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The Sr–Nd–Hf isotopic compositions of both saprolites and parent rocks of a profile of intensively weathered
Neogene basalt in Hainan, South China are reported in this paper to investigate changes of isotopic systematics
with highmasses. The results indicate that all these isotopic systematics show significant changes in saprolites
compared to those in corresponding parent rocks. The 87Sr/86Sr system was more seriously affected by
weathering processes than other isotope systems, with εSr drifts 30 to 70 away from those of the parent rocks.
In the upper profile (>2.2 m), the Sr isotopes of the saprolites show an upward increasing trend with εSr
changing from ~50 at 2.2 m to ~70 at 0.5 m, accompanying a upward increasing of Sr concentrations, from
~10 μg/g to ~25 μg/g. As nearly all the Sr of the parent rock has been removed during intensive weathering in
this profile, the upward increasing of Sr concentrations in the upper profile suggests import of extraneous Sr.
Rainwater in this region, which enriches in Sr (up to 139 μg/L) from seawater, may be the important
extraneous source. Thus, the Sr isotopes of the saprolites in the upper profile may be mainly influenced by
import of extraneousmaterials, and the Sr isotopic characteristics may not be retained. In contrast, the εNd and
εHf of the saprolites drift only 0–2.6 and 0–3.7 away from the parent rocks, respectively. The negative drifts of
the εNd and εHf are coupled with Nd and Hf losses in the saprolites; i.e., larger proportions of Nd and Hf loss
correspond to lower εNd and εHf. Compared with the relative high Nd and Hf concentrations of the saprolites,
the contributions of extraneous Nd andHf both fromwet and dry deposits of aeolian input are negligible. Thus,
the εNd and εHf changes in the profile are mainly resulted from consecutive removal of the Nd and Hf.
Calculation indicates that the 143Nd/144Nd and 176Hf/177Hf ratios in saprolites are all significantly lower than
their initial values in the parent rock. Simply removing part of the Nd and Hf by incongruent decomposing
some of the minerals may not account for this. Fractionation should be happen, which 143Nd and 176Hf may be
preferentially removed from the profile relative to 144Nd and 177Hf during intensive chemical weathering,
resulting in lower 143Nd/144Nd and 176Hf/177Hf ratios in saprolites relative to the parent rock, even though
details for this process is not known. A positive correlation is observed between the εNd and εHf of the
saprolites. Interestingly, the saprolites with a net loss of Nd and Hf in the upper profile show good positive
correlation, and the regression line parallels the terrestrial array. By contrast, saprolites with a net gain of Nd
and Hf in the lower profile generally show higher εHf values at a given εNd value, and the regression line
between these εNd and εHf appears to parallel the seawater array. This supports the hypothesis that the
contribution of continental Hf from chemical weathering release is the key to the obliquity of the seawater
array away from the terrestrial array of the global εNd and εHf correlation. Our results also indicate that caution
is needed when using εSr, εNd, and εHf to trace provenances for sediments and soils.
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1. Introduction

Chemical weathering is one of the most important processes that
change the chemical composition of the Earth's surface. Quite a
number of studies have been carried out in the past several decades to
investigate the mobilization and re-distribution of major and trace
elements during chemical weathering processes. Thus, the behaviors
of most of these elements, under conditions ranging from incipient to
extremeweathering, have beenwell described (Nesbitt, 1979; Nesbitt
et al., 1980; Duddy, 1980; Chesworth et al., 1981; Nahon et al., 1982;
Middelburg et al., 1988; Banfield and Eggleton, 1989; Price et al.,
1991; Marsh, 1991; Nesbitt and Wilson, 1992; Mongelli, 1993; Braun
et al., 1993, 1998; Boulange and Colin, 1994; Condie et al., 1995;
Walter et al., 1995; Koppi et al., 1996; Nesbitt and Markovics, 1997;
Hill et al., 2000; Aubert et al., 2001; Patino et al., 2003; Ma et al.,
2007a). Compared to elements, the variations of isotopic systematics

mailto:gjwei@gig.ac.cn
http://dx.doi.org/10.1016/j.chemgeo.2009.10.012
http://www.sciencedirect.com/science/journal/00092541


