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ABSTRACT

Growth ring analysis on silicified coniferous woods from the Missão Velha Formation (Araripe Basin – Brazil) has

yielded important information about periodicity of wood production during the Early Cretaceous in the equatorial belt.

Despite warm temperatures, dendrological data indicate that the climate was characterized by cyclical alternation of

dry and rainy periods influenced by cyclical precipitations, typical of tropical wet and dry or savanna climate. The

abundance of false growth rings can be attributed to both occasional droughts and arthropod damage. The present

climate data agree with palaeoclimatic models that inferred summer-wet biomes for the Late Jurassic/Early Cretaceous

boundary in the southern equatorial belt.

Key words: Araripe Basin – Brazil, dendroclimatology, pre-rift phase, fossil woods.

INTRODUCTION

The term equable (warm, low seasonality) is often used
to describe Jurassic and Cretaceous climate, when there
was only a sluggish equator to pole atmosphere and ocean
circulation (Barron and Washington 1982). The need for
its better definition of the term was indicated by Axel-
rod (1984) because recent modeling results show that it
may be a simplistic view of that climate. The distri-
bution and thermal tolerances of land plants during the
evolution of a greenhouse phase provide one of the main
sources of climatic evidence through the Late Jurassic
and Early Cetaceous. A climate uniformly warm was
inferred by the presence of fossil flora in low and high
latitudes according to their composition (ferns, cycado-
phytes and conifers) and latitudinal spread (Jefferson
1982). However, palaeoclimatic reinterpretations (Drin-
nan and Chambers 1986) concluded that southern and
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northern floras may represent warm summer climates
rather than an year-round warmth. Frakes et al. (1992),
based on the development of evaporites, concluded that
the latest Jurassic appears to have been arid, at least in
low and middle latitudes. However, the Early Cretaceous
was much more humid and coal deposits became promi-
nent in the equatorial region (Peru and Mexico) (Ziegler
et al. 2003).

Palaeoclimate zones based on the global distribu-
tion of lithological climate indicators, such as coals,
evaporites and aeolian sands, as well as the distribution
of climate sensitive plants and animals, were defined
by different authors. Ziegler (1990) applied the biome
scheme developed by Walter (1985) that reduced the
macroclimate of present day surface to nine major
biomes, for palaeoclimatic global reconstruction.

The most recent palaeoclimatic maps for the Pha-
nerozoic are presented by Scotese (2003) that plotted
on palaeogeographic maps the distributions of sensitive
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climate rocks, plants and animals that form specific cli-
matic belts. However, these time intervals maps are too
huge for studies on specific time stages.

Based on a compilation of geological and palaeon-
tological data, Chumakov (1995) proposed world cli-
matic maps for the Cretaceous by identifying eight cli-
matic belts pole to pole. During the Early Cretaceous
(Berriasian), the equatorial region of the South America-
Africa landmass included in the Tropical-Equatorial hot
arid belt was considered to have been arid without evi-
dence of sufficient moisture to have supported forests.

Creber and Chaloner (1984) ratified previous global
palaeoclimatic reconstruction indicating a very broad
equatorial zone (32◦N to 32◦S) at the Cretaceous, as
evidenced by the absence of growth rings in woods or
very weakly defined ones. Consequently, at Cretaceous
times, the lower latitudes would generally experience a
non-seasonal climate, which permitted more or less con-
tinuous tree growth as a result of photoperiodic mech-
anism coupled to an annual leaf-flushing period.

In the northeastern Brazilian interior basins (Ara-
ripe, Rio do Peixe, Recôncavo/Tucano/Jatobá, and Igua-
tu), the sedimentary records of the pre-rift sequence
occur in scattered exposures (Fig. 1a, b). They repre-
sent the remains of what was once a great shallow basin,
the Afro-Brazilian Depression – ABD (Ponte 1972).

Climatic differences invoked by Da Rosa and Gar-
cia (2000) that have divided the ABD into two regions
was supported by palaeocurrent, provenance, diagen-
etic, and palaeontological data. The abundance of sili-
cified woods in the Missão Velha Formation of Araripe
Basin suggested the development of a Berriasian conifer
forest on the humid northern highland margins, which
was separated from the arid to semi-arid conditions that
prevailed in the southern part of the basin. These condi-
tions were evidenced by the presence of extensive aeo-
lian facies.

