon Depth (m) Description

Intermediate elevation
Plinthic Gleysol Dc 0e0.5 Reddish brown (5 yr 5/3) ferruginous duricrust with abundant vertical root channels.

Gradual boundary to
Ah 0.5e0.8 Dark gray (5 yr 4/1) to gray (5 yr 6/1) clay, massive structure with very fine vertical

root channels in the top (0e0.30 cm). Gradual boundary to
Bwg1 0.8e2.0 Pink (5 yr 7/3) clay, soft, massive structure, presence of ferruginous light red nodules

and irregular mottling in a diffuse contact with the matrix. Gradual boundary to
Bwg2 2.0e2.1 Pinkish gray (5 yr 7/2) clay, soft, massive structure. Presence of light reddish irregular

mottling.
Lower elevation
Humic Gleysol Dc 0e0.8 Reddish brown (5 yr 5/3) ferruginous duricrust with abundant vertical root channels.

Gradual boundary to
H 0.8e1.8 Black (5 yr 2.5/1) to very dark gray (5 yr 3/1) layer of peat. Gradual boundary to
Ah 1.8e2.8 Dark gray (5 yr 4/1) to gray (5 yr 6/1) clay, soft, massive structure. Presence of very fine

vertical root channels in the top. Gradual boundary to
Bwg 2.8e>3.0 Light gray (5 yr 7/1) clay, soft, massive structure.
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Table 2
Sampling depth and analytical data of the samples taken from the lower iron duricrust.

Sample Depth
(cm)

Horizona Main minerals
(DRX)b

Density
(g/cm3)

SiO2

(g/kg)
Al2O3

(g/kg)
Fe2O3

(g/kg)
TiO2

(g/kg)
MgO
(g/kg)

CaO
(g/kg)

P2O5

(g/kg)
K2O
(g/kg)

Na2O
(g/kg)

MnO
(g/kg)

H2Oþ

(g/kg)
H2O�

(g/kg)
C
(g/kg)

Pr2-7 0e20 Dc Gbs; Kln; Qtz;
Gt; Ant

1.18 69.2 220.3 328.3 11.2 9.3 3.0 2.0 0.3 0.4 0.2 323.1 31.4 3.9

Pr2-6 20e30 Dc Gbs; Kln; Qtz;
Gt; Hem

1.22 47.5 100.5 600.9 7.2 9.0 7.0 8.0 0.3 0.4 0.2 169.6 23.8 31.9

Pr2-5 30e40 Dc Gbs; Kln; Qtz;
Gt; Hem; Ant

1.22 71.7 174.9 417.4 12.4 9.4 3.1 2.8 0.3 0.4 0.3 272.9 29.1 77.6

Pr2-4 40e52 H/Ah Gbs; Kln; Qtz;
Ant; Gt; Ant

0.9 94.0 214.4 251.4 145.0 9.9 2.6 0.3 0.3 8.0 0.2 362.1 37.9 122.4

Pr2-3 52e62 H/Ah Gbs; Kln; Qtz;
Gt; Ant

0.92c 105.3 287.2 77.2 19.6 9.9 4.0 1.4 0.3 0.4 0.2 425.0 66.4 172.6

Pr2-2 62e74 H/Ah Gbs; Kln; Qtz;
Ant

0.93 111.7 354.8 30.0 22.9 9.9 4.0 1.4 0.3 0.4 0.2 428.9 39.3 158.0

a See description in Varajão et al. (2007).
b Gbs ¼ gibbsite; Kln ¼ kaolinite; Qtz ¼ quartz; Ant ¼ anatase; Gt ¼ goethite; Hem ¼ hematite.
c Not measured; estimated taken the average value between the surrounding samples.
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trapped in the iron duricrust (Pr2-5) is slightly younger with and
dated at 24,615 � 790 yr BP (not calibrated). The age of the peat
without duricrust (Fig. 2c) is younger than the previous samples
with a calibrated BC age of 4941e4538 yr BP.

