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Abstract Eleven samples representing a sequence of progres-
sive alteration through a laterite profile of Upper Cretaceous
age developed on a layered gabbro from the Oman ophiolite
have been analyzed for their rare earth element (REE) con-
tents. The results provide new insights into the fractionation
and vertical movement of REEs during the laterization of
mafic parent rocks. Compared to the fresh parent rock, from
the same section nearly flat chondrite-normalized REE pat-
terns are observed in the saprolite zone, while light REE
(LREEs: La-Nd)-enriched patterns characterize the oxide
and clay zones. The altered gabbro shows a depletion in
middle REEs (MREEs: Sm-Ho) compared to its unaltered
counterpart. A negative cerium (Ce) anomaly is observed in
the upper part of the altered gabbro, while the lower part
appears to be depleted in Ce. The similarity in the LREE-
enriched fractionation patterns throughout the alteration pro-
file suggests that the REE fractionation process is independent
of the total REE content of the parent rock.

Keywords Laterites . Rare earth elements . Oman ophiolite

Introduction

Laterization is an important geochemical process correspond-
ing to intense weathering of a parent rock and the subsequent

development of lateritic soils. This process is active in tropical
and subtropical regions, and may affect magmatic, metamor-
phic or sedimentary rocks, resulting in different mineralogical
and geochemical soil characteristics (e.g., Tardy 1997). The
development of laterites is associated with a vertical redistri-
bution of chemical elements along the weathering profile.
Alkali and earth–alkali cations as well as silica are usually
mobilized; while iron and aluminum accumulate in the upper
horizons as a result of the low solubility of Fe- and Al-bearing
oxides and hydroxides. Many studies have been carried out to
quantify the mobility of these elements by determining their
depletion or enrichment in the different soil horizons which
develop by weathering and laterization (Zeissink 1971;
Duddy 1980; Öhlander et al. 1996; Venturelli et al. 1997;
Nguetnkam et al. 2007; Traoré et al. 2008). In most of these
studies, the chemical composition of different horizons is
compared to that of the parent rock with more attention to
major elements than to trace elements (including REEs).

Since they are fractionated in most geochemical processes,
the behavior of the rare earth elements (REEs) has been
extensively discussed in many weathering studies (Balashov
et al. 1964; Ronov et al. 1967; Piper 1974; Steinberg and
Courtois 1976; Nesbitt 1979; Alderton et al. 1980; Duddy
1980; Nesbitt and Markovics 1997) and subsequently in re-
search on laterites (Muller 1987; Braun et al. 1993, 1998;
Viers andWasserburg 2004) These studies showed significant
redistribution of LREEs during laterization which also asso-
ciated with redox variations within the lateritic profile.

The paleogeomorphology and paleotropical climate which
were prevailing in Oman during the Late Cretaceous–
Palaeogene (Glennie et al. 1974) resulted in the development
of Ni-Co laterites by weathering of the then recently obducted
ophiolite. As part of a reconnaissance investigation of these
laterites, we report in this paper REE analyses along a lateritic
profile developed on a layered gabbro from the Oman
ophiolite, and discuss their mobility and redistribution in
terms of the development of the lateritic profile and mineral-
ization process.
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Geological setting

Following the emplacement of the Samail ophiolite on the
Arabian margin during the Late Cretaceous (Coniacian to
Campanian), tropical weathering of mostly mafic and ultramafic
rocks led to the development of lateritic profileswhich occur today
as paleolaterites at various locations in the Oman mountains
(Coleman and Bailey 1981). These laterites are part of the
Maastrichtian Qahlah Formation, which represents themost basal,
post-obduction terrigenous clastic facies in Oman and also com-
prises conglomerate, sandstone, and siltstone (Glennie et al. 1974).
In many areas, the laterite is conformably overlain by the lime-
stone of the late Campanian–Maastrichtian Simsima Formation.

The Ibra lateritic profile investigated in the present study is
located at the southwestern end of the Oman Mountains, ap-
proximately 165 km south of Muscat (Fig. 1a). Most plutonic
rocks in the Ibra area correspond to the layered gabbro unit of
the obducted Samail ophiolite (Pallister and Hopson 1981).
The layered gabbro is overlain by a laterite weathering profile,
which is itself unconformably overlain by Palaeogene carbon-
ates of the Jafnayn Formation (Fig. 1b). The upper part of
Qahlah Formation was not recorded at Ibra. The lateritic profile
at Ibra has been divided by Al-Khirbash et al. (2010) into four
zones, which include starting from the base upwards a
protolith, a saprolite, an oxide zone, and a clay zone (Fig. 2).

The protolith , which corresponds to altered layered gabbro
(Fig. 3a), is more than 20 m thick on the studied profile
(Fig. 2). It is a coarse-grained, dark green rock consisting of

altered plagioclase, clinopyroxene, and olivine. The protolith
appears highly fractured and has been extensively weathered
along fractures near the transition with the saprolite zone.