The present study outlines analyses of a silicified
wood assemblage from an outcrop of the Missão Velha
Formation of Araripe Basin about more or less 8◦S.
The main focus of this paper is: 1) to document dendro-
climatic analysis of growth rings using statistical pro-
cedures; 2) to offer palaeoclimatic inferences based on
growth ring analyses; 3) to refine global palaeoclimatic
models inferred for the Late Jurassic/Early Cretaceous,

and also the regional climates inferred by the Afro-
Brazilian Depression at that time interval.

GEOLOGICAL SETTING

The Araripe Basin is the most extensive of the Brazil-
ian Northeastern Interior basins, with an area of approx-
imately 12.200 km2 located on the boundary of Ceará,
Pernambuco and Piauí states (7◦02′-7◦49′S and 38◦30′-
40◦55′W) (Fig. 1c).

The stratigraphic chart proposed by Assine (1992)
characterized the Araripe Basin as a relictual compos-
ite of four genetically distinct basins, partially super-
imposed in space, and represented by four stratigraphic
sequences bounded by unconformities. The unfossilif-
erous Paleozoic Sequence, corresponding to the Cariri
Formation, was dated as Siluro-Devonian based on
supposed lithological affinity with rocks of the Tucano-
Jatobá and Parnaíba basins; the Juro-Neocomian Se-
quence is composed by the basal siltstone and shale-
rich Brejo Santo Formation, which is overlain by the
Missão Velha Formation. This Formation is redefined
in relation to prior studies (Beurlen 1962, Braun 1966)
to contain medium to coarse-grained sandstones with
silicified woods superposed by the gray shales of the
Indaiara Formation. The Aptian-Albian Sequence in-
cluded the Barbalha and Santana Formations, and the
Albian-Cenomanian Sequence is formed by the unfos-
siliferous Exu Formation.

The Missão Velha alluvial system also encom-
passes the Antenor Navarro Formation in the Rio do
Peixe Basin, the Sergi Formation in the Reconcavo –
Tucano-Jatobá Basin, and has been correlated to the
N’Dombo Formation (Gabon Basin), Lucula Formation
(Congo-Cabinda Basin) and Offshore Congo, all African
basins (Da Rosa and Garcia 2000). The age of the
Missão Velha Formation was estimated as Late Juras-
sic based upon ostracods assemblages (Pinto and San-
guinetti 1958a, b) and no older than Early Cretaceous
(Berriasian) by Horne (1995) which corresponds to the
São João Chronostratigraphic Stage of the Araripe Basin
(Coimbra et al. 2002).

The stratigraphic chart of Araripe Basin (Arai et
al. 2004) (Fig. 2), and also the stratigraphic revision
of the Lower Cretaceous Brazilian northeastern interior
basins defined by Arai (2006) indicates that the Dom
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Fig. 1 – Location of the studied area; a) map of Brazil; b) map of northeastern Brazil showing the location of Araripe Basin (in black) and the

interior basins of the northeast of Brazil; c) geographic delimitation of Araripe Basin.

João Stage is mostly within the Jurassic, although its
uppermost part can range into the basal Cretaceous
(Berriasian). On the other hand, it was concluded that
the term “Missão Velha Formation” was inadequately re-
lated to two distinct stratigraphic units that correspond
to the Dom João Stage (Missão Velha Formation sensu

stricto), with a Berriasian maximum age interval, and
another one to the Alagoas Stage (current Rio da Bata-
teira Formation). In the present study, the designation
“Missão Velha Formation” is used to identify a lithos-
tratigraphic pre-rift unit of the Araripe Basin, according
the framework of Arai et al. (2004).