4. Discussion

4.1. Evidences for peat-derived duricrusts

Comparison of the chemistry and mineralogy of the upper and
lower iron duricrusts does not show significant differences except
for the C content; this is well illustrated by the composition of
sample 6 (Table 3), a mixture of facies 1 and 2 of the upper iron
duricrust, and of sample Pr2-6 of the lower iron duricrust. We have
not separated the facies in the lower iron duricrust but petro-
graphic observations show that it contains facies similar to the ones
observed in the upper iron duricrust.

Field and petrographical data show that the iron duricrusts are
the result of a combination of iron accumulation in the cell lumen
and iron replacement of the organic matter of the peatlands. Ac-
cording to Tardy (1993), 1) goethite is the result of precipitation of
iron in the pores of soils underneath the groundwater level and/or
in large pores of soils above the groundwater level during the rainy
season; 2) hematite precipitates preferentially above the ground-
water level in the micropores of the soils. Hematite may also pre-
cipitate by transformation and dehydration of goethite
accumulated in a hydrated environment (Ambrosi and Nahon,
1986; Tardy, 1993). This process can explain the occurrence of he-
matite at the top of the lower iron duricrust.

The peat exhibits a large range of porosity/micropores in the fine
structure of plants may have been preferential sites for hematite
precipitation (Tardy, 1993), while large tubular pores formed by
mineralisation of root organic material may have enabled a more
intense circulation of solutions favorable to goethite precipitation.
Table 3
Chemical composition of 6 samples from the upper iron duricrust showing a mixtur
examinations.

Faciesa,b SiO2

(g/kg)
Al2O3

(g/kg)
Fe2O3

(g/kg)
TiO2

(g/kg)
MgO
(g/kg)

CaO
(g/kg)

1 12.8 32.1 775.6 2.0 1.6 0.1
1 � 2 11.2 31.7 793.5 2.0 0.1 0.1
1 � 2 28.5 63.9 693.8 5.0 1.2 0.2
1 � 2 26.6 81.4 638.5 5.7 1.9 0.1
2 � 1 137.9 201.6 480.4 4.7 0.2 0.2
2 � 1 51.4 168.3 576.9 12.9 0.1 0.2

a Facies 1: hard dark-red framework : goethite, hematite, (quartz, anatase).
b Facies 2: friable white to orange facies : gibbsite, kaolinite, goethite, (quartz, anatase
The simultaneous presence of both awaterlogged environment and
Al-availability even in very fine pores, favors, in the first stage,
goethite and not hematite crystallization (Varajão et al., 2007).
According to Varajão et al. (2007), the ferruginization in the H
horizon begins with the formation of strongly Al-substituted goe-
thite with average particles of 20 nm in size. Small particles of
goethite and hematite coexist in the Dc horizon, and they show
small values of Al-for-Fe substitution, but much less than in the H
horizon.

Where did Fe come from? The presence of large amount of
organic matter (i.e. peat) and water saturation create a favorable
geochemical environment for the destruction of Fe3þ minerals, iron
reduction to Fe2þ and its release to soil solution. Ironwill stay in the
reduced form as long as the redox potential is low; if the geo-
chemical environment turns to oxidizing conditions, the iron can
precipitate as secondary Fe3þ minerals. This might be particularly
the case when groundwater which migrates by hydrostatic forces
comes close to the surface along the sideslopes. Part of the ironmay
also have entered the peatland in run-off waters arriving to the
surface. The origin of iron is most probably the lateritic soils located
upslope (Varajão et al., 2000) that has been reduced and trans-
ported under the peat cover.

