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ntroduction

After the discovery of rich angiosperm floras in both
er and Upper Cretaceous strata of the Lusitanian Basin
estern Iberia, this region has been considered as a key

a for the study of early angiosperm radiation and

diversification coupled with environmental conditions
(Friis et al., 2010). One of the essential environmental
variables is the climate. The isotopic composition of shells
and shell fragments are among the most widely used
proxies for Cretaceous climate reconstructions. However,
in siliciclastic successions depleted of adequate authigenic
components, such as most of the interval in the Lusitanian
Basin that records the early appearance of angiosperms
(Fig. 1), the application of these proxies is not possible.
Hence, current understanding of the regional climatic
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A B S T R A C T

The present study investigates the climatic influence on the geochemistry and mineralogy

of the Lower Cretaceous succession of the Ericeira region (Lusitanian Basin, western

Portugal). Palaeoclimatic conditions are inferred from a combination of weathering indices

and independent palynological and palaeobotanical data. A composite weathering

intensity index is computed from selected geochemical and mineralogical data. The

concentrations of some elements (Co, Ni, Sc, Th, V, Y, Zn, Zr) indicate variable contributions

of sediments from the Lusitanian Basin margin and Iberian hinterland. It is demonstrated

that the weathering intensity values are largely influenced by source area geology. The

increases in weathering intensity following major unconformities (Late Barremian and

Late Aptian) are partially attributed to the arrival of detritus from an evolved regolith

sequence in the Iberian hinterland. A combined analysis of independent proxies is found

necessary to conveniently discern the roles played by distinct processes on the weathering

intensity and investigate the palaeoclimatic conditions.
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evolution is largely based on recent palynological, palaeo-
botanical and mineralogical data (Heimhofer et al., 2005,
2008, 2012; Mendes et al., 2010, 2014a, 2014b).

One major difficulty concerning the interpretation of
weathering intensity is the discriminations of composi-
tional features that can be attributed to the climatic
influence on newly formed sediments from those that
should result from the reworking of previous cycle
sedimentary units with their own weathering histories
(Bauluz et al., 2000; Cox et al., 1995; Gaillardet et al., 1999).
Another issue that needs to be solved is the possible
occurrence of thick and evolved weathering profiles in flat
areas that were relatively protected for long periods from
the erosion agents, contrasting with more erosion prone
geomorphic settings (Le Pera et al., 2001; Nesbitt et al.,
1996) and the effect of progressive erosion of the
weathering profile that may result in an inversion of the
regolith sequence in the sedimentary succession (Curtis,
1990; Singer, 1980).

In this paper, we document a comprehensive analysis
based on multiple geochemical and mineralogical proxies
used to establish weathering intensities for the Late
Hauterivian–Early Albian of the Lusitanian Basin. It is
demonstrated that the abiotic compositional signal should
be largely conditioned by factors other than climate
conditions. Having in consideration the potential effects
of recycling and shifts in provenance, regional climate
interpretations are performed with the contribution of
independent palynological and palaeobotanical data.

2. Geological framework

During the Early Cretaceous, the sedimentation in the
Ericeira area was mixed, with siliciclastics alternating with
carbonate deposits (Fig. 2). The Late Hauterivian–Albian
interval comprises six formations (Rey, 1992) dated by
numerous biostratigraphic indicators (echinoids, rudists,
ammonites, foraminifers, algae, calpionelids) and/or by
depositional sequence correlations with the southern
series of the Cascais area. Various depositional environ-
ments alternated in the course of time, including: fluvial
systems during the Latest Aptian–Early Albian (Rodı́zio
Formation, exclusively siliciclastic); estuarine systems
during the Late Barremian (Regatão Formation, mainly
siliciclastic); tidal flats during the Late Hauterivian–Early
Barremian (Ribamar Formation with mixed, siliciclastic
and dolomitic deposits); inner platform environments
with carbonate sedimentation, during the Early Barremian
(Ribeira de Ilhas Formation) and the Early Aptian (Crismina
Formation); open carbonate platform during the Middle
and Late Albian (Galé Formation).

