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Abstract

Major, trace and organic elements of a laterite profile developed on Neogene basalts in northern Hainan Island, South
China were reported in this paper, the aim of which was to investigate element mobilization and re-distribution during
extreme weathering. The results indicate that most of the elements have been mobilized and transferred downwards along
the profile by aqueous solution. Organic matter (OM) can significantly improve the transport of insoluble elements. Among
all the elements, Th is the least mobile. As for the general conservative elements during incipient chemical weathering, such as
Fe, Ti, Zr, Hf, Nb and Ta, the removals are up to 20–40% in the upper profile. However, these elements behave as conser-
vatively as Th in the lower profile. In the middle profile, oxic environment occurs, accompanied with significant OM decom-
position. The Mn and Ce transferred downward are readily oxidized into insoluble Mn(IV) and Ce(IV) and precipitate in the
oxic front. Important OM decomposition decreases the capacity of transfer of insoluble elements in aqueous solution. Con-
sequently, Al significantly precipitates in the oxic front, and REEs, with the exception of Ce, precipitate largely in the OM-
depleted layers. Co and U are also concentrated in the oxic front in association with Mn and Ce, respectively. However, Cr
shows a negative correlation with Mn because its response to redox condition changes is reversed from that of Mn. Mn oxi-
des/hydroxides, Fe oxides/hydroxides and secondary phosphate minerals other than clay minerals are potential hosts for
REEs except for Ce in the profile; REEs with high concentrations in the profile seem closely associated with Mn oxides/
hydroxides. Remarkable, highly correlated, Ce and Gd anomalies are observed in the profile. Ce anomalies are caused by
Ce precipitation in the oxic environment and successive decomposition of organic matter. Gd anomalies are likely to have
resulted from lower stability constants of Gd–OM complexes compared to those of neighboring REEs. The overall elemental
behaviors in this profile suggest that organic matter plays a very important role in the mobilization and re-distribution of the
elements during extreme weathering.
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1. INTRODUCTION

Chemical weathering of the continent decomposes pri-
mary minerals in rocks and activates many elements. As a
result, the re-distribution of elements in weathering prod-
ucts is much different from that in parent rocks (Nesbitt,
1979; Nesbitt et al., 1980; Nesbitt and Markovics, 1997).
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Weathering products are easily carried out of weathering
profiles and deposited in lakes and oceans as the main lith-
ogeneous component in sediments (Windom, 1976). There-
fore, the mobilization and re-distribution of elements
during chemical weathering may influence the chemical
composition of sediments. Generally, sedimental composi-
tions can be used to trace the provenance of sediments
(Nesbitt et al., 1996) and to reconstruct paleoclimate re-
cords (Zabel et al., 2001; Wei et al., 2004). Comprehensive
understanding of the behavior of elements during chemical
weathering may help to better explain the records found in
sediments.

Chemical weathering has been investigated for a long
time (Craig and Loughnan, 1964; Harriss and Adams,
1966), and the behaviors of elements have been well classi-
fied. In general, alkalis and alkaline earth elements are eas-
ily removed from primary minerals during chemical
weathering (Nesbitt et al., 1980; Chesworth et al., 1981;
Nesbitt and Wilson, 1992; Nesbitt and Markovics, 1997).
On the contrary, elements that are predominantly hosted
in highly resistant minerals, such as Zr and Hf in granitic
rocks, are believed to be immobile (Nesbitt and Markovics,
1997). Some other elements, such as Al, Fe and Ti tend to
be combined with secondary minerals and to be retained in
the soil profile during chemical weathering (Chesworth
et al., 1981; Nesbitt and Wilson, 1992; Nesbitt and Markov-
ics, 1997). Of all the elements, much attention has been paid
to the rare earth elements (REEs) in the past several dec-
ades (Nesbitt, 1979; Duddy, 1980; Banfield and Eggleton,
1989; Marsh, 1991; Price et al., 1991; Caggianelli et al.,
1992; Nesbitt and Wilson, 1992; Braun et al., 1993, 1998;
Mongelli, 1993, 1997; Boulange and Colin, 1994; Condie
et al., 1995; Koppi et al., 1996; Nesbitt and Markovics,
1997; Hill et al., 2000; Patino et al., 2003). Despite some dis-
crepancies between different studies, there is a consensus
that REEs are mobile during chemical weathering, and
re-distribution of REEs in weathering products varies with
weathering intensity.

Most of the studies mentioned above, however, were
carried out in temperate zones with weathering intensities
from incipient to advanced degree. The behavior of ele-
ments during extreme weathering has been far less studied.
Studies in tropical regions indicate that the mobilization
and re-distribution of elements during chemical weathering
are different from those of temperate zones (Braun et al.,
1993, 1998; Young and Nesbitt, 1998; Hill et al., 2000;
Kurtz et al., 2000; Dequincey et al., 2002). Elements that
are conserved in temperate zone, such as Ti and Zr, are mo-
bile during extreme chemical weathering in tropical regions
(Braun et al., 1993, 2005; Melfi et al., 1996; Nahon and
Merino, 1996; Cornu et al., 1999), and dissolved organic
matters can significantly improve the transfer of insoluble
elements, such as Al, Fe, Zr, Ti and Th (Viers et al.,
1997, 2000; Oliva et al., 1999; Braun et al., 2005). Because
extreme weathering is the highest stage of the weathering
process, probing into element behavior during this particu-
lar period is pivotal to understanding element mobilization
and re-distribution during chemical weathering. Further-
more, laterites, the products of extreme weathering, ac-
count for over 85% of the present world soil cover
(Nahon, 2003). They are readily eroded from profiles and
transported into oceans, and their chemical compositions
may be imprinted into sediments. Thus, understanding
the behavior of elements during extreme weathering may
aid in our understanding of the chemical record in sedi-
ments and soils.

Herein, we report some major and trace elements of a
weathering profile developed on Neogene basalt in north-
east Hainan Island, South China. Because basalts are very
sensitive to chemical weathering (Berner and Berner,
1997), and chemical weathering is significantly intensified
by the tropical climate, most of the weathering profiles in
this region have undergone extensive weathering. In this pa-
per, we compare the composition of weathering products
with fresh parent rocks to investigate element mobilization
and re-distribution during the processes of advanced to
extreme weathering.

2. GEOLOGICAL SETTING, WEATHERING PROFILE

AND SAMPLING

Numerous lateritic weathering profiles have developed
on the basalts, which erupted during the Neogene and Qua-
ternary in the northern Hainan Island, South China
(Huang et al., 1993). The basaltic weathering profile under
study is located in Wenchang County, about 60 km south
of Haikou, the capital city of Hainan Province. Climate
in this region is tropical style, controlled by the East Asian
monsoon. The mean annual temperature is about 25 �C,
with the maximum monthly temperature, 30–32 �C, occur-
ring during July to August, and the minimum monthly tem-
perature, 18–20 �C, occurring during January and
February. Annual precipitation varies from 800 to
2500 mm (during the past century), with an average of
about 1500 mm. Over 80% of precipitation occurs in the
warm season, from May to October.