The chemical and mineralogical composition of the iron dur-
icrust is similar to previously described iron duricrusts such as
those formed under humid tropical climates above ultrabasic rocks
by Tardy (1993) found in Guinea and New Caledonia. The iron
content of the duricrusts is comparable to those given for the
hardened iron horizons also called bog iron ores that are well
known in Europe and America (Kaczorek and Sommer, 2003). The
micromorphological examination of the bog iron ores shows the
presence of minor organic matter remains impregnated by iron
(Kaczorek et al., 2004) but the general expression of iron minerals
form a groundmass of aggregate microstructure. According to
Kaczorek et al. (2004) the formation of the iron hardened horizons
e of facies 1 (hard) and facies 2 (friable) established according to macroscopical

P2O5

(g/kg)
K2O
(g/kg)

Na2O
(g/kg)

MnO
(g/kg)

H2Oþ

(g/kg)
H2O�

(g/kg)
C
(g/kg)

0.1 0.3 1.4 <0.1 110.3 14.9 2.7
0.1 0.3 1.4 <0.1 106.5 48.4 2.7
0.1 0.4 1.4 <0.1 111.5 96.3 6.4
0.1 0.3 1.9 <0.1 112.5 132.8 6.2
0.1 0.3 1.9 <0.1 148.4 13.6 4.0
0.1 0.2 2.6 <0.1 145.2 29.0 4.9

).



Fig. 3. SEM microphotographs (backscattered images) from thin sections of the iron duricrusts showing root structures; (a) metaxylem tissues impregnated by iron oxides (in
white) and a mixture of iron oxides, kaolinite and gibbsite (in gray) in the lower duricrust, sample Pr2-6; (b) massive impregnation of the tissues by iron oxides (in white) in the
lower iron duricrust, sample Pr2-5; (c) massive impregnation of the root tissues by iron oxides (in white) with well-preserved structures in the upper iron duricrust
(E ¼ endodermis; P ¼ pericycle; Ph ¼ phloem; M ¼ metaxylem); (d) detail of the previous view showing an alternance of white (hematite) and gray (goethite) layers in the cells of
the metaxylem.
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results from a lateral transport of water and Fe2þwhich, by capillary
rise, precipitates in lower terrain which may be occupied by wet-
lands where the groundwater level comes near the surface. Iron
oxides precipitate following a classical redox process, at the inter-
face between a reduced environment that transports iron and an
unsaturated oxidizing environment.

Compared to the bog iron ores, the iron duricrusts at Uberaba
are much more enriched in root structures. The exceptional con-
servation of the cell structures show that the rate of ferruginization
Fig. 4. X-ray diffractograms of the samples from the lower duricrust (the abbreviations
are given in Table 2).
was fast compared to the rate of organic matter decomposition.
Some bog iron oreswith spring iron groundwater can formminable
deposits within 25 yr (Moore, 1910). No data are available to esti-
mate the time necessary for the fossilization of plants by iron but if
we take the case of fossilization by silica as an analogue, tens to
hundreds of years are enough (Akahane et al., 2004). We can as-
sume that the iron duricrusts at Uberaba were formed during
a short period of time, geologically speaking, by a redoxmechanism
similar to the one assumed for the formation of bog iron.

4.2. Succession of duricrusts processes

The peat not capped by a duricrust is younger than the one
capped by the iron duricrust (Table 4). The upper iron duricrust
was not dated but if we consider the lack of peat below it and its
lower content of C, we can infer that it is older than the lower
iron duricrust. The succession of the two iron duricrusts at dif-
ferent elevations is therefore most probably the result of
Table 4
Dating results.

Sample Lab code Conventional
radiocarbon
age BP

Calibrated
BC agea

Peat without
duricrust (Fig. 2c)

LY-11315 5880 � 90 4941e4538

Pr2-5 (Table 2) LY-11314 24,615 � 790 e

Pr2-4 (Table 2) LY-11313 27,095 � 865 e

a Using the calibration curve of Stuiver et al. (1998).



Table 5
Mass balance calculations showing the gain of iron and the loss of carbon in the
lower iron duricrust.