An Acad Bras Cienc (2011) 83 (2)
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Fig. 2 – Stratigraphic column of the Araripe Basin (modified from Arai et al. 2004).
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The wood-bearing Grota Funda (UTM: 24M 048-
9727/9196725) lies 6 km east of Missão Velha city,
bordering route 293 in Ceará State. The exposed sedi-
mentary sequence is 4 m high and 30 m wide. This site
exposes a prominent fluvial and aeolian facies, com-
posed of a succession of medium-coarse sandstones with
trough cross-bedding, interbedded with beds of trough
cross-bedded conglomerates. Silicified woods are the
exclusive fossils and occur in the coarse-grained sand-
stone or rolled, rarely as components of the conglomer-
ates. The fossil woods show no preferential orientation.

DENDROCLIMATOLOGIC ANALYSIS

WOOD DESCRIPTION

The fossil fragments of the wood-bearing Grota Funda

have a diameter of 0.1-1 m. The fragments are not

rounded or abraded, and bark is also present in rare spec-

imens, suggesting that they have not been transported

far from their source. Forty-five samples were collected

from the site, and fifteen mature woods were selected

for detailed palaeoclimatological growth ring analysis.

Large dispersed fossil woods (Fig. 3a, b) with un-

compressed diameters of 0.50-1 m and lengths weath-

ered out up to 3 m are also common in the sandstones

or at the ground surface. This character is indicative

of hypo-autochthonous depositional conditions. The

smaller wood fragments were probably produced by de-

segregation of bigger trunks. Thin-sections from pieces

of the external secondary xylem of these specimens

were also studied. The results showed that the large and

small woods were anatomically equivalent.

The wood is mostly silicified and light brow.

Growth rings are prominent in transverse section; ear-

lywood and latewood are clearly distinguishable (Fig.

3c). Boring activities are evident in the outer surface

of several samples (Fig. 3b, c). Detailed analysis of the

boring system, reported by Pires and Guerra-Sommer

(2009), provides the first relevant data for addressing

evidences of phytophagy in these coniferous silicified

woods. The damage pattern was linked to order Isoptera,

known from the Early Cretaceous by wing impressions

of the species Valditermes brenanae (family Mastoter-

mitidae) found in Weald Clay by Jarzembowsky (1990).

Consequently, the evidences of plant-arthopod interac-

tion in the wood assemblage of the Missão Velha For-

mation constrained the depositional interval to the Early

Cretaceous.

Formal taxonomic analyses were not developed in

the studied wood assemblage. Nevertheless, two gym-

nosperm xylotypes, which is a term defined by Wheeler

and Lehman (2005), were recognized based on param-

eters such as the size of earlywood tracheids in trans-

verse section, patterns of radial pitting on tracheids and

cross field pitting in radial section. The woods possess

resiniferous tracheids scattered within growth rings. The

anatomical details allowed the differentiation between

two wood types: 1. Cupressoid/Podocarpoid wood type

1; 2. Araucarioid wood type 2. Main features of these

wood types are detailed in Figure 4.

ANALYSIS OF GROWTH RINGS

Growth rings were measured from transversely polished

sectioned blocks of the silicified wood using a binocu-

lar stereoscopic microscopy or a paquimeter directly on

the polished wood surface. Details of growth ring struc-

ture were obtained by the observation of thin sections on

transmitted light optical microscopy.

Statistical procedures used in the analyses of

growth rings from fifteen fragments of fossil wood,

followed those proposed by Fritts (1976: based on

Douglass 1928), Creber, (1977), Creber and Chaloner

(1984), and Parrish and Spicer (1988). They include the

variance of ring width, Mean Sensitivity (MS), Annual

Sensitivity (SA), and growth ring classification scheme.