The profile, located on a small hill (19�3407400N,
110�3807100E), has been recently cut by a stone quarry.
The slope of the hillside is gentle, and the depth of the
weathering profile ranges from over 6 m above the fresh ba-
salt at the hill center to about 3 m at the edge of the hill.
The sampling profile was selected in the middle of the hill-
side, which is newly cut (less than 1 month) and has a flat
top. Interruption is not observed in the intergradation from
basalt to laterite; thus, we expected that this profile devel-
oped continuously since the eruption of the basalt. Fig. 1
shows the details of the sampling profile. The top 30 cm
is loose soil, covered with flourishing plants. Pepper has
been planted in this region for at least one year; therefore,
the top soil may have been disturbed during farming. Be-
neath, there is a laterite layer about 20 cm thick containing
gravels. The gravels are well abraded and have an oval
shape with sizes ranging primarily from 2 to 5 cm. Not all
the gravels are basalts. This indicates that the top soil and
the gravel layer may not have entirely developed from the
basalt beneath. In order to avoid influence from different
sources, we did not collect samples in these sections.
Beneath the gravel layer, there is no sign of disturbance
in the saprolite profile and the laterites are in-situ weather-
ing products developed from the basalts (Fig. 1). Samples



Fig. 1. Outlook of the profile. The image shows the sampling profile, and numbers indicate the sample ID and their sampling position in the
profile.
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were taken downward in the profile. The upper 250 cm is
fine laterite in a homogeneous red color, and the sampling
interval is about 30 cm (HK06-1 to HK06-7). The soil be-
tween 250 and 320 cm is still fine in grain size. The soil color
turns a little yellowish, but basically remains red. Several
samples (HK06-8 to HK06-10) were collected in this sec-
tion. The soil color becomes pistachio below 320 cm with
un-weathered core stones, and black shell-shaped matter
fills the area between the core stones. Both the soil and
the black shell-shaped material were sampled together in
an interval of 10–15 cm (HK06-11 to HK06-20).

The quarry profile, where the two parent rock samples
(HK06-R1 and HK06-R2) were collected, is next to the
sampling profile. The distance between the two basalt sam-
ples is over 30 m. The parent rock is fresh tholeiitic basalt.
The main phenocryst is pyroxene (10%), which is only
slightly chloritized. The groundmass consists of plagioclase
(60%), clinopyroxene (25%) and opaque minerals, mainly
ilmenite (5%). No other accessory minerals could be identi-
fied in the slices. The age of the basalts in this region is �4.0
Ma dated by K–Ar chronology (Zhu and Wang, 1989).
3. ANALYTICAL METHODS

The laterite samples were first dried at �70 �C, and then
both the dried laterites and the fresh basalts were ground
into powder. The powder was baked at 105 �C to remove
absorbed water before analysis. Major elements were mea-
sured using a Rigaku ZSX100e X-ray fluorescence (XRF)
on glass discs, made by fusing 0.5000 g sample powder
and 4.0000 g Li2B4O7 at 1200 �C. Analytical precision for
major elements is better than 1%, and determination limits
for the major elements are generally better than 30 ppm.
The sample powder was first baked at 700 �C to destroy or-
ganic matters, and then digested by mixed acid solution of
HNO3 + HF for trace element measurement. Trace ele-
ments were measured using a Perkin-Elmer Elan 6000
ICP-MS with detection limits of about several pg/g in solu-
tion, corresponding to a determination limit of about
10 ppb in solid samples for trace elements. Analytical preci-
sion for trace elements is better than 5% (Liu et al., 1996).
For the weathering product samples, most of the CaO,
Na2O and K2O are close to the determination limits of



able 1
ajor element (in %) and trace element (in ppm) concentrations of the samples in basaltic weathering profile

HK06-
1

HK06-
2

HK06-
3

HK06-
4

HK06-
5

HK06-
6

HK06-
7

HK06-
8

HK06-
9

HK06-
10

HK06-
12

HK06-
13

HK06-
14

HK06-
15

HK06-
16

HK06-
17

HK06-
18

HK06-
19

HK06-
20

HK06-
R1

HK06-
R2

epth(m) 0.50 0.90 1.30 1.60 1.90 2.20 2.50 2.80 3.00 3.20 3.50 3.65 3.80 3.95 4.10 4.20 4.30 4.40 4.50 — —
iO2 31.23 31.49 31.82 29.38 26.38 28.38 27.99 25.98 25.28 19.71 34.01 34.03 26.20 30.73 20.80 19.66 24.37 27.65 17.49 51.77 52.00
iO2 5.17 4.67 4.09 4.08 4.47 4.27 3.98 3.70 2.71 4.72 3.56 2.95 4.08 3.61 5.01 4.91 5.30 4.61 5.29 1.85 1.91
l2O3 26.71 27.20 27.88 30.46 28.31 28.51 29.84 32.18 36.16 30.26 26.84 30.05 28.69 28.06 28.05 28.09 26.73 25.82 31.60 14.12 14.25
e2O3T 23.48 23.45 22.69 21.62 24.40 23.41 20.97 20.43 15.74 25.52 19.32 15.23 23.40 19.44 27.23 27.62 27.65 23.74 27.04 10.33 10.56
gO 0.27 0.25 0.23 0.21 0.26 0.33 0.40 0.57 0.49 0.60 0.84 0.81 0.64 0.87 0.63 0.68 0.76 0.50 0.50 7.26 7.41
nO 0.09 0.09 0.09 0.09 0.12 0.15 0.25 0.41 0.250 0.16 0.61 0.62 0.24 0.20 0.23 0.15 0.13 0.38 0.16 0.13 0.14

aO# 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 8.82 8.93
a2O# 0.04 0.13 0.11 0.03 0.06 0.03 0.04 0.05 0.05 0.03 0.12 0.02 0.10 0.02 0.02 0.05 0.01 0.09 0.04 2.56 2.65
2O5 0.17 0.8 0.17 0.18 0.22 0.23 0.28 0.31 0.34 0.66 0.41 0.27 0.55 0.46 0.81 0.81 0.69 0.47 0.77 0.28 0.31

2O# 0.17 0.15 0.10 0.08 0.06 0.05 0.07 0.02 0.02 0.02 0.04 0.04 0.04 0.04 0.05 0.05 0.05 0.03 0.01 0.70 0.77
OI 12.63 12.98 13.06 17.14 15.55 15.07 15.91 16.91 18.71 18.61 14.65 15.84 16.19 16.46 17.53 18.44 14.23 17.14 17.26 1.63 1.51
otal 99.99 100.60 100.26 100.49 99.85 100.44 99.75 100.57 100.50 100.28 100.40 99.87 100.16 99.89 100.37 100.47 99.93 100.44 100.17 99.46 100.42