Sample Si flux
(kg/m3)

Al flux
(kg/m3)

Fe flux
(kg/m3)

C flux
(kg/m3)

Pr2-7 �10 �19 126 �153
Pr2-6 �21 �56 247 �119
Pr2-5 �8 �31 168 �63
Pr2-4 �9 �37 69 �48
Pr2-3 �4 �18 15 0
Pr2-2 0 0 0 0
Total �52 �161 625 �383
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a lowering of the groundwater level. In wetland species, diffusion
of oxygen within the roots can lead to the precipitation of iron
oxides (Marschner, 1995) but it is unlikely that such a mechanism
can lead to a pervasive iron oxide cementation following the peat
destruction, otherwise peat ferruginization would be frequently
observed throughout the world, which is not the case. Besides,
the reducing environment in the peat maintains Fe2þ in solution.
The most likely explanation of the peat-derived duricrust is
therefore a lowering of the groundwater level leading to upward
migration of Fe2þ preferentially through the highly porous root
canals, and its eventual precipitation into iron oxides. The fol-
lowing scenario takes into account the three types of soils
observed in the field:

1. Development of peat horizon below groundwater level with
abundant Cyperaceae roots near the surface;

2. Drop of groundwater level and formation of the iron duricrust;
3. Conservation of the iron duricrust above the water table and

(nearly) complete removal of the carbon from the former peat;
4. Dismantlement of the iron duricrusts. The presence of fresh

roots in the soils (Fig. 2b and c) as well as the depletion of iron
oxi-hydroxides at the top of the lower one suggests that the
iron duricrust have been subjected to recent degradation
probably due to the return of episodic hydromorphic
conditions.

Several mechanisms may have triggered the hydrologic changes
that caused the oxidation of peatland and its replacement by iron
oxides: draining of the area by the population for agricultural
purposes; a tectonic influence leading to an uplift of the area fol-
lowed by a lowering of the groundwater level and a drier climatic
regime leading to a lowering of the groundwater level. The first
mechanism is unlikely because there is no evidence that the
peatland have been drained in the past and because agriculture
evidences were not found in the study area for the historical and
pre-historical times.

Tectonic uplift in the South American platform has been
occurring since the Lower Tertiary (Saadi, 1993; Riccomini and
Assumpção, 1999). The uplift of the borders of the tectonic plates
could be due to isostatic compensation derived from the orogeny of
the active borders (Summerfield, 1991). Saadi (1993) denominated
the last two Andean events as “neotectonic” and proposed a more
recent tectonic pulse between the Lower and the Medium Pleis-
tocene. These neotectonic evidences have also been observed in the
centre of the Minas Gerais state, by the integrated analysis of
quantitative data of erosion rates (10Be) and by the immature
character of the soils developed from the main proterozoic rocks of
the region that showed amean rate of erosion of 7m during the last
1000 kyr (Varajão et al., 2009). However, evidences are lacking for
a neotectonic event during late Quaternary.

During late Quaternary, climatic events dryer than present have
been suggested by several studies using palynological records and
charcoal analysis in central Brazil: 50e40 kyr (Ledru et al., 1996);
40e30 kyr PB (Ledru et al., 2009); 35e17 kyr BP (dry and cold,
Behling and Lichte, 1997); 23e12 kyr BP (Ledru et al., 2009); ca 19e
ca 7 kyr BP (Salgado-Labouriau et al., 1998); 17e14 kyr BP (Ledru,
1993); 11e10 kyr BP (dry and cold, Ledru, 1993) and 6.4e4 kyr BP
(Pessenda et al., 2004).

Therefore the observed iron duricrusts at different levels in our
study could be the consequence of one or several dryer climatic
events during the late Quaternary: the upper crust is compatible
with a dry phase occurred at 50e40 kyr BP found by Ledru et al.
(1996) while the lower crust could have been formed during one
of the several dry periods identified since the formation of the
lower crust, ca 24e27 kyr BP.
4.3. Rate of peat oxidation

The gain (fluxesþ) or loss (fluxes�) of the elements in the lower
iron duricrust can be calculated using a classical isovolume mass
balance approach because the preservation of the root structures in
the iron duricrust is a good evidence that the original peat archi-
tecture has not been changed. For a given element i in a sample j,
the weight variation or flux (fi,j) is given by:

fi;j
�
kg=m3

�
¼ ��

Ci; j*dj
�� �

Ci;p*dp
��
*10

where: Ci, j ¼ concentration of i in sample j in weight %;
dj ¼ apparent density of sample j; Ci, p ¼ concentration of i in the
original peat and dp ¼ apparent density of the original peat. We
assume that the composition of the original peat; i.e. before oxi-
dation, is represented by sample Pr2-2.