Inter annual variation in growth rate is determined

by Mean Sensitivity indicators, which represent a mea-

surement of the sensitivity of trees to variation in their

environment. The values of mean sensitivity range from

0 to a maximum of 2. An arbitrary value of 0.3 is taken

to separate “complacent” trees that grow under a favor-

able and uniform climate (MS ≤ 0.3) from those that

are “sensitive” to fluctuating climate parameters (MS

≥ 0.3; Douglas 1928). Different authors (Creber and

Chaloner 1984, Francis 1984, Brea 1998, Francis and

Poole 2002, Pires et al. 2005) have used mean sensitiv-

ity as a tool for palaeoclimatic analysis. According to

Keller and Hendrix (1997), Mean Sensitivity values are

not necessary a reliable measure of environmental fac-

tors. Kay (1978) also considered that a tree of a single

An Acad Bras Cienc (2011) 83 (2)
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Fig. 3 – a) large fossil wood from the Grota Funda outcrop; b) detail of the outer surface showing the smallest eliptical features (*) corresponding

to invertebrate bores and large holes (**), irregular in shape, corresponding to regions of collapsed walls of internal borings; c) cross section of

large permineralized wood showing growth ring boundaries and circular to irregular diameter of axial tunnels, following the curvature of growth

rings; d, e) transverse thin sections of fossil woods (optical microscope); d) demonstrating a limit of a true growth ring (arrow 1) and a lot false

growth rings (arrow 2); e) detailing a resiniferous tracheid; f) radial section; g) transverse section, showing the necrotic tissue.

species growing within the interior of a forest naturally

has lower sensitivity values than those growing along

the forest borders, regardless of climatic variability.

The degree of year to year variability is demon-

strated by Annual Sensitivity, which is derived from the

equation of Mean Sensitivity and corresponds to the dif-

ference in width between a pair of consecutive rings di-

vided by their average width. The indicator may be a

more valid measure of the environmental variability to

which the tree has been exposed (Keller and Hendrix

1997).

The analysis of the general growth ring character-

ization in the early and latewood was based on the cell

amount and diameter, cellular walls thickness, as well

the nature of earlywood/latewood transition, according

to IAWA Committee (1989).

An Acad Bras Cienc (2011) 83 (2)
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Fig. 4 – Diagnostic anatomical patterns found in xylotypes 1 and 2 from Grota Funda outcrop.

The nature of seasonality can be also inferred by

the proportion of earlywood/latewood (Parrish and Spi-

cer 1988). Thus, distinct patterns of latewood in temper-

ate modern woods, which reflect growing conditions, can

be applied in fossil assemblages providing information

about seasonality (Spicer and Parrish 1990).

Mean ring width is used to indicate the growth

rate and length of growing season. According to Fritts

(1976), the wider the ring, the faster the growth or the

longer the growing season.

The classification scheme of growth rings proposed

by Creber and Chaloner (1984) carried out a study on

the influence of environmental factors on woody struc-

ture based on relationships of earlywood / latewood,

which determines the boundary by the cumulative sum

deviation from the mean (CSDM) radial cell across a

single growth ring. Six types of growth patterns were

identified, all of them related to distinct environmental

conditions: A, B, C, D, E and O. In the present study,

two samples were selected, one of each recognized

wood type to test the classification proposed by Creber

and Chaloner (1984).

The specimens are stored in the Laboratory of Pa-

leobotany, Departamento de Estratigrafia e Paleontolo-

gia, Instituto de Geociências, Universidade Federal do

Rio Grande do Sul, Porto Alegre, Rio Grande do Sul,

An Acad Bras Cienc (2011) 83 (2)
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Brazil, and in the Collection of Paleovertebrates, Paleo-

invertebrates and Paleobotany, Departamento de Geolo-

gia of Instituto de Geociências, Universidade Federal do

Rio de Janeiro, Rio de Janeiro, Brazil.

RESULTS

Statistical data were obtained from 277 rings in 15

samples. The Mean Sensitivity is 0.191-0.902; the av-

erage of Mean Sensitivity is 0.427; the minimum an-

nual sensitivity is 0, and the maximum annual sensitiv-

ity is 1.147 (Table I).

The maximum annual sensitivity exceeds 0.7 in al-

most all samples, except in PB 3854. The annual sensi-

tivity of the specimens increases year after year, except

in 2 specimens (PB 371, PB 3854) that have low mean

sensitivity (Fig. 5a, b).

All the specimens have wider growth rings accord-

ing to IAWA Committee (1989). The measured growth

rings, range from 0.54-7.38 mm wide (mean: 2.19 mm).