From Valanginian to Albian, the deposits are arranged
in three second-order transgressive–regressive sequences
(Rey et al., 2003):

� a Valanginian–Early Barremian cycle with maximum
transgression during the Early Hauterivian;
� a Late Barremian–basal Late Aptian cycle, showing the

maximum transgression during the Early Aptian, con-
temporary with the Oceanic Anoxic Event (OAE) 1;
� a Latest Aptian–Albian cycle with the transgression peak

at the base of the Late Albian (Dinis et al., 2002).

The basal part of each major sequence is characterized
by a strong siliciclastic influx (Regatão and Rodı́zio
formations after intra-Barremian and Late Aptian uncon-
formities). These second-order cycles and the associated
unconformities are controlled by the geodynamic evolu-
tion of the northern Atlantic (Dinis et al., 2008). The intra-
Barremian unconformity could be related with the
beginning of the onset of seafloor spreading in the Iberia
sector (Shillington et al., 2004; Srivastava et al., 2000),
whilst the Late Aptian unconformity probably corresponds
to the initiation of seafloor spreading in the Galicia sector
(Schärer et al., 2000; Srivastava et al., 2000; Tucholke et al.,
2007). About 15 third-order depositional sequences are
recognized in the studied interval (Rey, 2006). They solely
consist of transgressive and highstand systems tracts, with
frequent erosional surfaces and palaeosols at the sequen-
ces boundaries. Lowstand systems tracts are missing.

3. Sampling and analytical methods

The samples were collected in the Lower Cretaceous
coastal outcrops from the Ericeira region (Lusitanian Basin,
western Portugal) represented in the composite log of
Fig. 2. The heights within the sequence expressed in the text
and figures are referred to the Jurassic–Cretaceous bound-
ary. Mudstone beds of variable composition and thickness
are found intercalated with other lithologies in both
siliciclastic and mixed carbonate–siliciclastic formations.

Fig. 1. Geological sketch of the onshore Lusitanian Basin (LNEG, 2010)

with the location of the studied sections in the Ericeira region. Inset with

location of Lusitanian Basin (LB) and reconstruction of continental areas

in the Aptian (after Dercourt et al., 2000, Sahabi et al., 2004 and Sibuet

et al., 2012). MES: Morocco Meseta, GB: Galicia Bank; FC: Flemish Cap.



Fig. 2. Studied succession with location of the sampled beds. Bold references indicate samples with geochemical data. Black vertical bars indicate studied deposits

with rich palaeobotanical assemblages. Scale heights refer to the Jurassic–Cretaceous boundary. BU: Basin-wide unconformity.
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In order to minimize the effects of depositional and post-
depositional processes on sediment composition, only fine-
grained beds were sampled. Beds with strong cementation
were omitted, and a preliminary treatment with 1 N acetic
acid was applied to the samples that revealed acid
effervescence.

A total of 68 sediment samples were collected from the
Ericeira region and analysed for their clay mineralogy
(Fig. 2). The sediments were previously washed by
centrifugation whenever signs of flocculation were ob-
served. The analyses were performed on oriented slides of
the grain-size fraction < 2 mm obtained by centrifugation
according to Stokes’ law. Clay mineralogy was estimated
by X-ray diffraction (XRD) using a Philips PW 3710
equipment, with Cu Ka radiation, belonging to the Earth
Sciences Department of the University of Coimbra. Peak
areas of basal reflections on glycolated diffractograms,
weighted by empirical factors, were used in the approxi-
mate mineral semi-quantification (Kahle et al., 2002).
Given the uncertainties in the mineralogical semi-quanti-
fication by XRD, these results should be taken as
approximate estimations of actual mineral proportions
(Kahle et al., 2002; Moore and Reynolds, 1997).