The saprolite is about 25m thick and consists of a complex
mixture of fine-grained Ni-rich hydrated Mg silicates and
altered blocks in which the original texture of the gabbro is
partly preserved. There are also abundant pebble- to boulder-
size remnants of relatively intact material from the protolith
(Figs. 2 and 3b). The lower part of the saprolite zone consists
of greenish white, friable material. In contrast, the upper part
of the saprolite zone consists of harder, reddish brownmaterial
in which ferruginous pisoliths and, occasionally, pockets of
green silica (chrysoprase) may occur.

The pisoliths are rounded, concentrically zoned, and a few
millimeters in size (Fig. 3c). The development of thick sapro-
lite zones reflects long periods of weathering and restricted
drainage (Clément and De Kimpe 1977). In addition to drain-
age regime, the degree of alteration of the protolith prior to the
development of the laterite is also an important factor affecting
development of the saprolite (Golightly 1981).

The oxide zone is about 5 m thick. It is characterized by
massive to nodular facies of goethite andmassive hematite with
few saprolite boulders (Figs. 2 and 3c). In general and given
sufficient time, an important oxide zone can develop with
limited saprolite formation over broad areas down to the water
table if groundwater movement is restricted (Lewis et al. 2006).
Pisolites are commonly observed in the lower part of the oxide
zone. These pisolites are usually hard, spherical ferruginous

Fig. 1 a Location map of Ibra area; b geological map of the Ibra area
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concretions embedded in a loose reddish matrix. They range in
size frommicroscopic to a few centimeters. Occasionally, these
pisolites may aggregate to form a ferricrete layer less than
10 cm thick at the top of the oxide zone.

Both a gradual decrease in the abundance of pisolites and the
increasing presence of clay minerals mark the transition between
the oxide zone and the upper clay laterite. This clay laterite is
about 15 m thick (Fig. 2). Its lower part is characterized by a
hard, sometimes compact dark brown material. Relicts of altered
gabbro blocks may occur, although rarely. In contrast, the upper
part of the clay laterite is characterized by beds of fine-grained,
light brown soft and friable rock. It is capped unconformably by
the carbonates of the Jafnayn Formation.

Materials and methods

Samples

Eleven samples were taken from each horizon of the above-
described lateritic profile, including four samples from the
altered protolith, two from the saprolite, one from the oxide
zone, and five from the clay zone. Sample locations are
indicated in Fig. 2. Rock samples were broken into small
chips using a hydraulic rock splitter and dried at 65 °C for
1 h. The rock chips were then pulverized using a Fritsch
Pulverisette 5 planetary mill for 30–45 min.

Note that thin sections were also prepared for optical mi-
croscopy observations. Rock chips from five representative
samples were used for this purpose.

Analytical methods

X-ray diffraction analysis was performed at Sultan Qaboos
University (Oman), while bulk rock geochemical analyses
were carried out at the Activation Laboratories Ltd (Canada).

Fig. 2 Sketch of the Ibra laterite profile

Fig. 3 Field photographs of a layered gabbro protolith, b saprolite
blocks, c pisolites
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X-ray diffraction

The mineralogical composition of the different horizons of the
Ibra lateritic profile was determined by X-ray diffraction
(XRD) using a PANalytical X'Pert PRO X-ray diffractometer
using Kα radiation. The operation conditions were the follow-
ing: λ =1.54060 Å at 40 kVand 45 mA at a constant step size
of 0.02° at a time step of 0.4 s for 2θ varying from 5° to 70°.

Major elements

The concentrations of major elements were determined by X-
ray fluorescence (XRF) spectroscopy with a PANanalytical
Axios XRF spectrometer. The detection limit was 0.01 wt%
for all concentrations expressed for oxides.

REE

Inductively coupled plasma mass spectrometry (ICP-MS)
REE analysis of the samples was performed by Actlab
(Canada). Aliquots of 0.25 g of pulverized samples were
mixed with lithium metaborate and lithium tetraborate and
fused at 1150 °C in an induction furnace. The fused beads
were subsequently dissolved in 5%HNO3 and analyzed using
a Perkin Elmer SCIEX ELAN 9000 system calibrated with
certified reference materials USGS GXR-1, GXR-2, GXR-4,
and GXR-6. The detection limits are 0.04 ppm for Lu;
0.05 ppm for Eu and Tm; 0.1 ppm for La, Ce, Nd, Sm, Gd,
Tb, Dy, Ho and Er, and 0.5 ppm for Pr.