OC 0.15 0.14 0.15 0.13 0.13 0.11 0.10 0.07 0.07 0.08 0.04 0.06 0.08 0.08 0.150 0.06 0.12 0.14 0.11 — —
N 0.017 0.016 0.032 0.004 0.008 0.026 <DL <DL <DL <DL <DL <DL 0.006 <DL <DL 0.006 <DL 0.022 0.029 — —
H 5.18 5.16 5.30 5.26 5.38 5.33 5.09 5.14 5.53 5.52 5.64 5.70 5.43 5.74 5.76 5.72 5.78 5.42 5.70 — —

c 35.9 37.4 35.1 33.9 41.2 41.2 41.2 40.3 37.2 44.2 34.6 28.2 46.8 36.7 55.5 41.8 49.6 41.1 50.1 19.5 17.9
291 302 284 281 337 358 347 349 248 315 260 193 288 248 352 317 372 320 346 141 136

r 447 427 361 534 441 332 369 359 319 6261 326 107 675 410 834 677 783 331 752 231 208
n 569 555 585 569 871 1116 1887 3092 7745 1074 4923 5268 16 1538 1697 981 928 3133 1097 1068 963

o 30.2 17.9 42.8 24.6 259 354 161 243 803 80.1 205 234 82.0 77.8 57.9 91.7 44.6 154 61.1 106 95.3
i 172 179 179 174 210 246 304 3118 395 436 496 569 459 472 402 606 352 393 270 159 149
u 118 120 119 124 146 158 160 144 173 237 229 163 237 185 236 362 234 239 233 71.3 67.0
n 105 102 94.3 96.9 110 116 108 92.3 93.2 153 135 102 124 114 129 187 134 110 125 99.2 96.4
a 40.7 41.6 39.7 39.5 43.7 41.6 39.2 37.8 35.5 44.8 34.3 28.5 39.4 33.7 46.1 45.5 47.2 41.4 48.4 19.1 17.6
e 2.22 2.28 2.20 2.18 2.23 2.71 2.52 3.442 2.60 2.55 2.98 3.75 3.88 3.47 3.44 2.67 3.30 2.93 2.43 1.30 1.17
b 9.57 7.82 5.32 4.25 3.79 3.89 3.06 1.88 1.76 2.27 4.33 3.20 3.76 4.45 5.97 5.28 5.84 2.89 1.65 16.8 15.4
r 25.52 25.44 21.54 18.97 13.35 10.40 7.71 3.96 4.25 2.39 3.20 1.84 1.24 1.43 1.36 2.57 2.99 5.22 2.43 286 275

14.0 12.8 11.3 10.01 10.8 10.5 12.9 14.8 20.3 30.0 114.8 18.3 23.6 27.9 24.7 51.8 55.9 62.5 51.2 20.9 20.1
r 302 300 274 285 281 267 267 213 163 278 207 176 236 210 285 271 299 297 297 126 119
b 61.1 57.8 49.7 50.2 51.2 49.0 42.0 39.5 29.2 51.2 38.2 32.6 4.62 38.5 52.4 50.3 55.3 53.0 54.6 21.5 22.6
s 1.71 1.51 1.09 0.85 0.76 0.69 0.45 0.41 0.35 0.31 0.44 0.35 0.35 0.38 0.4 0.46 0.54 0.42 0.28 0.36 0.31
a 62.0 57.7 48.7 43.0 43.8 43.9 48.1 44.6 72.1 155 251 198 138 151 119 222 108 2430 117 236 196
a 40.3 39.0 36.2 32.0 23.1 21.6 20.5 22.0 23.1 29.6 104 26.8 3.1 41.4 34.2 65.0 77.2 84.2 63.1 15.9 16.6
e 67.1 73.0 101 81.1 106 162 203 352 1107 123 159 243 104 130 87.2 72.6 169 323 154 30.3 30.7
r 7.41 7.45 7.00 6.13 4.58 4.83 5.22 6.89 7.16 10.1 33.7 8.88 11.3 14.4 12.2 23.4 27.1 28.5 21.6 3.80 3.73
d 27.5 26.7 25.2 22.0 17.7 20.2 23.9 33.5 34.1 51.1 170 44.1 59.2 71.6 62.2 121 137 147 111 17.5 17.2

m 4.95 4.85 4.51 4.11 3.62 4.41 5.50 8.29 8.57 12.6 41.0 9.87 13.5 16.1 14.6 26.9 31.2 32.4 26.0 4.56 4.44
u 1.34 1.31 1.23 1.12 1.05 1.27 1.56 2.39 2.51 3.55 11.8 2.57 3.50 4.13 3.89 6.94 8.06 8.36 7.03 1.51 1.48
d 3.86 3.70 3.70 3.20 3.08 4.08 5.36 8.36 13.5 10.4 37.7 8.21 9.47 19 10.9 18.8 22.3 24.9 19.7 4.88 4.91
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Tb 0.57 0.54 0.50 0.46 0.46 0.56 0.73 1.09 1.29 1.55 5.53 1.09 1.48 1.62 1.56 2.61 3.19 3.39 2.88 0.80 0.75
Dy 2.97 2.81 2.64 2.34 2.44 2.95 3.76 5.66 6.01 8.23 28.3 5.42 7.58 8.52 8.29 13.8 16.5 17.7 15.1 4.28 4.12
Ho 0.52 0.50 0.45 0.41 0.41 0.50 0.64 0.96 1.05 1.42 5.07 0.95 1.30 1.43 1.37 2.44 2.85 3.05 2.57 0.81 0.79
Er 1.49 1.36 1.21 1.17 1.11 1.38 1.75 2.58 2.83 3.90 13.8 2.67 3.57 4.14 3.83 6.86 8.07 8.84 7.28 2.07 1.99
Tm 0.19 0.18 0.16 0.15 0.15 0.19 0.24 0.36 0.39 0.53 180 0.37 0.49 0.56 0.53 0.92 1.13 1.22 1.01 0.26 0.25
Yb 1.33 1.20 1.13 1.05 1.04 1.33 1.60 2.36 2.55 3.39 10.7 2.44 3.30 3.74 3.54 5.79 7.03 7.57 6.50 1.59 1.53
Lu 0.20 0.19 0.17 0.15 0.15 0.18 0.23 0.33 0.35 0.49 1.54 0.35 0.47 0.52 0.48 0.83 0.99 1.09 0.92 0.24 0.22
Hf 14.7 14.2 13.6 13.5 14.7 14.3 12.0 10.9 7.98 14.4 10.8 8.78 12.4 11.0 15.5 14.9 16.7 15.7 16.4 5.36 5.02
Ta 3.95 3.60 3.31 3.20 3.43 3.33 2.79 2.56 1.93 3.32 2.54 2.13 2.93 2.57 3.43 3.31 3.79 3.65 3.66 1.32 1.37
Pb 12.5 12.3 12.1 10.7 14.3 12.6 9.57 5.82 4.90 5.21 5.67 6.37 6.08 6.07 6.50 5.93 5.39 8.91 6.02 3.41 3.52
Th 9.20 9.19 8.58 7.90 7.83 7.10 5.86 5.02 3.72 5.99 4.90 3.87 5.21 4.74 6.37 5.97 6.81 6.70 6.58 2.46 2.63
U 1.96 1.95 1.78 1.69 1.89 1.58 1.52 1.74 1.87 1.25 1.03 0.71 1.19 0.87 1.54 1.14 1.50 1.31 2.03 0.55 0.60
Ce/Ce* 0.99 1.09 1.61 1.48 2.63 4.07 5.03 7.26 21.89 1.79 0.68 3.99 1.37 1.34 1.07 0.47 0.93 1.67 1.05 — —
Gd/Gd* 0.95 0.94 1.02 0.96 0.97 1.06 1.09 1.13 1.63 0.96 1.02 1.03 0.87 0.89 0.87 0.93 0.93 0.98 0.94 — —

#Data measured by ICP-AES; Fe2O3T: total Fe.
<DL, less than detection limit; —, no measurement or no calculation.
Ce/Ce* = 2(Ce/CeP)/(La/LaP + Pr/PrP); Gd/Gd* = 3(Gd/GdP)/(Sm/SmP + 2Tb/TbP): where P indicates normalized to the parent rock, which are averaged from the two fresh basalts.