The chemical analyses of 48 samples were performed
on the fraction finer than 63 mm. This fraction was
separated by wet sieving, using deionized water, followed
by centrifugation and air-drying. The proportions of major
elements (oxides) were determined by X-ray fluorescence
after lithium borate fusion, while trace elements were
determined by ICP mass spectrometry following a lithium
borate fusion and nitric acid digestion. As the analyses
were performed on the fraction finer than 63 mm, ICP
element underestimation due to incomplete dissolution
should be limited (Walsh, 1997). Chemical results from
samples with abnormally high CaO were screened out
because their composition should be strongly influenced
by diagenetic processes. All chemical analyses were done
at the laboratories of ACME analytical.

4. Results

4.1. Clay mineralogy

The studied sediments are either dominated by kaolinite
or mica-illite and may show secondary amounts of illite-
smectite (I/S) mixed-layer clays (Fig. 3). The proportions of
these minerals are highly variable within the six sampled
formations, although, as a general rule, the abundance of
kaolinite tends to be higher in coarser siliciclastic units and
slightly lower in the intervened mixed siliciclastic-carbon-
ate units. The Rodı́zio Formation is distinguished by its
constant predominance of kaolinite while the samples from
the other formations can reveal both higher abundances of
kaolinite and mica-illite. The I/S mixed layers are usually
most common in the middle to upper portions of the Ribeira
de Ilhas and Crismina formations. The proportion of
kaolinite is particularly high in the sediment beds immedi-
ately above major unconformities, namely, at the base of the
Regatão and Rodı́zio formations. After a kaolinite maximum
is recorded at the base of the Regatão and Rodı́zio

trends that continue through the Crismina and Galé
formations, respectively.

4.2. Chemical composition

The concentrations of major and minor elements are
presented in Supplementary file 1. Despite the variability
within units, the percentages of Fe2O3, MgO, Na2O and CaO
tend to be higher in mud beds from mixed siliciclastic–
carbonate units (Crismina, Ribeira de Ilhas and Galé
formations) than in siliciclastic units (Ribamar, Regatão
and Rodı́zio formations). TiO2 reveals an opposite pattern,
with slightly higher proportions in clay beds within the
siliciclastic units. Siliciclastic units also tend to be enriched
in Rare Earth Elements (REE), Y, Th, Zr and Hf, whilst mixed
siliciclastic-carbonate units are usually enriched in Rb, Cs,
Co, Ni, Cu and Zn (Fig. 4). The concentrations of the
remaining elements are more balanced throughout the
succession, although anomalously low concentrations of
K2O, Sr and Ba are observed near the base of the Rodı́zio
and Regatão formations. The lower portions of these two
formations are also particularly enriched in Y, Zr, REE, and
Th and depleted in Ni, Co and Zn.

Chondrite-normalized REE data display moderate frac-
tionation of light REE (3.04 < LaN/SmN< 5.92) and flatter,
although more variable, heavy REE profiles (0.94 < GdN/
YbN< 2.68). No clear trends within the stratigraphic
succession or differences between formations were ob-
served in light REE and heavy REE fractionations. The Eu
anomaly is largely variable (0.27 < Eu/Eu* < 0.85), with no
obvious differences between formations (Fig. 4).

4.3. Weathering indices

During weathering, mobile elements tend to be
leached, promoting the concentration of immobile ele-
ments, and liable minerals are transformed into species
adapted to the exogenous condition. Several geochemical
(WIP, CIA and CIX indices; Th/U, K2O/Al2O3, K2O/Th, Rb/K,
Rb/Ti and Cs/Ti ratios) and clay mineralogy (kaolinite/
illite ratio) proxies are used to establish the intensity of
the weathering processes (Table 1). The distinct correla-
tions between weathering indices (Table 2) reflects the

Fig. 3. Cretaceous samples plotted in ternary diagrams for clay

mineralogy and A–CN–K (Nesbitt and Young, 1982). Larger symbols

indicate the average composition of each formation.
different ways the compositional features change during
formations, its proportion decreases upwards, defining



Fig. 4. Geochemical composition of the mud sediments: (a) Composition normalized to the Upper Continental Crust (UCC). Elements are arranged following

the periodic table, group by group; (b) REE normalized to chondrite; (c) Light REE fractionation vs. Eu-anomaly normalized to chondrite. Symbols colours

distinguish formations as in (a) and (b).