Anomalies in Eu (Eu*/Eu) and Ce (Ce*/Ce) were calculat-
ed as follows (McLennan 1989)

Eu � =Eu ¼ SmNð Þ þ GdNð Þ=2½ �=EuN

Ce� ¼ 3 � CeNð Þ= 2LaNð Þ þ NdNÞ½ �=CeN
N: normalized
Chemical index of alteration (CIA) is calculated as follows

(Nesbitt and Young 1982), molar basis

CIA ¼ Al2O3= Al2O3 þ CaO � þNa2Oþ K2Oð Þ � 100

where CaO* designates the part of the CaO which is associ-
ated with silicate minerals.

Results

Mineralogy and major element chemistry

Minerals identified by X-ray diffraction as major constituents
in the 11 samples from the Ibra lateritic profile are summarized
in Table 1. The correspondingmajor element compositions are

presented in Table 2. Also given in this table is the composi-
tion of a fresh layered gabbro from the Samail ophiolite
reported by MacLeod and Yaouancq (2001). Although the
composition of a layered gabbro necessarily varies to some
extent due to variations in the modal abundances of its con-
stituent minerals from one layer to the other, several lines of
evidence given below suggest that the composition given in
Table 2 for the fresh layered gabbro may be considered as
representative of the parent rock from which the Ibra lateritic
profile originally developed. Based on average mineral com-
positions given by Pallister and Hopson (1981), this compo-
sition may be accounted for by the following modal abun-
dances: 11.6 % olivine, 27.6 % clinopyroxene, 59.3 % pla-
gioclase, and 1.5 % quartz.

Protolith The protolith at Ibra corresponds to altered layered
gabbro. While some relatively unaltered plagioclase and
clinopyroxene grains are still observed on thin section
(Fig. 4a), olivine is rarely observed, suggesting that it has
been almost entirely weathered. Major alteration products
identified by X-ray diffraction in the four protolith samples
(Table 1) include lizardite, clinochlore, calcite, as well as
maghemite and goethite. Calcite is particularly abundant in
the upper part of the protolith.

Compared to the fresh-layered gabbro of the Samail
ophiolite, the protolith of the Ibra lateritic profile appears

Table 1 Mineralogy of the Ibra lateritic profile

Zone Sample Depth (m)

Clay WNQ-14 5 Ankerite, kaolinite, spinel,
hematite, spinel, goethite,
calcite

WNQ-13 8 Kaolinite, calcite, clinochlore,
hematite, nontronite
(stipnochloran), spinel,

WNQ-9 13 Goethite, hematite, maghemite,
quartz, clinochlore

WNQ-8 14 Hematite, spinel, kaolinite,
goethite, clinochlore

Oxide WNQ-6 20 Hematite, kaolinite, clinochlore

Saprolite WNQ-4 30 Kaolinite, clinochlore, albite,
quartz, vermiculite

WNQ-1 45 Kaolinite, clinochlore, quartz,
albite, calcite

Protolith WN-5 52 Calcite, clinochlore, lizardite

WN-4 53 Calcite, clinochlore, maghemite

WN-3 55 Lizardite, calcite, quartz

WN-1 60 Maghemite, lizardite,
clinochlore, calcite,
goethite

Fresh gabbroa – – Olivine, clinopyroxene,
plagioclase, spinel

a Pallister and Hopson (1981)
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depleted in SiO2, Al2O3, and Na2O (Table 2). Unlike the other
elements, CaO was enriched in deep horizons of the protolith
and depleted in shallow horizons of the same zone. In contrast,
the MgO and Fe2O3 contents are higher for the altered layered

gabbro than for its fresh counterpart. Possible weathering
reactions accounting for the observed changes between the
fresh and altered layered gabbro include the formation of
chlorite from plagioclase and clinopyroxene,

CaAl2Si2O8 þ 5CaMgSi2O6 þ 12 Hþ þ 16 H2O →Mg5Al AlSi3ð ÞO10 OHð Þ8 þ 6Ca2þ þ 9H4SiO4 aqð Þ
plagioclaseð Þ clinopyroxeneð Þ → chloriteð Þ

the formation of serpentine from olivine,

3Mg2SiO4 þ H4SiO4 aqð Þ þ 2H2O→2Mg3Si2O5 OHð Þ4
olivineð Þ serpentineð Þ

and the formation of calcite from the excess plagioclase which
has not reacted with clinopyroxene (the molar ratio of
plagioclase to clinopyroxene in the fresh layered gabbro
is approximately 3:2),

CaAl2Si2O8 þ HCO3
− þ 8H2O→CaCO3 þ 2Al OHð Þ4− þ 2H4SiO4 aqð Þ þ Hþ

plagioclaseð Þ calciteð Þ

The relative proportions of these three weathering reactions
can be tentatively estimated by expressing the MgO, CaO,
Al2O3, and SiO2 contents in samplesWN-1 andWN-4 in terms
of the number of moles of chlorite, serpentine, and calcite
produced. If we consider the stoichiometric formulas of
clinochlore and chrysotile for the chlorite and serpentine, and
if the Fe2O3 content of the samples is expressed as goethite,
such a calculation indicates that the composition of sample
WN-1 can be accounted for by 6 % clinochlore, 85 % chryso-
tile, 1 % calcite, and 8 % goethite. In contrast, the composition
of sample WN-4 would correspond approximately to 41 %
clinochlore, 29 % chrysotile, 26 % calcite, and 4 % goethite.

