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ABSTRACT: Rare earth elements are mobilized, fractionated and precipitated during weathering
processes of basaltic rocks of the Lisbon Volcanic Complex. In general there is an increase in the
REE contents in the whole samples with increasing weathering and fractionation between LREE and
HREE. Cerium is partially oxidized and Ce** is retained resulting in negative Ce anomalies in the
whole samples of the base and middle profile zones. In the clay fraction there is an increase in the
REE contents from the top to the bottom of the profiles, except for Ce, giving rise to positive Ce
anomalies in the top and negative anomalies of this element in the middle and bottom of the profiles.
Significant positive Ce anomalies occur in the finer fractions of palacoweathered (Upper Cretaceous/
Lower Eocene) basalts associated with low REE contents relative to the whole samples indicating
more intense leaching conditions in the Upper Cretaceous/Lower Eocene than at the present day.
However, in both cases no positive Ce anomalies were found in the whole samples. There appears to
be a negative correlation between the (La/Yb)., ratio variation and the clay mineralogy/drainage

conditions.

The rare earth elements’ (REE) behaviour in
surface weathering environments has been the
subject of numerous works especially in the last
two decades, contributing to our understanding of
how these elements behave under different condi-
tions of weathering. However, the results obtained
so far are sometimes varied and a large number of
studies was undertaken to confirm the use of REE
for the original parent rock, based only on the REE
patterns of the whole samples (fresh rock up to the
soil). There are four main types of REE behaviour:
(1) REE are immobile (Bonnot-Courtoix, 1981;
Kholodov, 1972); (2) REE are slightly mobilized
(Steinberg & Courtois, 1976); (3) REE are
mobilized without fractionation (Burkov &
Podporina, 1970; Kronberg et al., 1987; Melfi et
al., 1990; Decarreau et al., 1979) and (4) REE are
mobilized and fractionated during weathering
(Bliskovskiy et al., 1969; Nesbitt, 1979; Duddy,
1980; Schieber, 1988; Topp et al., 1985; Fortin,
1989; Bonnot-Courtoix & Flicoteaux, 1989;
Banfield & Eggleton, 1989; Braun et al., 1990).
As far as the REE behaviour during weathering
of basaltic rocks in a continental environment is

concerned, only a small number of studies have
been carried out. Results obtained by Melfi et al.,
1990 and by Malengreau (1990) from Parand
basalts (Brazil) showed that Ce is concentrated in
the surficial level and the trivalent REE may be
strongly mobilized without fractionation, suggesting
that these elements are removed mechanically and
incorporated in the secondary phases (clay minerals
and oxides).

The Lisbon Volcanic Complex (LVC), from the
Upper Cretaceous/Lower Eocene, is an alkali basalt/
basanitic suite, formed by intra-continental rifting.
The LVC has been intensely weathered and eroded.
Palaeosoils and sedimentary deposits occur inter-
calated with lava flows and tuffs, indicating large
intervals of time between magmatic episodes
(Serralheiro, 1978). The Cretaceous climate was hot
and moist (Furon, 1950; Parrish, 1982; Tardy, 1986).
In the Tertiary a cooling process began, and a tropical
climate gave rise to a temperate climate at the
beginning of the Quaternary. The prevailing climate is
temperate (500—800 mm annual rainfall; 3—5 dry
months; mean annual temperature 16.9°C). The
present-day soils are, in general, <50 cm thick.
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FiG. 1. The weathering profiles at Alfragide (A-I and
A-II) and Restelo (R).

Studies of the REE distribution during weathering
of basalts from central Portugal (LVC included)
have shown that, under the prevailing temperate
climate, these elements are released from the
primary minerals and mobilized downwards by
meteoric waters (Prudéncio et al., 1990, 1993;
Prudéncio, 1993). Cerium is partially oxidized and
retained (co-precipitates with Fe oxides in the
presence of Mn and P), while trivalent REE are
mobilized, causing Ce anomalies. Under favourable
conditions, these elements may be precipitated.
Neodymium and the middle REE are concentrated
in phosphates (Prudéncio et al., 1993), and
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enrichments of the middle REE in apatite have
already been observed during early diagenesis
(Schmitz et al., 1988; Elliot, 1993). Isovolume
balance calculations in LVC weathering profiles
showed that in general there are losses of REE in the
top and gains in the middle and base of the profiles.
The heavy REE (HREE) are in general more
mobilized than the light REE (LREE): (1) losses in
the top — up to 35% for La and up to 40% for Lu;
and (2) gains in the base — up to 40% for La and up
to 90% for Lu (Prudéncio, 1993).