Table 2
Mineralogy of the weathering products from the profile

HK06-
1

HK06-
2

HK06-
3

HK06-
4

HK06-
5

HK06-
6

HK06-
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8
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9

HK06-
10

HK06-
12

HK06-
13

HK06-
14

HK06-
15

HK06-
16

HK06-
17

HK06-
18

HK06-
19

HK06-
20

Kaolinite 82 73.1 79.3 73.9 43.8 64 62 28.3 20
Halloysite 53.4 30.7 82.6 87.4 60.3 63.5 38.8 39.2 35.4 59.8
Illite 16.3
Gibbsite 13.7 21 11.4 18.7 25.5 53 48.5 7.6 25.3 24.6 45.1 48 32.6 18.5 60
Ilmenite 5.4 7.6 3 7.8 9.6 5.2 3.5 7.4 4.2 9.4 8.9 7.3 8.5 6.7
Goethite 8 10.6 5.5 7.6 5.1 5.1 4.2 4.2 5.2 5.8 4.5
Magnetite 6.2 8.2 4 14.9 7.5
Hematite 6.3 4.6 6.4 3.4 14.1 12
Amorphous
Phase and

others
4.6 3.8 3 3 19.8 3.1 3.1 3.1 11 5.2 4 5 5 3 3 4.3 3 3 8

E
lem

en
t

b
eh

avio
r–extrem

e
w

eath
erin

g
3227



3228 J.-L. Ma et al. / Geochimica et Cosmochimica Acta 71 (2007) 3223–3237
XRF. These elements were measured on a Varian Vista Pro
ICP-AES with detection limits of several ng/g in solution,
corresponding to several ppm determination limits in solid
samples. The solutions for ICP-MS measurement were used
for these tests. Analytical details are described in Li et al.
(2002), and precision for these elements is better than 1%.
The CaO, Na2O and K2O of the two fresh basalt samples
were also double-checked by ICP-AES, and the results
agreed with those obtained by XRF. Both major and trace
element analyses were carried out in the Key Laboratory of
Geochronology and Geochemistry, Chinese Academy of
Sciences. The analytical results are presented in Table 1.
Several USGS and Chinese soil and basalt standard
references, such as GSS-5, GSS-7, GXR-6 (soils) and
BHVO-2, BCR-2 (basalt) were repeatedly measured with
the samples to monitor the quality of ICP-MS and ICP-
AES measurements, and the results were generally within
the range of ±10% of the certified values.

Total organic carbon (TOC) and total nitrogen (TN)
contents of the weathering profile were determined using
a Vario EL III elemental analyzer with detection limits of
about 30 lg for C and N. Samples were passed through a
100-mesh sieve to remove possible plant roots, which could
be seen in samples taken from the top 1 m of the profile.
The combustion temperature was set at 960 �C. About
10–30 g of sample was used for a single measurement.
Duplicates of every sample were analyzed, and reproduc-
ibility of the two measurements was better than 5% for
TOC and TN. The average of the two measurements was
adopted for TOC and TN concentrations, and the results
are also listed in Table 1.

The pH values of the weathering products were also
measured. Ten gram of de-ionized water was first equili-
brated with 5 g sample powder in a capped Teflon beaker
for 8 h, and then the liquid was collected by filtration.
The pH values of the liquid were measured using an Orion
210A+ acidity meter with precision better than 0.05. The re-
sults are also listed in Table 1.

Mineral compositions of the samples were measured on
a Rigaku D/max-1200 diffractometer in the Guangzhou
Institute of Geochemistry, CAS. X-ray diffraction (XRD)
patterns of the samples were recorded between 1.5� and
20� (2h) at a scanning speed of 2�/min with Cu Ka radiation
(30 mA and 40 kV). The results are listed in Table 2.
4. RESULTS

Kaolin-group minerals, oxides and hydroxides dominate
in the weathering products. Kaolin and halloysite contents
are from 20% to 87%, gibbsite abundance ranges from 0%
to 60%, and ilmenite, goethite, magnetite and hematite ac-
count for 7–29%. Secondary minerals, such as smectites and
illites, are absent except in sample HK06-7, which contains
about 16% illites.

Some of the major elements, such as TiO2 (2.71–5.30%),
Al2O3 (25.82–36.16%) and Fe2O3(T) (15.23–27.65%) are
markedly enriched in the weathering products, which are
about 2- to 3-fold higher than in the fresh basalt. Concen-
trations of MnO and P2O5 in the top 2.5 m of the profile are
slightly lower than those in the fresh basalt, but they
increase in the lower section. SiO2 concentrations in weath-
ering products range from 17.49% to 34.03%, compared
with �52% in the fresh basalts. Concentrations of MgO
(0.21–0.87%), CaO (<0.05%), and Na2O and K2O
(<0.1%) are dramatically lower than in the fresh basalt.
Loss of ignition (LOI) accounts for 12.6–18.7% of the
weathering products, and LOI in the lower section is gener-
ally higher than in the upper section.

Elements in the weathering products, except for Rb, Sr
and Ba, are higher than in the fresh basalts. Most trace ele-
ments show higher concentrations in the lower profile than
in the upper profile, whereas U, Th, Cs, Rb and Sr show
higher concentrations in the top 2.5 m of the profile.

TOC and TN concentrations vary from 0.04% to 0.15%
and from 0% to 0.03%, respectively. In the middle profile
(2–4 m), concentrations of TOC and TN become lower,
and TN is even under detection limit.

Concentrations of major and trace elements in the two
fresh basalts are very similar (Table 1). In particular, the
concentrations of Ti, Zr, Hf, Nb, Ta and Th are the same
within analytical errors. As the sampling distance of the
two fresh basalts is over 30 m, the similarity suggests that
the elemental distribution in the fresh basalt is homoge-
neous, at least at the scale of the sampling profile.