Saprolite The mineralogy of the saprolite (Table 1) is domi-
nated by kaolinite, clinochlore, and albite. Quartz is also

abundant in the lower part of the saprolite, while hematite
occurs in increasingly significant amounts in the upper part of
the saprolite near the transition towards the overlying oxide
zone. Lizardite, which was a major alteration product in the
protolith, is no longer present. The large decrease in the MgO
content observed for the saprolite compared to the protolith
samples (Table 2) suggests that lizardite has been weathered
from the saprolite.

Oxide zone According to the XRD results given in Table 1,
goethite, hematite, kaolinite, and clinochlore are present in sam-
ple WNQ-6 of the oxide zone. It can be deduced from Table 2
that Fe2O3 represents a major part of the chemical composition
of this sample, which also contains significant amounts of Al2O3

and SiO2. The latter two oxide components are present in the

Table 2 Selected major (weight percent) and chemical index of alteration (CIA) as a function of depth along the Ibra lateritic profile

Zone Sample Depth (m) SiO2 Al2O3 CaO* MgO Na2O K2O Fe2O3 MnO CIA

Clay WNQ-14 5 15.41 16.26 0.33 1.54 0.11 0.02 50.03 0.22 97

WNQ-13 8 27.06 24.49 1.30 3.80 0.14 0.84 16.82 0.18 91

WNQ-9 13 10.36 15.45 0.19 1.48 0.20 0.02 52.41 0.16 97

WNQ-8 14 5.94 8.44 0.15 0.82 0.12 0.01 73.64 0.12 97

Oxide WNQ-6 20 15.17 12.52 0.25 0.51 0.18 0.02 61.09 0.45 97

Saprolite WNQ-4 30 55.23 13.55 2.39 3.98 5.25 0.11 12.38 0.14 64

WNQ-1 45 58.28 13.93 2.55 3.02 5.86 0.04 10.20 0.14 62

Protolith WN-5 52 20.21 6.39 16.59 17.93 0.03 0.04 15.42 0.31 28

WN-4 53 24.32 8.69 15.05 22.30 <0.01 0.02 5.41 0.99 37

WN-3 55 37.67 0.92 1.60 35.78 <0.01 0.01 8.28 0.16 36

WN-1 60 36.74 1.12 0.68 35.33 <0.01 0.01 9.60 0.12 62

Gabbro – 66.04 9.35 4.66 4.56 1.68 0.17 8.58 0.11 59

CaO* designates the Ca content of the sample which is associated with silicate minerals only (Nesbitt and Young 1982)
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proportions observed in kaolinite. Clinochlore can only be pres-
ent as a minor phase due to the low MgO content. A mass
balance calculation suggests that the chemical composition of
the WNQ-6 sample can be accounted for by 54 % goethite, 2 %
hematite, and 44 vol.% kaolinite. This calculated modal compo-
sition accounts for the Fe2O3, Al2O3, and SiO2 contents, as well
as the H2O content (assumed to be equal to the L.O.I.) within
0.2 % of their measured counterparts.

Goethite and hematite are the major mineral constituting
the oxide zone, giving a reddish color of the samples (Fig. 4b).
Rounded to ellipsoidal pisolites have been observed. These
pisolites are surrounded by hematite and crosscut by calcite-
filled veins (Fig. 4c). Hematite occurs there as pisolitic struc-
tures corresponding to coarse-rounded grains surrounded by
clear laminations (Fig. 4d).

Clay zone XRD data of the clay zone (Table 1) indicate the
presence of kaolinite, goethite, and hematite. In addition,
clinoclore, nontronite (Fe-smectite), calcite, and spinel were
present. A mass balance calculation suggests that the chemical
composition of the WNQ-9 sample is 35 % kaolinite, 34 %
goethite, and 9 % hematite which might increase to 52 %
kaolinite, 48 % goethite, and traces of hematite (sample
WNQ-13). Model calculations were done using modified
program by Pracejus (1990).

REE geochemistry

The concentrations of REEs in each zone in the studied profile
are shown in Table 3. The total content of REEs in the profile
ranges from 0.6 to 111 ppm. The total content of REEs in the

unaltered protolith is about 121 ppm. A slight decrease of
REEs characterizes the lower horizons of the saprolite zone
while the difference between the protolith and the other hori-
zons is large.