Previous studies showed that dioctahedral smec-
tites (Fe- and Mg-rich) are the dominant clay
minerals present in the clay fractions (<2 pm)
formed by weathering of basalts from central
Portugal. Kaolinites (halloysites), micas and paly-
gorskite are also present. Interstratified minerals are
rare. The clay mineralogy depends mainly on the
drainage conditions, and in general halloysites
occur in higher land, whilst smectites dominate in
lower land (Prudéncio, 1993). In this work the REE
distribution in palacoweathered basalts of the LVC
was studied and compared with present-day or
recently weathered basaltic rocks, in order to
evaluate the use of these elements as fingerprints
of palaeoclimates. Three selected profiles are
described, including basalts with different structures
and ancient and present-day weathering levels. The
clay minerals and tiie REE distribution in the whole
samples and the respective clay fractions of
weathered basalts and soils, as well as in different
size-fractions of present-day and ancient surface
levels, were studied.

EXPERIMENTAL

Samples and methods

Whole samples collected at different levels of
three weathering profiles and the respective clay
fractions were studied. For the ancient and present-
day surficial levels, the following size fractions
were also analysed — <2 pm, 2 um—20 pm,
20 pm-63 pm, 63 pm—2 mm, and > 2mm. The
clay fractions were separated by successive
centrifugations. The other fractions were obtained
by sedimentation and sieving techniques. No
chemical treatments were employed.

Mineralogical analyses were made by X-ray
diffraction (Cu-K, radiation). Mineral percentages
of clay minerals in the clay fractions were obtained
using oriented aggregates, by measuring relative
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intensity peaks (001). The clay fraction present in
palacoweathered levels is <2% and in the present-
day surface levels is 5%.

The REE contents were obtained by using
instrumental neutron activation analysis (INAA)
method. Irradiations were made on the Portuguese
Research Reactor, with a neutron flux of 3.2 x
10'* n ecm™2 s™' (Prudéncio et al., 1986; Gouveia et
al., 1992). Basalt GSR-3 and andesite GSR-2 of the
Institute of Geophysical and Geochemical
Exploration from the People’s Republic of China
were used as standards.

Weathering profiles: petrographic and
mineralogical features, sampling

The weathering profiles are located near Lisbon,
two in Alfragide (A) and one in Restelo (R), and
are schematically represented in Fig. 1.

Alfragide: profiles A-I and A-1I. These are similar
topographic conditions, near the top of a small hill,
and ~ 100 m apart). Profile A-I is a palacoweath-
ered lava flow overlain by a massive lava flow.
(1) The palaeoweathered zone (samples 1—4)
consists of a skeletal framework of pyroxenes,
large amphibole phenocrysts and olivine grain relics
in a clay-ferruginous plasma. Sample 4 refers to an
ancient surface level, still preserving the initial
texture with evidence of metamorphism caused by
the subsequent lava flow (Prudéncio, 1993). (2) The
overlying lava flow has a porphyritic texture —
olivine and clinopyroxene phenocrysts are set in a
groundmass with a microgranular texture,
comprising plagioclase, clinopyroxene, olivine,
biotite, glass and Fe-Ti oxides. Samples 5—7 refer
to weathered basalt collected at different depths.

The clay minerals are 90—95% smectites and
5—10% halloysites (7.3 A) in the palaecoweathered
zone. In the overlying lava, smectites decrease
upwards (85%—60%), halloysite increases
(15%—30%), and palygorskite occurs only in the
upper sample analysed (10%).

Profile A-II is a lava flow showing spheroidal
weathering with an abrupt change between the fresh
black basalt and the weathered rock giving rise to a
well-drained profile. The basalt has an intergranular
texture in which olivine, clinopyroxene and ulvo-
spinel grains are surrounded by large feldspars
laths. Samples were collected at different depths,
corresponding to different weathering degrees from
the base (sample 1) up to the soil (sample 5).
Samples 4.1 and 4.2 correspond to a relatively fresh

basalt and the adjacent weathered material,
respectively.

The clay minerals are 80-90% halloysite
(7.3 A), <20% micas and <10% palygorskite, with
an increase in the halloysite and palygorskite
contents up through the profile, associated with a
decrease in the mica content. No smectites were
found in the clay fractions of this weathered basalt,
which is rare in the LVC complex, and this is due
to the very good drainage conditions (Prudéncio,
1993).