377J. Ma et al. / Chemical Geology 269 (2010) 376–385
during chemical weathering are of relatively less concern. As for the
isotopic systematics with high masses, isotopic fractionation during
surface processes is generally not considered, in that a definite
internal isotopic ratio is adopted to calibrate isotopic fractionation
during mass spectrometry measurements. For example, 86Sr/88Sr,
146Nd/144Nd, and 179Hf/177Hf are generally used for Sr, Nd, and Hf
isotope measurements, respectively. However, recent studies indicate
that fractionation of Sr isotopic systematics appears to be significant
during chemical weathering (De Souza et al., 2007). Significant
isotopic fractionation can also be seen in some other isotopic systems
during chemical weathering (Wimpenny et al., 2007; Yamaguchi
et al., 2007; Stirling et al., 2007; Wiederhold et al., 2007). These
observations challenge our general knowledge and indicate the
necessity for a more detailed understanding of changes to isotopic
systematics during chemical weathering processes.

Among all the isotopic systematics with high masses, Sr and Nd
isotopes are themost popular traditional systematics, whereas studies
on Hf isotopic systematics have been rapidly expanded in the past
decade (Faure and Mensing, 2005). These isotopic systems have been
broadly utilized for investigations in many fields of the earth sciences.
In addition, the behaviors of Sr, Nd, and Hf are significantly different
during chemical weathering. Sr is one of the most active elements
during chemical weathering, and is very easily removed from the
weathering profile (Nesbitt et al., 1980). Nd is a moderate active
element. It can be easily motivated from primary minerals, and tends
to be incorporated into secondary minerals during incipient-to-
moderate weathering. Yet it is readily removed during intensive
weathering (Nesbitt and Wilson, 1992; Nesbitt and Markovics, 1997).
Hf is generally believed to be conservative during chemical weath-
ering (Nesbitt and Wilson, 1992; Nesbitt and Markovics, 1997).
However, significant Hf mobilization can also be seen during extreme
chemical weathering (Ma et al., 2007a). Therefore, studies on these
isotopic systematics with different chemical activities may provide a
general view on the overall aspects of isotopic variations in response
to chemical weathering.

Significant changes in weathering profiles of 87Sr/86Sr have been
reported in previous studies. These have mainly been attributed to
either incongruent decomposing of minerals during incipient-to-
moderate weathering because of the heterogeneous 87Sr/86Sr ratios in
different minerals (Blum and Erel, 1995; Negrel, 2006), or to input of
extraneous Sr with different 87Sr/86Sr ratios into saprolites that have
undergone extensive weathering from aeolian deposits or ground-
water (Price et al., 1991; Stewart et al., 2001; Kurtz et al., 2001; Dia
et al., 2006). Chemical weathering may slightly alter the Sm/Nd ratio
in saprolites, compared to the parent rock (Nesbitt and Markovics,
1997). As a result, the 143Nd/144Nd ratios of saprolites could be
different from those in parent rocks after a fairly long period of
evolution (Ohlander et al., 2000). However, Nd isotope records in
weathering profiles, concerning the direct modification of Nd isotopic
systematics by chemical weathering, are scarce.

Currently available records generally show very narrow variation
ranges for 143Nd/144Nd ratios in saprolites, except for those receiving
significant extraneous Nd inputs from aeolian deposits (Kurtz et al.,
2001; Dia et al., 2006). This appears to indicate that chemical
weathering may not significantly alter Nd isotopic systematics.
However, studies concerning Nd isotope changes during chemical
weathering processes, in particular during intensive chemical weath-
ering, are rare. Details of changes to Nd isotopic systematics are not
well described yet. As Nd isotopes are broadly used in tracing
provenances for sediments and soils, which are mostly composed of
weathering products, knowledge of Nd isotopic variations during
chemical weathering is very important to assure the applicability of
Nd isotopes as provenance proxies for sediments and soils.