Within individual growth rings the transition from early-

wood to latewood is abrupt (Fig. 3d). Latewood is very

narrow, consisting of 1-2 narrow cells with thick walls

and narrow lumen (Fig. 3d), indicating that the cell con-

ducting space is small. The earlywood is characterized

by thin-walled cells with a wide lumen. A large propor-

tion of earlywood (60-100 cells) and small quantities of

latewood (1-2 cells) is common to all samples, but the

ring boundaries are well defined.

The growth ring types of the studied assemblage

are similar to type D (Fig. 5c) in the ring classification

scheme of Creber and Chaloner (1984).

False growth rings are abundant in most samples

(Fig. 3d). Their occurrence (more than 1 per growth

ring) is linked to the final portion of the earlywood, at

the end of the growing season. They may be distin-

guished from seasonal growth rings because they have

a gradual transition to thick-walled narrow cells, then a

gradual reversal to large thin-walled cells (Spicer 2003).

Resiniferous tracheids are scattered (Fig. 3e) in

the xylem tissue. Wood damage is evidenced by the

presence of galleries, bordered by a zone of reaction tis-

sue, often consisting of a narrow dark outer band and a

wide inner area, which is thought to be a necrotic tissue

(Fig. 3f, g).

PALEOCLIMATIC INTERPRETATIONS

RESULTS DISCUSSION

Statistical analyses of the wood assemblage from Grota

Funda locality, of the Araripe Basin are important for

inferring palaeoclimatic patterns. The Mean Sensitivity

analysis indicates that individual samples corresponds

mainly to sensitive types (87%), with MS more than 0.3.

These data point to an irregular growth environment. On

the other hand, the annual sensitivity above 0.7 which is

present in almost all samples, indicates the occurrence of

extreme climatic events. High variations in the growth

ring width associated to a high annual sensitivity values

indicate good conditions for tree growth, but with vari-

able water supply year by year (Gérards et al. 2007).

The general characterization of the wider growth

rings shows that growth was fast in a relatively short

growing period, or that the growing period was large, or

both. According to Spicer (2003), the small amount of

latewood suggests that the transition from full growth to

full dormancy was rapid and there was not a long period

of growth slowdown.

Growth rings with a gradual transition from early-

wood to latewood are encountered mainly in the

middle latitudes of both hemispheres, where climatic

models predict the occurrence of temperate climates.

This “progressive type of wood” (types B, C and E of

Creber and Chaloner 1984) is typical from Early Creta-

ceous woods in middle latitudes for both hemispheres.

The similarity of the studied material to type D,

proposed by Creber and Chaloner (1984), indicates that

the growing season was relatively uniform, with a ter-

minal event representing a cessation or retardation of

cambial cell division.

The presence of false growth rings reflects that ex-

ternal factors affected the different cycles of growth.

These structures can be produced by: water supply re-

strictions, occurrence of fire or freezing, or invertebrate

attack (Spicer 2003). Otherwise, more than a single

false growth ring was observed within a single growth

ring. Consequently, the origin of these anomalous

growth rings could be related to plant stress represented

by the occasional droughts at the end of growing season

and arthropod-plant interaction.
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Fig. 5 – a, b) Annual sensitivity and ring width graphs of 2 samples of fossil woods; c) variation in cell radial diameter along selected growth rings

(solid line) and cumulative sum of deviations from mean radial diameter (dashed line) in 2 samples – PB 366 and PB 849. Vertical line separates

earlywood (EW) from latewood (LW).

An Acad Bras Cienc (2011) 83 (2)
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TABLE I
Results of growth rings analysis; complacent values in italics.