Table 1

Weathering indices considered in this study.

Weathering index Formula Weathering relation Reference

ka/il Kaolinite/Illite Increases with weathering Chamley, 1989; Thiry, 2000;

Velde, 1995

CIA (Chemical

Index of

Alteration)

Al2O3/(Al2O3 + K2O + CaO + Na2O) � 100 Increases with weathering Nesbitt and Young, 1982

Th/U Th/U Increases with weathering

(relation with weathering

value for Th/U > 4)

McLennan et al., 1995;

Gu et al., 2002

K2O/Al2O3 K2O/Al2O3 Decreases with weathering Gallet et al., 1998;

Deconinck et al., 2003

K2O/Th K2O/Th Decreases with weathering Gallet et al., 1998;

Deconinck et al., 2003

Rb/K Rb/K Increases with weathering.

Not valid for low weathering

Roy et al., 2008;

Buggle et al., 2011

Cs/Ti Cs/Ti Decreases with weathering Yan et al., 2007

Rb/Ti Rb/Ti Decreases with weathering Yan et al., 2007

WIP

(Weathering

Index)

(CaO/0.7 + 2Na2O/0.35 + 2 K2O/0.25 + MgO/0.9) � 100 Decreases with weathering.

Not adequate in highly

weathered sediments

Parker, 1970

CIX (modified

chemical

index of

alteration)

Al2O3/(Al2O3 + K2O + Na2O) � 100 Increases with weathering.

Adequate for sediments with

calcium carbonate

Garzanti et al., 2014

P.A. Dinis et al. / C. R. Geoscience 348 (2016) 139–149 143
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weathering and suggests that other processes besides
chemical alteration conditioned sediment composition.
The high correlation K2O/Al2O3–CIA–CIX results from the
major influence of K2O in CIA and CIX indices. Given the
similarities between these parameters, they are consid-
ered redundant. Only CIX, which does not consider CaO
and consequently should be less affected by diagenetic
process, will be applied in the analysis of weathering. The
evaluation of weathering intensities will also not take in
account Cs/Ti, since this parameter strongly correlates
with Rb/Ti. A selection of non-redundant weathering
indices and their stratigraphic variations is represented in
Fig. 5. Because only high Th/U values (> 4 according to
McLennan et al., 1995) are thought to be related with
weathering intensity and because WIP should not be
applied in highly weathered sediments (Price and Velbel,
2003; Shao et al., 2012), these indices were not considered
in the subsequent integrated evaluation of weathering
intensity.

The highest kaolinite/illite ratios are found at the top
of the Ribamar Formation (c. 147 m), at the base of the

Regatão Formation (c. 205 m) and in the middle position
of the Rodı́zio Formation (c. 259 m). This ratio is highly
variable in the Regatão Formation and generally
moderate to low in the Ribeira de Ilhas, Crismina and
Galé formations. Maximums of CIX index are detected
near the bottom of the Rodı́zio Formation (c. 256 m). A
secondary peak of CIX occurs at the base-middle part of
the Regatão Formation (c. 205–210 m). The K2O/Th and
Rb/Ti ratios reveal similar oscillation patterns, charac-
terized by high values in Ribeira de Ilhas and Galé
formations, whose maximums occur in the middle–
upper portions of these units, and lower values in middle
part of the Regatão and Rodı́zio formations. Moderate
values are observed in the Crismina and Ribamar
formations. The Rb/K ratio displays an independent
pattern of variation that seems to be independent of the
sampled lithology.