Our calculation shows that 383 kg/m3 of C (1462 kg/m3 CO2)
were exported from the soil at the lower elevation together with 25
and 161 kg/m3 of Si and Al while 625 kg/m3 of Fe have been
accumulated (Table 5).

The rate of peat oxidation can be estimated using the age of the
peat constrained by the ages of the dry periods given in the liter-
ature commented above. A maximum duration of 28 kyr, approx-
imately the maximum age of the basal peat layer, can be estimated
if we assume that the iron duricrusts are the result of the accu-
mulated effect of all the dry events occurring since the formation of
the peat.This estimation is probably too high as shown by the ev-
idences of recent peat destruction at the top of the lower iron
duricrust. Alternately, the duration of the oxidation event could
have been a low as 1000 yr taking the data of Ledru (1993).
Therefore, the duration of the oxidation event may be reasonably
assumed to have ranged between 1 and 28 kyr. The calculation of
the atmospheric input of C following theses assumptions gives
a range of 14e383 g/m3/yr. Given the thickness of the profile
(0.62 m), 0.08e2.26 kg CO2 m�2 yr�1 has been released out of the
peat assuming that all the organic carbon is mineralized into CO2.

Our estimation can be discussed with the various causes of peat
degradation reported in the literature. The first cause of peatland
loss is fire. Page et al. (2002) have shown that during the 1997 El
Nino event in Indonesia, 234e285 kg CO2 m�2 were releases, rep-
resenting 13e40% of themean annual global carbon emissions from
fossil fuels. The second cause is human-induced drainage which
follows commercial exploitation particularly under the tropics. The
rate of peat oxidation through drainage is still poorly estimated.
Joosten (2009) gave a range of default values ranging from 7 t CO2
ha�1 yr�1 for boreal forest to 40 t CO2 ha�1 yr�1 for tropical forest
(0.7e4 kg CO2 m�2 yr�1). Kool et al. (2006) calculated an emission
of 4.2e85.9 kg m�2 CO2, 6 years after compaction of peat domes in
Indonesia (0.7e14 kg CO2 m�2 yr�1). A third potential mechanism
of destruction of peat and increasing atmospheric CO2 release is
thought the predicted global warming and the resulting water table
drawdown (Moore, 2002). However, in the Northern peatlands
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water table drawdown may lead to hydrological and ecological
changes that do not necessarily lead to a CO2 atmospheric increase
at few year-scale (Strack et al., 2006: Strack and Waddington,
2007).

To sum up, our high range is in a good agreement with the es-
timations given by Joosten (2009) and Kool et al. (2006) for tropical
peatlands. Our low range is however an order of magnitude lower
than the data given by Joosten (2009) and Kool et al. (2006) but is
still showing a significant contribution of CO2 to the atmospheric
release.
5. Conclusion

Based on field and laboratory evidences, we showed that fos-
silization of peat by iron oxides took place in the Uberaba Plateau.
The formation of peat-derived duricrusts probably results from
a lowering of the groundwater level leading to migration of Fe2þ

through the highly porous root canals, and its eventual precipitation
into Fe3þ oxides while organic matter was mineralized. The occur-
rence of iron duricrusts at different elevations is compatible with
paleoclimatic reconstructions, which showed several drier climatic
events during late Quaternary. Despite large uncertainties for the
duration of the dry events, the estimated CO2 emissions during
oxidation of the lower peat are 0.08e2.26 kg CO2m�2 yr�1 in a good
agreement with emissions from present-day drained peatlands.
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