Number Minimum Maximum Mean Mean Minimum Maximum

Samples of growth ring width ring width ring width sensitivity annual annual

rings (mm) (mm) (mm) MS sensitivity sensitivity

1 PB 93 23 1.25 6.55 2.38 0.381 0 0.936

2 PB 366 15 0.95 3.33 2.47 0.303 0 0.712

3 PB 367 20 0.70 3.57 1.78 0.525 0 1.307

4 PB 371 24 1.64 4.00 2.68 0.312 0 0.946

5 PB 675 23 0.55 4.86 2.13 0.474 0 1.286

6 PB 758 18 0.95 5.45 2.41 0.359 0 1.011

7 PB 791 7 1.55 6.25 3.09 0.902 0.268 1.226

8 PB 849 18 2.00 4.20 2.49 0.191 0 0.709

9 PB 900 8 1.89 7.38 3.57 0.587 0.189 1.147

10 PB 3826 22 0.86 3.86 1.82 0.334 0.038 0.943

11 PB 3828 29 0.76 3.62 1.47 0.407 0.033 0.971

12 PB 3836 20 0.54 3.57 1.61 0.546 0 1.125

13 PB 3840 8 1.15 2.53 1.96 0.365 0.111 0.750

14 PB 3854 17 0.97 3.35 1.55 0.262 0 0.660

15 PB 3860 25 0.69 2.78 1.43 0.466 0 1.045

Total/mean 277 2.19 0.427

DENDROLOGICAL ANALYSES AS A CLIMATIC AND

PALEOCLIMATIC TOOL

Many authors use dendrological analyses as a climatic

and paleoclimatic tool. Growth rings in modern conifer

woods were quantitatively analyzed to investigate the re-

lationship between leaf longevity and the growth ring

boundaries (Falcon-Lang 2000b). These data suggest

that leaf longevity exerts an important control on growth

ring markedness, in addition to the influence exerted by

the growing environment (climatic and edaphic condi-

tions). The significance of these results for the palaeo-

climatic analysis of growth rings in fossil woods is dis-

cussed with reference to two case-studies: (1) the Early

Carboniferous tropical climate of the British Isles and

(2) the Early Cretaceous polar climate of the Antarctic

Peninsula.

Falcon-Lang (2000a) proposed a method in which

moderns coniferopsids woods produced by deciduous

and evergreen trees may be distinguished from one an-

other on the basis of a quantitative analysis of growth

ring anatomy. The author used the CSDM, which has

been used by Creber and Chaloner (1984). These data

suggest that, in most cases, it may be possible to dis-

tinguish between evergreen and deciduous fossil coni-

feropsid species using wood anatomical characteristics.

Gérards et al. (2007), based on dendroclimatologic

data, confirm that, during the Early Cretaceous (Berri-

asian), the Mons Basin (Belgium), located at 30-35◦N

in palaeogeographic models (Scotese 2003), presumably

in a tropical climate, was characterized by a succession

of marked dry and wet seasons under unstable palaeo-

environmental conditions. Otherwise, evidence of sea-

sonal climate in the southern middle latitude was ob-

tained in growth ring analyses by Jefferson (1982) in the

Early Cretaceous (Alexander Island – Antarctic), which

indicates moderate to high seasonality. Falcon-Lang and

Cantrill (2000) also reported for the Alexander Island

(Albian) similar wood patterns, from Araucarioxylon (in-

valid genus), Podocarpoxylon and Taxodioxylon mor-

photypes.

On the other hand, some authors suggest restric-

tions in the use of growth ring analysis as a palaeocli-

matic tool. Brison et al. (2001), based on growth rings

analyses from fossil woods of different Mesozoic locali-
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ties scattered on five continents, looked at the geograph-

ical and taxonomical distribution of the tree growth ring

types defined by Creber and Chaloner (1984). The au-

thors concluded that growth rings in Mesozoic woods

were not determined by environmental factors alone, and

were influenced by endogenous factors. Consequently,

a palaeoclimatological analysis of the growth ring types

would to be based on taxonomically diverse assemblages

that can include applications at a more local scale, either

geographic or temporal.

Likewise, based on processed data from the Inter-

national Tree-Ring Data Bank, Falcon-Lang (2005) es-

tablished a global climate analysis of growth rings in

woods. Quantitative growth rings analysis of fossil

woods may be used only in well-constrained palaeoe-

cological studies, where taxonomic and climatic sources

of variability can be controlled, and, additionally, as a

qualitative tool in palaeoclimatic and palaeoecological

analysis. Thus, the author does not recommend the use

of quantitative percentage latewood data and mean ring

width data as palaeoclimatic indicators.