The distribution of REEs in each horizon normalized to
their distribution in an average chondritic meteorites (Haskin
et al. 1968) shows the following features (Fig. 5a): (1) flat
patterns in horizons at 20, 30, and 45 m depth; (2) patterns
with a depletion in intermediate REEs (MREEs: Sm-Ho) and
enrichment in light REEs (LREEs: La-Nd) relative to heavy
REEs (HREEs: Er-Yb) for horizons at 5 and 13 m depth; (3)
patterns with a slight enrichment in HREEs in the gabbro
horizon at 60 m depth and in the parent rock; and (4) patterns
with more enrichment in LREEs than in the other horizons.
The unaltered parent rock showed a REEs trend similar to
REE distributions in the saprolite zone. Nesbitt (1979) ob-
served that compared with the parent granodiorite, incipiently
and moderately altered rocks are particularly enriched in the
HREEs, while the extremely altered residual products are
especially depleted in HREEs.

Unlike the other lanthanides, which are trivalent, Eu can
exist in the reduced (2+) state for Eu under very reducing
conditions and Ce in the oxidized (4+) state for Ce under
oxidizing conditions. Inspection of anomalies in Eu and Ce
therefore provides information about redox conditions of the
paleo-environment and therefore the mobility of these ele-
ments during weathering processes.

Zones rich in Mn and Fe oxyhydroxides in this study are
characterized by a slight positive anomaly in Ce (Ce/Ce*=
1.23; Table 4). The deeper horizon of altered layered gabbro
zone is characterized by a slight positive anomaly in Ce while
the upper horizons of the same zone (52 and 53 m depth) of

Fig. 4 Microphotographs from
the laterite profile; a fresh
plagioclase in layered gabbro, b
hematite and goethite are the main
minerals, c pisolitic structures cut
by calcite-filled veins, d laminated
pisolitic structures. All under
crossed polars
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the altered layered gabbro zone showed negative anomaly in
Ce (Figs. 5a and 6a). A negative Ce anomaly is also present in
horizon 8 m depth (clay zone). Nearly all horizons are char-
acterized by a slight negative anomaly in Eu.

The normalization of REEs in different horizons to REEs in
the fresh parent rock (Fig. 5b) showed the following patterns:
(1) flat patterns in 30 and 45m depth horizons (lower saprolite
zone), (2) LREE enrichment in all horizons relative to HREEs,
and (3) a depletion in MREEs in the 60 m depth horizon
(altered layered gabbro). A significant negative anomaly in
Ce in the 52 and 53 m depth horizons (altered layered gabbro)

and a slight positive anomaly was observed in 14 and 60 m
depth horizons (Figs. 5b and 6a). Europium exhibits a positive
anomaly in 5 and 20 m depth horizons.

Good positive correlations were calculated between total
REEs and the concentrations of Si (r2=0.78) and Al (r2=0.5).
However, the generated SiO2/Al2O3 ratio is not well correlat-
ed with the total REEs (r2=−0.37) because of an important
leaching from lower protolith horizons more important than
an enrichment in Si. In the opposite of SiO2/Al2O3 ratio,
Al2O3/Fe2O3 exhibits a positive correlation (r2=0.59) with
total REEs. A low Al2O3/Fe2O3 ratio in the lower protolith

Table 3 REE content (in parts per million) as a function of depth along the Ibra lateritic profile

Zone Sample Depth (m) La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu ΣREE

Clay WNQ-14 5 2.2 3.93 0.5 2.1 0.53 0.175 0.64 0.1 0.79 0.17 0.54 0.091 0.64 0.1 12.5

WNQ-13 8 19.6 23.3 3.86 14.4 3.39 0.818 4.01 0.71 4.33 0.89 2.59 0.382 2.53 0.4 81.2

WNQ-9 13 4.46 8.02 0.44 1.53 0.32 0.05 0.29 0.06 0.4 0.09 0.31 0.056 0.41 0.06 16.5

WNQ-8 14 1.03 2.59 0.19 0.87 0.28 0.047 0.24 0.05 0.28 0.06 0.16 0.031 0.22 0.03 6.1

Oxide WNQ-6 20 2.93 6.22 0.72 3.17 0.91 0.318 1.11 0.19 1.41 0.29 0.87 0.137 0.99 0.15 19.4

Saprolite WNQ-4 30 7.14 19.9 3.29 17.1 5.7 1.87 7.83 1.5 9.52 2.08 5.92 0.924 6.03 0.86 89.7

WNQ-1 45 9.53 25.9 4.22 21.7 7.03 2.02 9.3 1.75 11.1 2.41 6.88 1.09 7.02 0.99 110.9

Protolith WN-5 52 13.9 0.75 1.67 4.64 0.66 0.196 0.73 0.07 0.41 0.09 0.26 0.029 0.17 0.03 23.6