One of the striking results in Hf isotope studies in the past decades
is that there exists a broad positive correlation between 143Nd/144Nd
and 176Hf/177Hf in the earth's systems. There are two kinds of global
Hf–Nd isotopic correlations. One is called the “terrestrial array”, which
is well-represented by most of the crustal and mantle rocks (Vervoort
et al., 1999). The other is called the “seawater array”, which is
observed in seawater and authigenic materials deposited from
seawater, such as ferromanganese crusts and nodules (Albarede
et al., 1998). The 176Hf/177Hf ratio in the seawater array is generally
higher than that in the terrestrial array for a given 143Nd/144Nd ratio
(Albarede et al., 1998). The obliquity of the seawater array away from
the terrestrial array is generally attributed to inputs of continental Hf.
These are due to incongruent release of Hf during chemical
weathering on continents, even though the other sources, such as
hydrothermal contributions, cannot be ignored (Van De Flierdt et al.,
2002, 2004, 2007). Therefore, direct evidence showing the changes in
Hf isotopic systematics during chemical weathering are of critical
importance for this hypothesis.

We herein report the Sr–Nd–Hf isotopic compositions of both
saprolites and parent rocks in a weathering profile developed on
Neogene basalt in northern Hainan Island, South China, aiming to
highlight the alteration of high-mass isotopic systematics by chemical
weathering. This is helpful for better evaluating the applicability of
these isotopic systems to geochemical studies on surface processes,
and will help to understand the geochemical cycles of these elements
on the earth's surface.

2. Materials and analytical methods

The samples that were studied were collected from a laterite
profile developed from Neogene basalts in the northern region of
Hainan Island, South China. Details of the profile have been described
in Ma et al. (2007a). Both saprolites and parent rock were included in
this study. The saprolite samples were composed of extremely
weathered laterite, and the parent rock is fresh tholeiitic basalt.
Details of the sample material, including its mineralogical composi-
tion, and its major and trace elements, have also been reported in Ma
et al. (2007a).

The sample powders were first baked at 700 °C to destroy organic
materials, preceding Sr–Nd–Hf isotopic analysis. For Sr–Nd isotopic
analysis, samples were digested using an HNO3+HF mixture, and
finally dissolved in a 2 N HCl solution. The sample solution was first
loaded on a column filled with AG50-X8 cation resin. Both Sr and REEs
were trapped on the column. 2 N HCl eluant was used to rinse the
column. Sr and REEs were de-trapped from the column using 2 N and
3 N HCl, respectively. The de-trapped REEs were further concentrated
using an RE Spec column, and consequently, an LN Spec (HDEHP-
based) column was used to separate Nd from REEs. For details of the
column chemistry, refer to Wei et al. (2004).

Sr isotopes were measured on a GV Isoprobe-T thermal ionization
mass spectrometer (TIMS) at the Institute of Geology and Geophysics,
Chinese Academy of Sciences (IGG-CAS). 88Sr/86Sr=0.1194 was
adopted to calibrate mass bias during measurements, and the NBS
SRM 987 standard was repeatedly measured to monitor the quality of
the measurements, yielding an average 87Sr/86Sr of 0.710250±10
(2σ) (N=5). Nd isotopic measurements were carried out on a
MicroMass Isoprobe multi-collector inductively coupled plasma
mass spectrometer (MC-ICP-MS) at the Guangzhou Institute of
Geochemistry, Chinese Academy of Sciences (GIG-CAS) (for details,
refer to Liang et al., 2003). Fractionation of the measured 143Nd/144Nd
was normalized using 146Nd/144Nd=0.7219. A standard Nd solution,
JNdi-1, was repeatedly measured together with the samples, and
yielded amean value of 0.512123±0.000008 (2σ) (N=10) for 143Nd/
144Nd.