Dendroclimatological studies demonstrate that the

growth pattern of woods represents palaeoclimatic signa-

tures of seasonal cycles. Any cyclical variation in grow-

ing conditions can bring about the growth ring origin,

but most often the controlling factors of growth can be:

1) photoperiod, 2) temperature, and 3) water supply and

precipitation. In the Tropical-Equatorial Hot arid belt

(Chumakov 1995), where photoperiod and temperature

do not significantly vary, cyclical periods of water re-

striction could be the limiting growth factor.

The unusual conditions that allows the generation

of growth rings in plants close to the paleopoles and in

those from the tropics in Early Cretaceous are generally

interpreted in terms of a high carbon-dioxide greenhouse

world (Chaloner and McElwain 1997).

Different geological data indicate that the conifer

assemblage of the Missão Velha Formation was derived

from low-lying areas, in adjacent floodplain (Da Rosa

and Garcia 2000), at low latitudes (8◦S), during the cli-

max of a greenhouse phase (Fischer 1984, Frakes et al.

1992), with increasing atmospheric CO2 (Tajika 1999).

The similarities among the statistical data obtained

from two different wood types could suggest alterna-

tively that:

1) the features of the growth rings, in this case, were

environmentally induced and not a consequence of

the growth characteristics of a particular species that

could have been genetically coded;

2) increased stress conditions could act as an artifact

in mean sensitivity data;

3) taxonomic affinities among xylotypes would pro-

duce similar growth ring pattern.

PALEOCLIMATE AND BIOME

As it is indicated by palaeoclimatic models (Chuma-

kov 1995, Scotese 2003), a boreal climate must be dis-

carded for the Missão Velha Formation. The Köppen

climate classification (Köppen 1936) is one of the most

widely used modern climate classification systems. It is

based on the floristic and ecological patterns of each

region of Earth, establishing boundaries between cli-

matic regions that reflect the areas of prevalence of each

type of vegetation, considering the seasonality, temper-

ature, and precipitation. According to Köppen (1936)

two different types of climates occur in tropical region:

1) the Tropical/megathermal climates and 2) Dry (arid

and semiarid) climates. In the broader tropical climate,

three different climate types are included: 1. Tropical

rainforest climate; 2. Tropical monsoon climate; and

3. Tropical wet and dry or savanna climate.

As it is demonstrated by the presence of growth

rings in the fossil woods here analyzed, the Tropical

rainforest climate must be discarded for the deposition

of the Missão Velha Formation because trees that grow

under a non-seasonal climate, as in the tropics, generally

show more or less uniform secondary wood (Valdes and

Sellwood 1993).

Global palaeogeography dominated by the large,

middle latitude, Equator-parallel Brazilian-African

landmass, would have been particularly conducive for

monsoon circulation. The monsoon system is a dynamic

component of the modern climate system. The inher-

ent seasonality of monsoon circulation results in cool,

dry winters and warm, wet summers over the continents.

Monsoon circulations are driven by different rates of re-

sponse to the land and the oceans, and to solar heat-

ing in summer and heat loss radiation in winter. The

large seasonal swings in land temperature and small sea-
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sonal changes in ocean temperature reflect these con-

trasting responses of land and ocean (Ruddiman 2001,

Ritter 2006).

Models of simulation of Pangean climates during

the pre-rift phase (Kutzbach 1994) indicated a strong

reversal between summer and winter monsoon circula-

tions. According to Scherer and Goldberg (2007), the

Gondwana monsoons became milder from the Early

Jurassic onwards, terminating at the latest Jurassic or

earliest Cretaceous. Nevertheless, because of its huge

size, climate model simulates widespread dry continen-

tal climate in the Pangean interior, in the absence of

the moderating influence of oceanic moisture (Ruddi-

man 2001).