WN-4 53 5.5 0.39 0.18 0.48 0.07 0.011 0.09 0.01 0.09 0.01 0.06 0.005 0.08 0.00 7.0

WN-3 55 0.33 0.58 0.04 0.16 0.03 0.005 0.02 0.01 0.02 0.01 0.02 0.005 0.02 0.00 1.3

WN-1 60 0.08 0.17 0.01 0.08 0.02 0.005 0.02 0.01 0.06 0.01 0.04 0.005 0.07 0.00 0.6

Gabbro – – 9.54 26.9 4.33 21.7 7.46 2.25 10.1 1.99 13 2.71 8.52 1.41 9.54 1.41 120.9

Fig. 5 Distribution patterns of
REEs in each horizon normalized
to a REE distribution in chondrite
and b REE distribution in the
parent rock
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horizons reflects a depletion in Al more important than an
enrichment in Fe in the protolith which might have induced an
effect of concentration of REEs in the protolith. Further, the
CIA as defined by Nesbitt and Young (1982) increases up-
ward through the laterite profile from about 28 in the lower
part (the protolith) to about 97 in the clay zone (Table 2). The
total REEs is not well correlated with the CIA (0.012) in the
altered gabbro zone. This implies that the REEs were immo-
bile during laterization and that the studied profile represents
in situ paleosols.

Discussions

It can be seen from the ternary diagram with the three follow-
ing poles: Al2O3+Fe2O3, SiO2, and CaO+MgO+Na2O+K2O

Table 4 Ce/Ce*, Eu/Eu*, and
La/Yb ratios of the studied sample
relative to chondrites and parent
rock

Relative to chondrite Relative to parent rock

Zone Sample Depth (m) Ce/Ce* Eu/Eu* La/Yb Ce/Ce* Eu/Eu* La/Yb

Clay WNQ-14 5 0.81 0.94 2.14 0.84 1.16 3.44

WNQ-13 8 0.57 0.69 4.83 0.59 0.85 7.75

WNQ-9 13 1.05 0.5 6.78 1.05 0.62 10.88

WNQ-8 14 1.23 0.55 2.92 1.27 0.68 4.68

Oxide WNQ-6 20 0.93 0.99 1.85 0.98 1.22 2.96

Saprolite WNQ-4 30 0.89 0.88 0.74 0.98 1.08 1.18

WNQ-1 45 0.89 0.78 0.85 0.98 0.96 1.36

Protolith WN-5 52 0.03 0.88 50.98 0.03 1.08 81.76

WN-4 53 0.05 0.43 42.87 0.05 0.53 68.75

WN-3 55 0.98 0.6 10.29 0.98 0.74 16.5

WN-1 60 1.18 0.77 0.71 1.18 0.95 1.14

Gabbro – – 0.91 0.81 0.62 – – –
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Fig. 6 La/Lu, Ce/Ce* and Eu/Eu* variations with depth

CaO + MgO
+ Na2O + K2O

0 10 20 30 40 50 60 70 80 90 100

SiO2

0

10

20

30

40

50

60

70

80

90

100

Al2O3 + Fe2O3

0

10

20

30

40

50

60

70

80

90

100

Protolith

Oxide

Saprolite

Clay

WNQ-13

WNQ-14

WNQ-9

WNQ-8

WN-5

WN-4

WN-1

WN-3

WNQ-1

WNQ-4

"Fresh gabbro"

MacLeod 
(2001)

Fig. 7 Al2O3+Fe2O3−SiO2−CaO+MgO+Na2O+K2O ternary diagram
of the Ibra laterite (Chesworth et al. 1981)

5450 Arab J Geosci (2014) 7:5443–5454

Author's personal copy



(Chesworth et al. 1981; Fig. 7) that during the development of
laterites, the composition of the protolith zone was depleted in
SiO2 more than the saprolite zone relative to fresh gabbro.
Unlike SiO2, both Al2O3 and Fe2O3 contents indicate an
enrichment in the protolith and the saprolite zones during
laterization in conformity to geochemical investigations car-
ried by Al-Khirbash (in preparation) in the same laterite
profiles of the present study. The ternary diagram also reveals
that the total of CaO+MgO+Na2O+K2O is more important in
the protolith than in the saprolite and also in the fresh gabbro.
Such induced transformations during weathering occurred in
both zones in addition to the fresh gabbro approximetly along
the same line. Such evolution may be illustrated using the
following chemical reaction:

layeredgabbro→protolith altered layered gabbroð Þ þ saprolite

As reported in many studies (Braun et al. 1993; Zheng and
Lin 1996; Nyakairu et al. 2001; Mongelli et al. 2002), REE
mobilization involved fractionation between LREEs and
HREEs. The high mobility of HREEs compared to LREEs
results from the formation of HREE complexes during
weathering (Cantrell and Byrne 1987). Enrichment in LREEs
in soils during weathering may also reflect a preferential ad-
sorption of this group of REEs on soils (Gong et al. 2011).