5. DISCUSSION: MOBILIZATION AND

RE-DISTRIBUTION OF ELEMENTS

Several indexes, such as chemical index of alteration
(CIA), weathering index (WI) and intensity of chemical
weathering (CIW) have been proposed to evaluate the inten-
sity of chemical weathering (Parker, 1970; Nesbitt, 1979;
Harnois, 1988). Because they are all calculated from concen-
trations of mobile elements, such as CaO, Na2O and K2O,
these indexes are only suitable for incipient to intermediate
weathering, and inappropriate for intensive chemical weath-
ering (Nesbitt and Wilson, 1992; Patino et al., 2005).

Concentrations of CaO, Na2O, MgO and K2O in the
weathering products are extremely low compared to the
fresh basalt (Table 1). They are even significantly lower
than those in the advanced zone reported by Nesbitt and
Wilson (1992). As a result, CIA values in this profile are
greater than 99%. On the contrary, concentrations of
Al2O3, Fe2O3(T) and TiO2 are very high, with maximum
values up to 36%, 27% and 5.3%, respectively. This suggests
that the chemical weathering intensity in this profile could
be categorized as extreme (Nesbitt and Wilson, 1992).

Mass balance calculation is one of the best methods used
to investigate the mobilization of elements during chemical
weathering, in particular, to estimate the fluxes for elements
to be added into or removed from the profile (Brimhall
et al., 1991). If no volume change between weathering prod-
uct and parent rock is assumed (Nahon and Merino, 1996),
mobilization of an element can be described as percentage
changes of elemental ratios to a conservative element rela-
tive to parent rock (Nesbitt, 1979) as following:

% change of ratios ¼ 100� ½ðRi � RpÞ=Rp�

where Ri and Rp represent the ratio of element to a conser-
vative element in weathered samples and fresh basalt,
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respectively. The conservative element selected for evaluat-
ing element mobilization may vary in different profiles. K
has been used to evaluate the mobility of alkali and alkali
earth elements during incipient weathering processes (Nes-
bitt et al., 1980), and Zr is used in granitic weathering pro-
files (Nesbitt and Markovics, 1997). In basaltic weathering
profiles, Ti is generally used as the conservative element
(Nesbitt and Wilson, 1992; Hill et al., 2000). However,
other studies indicate that Th is the least mobile element
compared to Zr and Ti during lateritic weathering (Braun
et al., 1993). According to Nesbitt and Wilson (1992), the
order for element to be leached from basalt is not fixed,
and is controlled by the mineralogical site of the concerned
elements in the parent basalt. Therefore, selection of con-
servative elements may vary in different profiles.

5.1. Conservative elements

Ti, Fe, Zr, Hf, Nb, Ta and Th are potential conservative
elements in basaltic weathering profiles because they are
generally hosted in resistant minerals (Nesbitt and Wilson,
1992; Braun et al., 1993; Hill et al., 2000; Kurtz et al., 2000).
However, resistant heavy minerals, such as zircon, are not
identified in the cryptocrystalline groundmass of the fresh
basalt and in the weathering products. Thus, it is difficult
to determine the least mobile elements by mineral composi-
tions. One way to sort the conservation sequence of these
elements is to compare the percentage changes of their ra-
tios to one particular element, relative to the fresh basalt.
This may provide information for the relative mobility of
these elements during extreme weathering. Following
Braun et al. (1993), Th is assumed to be the most immobile
element, and the percentage changes of Ti, Fe, Zr, Hf, Nb
and Ta to Th ratios relative to the fresh basalt are calcu-
lated and shown in Fig. 2.
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TOC concentrations. The shaded bars indicate the layer in which percen
The percentage changes of Ti, Fe, Zr, Hf, Nb and Ta to
Th ratios relative to the fresh basalt are all negative in the
upper 3.0 m of this profile, with minimum values occurring
in the top section (0.5–1.3 m) (Fig. 2). The minimum values
for Fe/Th and Zr/Th are about �40%, about �35% for
Ti/Th and Nb/Th, and about �30% for Hf/Th and Ta/
Th. This confirms the assumption that Th is the most
immobile of these elements in the upper profile. Assuming
Th is conservative, about 30–40% of Ti, Fe, Zr, Hf, Nb
and Ta may have been removed from the top section of
the profile, indicating that these elements are quite mobile
during extreme weathering.

The percentage changes of these ratios gradually become
less negative downwards in the profile, and remain nearly
constant in the section below 3 m. The averages for
Zr/Th and Nb/Th in this section are about �13% and
�6%, respectively, suggesting a slight loss of Zr and Nb
in the lower profile, whereas the average for Hf/Th is about
8%, implying some gain of Hf in the lower profile. How-
ever, the average percentage changes of Fe/Th, Ti/Th and
Ta/Th below 3 m are within the range of ±2% relative to
the fresh basalt, suggesting that they are as conservative
as Th in the lower section of the profile.

Such variation patterns suggest that Fe, Ti, Zr, Hf, Nb
and Ta are all mobile during extreme weathering compared
to Th. They are gradually removed from the upper section
of the profile and transferred downwards. Only a small part
of Hf seems to be retained in the lower profile. Most of
these elements, however, are carried away from the profile.

The mobilization of these elements may be accounted
for by the relatively stronger acid environment and higher
organic matter in the upper profile. The pH values of the
weathering products are all less than 5.8 and they are less
than 5.5 in the section above 3 m (Fig. 2). The pH values
increase consecutively, while TOC contents decrease
5.6 6.0
pH

0.00 0.05 0.10 0.15 0.20

TOC (%)

and Ta to Th ratios relative to the fresh basalt, pH values as well as
tage change of these ratios turn to constant.
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successively downwards in the profile in the top 3 m,
accompanied by increasing percentage changes of Fe, Ti,
Zr, Hf, Nb and Ta to Th ratios relative to the fresh basalt
(Fig. 2). The acid environment favors the decomposition of
the primary minerals in which these elements are hosted,
and organic matter may form organic colloids that can sig-
nificantly improve the transport of insoluble elements such
as Ti, Zr, and Th in aqueous solution (Viers et al., 1997;
Dupre et al., 1999; Oliva et al., 1999; Braun et al., 2005).
Therefore, these elements, which seem to be transferred
by organic matter, are depleted in the upper profile. In prin-
ciple, Th may also be mobilized in such an acid environ-
ment and removed from the profile with organic matter.
However, Th appears to be more resistant to such an envi-
ronment, compared to other elements.