A selection of non-redundant weathering parameters
that should not be influenced by the carbonate content
(CIX, Rb/Ti, Rb/K, K2O/Th and kaolinite/illite) were
combined to establish the weathering trends. The indices

Fig. 5. Plots of the weathering intensity indicators. Arrows indicate the expected increase in weathering intensity. WI is the combined weathering index

Table 2

Pearson correlation coefficients between geochemical and mineralogical weathering proxies.

ka/il CIA Th/U K2O/Al2O3 K2O/Th Rb/K Cs/Ti Rb/Ti WIP CIX

ka/il 1.00 0.58 0.29 –0.54 –0.52 0.01 –0.40 –0.48 –0.56 0.56
CIA 1.00 0.15 –0.98 –0.46 0.26 –0.29 –0.44 –0.59 0.98
Th/U 1.00 –0.10 –0.31 0.10 –0.21 –0.26 –0.23 0.13

K2O/Al2O3 1.00 0.42 –0.33 0.23 0.38 0.54 –1.00
K2O/Th 1.00 0.23 0.85 0.87 0.86 –0.41
Rb/K 1.00 0.53 0.46 0.12 0.32

Cs/Ti 1.00 0.96 0.79 –0.23

Rb/ti 1.00 0.83 –0.38

WIP 1.00 –0.55
CIX 1.00

Bold values indicate correlations valid for 99% probability. The key for weathering indices symbols and formulas is given in Table 1.
(see text for explanation). Black lines for the three and four points moving average applied to the geochemical and clay mineral data, respectively.
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which lower values reflect higher weathering intensi-
 (Rb/Ti and K2O/Th) were previously inverted. The

athering intensity value is then established by the
med results of the selected parameters after normali-

ion by scaling between 0 and 1 as:

¼ Xi�Xminð Þ= Xmax�Xminð Þ

hich Xi is the value of the index at a certain position,

n and Xmax are the minimum and maximum results,
pectively, for a given index and XN is the resultant 0–1
malized value.
The obtained pattern of variations of the weathering
nsity value (Fig. 5) suggests that:

e highest intensities occur in the lower portion of
egatão (Late Barremian) and Rodı́zio (Late Aptian–Early
lbian) formations after abrupt rises and followed by
rogressive, although discontinuous, decreases;

 secondary peak is found at the top of the Ribamar
ormation (Late Hauterivian);
ider intervals with low-moderate weathering intensity

alues are separated by short intervals of intense
eathering;
inor weathering intensity excursions occur within the
ore carbonate enriched Ribeira de Ilhas (Early Barre-
ian) and Crismina (Early to Middle Aptian) formations.

iscussion

 Source area geology and weathering intensity

The pattern of variation of the weathering intensity
ue is broadly paralleled by the transgressive–regressive
les. The maximum flooding zones approximately
respond to the lowest weathering intensity, while the
ks tend to coincide with the beginning of transgressive
les after major unconformities. The two basin-wide
onformities covered by this research, the intra-
remian and Late-Aptian ones, coincide with important
tonic events associated with the Atlantic opening.
ardless of the specific genetic processes, these ruptures

 coeval of major fault deformation within the Iberian
-plate and rejuvenation of the watersheds (Dinis et al.,
8). Previous works on the Cretaceous detrital zircon age
atures point to sudden shifts in provenance with

respondence with major conformities (Dinis et al., in
ss). The weathering intensity values may be an
erited feature due to changes in provenance and
ecting the weathering intensity in source areas. The
ensive Cainozoic cover hampers a clear knowledge of

 Lusitanian Basin basement rocks in the latitude of the
eira region (Fig. 1). Diverse metasedimentary units
inly metapelitic) and igneous units (including mafic
ologies) are observed in the basin edge to the north and

 south of Ericeira (LNEG, 2010). Rift-related igneous
ks with tholeiitic affinity crop out in southern Portugal
rtins et al., 2008; Verati et al., 2007), but their

urrence in northern locations cannot be excluded.
nd occurs mainly Variscan and post-Variscan grani-
s intruding metasedimentary units.