Vertical distribution of REEs in this study and their varia-
tion and fractionation with depth shows that the distribution of
REEs is affected by laterization processes.

Total content of REEs shows a significant accumula-
tion of REEs in the lower saprolite zone (30 and 45 m
depth) and in upper horizon (clay laterite) relative to the
parent rock and relative to the other horizons during
lateritization. As stated above, a net depletion of REEs
relative to the parent rock is observed in the altered
layered gabbro, the upper horizons of the saprolite, and
the oxide zones. The lower horizons of the saprolite zone
are only slightly depleted relative to the parent rock. The
depletion in the total of REEs in the different horizons
compared to the parent rock in this study is opposite to
those of Ndjigui et al. (2008, 2009) who observed that the
total REE contents increase strongly from the parent rock
(1.8 ppm) to the weathered materials (74.3–742.2 ppm).

The different parts of altered layered gabbro of this study
are depleted in REEs relative to the parent rock. This depletion
of total REEs in the altered layered gabbro is correlated with
increase in Ce/Ce*. These horizons are also characterized by a
negative anomaly in Eu (Table 3, Fig. 6a). The only two
horizons where a positive anomaly in Ce is observed are the
altered layered gabbro and oxide horizons.

The horizon with the lowest values of Ce/Ce* (depth 52 m)
is characterized by the greatest enrichment in LREEs. Major
enrichment in LREEs is also observed in the oxide and clay
horizons. Enrichment in LREEs relative to HREEs during

weathering has been observed in soils by Nesbitt (1979),
Duddy (1980), Braun et al. (1990, 1993), Huang and Gong
(2001), and Viers and Wasserburg (2004). Nesbitt (1979)
concluded that mobilization of the REEs probably results
from pH changes of soil and groundwater as they encounter
different chemical environments, while fractionation may
largely result from mineralogical controls. The horizons in
this study were enriched in LREEs relative to HREEs, except
the lower horizons of the saprolite zone and the lower hori-
zons of the altered layered gabbro. In these horizons, HREEs
have been leached during weathering. The accumulation of
HREEs in these horizons occurred in an oxidizing environ-
ment since oxidation of Ce3+ to Ce4+ occurred in these same
horizons. The negative Ce anomaly in the clay zone has been
also observed in the Point Sal ophiolite of California (Menzies
et al. 1977), which might reflect the involvement of seawater
fluids in the alteration processes.

The flat patterns of REEs in horizons at 30 and 45 m
suggest that no significant fractionation of REEs occurred in
these horizons. Although no refractory minerals have been
identified by XRD analysis, the depletion in MREEs in hori-
zon 60 m depth (altered layered gabbro) may reflect dissolu-
tion of phases which are characterized by enrichment in
MREEs such as phosphate complexes (Hannigan and
Sholkovitz 2001; Goyne et al. 2010).

Through different horizons in the profile, the similar REE
fractionation patterns with LREE enrichment over HREEs,
suggest that fractionation is independent of REE abundance
and the carrier phases. The REE abundances in soil horizons
have been produced only as a result of removal of REEs from
primary parent rock, contrary to what was reported by
Takahashi et al. (2005), who considered that REEs may be
incorporated in the soil from another source. On the other
hand, REEs in 30 and 45m depth (saprolite zone) have similar
patterns as gabbro when data are normalized to chondrite and
do not seem be affected by the solution–rock interaction.
These horizons are less weathered than the other horizons.
The other horizons exhibit depletion in HREEs. This suggests
that a fraction of HREEs has been removed from these hori-
zons during weathering. The high mobility affected the hori-
zons at 52 and 53 m depth (altered layered gabbro), where Ce
also has been reduced which may indicate a low fugacity of
oxygen (fO2) in these horizons.

As it was stated above, the leaching of REEs from the
upper to the lower horizon of the clay zone induced enrich-
ment in LREEs and depletion in Ce and Eu. These results are
in opposite to those in the oxide horizons, where the upper
horizons are more enriched in total REEs and in LREEs than
the lower horizons. Both Ce/Ce* and Eu:Eu* are also slightly
higher in the upper horizons of this zone than the lower
horizons (Table 4). In the saprolite zone, REEs are significant-
ly leached to the lower horizons, except that LREEs more
enriched than the HREEs in the upper saprolite. The Ce and
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Eu anomalies are similar in all horizons of this zone. In the
altered layered gabbro, the depletion of REEs with depth is
characterized by leaching of LREEs more than HREEs. An
increase in Ce/Ce* is correlated with vertical depletion of total
REEs in this zone. Ndjigui et al. (2008) observed that strong
negative Ce anomalies are developed in the saprolite zone of
two serpentinite lateritic profiles in the Mada region of the
Kongo–Nkamouma massif in the Lomié ultramafic complex
(South-East Cameroon).