The samples for Hf isotope analysis were digested using alkali
fusion method. For each sample, 0.5 g powder was mixed with 1.0 g
Li2B4O7 and fused at 1200 °C to make a glass disc. The glass discs were
then crushed into small pieces. Fragments of approximately 0.3 g
were weighed, and then digested by 2 N HCl. Hf was separated using



Table 2
Na, Sr, Nd and Hf concentrations of precipitation samples in Sanya.

Sample date 2008/07/07 2008/07/16 2008/12/30 2009/05/22

Na (mg/L) 13.9 7.86 1.46 2.40
K (mg/L) 10.0 1.81 0.23 0.38
Sr (μg/L) 139 19.1 15.5 25.6
Nd (μg/L) <0.01 <0.01 <0.01 <0.01
Hf (μg/L) <0.01 <0.01 <0.01 <0.01
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an HDEHP column. Hf isotope measurements were taken on a
Finnigan Neptune MC-ICP-MS at the IGG-CAS. Hf isotopic fraction-
ation during measurement was calibrated using 179Hf/177Hf=0.7325.
The quality of the Hf isotopic ratios was monitored by repeatedly
measuring Hf isotope standard JMC-475 along with the samples, and
the measured 176Hf/177Hf for JMC 475 was 0.282162±10 (2σ)
(N=5). For details of the analysis method, refer to Li et al. (2005).
The Sr–Nd–Hf isotopic ratios, together with their εSr, εNd, and εHf
values normalized by chondrite, are listed in Table 1. The Rb, Sr, Sm,
Nd, Lu, and Hf concentrations of these samples, which have been
reported by Ma et al. (2007a), are also included in Table 1 for
comparison.

A USGS basalt rock standard BHVO-2 was measured with the
samples, and the results for BHVO-2 were 87Sr/86Sr=0.703420±12
(2σ) (N=4), 143Nd/144Nd=0.512950±8 (2σ) (N=4), and 176Hf/
177Hf=0.283094±7 (2σ) (N=4).

Some precipitation samples during winter and summer were
collected in Sanya, a coastal city in the southern Hainan Island to
monitor the concentration of Sr, Nd and Hf of the rainwater in the
coastal regions of Hainan Island. Na and K concentrations and Sr, Nd
and Hf concentrations of the precipitation samples were measured
using a Dionex ICS 900 ion chromatography (IC) and a PE Elan 6000
inductively coupled plasma mass spectrometry (ICP-MS) at the GIG-
CAS. Precision of the concentrations is better than 5%, and the results
are listed in Table 2.

3. Results

The variations of εSr, εNd and εHf along the profile are shown in
Fig. 1. The corresponding values of the parent rocks are also shown for
comparison. The Sr isotope exhibited the largest variation range, with
εSr varying from about +40 at the bottom of the profile to about +70
at the top. In the lower profile, except for the samples of HK06-12 and
HK06-17, the εSr of the saprolites exhibit relatively limited variations,
from+39.1 to+54.6, while in the upper profile an upward increasing
trend is clearly shown with εSr changing from +47.2 of HK06-4
at 1.6 m to +69.1 of HK06-1 at 0.5 m. All the εSr of the saprolites
are markedly higher than that of the parent rock, which was about
+0.33±0.13. The Nd isotopes in the lower profile (below 3.5 m)
show large variations, with εNd changing from+2.75 to+0.32, and in
the middle profile (3.2–2.2 m), the variation of εNd is relative limited,
from +1.0 to +1.2. In the upper profile, the εNd shows significant
Table 1
Sr–Nd–Hf isotopic compositions of the saprolites and parent rock.