Restelo: profile R (top of a small hill). Profile R
includes an intensely palacoweathered reddish
basaltic formation, which presents a very homo-
geneous meteoric calcitization (Prudéncio er al.,
1994). Samples 1 and la refer to calcitized and
non-calcitized weathered basaltic samples, respec-
tively. At the top of this formation there is a
palaeosoil, where calcite has been dissolved
(samples 2 and 2a). Overlying this formation there
is a lava flow (sample 3) with a present-day soil
~20 cm thick (sample 4).

The palacoweathered formation has an inter-
granular texture — olivine and pyroxene pheno-
crysts are surrounded by feldspars, pyroxenes and
Fe-Ti oxides. There are large vacuoles filled by
calcite. The overlaid lava flow presents an
intergranular texture, with large phenocrysts of
olivine and clinopyroxene in an intergranular
matrix composed of feldspars, pyroxenes and
oxides. The clay mineralogy is dominated by
smectites in all levels of the profile, with only
trace amounts of halloysite, micas and palygorskite.

RARE EARTH ELEMENT
DISTRIBUTION

The REE data measured for the whole samples and
different size-fractions are given in Tables 1 and 2,
logether with ZREE, (La/Yb)y, and Ce/Ce”. The
chondrite data used for normalizing the REE
contents are also listed in Table 1 (Haskin et al.,
1971).

Profile A-1

(a) Palaeoweathered zone. The REE patterns of
the whole samples analysed (1—4) are similar, with
a slight negative Ce anomaly (Table 1, Fig. 2).

The REE patterns of the clay fractions clearly
show a positive Ce anomaly, especially samples 3
and 4 (Ce/Ce” = 1.44 and 1.42, respectively,
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TaBLE 1. REE data of the whole samples from profiles A-I, A-1I and R.

Profile Sample Concentration (ppm)
La Ce Nd Sm Eu Tb Yb Lu  ZREE (La/Yb)y, Ce/Ce”

A-I 75 116 60 116 348 18 20 031 254 175 087
6 51 102 54 9.50 292 14 15 022 223 209 0.87

5 53 103 57 107 326 14 L5 021 230 216 085

4 84 146 145 424 19 25 040 336 203 077

363 125 74 124335 19 20 022 282 190  0.84

2 58 123 65 1L 315 19 16 022 264 21.8 0.92

179 150 80 141 413 19 26 037 341 182 0.89

A-II 5 90 183 117 229 688 35 41 057 428 13.3 0.84
4293 157 120 26 710 3] 41 056 409 138 070

41 64 102 59 105 322 14 20 026 242 194 072

3072 154 106 214 637 34 34 053 367 12.8 0.86

2 82 172 109 205 618 31 41 054 397 12.1 0.86

159 105 62 109 337 18 22 034 245 16.3 0.77

R 4 55 112 6] 110 320 15 20 038 246 167 087
353 105 S8 106 304 14 21 030 233 15.3 0.85

2057 111 62 IL1 325 14 21 033 249 165 (.84

2 s 97.7 53 9.74 286 12 1.8 027 218 172 074

la 50 99.0 54 990 293 13 19 032 219 160 0.86

1 36 69.7 38 690 201 076 14 024 155 156  0.84

Chondrites  0.33 0.88 0.6 0.181 0.069 0047 02 0.034
(Haskin er al., 1971)

La/Yb,, = (La/Lag)/(Yb/Yby,); Ce/Ce” = 3Ce/Cecp/(2La/Lagy,) + (Nd/Nd,)

Table 2). The anomaly is more evident when this

fraction is compared with the whole samples

PROFILE A-1 (Fig. 3). The REE contents are, in general, lower

_'_:_:Z in the clay fractions than in the whole samples.

100 e § They increase upwards until sample 3 and decrease
“ﬁ"g significantly in the palaeosoil — sample 4

(Table 2). Thus, the clay fraction of the upper
level of the palacoweathered zone has the lower
values of the REE contents and a significant
positive Ce anomaly (Fig. 3).
The REE patterns of the ancient surface level
J' (sample 4) show a decrease in the REE contents
with decreasing grain size, except for Ce, causing a
negative anomaly of this element in the coarser
fractions and a positive anomaly in the finer
fractions (Fig. 4, Table 2).
I — (b) Lava flow with present-day surface level. The
laCe N4 SmEu Tb Yb Lu REE patterns for the whole sample show a slight
negative Ce anomaly and the upper sample has the
higher REE contents (samples 5—7, Table 1,
Fig. 2).
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FiG. 2. Chondrite-normalized patterns for the whole
samples of profile A-1 (Alfragide).
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TaABLE 2. REE data
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of different size-fractions of samples from profiles A-1, A-Il and R.