The La/Lu ratios measured by Braun et al. (1990) are much
higher than La/Lu ratios of the saprolite zone measured during
this study. Our results are at odds with those of Zheng and Lin
(1996), who found that, HREEs are more leached than LREEs
in the soil zone, and HREEs are more enriched than LREEs in
the weathered and subweathered zones. The vertical distribu-
tion of REEs in this study also showed that the lowest hori-
zons of the saprolite zone are similar to the parent rock in
terms of Eu/Eu*, Ce/Ce*, total REEs, and La/Lu ratio. This
similarity may indicate the homogeneity in the saprolite zone
in terms of source and origin of REEs. As shown in Fig. 6a,
Ce-positive anomaly was only developed in the lower hori-
zons of the oxide zone (14m depth) and the lowest horizons of
the altered layered gabbro (60 m depth).

Neither Eu/Eu* nor Ce/Ce* showed any correlation with
depth (Fig. 6). Nevertheless, the lowest values of Ce/Ce* were
observed at horizon 8 m depth (clay horizon) and at 52–53 m
depth horizons (altered layered gabbro horizon) where the
maximum enrichment of LREEs relative to HREEs was also
observed, while the lowest value of Eu/Eu* was observed at
53 m depth horizon. In the other horizons, the Ce/Ce* ratio is
very close to 1. The negative good correlation between Ce/
Ce* and Mn concentrations (−0.7) on one hand and the weak
correlation between Ce and Fe on the other hand may indicate
reduction of Ce by MnO2 and not by Fe. Similar to the results
found by Braun et al. (1990) and Viers and Wasserburg
(2004), Ce anomalies are caused by Ce precipitation in the
oxic environment. The negative correlation between Mn and
Ce/Ce* in this study indicates that oxidation of Mn and Ce is
followed by a precipitation of Ce and a leaching of Mn to the
deeper horizons (altered layered gabbro horizons).

The good correlation of Ce anomaly withMn is opposite to
the results of Ma et al. (2007). The study of Takahashi et al.
(2005) shows that the oxidation by Mn oxides is a more
plausible mechanism to produce Ce(IV) in the soil horizon.
The good negative correlation observed between Ce/Ce* and
Mn concentrations in the profile could result not only from
weathering process, but also by low oxygen fugacity during
progressive laterization. The Fe and Mn variations in the
profile are indications of oxidation-reduction processes during
lateritization. Thus, opposite to Mn, neither Ce nor Eu enrich-
ment show a good correlation with the abundance of Fe
in the profile. The very weak correlation between the
total content of REEs and concentrations of Fe and Mn

revealed that the Fe and Mn oxides are not the main
hosts for REEs in the profile.

However, it must be mentioned here that similar alteration
processes do not always produce consistent trends in the REE
mobility, such as it has been indicated byHellman et al. (1979)
and Sun and Nesbitt (1978). Hence, the complete environment
in which the weathering of alteration processes occurred must
be taken into consideration.

As it was stated above, the highest values of CIA were
calculated for clay horizons (91–97) and the lowest values
(Table 2) for the altered gabbro (28–62). These values are
higher than those of post-Archean Australian shale and Upper
Continental Crust (Taylor andMcLennan 1985) and similar to
those calculated by Nyakairu and Koeberl (2001) for clay-rich
sediments from central Uganda. A good negative correlation
(r2=−0.9) characterize REEs with CIA in clay and saprolite
zones. Leaching of REEs from shallow horizons is a conse-
quence of high weathering, in most of horizons of clay zone,
except at 8 m horizon depth. In this horizon, CIA is slightly
low relative to CIA in the other horizons, and REEs have been
accumulated which may indicate a precipitation of secondary
phases carrying REEs. In the protolith zone, although there is
a good correction between total REEs and CIA, the very low
concentrations in REEs do not seem reflect a low degree of
alteration, but probably the type of secondary minerals with
low accumulation in REEs.

Conclusions

The main results of this study are:

1. REE abundances of the lateritic profile reflect removal of
REEs from primary parent rock.

2. REEs within the lateritic profile are hosted in Mn oxides
more than in Fe oxides.

3. There is a similar fractionation throughout the profile,
with LREE enrichment.

4. REE mobilization and the accumulation of HREEs oc-
curred in an oxidizing environment at relatively high fO2,
since oxidation of Ce3+ to Ce4+ occurred in the same
horizons where accumulation of HREEs occurred.

5. Detailed work on the behavior of REEs during laterization
processes can increase our understanding of development
of the lateritic soils and the paleoclimatic conditions that
prevailed during their formation.
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