Sample ID Depth (m) Rba Sra Sma Nda Lua Hfa Tha 87Sr/

HK06-1 0.50 9.57 25.5 4.95 27.5 0.20 14.7 9.20 0.709
HK06-2 0.90 7.82 25.4 4.85 26.7 0.19 14.2 9.19 0.708
HK06-3 1.30 5.32 21.5 4.51 25.2 0.17 13.6 8.58 0.708
HK06-4 1.60 4.25 19.0 4.11 22.0 0.15 13.5 7.90 0.707
HK06-5 1.90 3.79 13.4 3.62 17.7 0.15 14.7 7.83 0.708
HK06-6 2.20 3.89 10.4 4.41 20.2 0.18 14.3 7.10 0.708
HK06-7 2.50 3.06 7.71 5.50 23.9 0.23 12.0 5.86 0.708
HK06-8 2.80 1.88 3.96 8.29 33.5 0.33 10.9 5.02 0.708
HK06-9 3.00 1.76 4.25 8.57 34.1 0.35 7.98 3.72 0.707
HK06-10 3.20 2.27 2.39 12.6 51.1 0.49 14.4 5.99 0.707
HK06-12 3.50 4.33 3.20 41.0 170 1.54 10.8 4.90 0.706
HK06-13 3.65 3.20 1.84 9.87 44.1 0.35 8.78 3.87 0.708
HK06-15 3.95 4.45 1.43 16.1 71.6 0.52 11.0 4.74 0.708
HK06-16 4.10 5.97 1.36 14.6 62.2 0.48 15.5 6.37 0.708
HK06-17 4.20 5.28 2.57 26.9 121 0.83 14.9 5.97 0.706
HK06-18 4.30 5.84 2.99 31.2 137 0.99 16.7 6.81 0.707
HK06-19 4.40 2.89 5.22 32.5 147 1.09 15.7 6.70 0.707
HK06-20 4.50 1.65 2.43 26.0 111 0.92 16.4 6.58 0.707
HK06-R1 16.8 286 4.56 17.5 0.24 5.36 2.46 0.704

a The Rb, Sr, Sm, Nd, Lu, Hf and Th concentrations are from Ma et al. (2007a,b).
b Errors for the 87Sr/86Sr, 143Nd/144Nd and 176Hf/177Hf are 2σ.
c ε values are calculated relative to the chondrite: ε=(Rsample/Rchondrite−1)×10,000, and

176Hf/177Hf=0.282769 (Nowell et al., 1998).
upward decreasing trends, from +1.32 of HK06-5 at 1.9 m to +0.50
of KH06-1 at 0.5 m. Except for the sample of HK06-19 at the bottom
profile, all the saprolites show significantly lower εNd than that of the
parent rock, +2.90±0.13. Similarly, the εHf in the lower profile show
limited variation range, from +8 to +9, except for the sample of
HK06-10 in the middle of the profile (3.2 m), which shows the
maximum εHf value, +9.63±0.36, close to that of the parent rock,
+9.53±0.16. In the upper profile, an upward decreasing trend is
clearly shown, with εHf changing from +7.43 at 2.20 m to +5.82 at
0.5 m.

The Na, K and Sr concentrations in the precipitation samples range
from 1.46 mg/L to 13.9 mg/L, from 0.23 mg/L to 10.0 mg/L and
15.5 μg/L to 139 μg/L, respectively, while the Nd and Hf in the
precipitation samples are under the detecting limit of the ICP-MS.

4. Discussion

4.1. Sr–Nd–Hf isotope variations during chemical weathering

As Fig. 1 shows, the Sr–Nd–Hf isotopes of the saprolites are
significantly different from those in the parent rock. The largest gaps
of εSr, εNd, and εHf values between the weathered samples and the
parent rock are observed at the top of the profile, where the most
extreme weathering occurs. Extreme chemical weathering can
motivate most of the elements in parent rock, which results in
different parent/daughter ratios for some of the isotopic systems in
the saprolites. The trace element records of this profile show dramatic
variations in trace element ratios; e.g., the Rb/Sr, Sm/Nd, and Lu/Hf
ratios of the parent rock are 0.0586, 0.261, and 0.0455, respectively,
whereas these in the topmost sample are 0.375, 0.180 and 0.0135,
respectively (Ma et al., 2007a). The significantly higher Rb/Sr and
lower Sm/Nd and Lu/Hf ratios in the saprolites appear to correspond
86Srb εSrb 143Nd/144Ndb εNdc 176Hf/177Hfb εHfc