Profile Sample ~ Size

Concentration (ppm)

fraction
(um) La Ce Nd Sm Eu Tb Yb Lu REE  (La/Yb)g, Ce/Ce”
A-1 7 <2 76 182 103 17.9 539 24 35 na.  >390 13.1 0.98
6 <2 181 251 296 519 144 46 43 na. >803 25.6 0.54
4 <2 36 118 39 658 202 094 12 0.16 204 18.2 1.42
3 <2 45 151 §2 896 259 12 15 0.20 263 18.2 1.44
2 <2 46 113 48 849 248 1.1 17 0.20 221 16.4 1.07
1 <2 55 140 37 982 282 13 21 0.35 268 15.6 1.11
A-11 5 <2 124 264 132 22.0 6.65 28 4.l 0.46 556 18.4 0.93
3 <2 170 353 249 445 127 50 6.6 0.93 842 15.7 0.83
2 <2 195 305 288 50.5 144 53 638 0.65 866 17.4 0.63
1 <2 222 357 305 53.0 153 59 73 0.90 966 18.4 0.66
A-l 4 <2 36 118 39 658 202 094 12 0.16 204 18.2 1.42
2-20 60 163 66 11.4 337 1.1 20 0.32 307 18.2 1.17
20—63 58 141 61 10.9 327 1.1 20 0.40 278 19.6 1.06
63—2mm 70 142 70 12:3 374 15 25 0.34 302 17.0 0.89
>2mm 91 151 89 153 465 20 26 0.39 356 212 0.74
R 4 <2 30 67.2 28 484 134 069 1.1 0.19 133 16.5 1.00
2-20 79 156 76 12.7 375 1.6 24 0.35 332 19.9 0.88
20—63 36 80.6 51 99 302 14 16 0.30 184 13.6 091
63—2 mm 52 102 57 10.4 301 15 20 0.33 228 15.8 0.85
>2 mm 58 115 61 1.2 335 15 21 0.35 253 16.8 0.87
R 2a <2 15 122 12 2,10 057 na. 039 011 >152 14.1 3.79
2—-20 16 154 14 243  0.67 027 044 na. >I88 21.8 441
20-63 88 59 10 177 051 na 039 nd >81 13.8 2.83
63—2 mm 24 527 27 498 145 078 082 0.16 112 17.8 0.94
>2 mm 64 116 71 13.1 39 1.5: 23 0.40 272 16.9 0.78

n.a. — not analysed; n.d. — not detected; (La/Yb)e, = (La/Lagp)/(Yb/Ybep):

Ce/Ce” = 3Ce/Ceq/(2La/Lag) + (Nd/Ndey)

There is a negative Ce anomaly in the deeper
clay fraction sample and Nd appears ‘0 be the most
enriched REE when compared with the whole
samples (Fig. 3).

Profile A-11

There is an increase in the REL contents in the
whole samples, especially Nd, with weathering and
a negative Ce anomaly at all levels of the profile
(Table 1, Fig. 5).

There is a negative Ce anomaly especially in the
deeper clay fraction samples associated with high
total REEs (Table 2, Fig. 6). The REE contents
decrease up through the profile, even when
compared with the respective whole samples.
Cerium tends to remain in the top, causing positive
Ce anomalies in this level relative to the whole
sample from the same level and negative Ce
anomalics in deeper zones. The REE are concen-
trated in the clay fraction relative to the whole
samples.
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Fi6. 3. REE distributions of the clay fractions from
profile A-I relative to chondrites and to the corre-
sponding whole samples.

Profile R

The REE patterns for whole samples are similar
{o each other, with a slight negative Ce anomaly
(Fig. 7). Sample 1 (calcitized basalt) has the lowest
values for all of the REE, and this is certainly due
to calcite dilution (Table 1).

The REE patterns of the
palacosoil (sample 2a) and the present-day soil
(sample 4) (Figs. 8 and 9) mainly show (1) in
present-day soil there are no significant anomalies
and the clay fraction has the lower REE contents
(Fig. 8) and (2) in the ancient soil the REE contents

size-fractions of the

“
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of the size-fraction >2 mm are about the same as
those found in the whole sample, and most lower
values are found in the finer fractions, except for
Ce, causing large positive Ce anomalies in these
fractions (Table 2). The REE contents are more
depleted in the palacoweathered soil relative to the
whole samples than in the present-day soil.