Immobile elements are excellent indicators of prove-
nance. Regardless of weathering intensity, REE, Th, and Zr
are abundant in granitoid-parented sediments contrasting
with Co, Cr, Ni and Sc that are usually concentrated in basic
rocks and their sediment products (e.g., Condie, 1993;
McLennan et al., 1990, 1993). The enrichment in Y, REE, Zr
and Hf coupled with a decrease in Co, Ni and Zn in the units
that cover the Barremian and Aptian unconformities
indicate an increased contribution of felsic sediments
(Fig. 4). An oscillating contribution of mafic- and felsic-
parented sediment can be evaluated with the pattern of
variation of selected immobile element ratios (Fig. 6). The
Barremian unconformity has correspondence with a major
shift in provenance marked by an increase in the
proportion of sediment associated with Variscan and
post-Variscan felsic igneous rocks from the Iberia hinter-
land (Dinis et al., in press). It may be assumed that in Iberia
inland, the regolith sequences reached more evolved
stages while the catchment areas were restricted to the
Iberia Atlantic margin, the increase in weathering intensity
values being associated with the arrival of sediment
derived from these weathering profiles. The subsequent
decrease in weathering intensity is paralleled by a
provenance signal marked by lower amounts of granit-
oid-related sediments. Sea-level rise should reduce erosion
capacity and promote accommodation space for alluvial
storage in lower valley realms (Holbrook et al., 2006).
Consequently, an important proportion of hinterland
sediment should be trapped in fluvial valleys and not
reach the coastal or marine environments that developed
during high-sea-level periods. In contrast, the uplifted
Atlantic margin shoulders kept delivering sediment during
the transgressive and highstand periods, increasing the
relative proportion of mafic and probably less weathered
component.

A similar pattern of shift in provenance and consequent
changes in weathering intensity values may be proposed
for the sequence that covers the Aptian unconformity
(Fig. 6). However, the progressive decrease in weathering
intensity values following a maximum at the bottom of the
Rodı́zio Formation when most immobile element ratios
point to unaltered sediment provenance is attributed to
changes in climatic conditions. Progressive starvation of
the highly weathered upper parts of the regolith sequences
may also contribute to the decrease of the weathering
intensity values.

5.2. Depositional and post-depositional effects

Several authors defended that clay mineral assem-
blages are affected by selective settling (e.g., Chamley,
1989; Thiry and Jacquin, 1993). This process may promote
kaolinite enrichment in coarser intervals. Thiry and
Jacquin (1993) also showed specific clay assemblages in
distinct Cretaceous depositional units associated with the
Atlantic Ocean opening. Post-depositional transformation
could also account for some compositional features.
Kaolinite is frequently an early diagenetic mineral in
sandstone deposits (Rossi et al., 2002; Thiry, 2000).
Although only fine-grained beds were collected, it is
possible that post-depositional transformations promoted
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kaolinite enrichment. Hundert et al. (2006) presented a
genetic model for the development of kaolinite in sediment
successions below intraformational unconformities that
considers water recharge where sandy sediment beds are
exposed and subsequent early diagenetic kaolinite forma-
tion in these units and evolving mudstones. However, due
to the lack of independent evidence of depositional and
post-depositional processes, their possible effects on
sediment composition will not be further discussed.