5.2. Al, Mn, Co, Ce, U and Cr

The percentage changes of Al/Th, Mn/Th, Co/Th and
Ce/Th ratios relative to the fresh basalt in the top section
(0.1–1.0 m) are about �50%, �80%, �95% and �40%,
respectively (Fig. 3), indicating significant removal of Al,
Mn, Co and Ce. On the contrary, U is almost completely
conserved in the top 2.0 m with percentage change of
U/Th ratios relative to the fresh basalt ranging from
�7.0% to 8.0% (Fig. 3). Losses of Al, Mn, Co and Ce de-
crease successively downwards in the profile. The percentage
changes of Al/Th, Mn/Th and Co/Th relative to the fresh
basalt become positive at 2.5–2.8 m, and those of Ce/Th
and U/Th at about 1.9 m, indicating significant enrichment
of these elements in the middle profile (2.8–3.7 m) with a
maximum occurring at about 3 m (Fig. 3). The most prom-
inent enrichment is presented by Ce, with percentage
changes of Ce/Th ratios up to 2300% relative to the fresh ba-
salt. The maxima of Mn/Th and Co/Th are about 400%, and
about 120% and 70% for U/Th and Al/Th, respectively.
Such a pattern indicates that Al, Mn, Co, Ce and U are re-
moved from the upper profile, transferred downwards, and
then precipitated in the middle profile, resulting in remark-
able enrichment compared to the fresh basalt.
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Mn is liable to be leached from primary minerals during
chemical weathering of basalt (Nesbitt and Wilson, 1992).
Generally, Mn(II) is soluble and thus can be easily trans-
ferred by aqueous solutions. However, when it is oxidized
into Mn(IV), Mn precipitates as insoluble oxides or hydrox-
ides in the weathering profile (Koppi et al., 1996). Likewise,
Ce(III) is soluble in a reduced environment, but Ce become
insoluble when oxidized to CeO2 in oxic environments
(Braun et al., 1990).

Given that Mn and Ce exhibit the same distribution pat-
tern, it is highly possible that a change in redox condition is
the key to controlling the mobilization and distribution of
Mn and Ce in the profile. Supposing that the weathering
profile resembles the sediment columns, where organic mat-
ter is the most important reductant as a result of its decom-
position by oxygen (Froelich et al., 1979), changes of the
redox condition in the weathering profile may be closely
associated with organic matter. TOC contents are also plot-
ted in Fig. 3. The successive downward decrease of TOC
content in the upper 3.0 m suggests that the redox condition
gradually turns from anoxic in the upper profile to oxic in
the middle profile. This is further supported by variations
in the organic nitrogen concentration. Organic nitrogen is
stable in a reduced environment, but easily oxidized to ni-
trate in oxic environments (Froelich et al., 1979). Because
the highly soluble nitrate can not precipitate in the weath-
ering profile, TN mainly represents organic nitrogen. TN
is detectable in the upper 3 m section but absent in the mid-
dle profile (Fig. 3), indicating an oxic environment in the
middle profile and a reduced environment in the upper pro-
file. Such a redox condition pattern agrees well with the suc-
cessive removal of Mn and Ce in the upper profile and the
enrichment in the middle profile.

The distribution of Co is very similar to that of Mn and
Ce, and concentrations of Co and Mn are highly correlated,
with a correlation coefficient of about 0.80. This suggests
that Co distribution is sensitive to change of redox condi-
tion in this profile.

Because the oxic phases of U, such as UO2
2þ, are very

soluble, oxic environment alone may not result in U enrich-
hange of Fe/Th
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ment. Some studies suggest that CeO2 may act as nucleating
sites and result in U precipitation in weathering profiles
(Koppi et al., 1996). Therefore, the U enrichment in the
middle profile could be associated with Ce enrichment.

Distribution of Al in this profile cannot be related to re-
dox condition change because Al has no variable valence.
Al is basically insoluble in the weathering profile and is dif-
ficult to transfer by aqueous solution (Nesbitt and Wilson,
1992). However, in tropical environments, organic colloids
formed from OM degradation can significantly improve Al
mobilization (Dupre et al., 1999; Oliva et al., 1999; Viers
et al., 2000; Braun et al., 2005). The variation of TOC con-
tents agree well with the distribution of Al. A successive
downward decrease of TOC content in the upper profile
suggests that Al is gradually removed from the upper pro-
file and transferred downward, in association with organic
colloids. In the middle profile, where the oxic environment
prevails, large amounts of organic colloids are decomposed,
and the capacity to carry Al declines significantly, resulting
in precipitation of Al.

In addition to organic colloids, Fe-colloids can signifi-
cantly concentrate some of the trace elements, and improve
their transferring ability during weathering (Pokrovsky
et al., 2006). Thus, precipitation of Fe oxide/hydroxide
may also result in element enrichments in the weathering
profile. The percentage change of Fe/Th is also shown in
Fig. 3. Unlike those for Al, Mn, Co, Ce and U, no signifi-
cant enrichment of Fe is observed in the middle profile rel-
ative to the fresh basalt. This indicates that the contribution
of Fe-colloids to the enrichment of Al, Mn, Co, Ce and U is
not significant in this profile.

Sufficient oxygen supply is required to maintain the oxic
front in the middle profile. Downward transferring alone
cannot result in oxic front, because oxygen may be con-
sumed in the reducing environment of the upper profile,
and horizontal transfer of extra oxygen is thus expected.
It is worth noting that the oxic front coincides with high
water content in the middle profile. As shown in Fig. 3,
LOI, which mainly represents the positive water in minerals
of the weathering products, exhibits peak values of about
18% at 3.0 m. Also, gibbsite contents are high in this section
(Fig. 3). Such high water content suggests the influence of
groundwater. Therefore, the oxygen required by the oxic
environment in the middle profile is most likely transported
by groundwater. However, in-situ measurement of the
water table has not been carried out in this area, and fluc-
tuation of the water table in this region may be large be-
cause seasonal precipitation difference is significant.
Further investigation is needed to decipher the exact mech-
anisms yielding the oxic environment in the middle profile.

Changes of redox conditions may also influence the dis-
tribution of Cr, in addition to Mn, Co and Ce. Cr is consid-
ered to be immobile during incipient chemical weathering
(Middelburg et al., 1988; Nesbitt and Wilson, 1992). Signif-
icant loss of Cr is observed in the upper 3.0 m of this profile
with percentage changes of Cr/Th ratios relative to the
fresh basalt up to �50% in the top 2.0 m (Fig. 4a). Similar
to Mn, loss of Cr decreases downwards in the profile, and
Cr is even enriched in some parts below 3.0 m relative to
the fresh basalt (Fig. 4a). Loss in the upper profile and
enrichment in the lower profile for Cr may be related to or-
ganic matter, because organic colloids can improve the
mobilization of Cr in aqueous solution, as in the case of
Al (Dupre et al., 1999). However, the behavior of Cr during
the change in redox condition is inverse to that of Mn (Mid-
delburg et al., 1988; Marsh, 1991). Generally, Cr(III) is
insoluble in reduced environments, whereas Cr(IV) is solu-
ble in oxic environments (Middelburg et al., 1988; Marsh,
1991). This is clearly illustrated in Fig. 4a, where high val-
ues of percentage change of Cr/Th ratio generally corre-
spond to low values for Mn/Th ratio, in the section
below 3.0 m. Moreover, Cr concentrations show significant
negative correlation with those of Mn and Co. In the lower
profile, the negative correlations are very robust, with coef-
ficients of �0.84 and �0.91 for Mn and Co, respectively
(Fig. 4b and c). Moderate negative correlation can also be
seen in the upper profile. This indicates different behaviors
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for Mn and Cr in response to changes of the redox condi-
tion in the profile.