370±7 69.1±0.1 0.512664±10 0.50±0.20 0.282934±10 5.82±0.34
702±6 59.6±0.1 0.512657±8 0.38±0.16 0.282932±3 5.76±0.10
136±8 51.6±0.1 0.512676±9 0.74±0.18 0.282946±3 6.26±0.09
822±7 47.2±0.1 0.512679±7 0.81±0.14 0.282965±3 6.92±0.11
081±6 50.8±0.1 0.512705±10 1.32±0.20 0.282970±4 7.10±0.13
081±8 50.8±0.1 0.512697±10 1.14±0.20 0.282979±3 7.43±0.12
050±6 50.4±0.1 0.512700±9 1.21±0.18 0.283016±7 8.74±0.26
225±6 52.9±0.1 0.512691±8 1.04±0.16 0.282996±3 8.04±0.10
904±7 48.3±0.1 0.512690±6 1.01±0.12 0.282999±5 8.12±0.16
774±7 46.5±0.1 0.512689±8 1.00±0.16 0.283041±10 9.63±0.36
859±8 33.5±0.1 0.512731±8 1.81±0.16 0.283022±3 8.93±0.10
234±8 53.0±0.1 0.512669±8 0.60±0.16 0.282997±3 8.05±0.09
350±8 54.6±0.1 0.512705±9 1.30±0.18 0.283007±2 8.40±0.07
295±7 53.9±0.1 0.512720±9 1.61±0.18 0.283018±5 8.80±0.16
694±6 31.1±0.1 0.512699±9 1.19±0.18 0.283001±3 8.22±0.12
765±5 46.3±0.1 0.512655±9 0.32±0.16 0.283005±4 8.35±0.13
397±9 41.1±0.1 0.512779±10 2.75±0.20 0.282996±2 8.02±0.08
252±9 39.1±0.1 0.512737±9 1.94±0.18 0.283004±4 8.32±0.13
523±9 0.33±0.13 0.512787±8 2.90±0.16 0.283039±4 9.53±0.13

the isotope ratios for the chondrite are: 87Sr/86Sr=0.7045, 143Nd/144Nd=0.512638, and



Fig. 1. In-depth variations of the chondrite-normalized εSr, εNd, and εHf of the saprolites. The shaded bars mark the ranges of the chondrite-normalized εSr, εNd, and εHf of the parent
rock, and the data are their values with 2σ errors. Note that the εSr of the parent rock is too small to show in the diagram.

Table 3
Percentage changes of element/Th ratios of the saprolites relative the parent rock and
the abundance of kaolinite (unit: %).

Sample ID Depth (m) Sr/Th Nd/Th Hf/Th K/Th Cs/Th Kaolinitea

abundance

HK06-1 0.50 −97.6 −58.0 −26.7 −93.5 27.0 82
HK06-2 0.90 −97.6 −59.2 −29.1 −94.3 12.3 73.1
HK06-3 1.30 −97.8 −58.7 −27.3 −95.9 −13.2 79.3
HK06-4 1.60 −97.9 −60.9 −21.6 −96.4 −26.5 73.9
HK06-5 1.90 −98.5 −68.2 −13.8 −97.3 −33.7 43.8
HK06-6 2.20 −98.7 −60.0 −7.6 −97.5 −33.6 64
HK06-7 2.50 −98.9 −42.7 −6.0 −95.8 −35.9
HK06-8 2.80 −99.3 −6.2 −0.3 −98.6 −44.2 62
HK06-9 3.00 −99.0 28.9 −1.5 −98.1 −35.7 28.3
HK06-10 3.20 −99.7 19.9 10.3 −98.8 −64.6
HK06-12 3.50 −99.4 387 1.2 −97.1 −38.6
HK06-13 3.65 −99.6 60.2 4.1 −96.4 −47.0
HK06-15 3.95 −99.7 112 6.5 −97.0 −45.2
HK06-16 4.10 −99.8 37.3 11.7 −97.2 −52.8
HK06-17 4.20 −99.6 185 14.5 −97.1 −47.3
HK06-18 4.30 −99.6 182 12.5 −97.4 −45.8
HK06-19 4.40 −99.3 207.8 7.5 −98.4 −57.2
HK06-20 4.50 −99.7 136.9 14.4 −99.5 −70.9 20