5.3. Evolution in climate

5.3.1. Before the Barremian unconformity

Having in consideration the previous remarks on the
possible influence of provenance on sediment features, the
compositional changes found in the succession that
precedes the Barremian unconformity (Ribamar and
Ribeira de Ilhas formations; Late Hauterivian to Late
Barremian) are probably linked to shifts in climate. In the
Vale Cortiço opencast clay pit complex (near Torres Vedras
locality; Figs. 1 and 2), no angiosperms were observed in
the fossil record. The spore–pollen assemblages collected
from the Santa Susana Formation, which precedes the
studied succession, are clearly dominated by conifers and
ferns. Among conifers, Classopollis (Cheirolepidiaceae) is
dominant and with the araucarian Araucariacites australis

Cookson are indicative of semi-arid and arid low-lying
water-margin environments under a subtropical to tropi-
cal climate (e.g., Traverse, 2007; Watson, 1988). Remains of
Cheirolepidiaceae Frenelopsis teixeirae (Alvin & Pais)

constitute the major part of the fossil flora from Vale
Cortiço (Mendes et al., 2010). The Cheirolepidiaceae
conifers coped well with the semiarid and even arid
conditions and are normally interpreted as xeromorphic
growing in near-coastal environments (Mendes et al.,
2010; Vajda, 2001). These proxies point to the prevalence
of a relatively warm and dry climate with a seasonally
rainy period during the Early Hauterivian. The mineralogi-
cal and geochemical data suggest a subsequent period of
progressive increase in humidity (Ribamar Formation) and
an Early Barremian shift to drier and conditions (transition
Ribamar–Ribeira de Ilhas Formation). The occasional
frequency peaks of I/S mixed clays are compatible with
the development of a climate with rainfall seasonality
during the Early Barremian. A similar Hauterivian–
Barremian pattern based on geochemical and clay miner-
alogical data was proposed for other places of northeastern
(Ruffell et al., 2002) and northwestern (Zhang et al., 2014)
Atlantic margins.

5.3.2. Between the Barremian and Aptian unconformities

The Barremian is commonly considered a dry period in
western Europe (Ruffell and Batten, 1990), in general with
relatively low temperatures at the Barremian–Aptian
transition (Pucéat et al., 2003; Steuber et al., 2005).
Although the pronounced swing in the weathering
intensity value at the base of Regatão Formation (Late
Barremian) is probably linked to a shift in sediment
provenance, as discussed before, the deformation associ-
ated with the opening of the Atlantic Ocean may have an

Fig. 6. Plots of the element ratios that should reflect variable contributions of felsic and mafic parented sediment and I/S mixed clays. The light shadows

indicate intervals of transition to more felsic supply. Although the formation of smectite is frequently promoted by mafic bed rock (Velde, 1995), the pattern

of variation of illite-smectite is distinguished from the geochemical provenance indicators, suggesting other controlling factors.
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irect and secondary effect on climate. As the continental
ak-up and seafloor spreading progressed northwards
es et al., 2009; Pinheiro et al., 1996), significant

ormation and uplifting along the Atlantic margin
ulders is expected (Dinis et al., 2008). We assume that

 Barremian unconformity marks an important moment
eorganization of the Iberian microplate, responsible for

 uplifting of the basin edge that may have promoted
graphic rainfall. A geomorphic context associated with

 deposition of coarse-grained prograding units after the
remian unconformity could result from this conjuga-

 of wetter climate, due to an increase in rainfall, and
per slopes. Late Barremian units of Casal do Borracho

eval of Regatão Formation; Figs. 1 and 2) yield different
es of angiosperm pollen (including Mayoa portugallica

s, Pedersen & Crane), although subordinated in the
ynoflora. Representatives of aquatic ferns were found,
luding Crybelosporites pannuceus (Brenner) Srivastava

 the freshwater algae, Ovoidites sprigii (Cookson &
tmann) Zippi and Ovoidites parvus (Cookson & Dett-
n) Nakoman (Mendes, work in progress). The occur-
ce of aquatic ferns and freshwater algae may also reflect

 presence of moist environments and the influence of
t climates.