5.3. Rare earth elements (REEs)

5.3.1. Re-distribution of REEs

In general, REEs are released from primary minerals
during chemical weathering, and are retained in weathering
products (Nesbitt, 1979; Duddy, 1980; Price et al., 1991;
Mongelli, 1993; Boulange and Colin, 1994). During exten-
sive weathering, however, REEs are also removed from
weathering products, with LREEs being less mobile than
HREEs (Nesbitt, 1979). It is worth noting that the behavior
of Ce is different from other REEs, because it is sensitive to
changes of redox condition (Braun et al., 1990). Mobiliza-
tion and re-distribution of Ce in this profile have been dis-
cussed above. Fig. 5 shows the in-depth variations for the
percentage changes of REEs, excluding Ce to Th ratios, rel-
ative to fresh basalt. All these REEs show similar variation
patterns. They are significantly removed from the upper
profile (above 3.0 m) and are enriched in the lower profile
with maximum enrichment occurring in 3.5 m, which is
about 0.5 m below the section of maximum Ce enrichment
(Fig. 5). In the Ce-enriched layer (3.0 m), significant enrich-
ment of Gd is also observed, but enrichment of other REEs
is not obvious. Estimated from percentage changes of
REEs/Th ratios relative to fresh basalt, loss in the upper
profile is about 30%, 50%, 60% and 70% for La, Pr, Nd
and Sm, respectively. Losses of HREEs (from Eu to Lu)
are very similar, about 80%. Conversely, LREE enrichment
is much higher than that of HREE in the lower profile. The
maximum percentage changes of LREE/Th ratios relative
to the fresh basalt are about 300–350, but about 200–250
for HREE/Th ratios (Fig. 5). This indicates that losses of
LREEs are less than those of HREEs in the upper profile,
but enrichments in the lower profile are even larger, which
agrees with the relative mobility of REEs during chemical
weathering. LREEs are less mobile than HREEs, and the
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REE enrichment sections. Gd enrichment, about 83%, is observed in the
behavior for individual HREEs (Eu to Lu, except for Gd)
is very similar to each other during extreme weathering.

Again, acid environment and organic matter may ac-
count for the removal and distribution of REEs in the pro-
file. Similar to Al and Th, the transport of REEs can be
significantly enhanced by complexing with organic colloids
(Dupre et al., 1999; Oliva et al., 1999). Mobilized in the acid
upper profile, the REEs are transferred downwards with or-
ganic matter by aqueous solution. When they reach the
middle profile, at about 3.5 m, the organic matter is largely
decomposed, and the capacity for carrying REEs dramati-
cally decreases, resulting in significant REE precipitation
in this section (Fig. 5). There is another REE enrichment
in the lower section below 4.2 m. Unlike those in the middle
profile, TOC concentrations in the lower profile are high
(Fig. 5). Why these REEs have not been carried away by or-
ganic matter is not yet well understood. Different hosts for
the REEs in the middle and the lower profiles may partially
account for this. This will be discussed in following. Fe oxi-
des/hydroxides, a potential phase to concentrate REEs
(Pokrovsky et al., 2006), seems to not contribute much to
these REE enrichments, because the percentage changes
of Fe/Th ratios relative to the fresh basalt are close to zero
in the sections enriched in REE (Fig. 5).

Several mineral groups have been suggested as the main
host of REEs in weathering products. Clay minerals, such
as vermiculite, are believed to be important hosts of both
LREE and HREE (Duddy, 1980; Condie, 1991). Secondary
phosphate minerals, such as apatite, which are transformed
from important REE-bearing minerals, can concentrate
REEs in weathering products, with the exception of Ce
(Banfield and Eggleton, 1989; Braun et al., 1993). Some
other studies suggest that enrichment of REEs is related
to Mn oxides/hydroxides (Rankin and Childs, 1976; Koppi
et al., 1996), and Fe oxides/hydroxides (Pokrovsky et al.,
2006). Fig. 6 shows the correlation between concentrations
of REEs (excluding Ce) and P, Fe, Mn and Al in this pro-
file. Moderate negative correlation occurs between Al and
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total REEs (excluding Ce) (Fig. 6a), indicating that clay
minerals are not important hosts for REEs in this profile.
Positive correlations are observed between total REEs
(excluding Ce) and P, Fe and Mn. However, these correla-
tions vary with REE concentrations. At high concentra-
tions (>250 lg/g), REEs (excluding Ce) are positively
correlated with Mn, with a coefficient of about 0.93
(Fig. 6b), but negatively correlated with P and Fe, with a
coefficient of about �0.86 and �0.93, respectively (Fig. 6c
and d). At low concentrations (<250 lg/g), significant posi-
tive correlations are observed between REEs and P and Fe,
with a coefficient of about 0.80 and 0.72, respectively, but
correlation with Mn is poor. This suggests that Mn oxi-
des/hydroxides, as well as secondary phosphate minerals
and Fe oxides/hydroxides are possible hosts of REE in this
profile. It is worth noting that the five high REE samples
include the maximum enrichment at 3.5 m and enrichments
below 4.2 m. The later is accompanied by relatively high
TOC contents. The positive correlation between REE and
Mn concentrations below 4.2 m suggests that REEs in this
section are associated with Mn oxides/hydroxides other
than Fe oxides/hydroxides and secondary phosphate miner-
als, and they seem more resistant to transfer by organic
matter. However, it is currently not well known how organ-
ic matters combine with REEs, and how REEs stay in the
hosts. A detailed mineralogical characterization of REE-
bearing phases would be necessary to answer this question.

5.3.2. Fractionation of REEs

Mobility differences of REEs during weathering may
result in REE fractionation in weathering profiles. In gen-
eral, the lower mobility of LREEs compared to HREEs
may result in significant HREE depleted patterns in weath-
ering products after extensive weathering, and mobility dif-
ferences between Ce and other REEs usually results in Ce
anomalies in weathering products (Nesbitt, 1979; Duddy,
1980; Banfield and Eggleton, 1989; Braun et al., 1990,
1993; Marsh, 1991; Price et al., 1991; Mongelli, 1993; Con-
die et al., 1995; Nesbitt and Markovics, 1997; Aubert et al.,
2001; Patino et al., 2003). REE patterns normalized to the
fresh basalt in this profile are shown in Fig. 8. In the upper
profile (above 2.5 m), the weathering products exhibit
HREE depleted patterns, and the maximum depletion rela-
tive to the fresh basalt occurs for Dy, Ho and Er (Fig. 7a).
In the lower profile (below 2.5 m), all REEs are enriched
compared to the fresh basalt, and the patterns are similar
to those in the upper profile, with more enrichment for
LREE than for HREE (Fig. 7b). However, La is generally
depleted compared to Pr, Nd and Sm (Fig. 7a and b). Such
patterns agree with the differences in mobility of REEs dur-
ing extreme weathering.