DISCUSSION AND CONCLUSIONS

The redistribution of the REE during weathering
processes and the exact location of these elements
in the secondary phases, clay minerals included, are
not easy to determine especially if the parent rock,
such as basalt, has low concentrations of these
elements. Previous work on the REE distribution
during alteration processes of basalts from the LVC,
by using a scanning electron microscope with an
energy dispersive system (SEM-EDS), showed the
presence of secondary REE-rich phosphate phases
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FiG. 7. Chondrite-normalized patterns for the whole
samples of profile R (Restelo).

in a very particular profile with a situation of water
saturation during the winter, where a strong
enrichment of REE in the finer fractions of the
weathered basalt occur. The chemical analysis of
these " phases by EDS showed that Nd always
presents the most intense peak and Nd>Ce, in
agreement with the general enrichment of Nd,
observed in several profiles developed in the
LVC. Cerium (Ce*") was found by SEM-EDS in
Fe-rich nodules, but only in the presence of P and
Mn (Prudéncio er al., 1993; Prudéncio, 1993). In
spite of these, REE-rich phosphate phases have
been detected only in one particular profile and so
it may be concluded that these phases certainly play
an important role in the REE distribution during
weathering processes. However, these elements are
also present in other secondary phases and some
relations between the REE and the clay mineralogy/
drainage conditions appear to exist.

In the three profiles studied, the REE concentra-
tions of the whole samples increase up through the
basaltic formations (Table 1). However, in the finer
fractions, especially the clay fractions, there is a
significant decrease in these elements from the base
to the top of all basaltic formations, which indicates
that REE are released by the breakdown of primary
minerals and only partially taken up by the
secondary phases present in the finer fractions.
The other parts of the trivalent REE are leached by
local meteoric waters from the upper levels of the
profiles and concentrated in deeper zones, probably
in the form of complexes or by mechanical
transport of the secondary phases. Cerium has a
different behaviour, being partially oxidized and
Ce** is retained relative to the trivalent REE.
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The strong leaching of the trivalent REE
associated with a positive Ce anomaly in the clay
fractions of palacoweathered zones compared with
the present-day surface levels agree with the idea of
a more humid and warmer climate during the Upper
Cretaceous/Lower Eocene (Furon, 1950; Parrish,
1982; Tardy, 1986). However, even at that time the
climatic conditions seem not to have been intense
enough to produce positive Ce anomalies in the
whole samples, as has sometimes been found in
tropical areas (Braun et al., 1990; Marsh, 1991).
The low proportion of REE in the finer fractions
relative to the whole samples and the positive Ce
anomalies observed are thus confirmed as finger-
prints for the palacoweathered formations in the
Lisbon Volcanic Complex. Rare earth element
distribution can also contribute to further palaeocli-
matic studies.

The REE distribution analysis in different size-
fractions of ancient and present-day surface levels
showed that: (1) REE contents decrease with

M. I. Prudéncio et al.
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decreasing particle size from the size-fraction
>2 mm to the size-fraction 20—63 pm, increase in
the silt fraction (2—20 pm) and decrease again in
the clay fraction. The lower values in the clay
fraction compared to the silt fraction may be
explained by an easier leaching (and non-uptake
of the trivalent REE by secondary phases) of the
smaller particles. (2) In present-day soil, the Ce/Ce”
variation with the particle size is much lower than
in the ancient surface levels, where a significant
increase in Ce/Ce” with decreasing particle size is
found, especially for sample 2a from the Restelo
profile (Table 2).
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Worthy of note is the decrease in the (La/Yb)y,
ratio with increasing weathering and up through the
well-drained profile A-II, where halloysites are the
dominant clay minerals. In this case the intense
leaching conditions may not allow a significant
precipitation of REE phases and these elements are
instead probably retained by clay minerals and/or
oxides. The percolating solutions have a higher
HREE/LREE ratio than the initial basaltic rock and
halloysites may more easily accommodate the
HREE than the LREE leading to a general decrease
in the proportion LREE/HREE.

The LVC has been intensely weathered since its
formation and the consequent sedimentary
processes may have led to a general addition of
REE into the weathered complex. Leaching of the
REE from higher land (halloysite dominant) may
occur, associated with an enrichment of these
elements in lower land (smectites dominant).
However, special attention should be paid to the
very low absolute and relative REE contents
associated with significant positive Ce anomalies
in the finer fractions of palacoweathered basalts and
ancient surface levels. These indicate that the
trivalent REE were strongly leached from these
fractions during palaecoweathering, and no signifi-
cant later addition of these elements in the
secondary minerals (clay minerals included) of the
finer fractions appears to have occurred.
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