3. After the Aptian unconformity

Several climatic proxies suggest that the Early and
dle Aptian was a period of relatively low tempera-

es (McAnena et al., 2013; Pucéat et al., 2003). The
perature increased during the Late Aptian and
ards until reaching the extreme greenhouse condi-
s that already characterized the Upper Cenomanian
ber et al., 2011; Pucéat et al., 2003). In several

earches, it is considered that the climate of western
ria was conditioned by the migration of the boundary
ween a mid-latitude warm-humid belt, to the north,

 a hot-dry belt, to the south (Heimhofer et al., 2008,
2; Mendes et al. 2014a; Trabucho Alexandre et al.,
1). These climatic belts correspond respectively to the
thern Laurasian floral province with a temperate to
tropical humid vegetation and the northern Gond-

na floral province with an arid to semi-arid savannah-
e vegetation (Batten, 1984; Brenner, 1976; Chumakov
al., 1995; Peralta-Medina and Falcon-Lang, 2012;
lippe et al., 2004).
A study of silicified trunks ascribed to the genus
tocupressinoxylon Eckhold collected at the base of the
ueira da Foz Formation (coeval to Rodı́zio Formation) in
al do Estortiga (Figs. 1 and 2) suggests hot summers and
d-to-warm winters (Mendes et al., 2014a). The
ynological assemblage found in the upper part of the
ueira da Foz Formation at the Juncal locality (Figs. 1 and
s dominated by conifer pollen and fern spores. These
lude members of the extinct Cheirolepidiaceae repre-
ted by numerous pollen grains of Classopollis and
ifer pollen ascribed to Araucariaceae and Pinaceae.
inct Cheirolepidiaceae are characterized by strongly
uced leaves, thick cuticle and deeply sunken stomata
t indicate water stress conditions (Watson and Alvin,
6). Another important component in the fern assem-

sporangia of the extinct dicksoniaceous fern Onychiopsis

psilotoides. Angiosperms are represented by Clavatipolle-

nites-type pollen, Retimonocolpites spp., Rousea sp., and
Senectotetradites sp. The overall composition of this flora
suggests a seasonally warm dry climate. Based on the trend
for decrease in weathering intensity and the interpreted
palaeovegetation from Casal do Estortiga and Juncal, it may
be assumed that the region was under the influence of the
mid-latitude warm-humid belt during the Late Aptian and
the Earliest Albian. A subsequent transition to dryer and
hotter conditions during the Albian associated with the
northward migration of the tropical dry belt was proposed
by Heimhofer et al. (2012).

6. Conclusions

A combined index based on independent geochemical
and mineralogical data applied to the Early Cretaceous
sediment succession from western Portugal suggests two
major excursions in weathering intensity, both tied to
recognized basin-wide unconformities: Late Barremian
and Late Aptian ones. These excursions are partially
attributed to changes in provenance, which are demon-
strated by the evidences of variable contributions of
mafic- and felsic-parented sediment. This finding illus-
trates how weathering intensity may be affected by source
area geology and consequently the interpretation of
palaeoclimates from weathering indicators is difficult to
perform. We also suggest that the tectonic reorganization
of the Iberian microplate associated with basin-wide
unconformities may have had an indirect effect on the
regional climate. Reliefs along the Atlantic margin
generated during periods of tectonic activity may have
promoted wetter environmental conditions due to oro-
graphic rainfall.

Palaeovegetation data strongly suggest warm and dry
palaeoclimatic conditions during the Early Hauterivian.
The progressive increase in the weathering intensity
values during the Late Hauterivian followed by a sharp
decrease during the Hauterivian–Barremian is attributed
to climate changes. Wetter climates, having correspon-
dence with the earliest well-constrained occurrences of
angiosperms in the Lusitanian Basin West Iberia, occurred
during the Late Barremian. The available palaeobotanical
data and the progressive decrease of the weathering
intensity values after the Aptian maxima point to the
transition toward dryer and hotter conditions associated
with the northward migration of the tropical dry belt.
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