Several strong Ce anomalies are identified in this profile.
The ratio Ce/Ce*, defined as Ce/Ce* = 2Cen/(Lan + Prn),
where the subscription n indicates normalization by the
fresh basalt, was adopted to describe Ce anomalies of the
weathering products. Only two of the samples exhibited sig-
nificant negative Ce anomalies, with Ce/Ce* of 0.68 and
0.47 for samples HK06-12 and HK06-17, respectively. Ce
concentration in HK06-12 is about 5 times higher than that
in the fresh basalt. La and Pr concentrations, however, are
greater by about a factor of 7–9. A similar situation occurs
for sample HK06-17. In contrast, many other samples
exhibit significant positive Ce anomalies, with maximum
Ce/Ce* up to 20. Large positive Ce anomalies are usually
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Fig. 7. REE patterns normalized to the fresh basalt. (a) Samples
above 2.5 m; (b) samples below 2.5 m.
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accompanied with high Ce concentrations, and generally
occur in the middle of the profile (samples HK06-5 to
HK06-13). This results from preferential precipitation of
Ce as cerianite in oxic environments compared to La and
Pr (Braun et al., 1990).

Significant positive Gd anomalies, Gd/Gd* = 3Gdn/
(Smn + 2Tbn), are also observed in this profile (Fig. 8).
The positive Gd anomalies mainly occur in the middle pro-
file, 2.0–3.0 m, with a maximum value �1.63 occurring at
3.0 m, corresponding to the maximum positive Ce anoma-
lies. Correlation between the Ce anomalies and Gd anoma-
lies is excellent, with a correlation coefficient up to 0.97
(Fig. 8). A positive Gd anomaly has been shown in some
other profiles or weathering products (Rankin and Childs,
1976; Braun et al., 1990; Marsh, 1991; Koppi et al.,
1996). Very little is known about the origin of the Gd
anomaly. Braun et al. (1993) considered it to be the result
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Fig. 8. In-depth variations of Ce anomalies, Gd anomalies and TOC co
shaded bar indicates the oxic front, where maximum Ce and Gd positive
of analytical artifacts due to isobaric interference of CeO
on Gd during ICP-MS measurement. However, the positive
Gd anomalies in our profile are not analytical artifacts.
142Ce16O isobaric interference may occur during ICP-MS
measurement on 158Gd when Ce concentration is very high.
However, Gd was measured on 157Gd for our samples. Po-
tential isobaric interference on 157Gd may originate from
141Pr16O. However, as concentrations of Pr in our samples
are similar to Gd (Table 1), and the oxide productivity is
generally less than 2% on our ICP-MS, isobaric interference
of 141Pr16O on 157Gd is within the range of analytic errors,
i.e., about 5%. Therefore, it can be concluded that Gd
anomalies of these samples are real geological records.

Changes in redox conditions cannot contribute to the
Gd anomaly, because Gd has no variable valence. Preferen-
tial scavenging of Gd by cerianite cannot account for such
Gd anomalies either, because cation radii for Sm3+, Eu3+,
Gd3+ and Tb3+ are all similar to that for Ce4+. If scaveng-
ing happens, they will all be adsorbed or combined into cer-
ianite together, resulting in no Gd anomalies. One possible
explanation is variable REE-organic stability constants. As
mentioned above, organic matters play a very important
role in REE transport and enrichment in this profile. Stabil-
ity constants of Gd complexes with organic ligands are gen-
erally smaller than those for Eu, and Tb (Lee and Byrne,
1993); thus, the capacity for organic materials to carry
Gd is less than its neighbor REEs (Lee and Byrne, 1993).
Consequently, during the downward transfer of the REEs
in association with organic ligands, organic matter is suc-
cessively oxidized and decomposed. Gd is preferentially re-
leased and precipitates elsewhere, producing positive Gd
anomalies in the weathering products. At the oxic front in
the middle profile, enhanced OM decomposition induces
preferential precipitation of Gd relative to its neighbor
REEs, and occurs with maximum Ce precipitation. As a re-
sult, both Gd and Ce anomalies show maximum positive
values in this section.

6. SUMMARY

Elemental geochemistry of weathering profiles devel-
oped on Neogene basalts in northern Hainan Island, South
China, enables us to investigate mobilization and re-distri-
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bution of major and trace elements during advanced to ex-
treme weathering of basalt. Details of the mobilization and
re-distribution of elements are as follows:

(1) Among Fe, Ti, Zr, Hf, Nb and Ta, as Th, the general
conservative elements during chemical weathering,
Th is the most immobile during extreme chemical
weathering in this profile. The percentage changes
of the other elements to Th ratios relative to the fresh
basalt suggest that Fe, Ti, Zr, Hf, Nb and Ta are sig-
nificantly (about 20–40%) removed in the top 1 m of
the profile. The losses of these elements decrease
gradually downward in the profile. In the lower pro-
file (below 3 m), Fe, Ti and Ta are as conserved as Th
with percentage changes of their ratios to Th within
the range ±5% relative to the fresh basalts. Slight
losses of Zr and Nb are expected for the percentage
of Zr/Th and Nb/Th of about �12% and �6%,
respectively, whereas about 8% is expected for Hf/
Th, suggesting a slight gain of Hf in the lower profile.

(2) Mobilization of Al, Mn, Co, Ce and U in the upper
profile vary considerably, up to 80% of Mn, 95% of
Co and 50% of Al being removed, but no U is
removed. All these elements are remarkably enriched
in the middle profile (2.5–3.7 m), with maximum
enrichment up to 23 times that of the fresh basalt
for Ce, 4 times for Mn and Co, and 120% and 70%
higher for U and Al, respectively, at 3.0 m. These
enrichments are accompanied by significant decreases
of TOC concentration and the absence of organic
nitrogen, as well as higher water contents in the mid-
dle profile, but no significant Fe precipitation. This
suggests that organic matter plays an important role
in transferring these elements, and the contribution
of Fe-colloids is less important in this profile.
Changes of redox condition, coupled with changes
of organic matter content, account for the enrich-
ment of Al, Mn, Ce in the middle profile and U
enrichment, which is associated with precipitation
of cerianite. Changes of redox condition also influ-
ence the distribution of Cr, which shows significant
negative correlation with Mn.

(3) REEs, except Ce, are removed during extreme weath-
ering, and the removal of HREE (about 68–80%) is
more than LREE, about 30–40% for La and Pr.
However, they are all remarkably enriched in the
middle and the lower profile. The transport and
enrichment of REEs are also closely associated with
organic matter. Mn oxides/hydroxides, as well as sec-
ondary phosphate minerals and Fe oxides/hydrox-
ides are all possible hosts for REEs, and significant
REE enrichment below 4.2 m seems to be mostly
associated with Mn oxides/hydroxides. Clay miner-
als, however, are not important host for REEs in this
profile.

(4) Both Ce anomalies and Gd anomalies are obvious in
the weathering products, and Gd anomalies are clo-
sely related to Ce anomalies. Differences in the stabil-
ities of complexes formed by REEs with organic
ligands are likely to account for Gd anomalies. Suc-
cessive decomposition of organic matter results in
positive Gd anomalies in the profile, and this is clo-
sely related to a change of redox condition, which
results in Ce anomalies.
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