Taking into account the palaeogeographic data, the

models of climate simulation for the Pangea during the

Early Cretaceous, and the modern climate system estab-

lished by Köppen (1936), the tropical wet and dry or

savanna climate could be better inferred for the time of

deposition of the Missão Velha Formation. This year-

round warm tropical climate is defined by pluviometer

and temperature regimes, with a very long dry season

(winter) and a wetter, rainy season (summer). Like the

monsoon climate, tropical wet and dry or savanna cli-

mate has a distinct seasonality to its precipitation. Still,

this wet season is much shorter and receives far less pre-

cipitation than the monsoon climate (Ritter 2006).

The growth patterns characterized by two well-

demarcated seasons, as demonstrated by the growth ring

structure, are defined in monsoon and savanna climates

(Wright 1990).

The presence of fossils of turtles, crocodiles, liz-

ards and amphibians described from sandstone se-

quences of the Missão Velha Formation (Brito et al.

1994) indicated that the region was not an extreme de-

sert, and fresh water may have been present in at least

ephemeral streams and lakes. The streams are likely to

have been sourced on the mountainous flanks of the rift

valley that was subsequently to become the southern

Atlantic Ocean (Spicer 2003).

The combined evidence from fossil floral compo-

sition, leaf physiognomy, and sedimentological indica-

tors suggests that this region was characterized by a hot,

sub-humid to semi-arid climate typical of present-day

savanna region (Willis and McElwain 2002).

The palaeoclimatic parameters evidenced in growth

rings of the wood assemblage of Grota Funda outcrop

allowed to infer a low latitude summer-wet biome well

characterized in the paleoclimatic map from the Jurassic-

Cretaceous transitions presented by Rees et al. (2000)

(Fig. 6). These dendrological data associated to results

obtained in arthropod-plant interaction (Pires and Guer-

ra-Sommer 2009) constrains the stratigraphic level of

fossil wood occurrence in the Missão Velha Formation

to the interval Early Berriasian, confirming the strati-

graphic framework proposed by Arai et al. (2004) and

Arai (2006).

CONCLUSIONS

1) The presence of growth rings as a common char-

acter in fossil woods from the Grota Funda out-

crop, Missão Velha Formation (Araripe Basin), in-

dicates seasonal variation in tree growing condi-

tions, characterized by cyclical alternation of dry

and wet periods;

2) Subtly developed growth rings in fossil woods are

interpreted to have formed in response to a seasonal

climate, probably due to precipitation restrictions,

which led to a soil-water shortage;

3) The Mean Sensitivity coefficient from growth rings

in fossil woods is high, indicating unstable palaeo-

environmental conditions;

4) The false growth rings can be produced by the oc-

currence of droughts during the growing season

and/or arthropod damage during the life-cycle of

trees;

5) The patterns of growth rings are consistent with a

tropical wet and dry or savanna climate;

6) Integration between the present dendrological data

and results from arthropod-plant interaction in the

studied plant assemblage indicates a southern sum-

mer wet biome developed during the Early Creta-

ceous throughout a greenhouse climate phase.
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Fig. 6 – Paleoclimate map from the Jurassic-Cretaceous transition with the localization of fossil wood assemblage of the Missão Velha Formation

(modified from Rees et al. 2000).
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RESUMO

A partir de análise de anéis de crescimento em lenhos de co-

níferas silicificadas provenientes da Formação Missão Velha

(Bacia do Araripe – Brasil), obteve-se importantes informa-

ções a respeito da periodicidade de produção lenhosa durante

o início do Cretáceo, na região do equador. Apesar das estima-

tivas de temperatura apresentarem-se elevadas, os dados den-

drológicos indicam que o clima foi caracterizado pela alter-

nância cíclica de períodos secos e chuvosos, influenciado por

precipitações periódicas, típico das condições atuais de clima

tropical úmido e seco ou savana. A abundância de falsos

anéis de crescimento pode ser atribuída tanto a secas ocasio-

nais quanto a danos causados por artrópodes. Os dados paleo-

climáticos aqui obtidos corroboram com modelos paleoclimá-

ticos que inferem a ocorrência de um bioma de verões úmidos

para o limite Neojurássico/Eocretáceo ao sul do equador.

Palavras-chave: Bacia do Araripe – Brasil, dendroclimato-

logia, fase Pré-Rifte, lenhos silicificados.
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