All the element concentrations and kaolinite abundance are from Ma et al. (2007a,b).
a Blank indicates that no kaolinite was detected.
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to the higher 87Sr/86Sr and lower 143Nd/144Nd and 176Hf/177Hf ratios
in the saprolites, compared to those in the parent rock. However,
the eruption age of the basalt, on which the saprolites developed, is
only about 4.0 Ma (Zhu and Wang, 1989). Considering that the
decay constants for 87Rb, 147Sm, and 176Lu are very small, at the level
of 10−11, the accumulation of radiogenically decayed 87Sr, 143Nd, and
176Hf are negligible. Thus, the Sr–Nd–Hf isotope changes in the
saprolites should be caused by direct interference of the Sr–Nd–Hf
systematics during chemical weathering.

There are two basic ways to make the isotopes in saprolites
different from the parent rock. One is to incorporate extraneous Sr–
Nd–Hf with different isotopic composition into a saprolite, and the
second is to preferentially remove some isotopes during weathering.
The behaviors of these three elements during chemical weathering
are significantly different. Sr is one of the most active elements, and is
easily removed from the profile during chemical weathering. Nd is
easily motivated, but tends to incorporate into weathering products
during incipient-to-moderate weathering. In contrast, Hf is generally
believed to be conservative during chemical weathering (Nesbitt
et al., 1980; Nesbitt and Wilson, 1992). The different behaviors of
these elements may account for the difference in the variations of
these isotopic systems during chemical weathering.

4.1.1. Variations of Sr and Sr isotopic systematics
Generally, the isotopic composition of fresh basalt is an average of

all kinds of minerals and glass masses. Different minerals may have
different Rb/Sr ratios and Sr concentrations, and hence different 87Sr/
86Sr ratios. Preferentially decomposing special minerals (e.g. feldspar)
during incipient weathering will result in quickly decreasing of the Sr
concentrations and changing of 87Sr/86Sr ratios in residual weathering
products (Blum and Erel, 1995). Consequently, during extreme
weathering processes, nearly all the origin minerals are altered, and
the residual Sr contents in weathering products are very low. In our
studied profile, nearly all the Sr has been removed. The Sr
concentration in the parent rock is 286 μg/g, while the Sr concentra-
tions in the saprolites vary from 1.3 μg/g to 25.6 μg/g. The loss of Sr of
the saprolites can be estimated by the percentage changes of Sr/Th
ratios relative to the parent rock, assuming that Th is conservative
during extreme weathering as:

%change of ratios = 100 × ½ðRi−RpÞ= Rp�
where Ri and Rp represent the ratio of element/Th in weathered
samples and fresh basalt, respectively (Nesbitt, 1979). The calculated
percentage changes of Sr/Th ratios, as well as other elements
discussed as follows are listed in Table 3. As shown in Fig. 2, the
percentage changes of Sr/Th ratios vary from −97.6 to −99.8,
indicating that about 98–100% Sr in the parent rock has been removed
from the profile without deducting the possible contribution from
extraneous Sr. Accompanying such prominent loss of Sr, the Sr
isotopes significantly drift away from that of the parent rock, with the
maximum εSr drift being up to 69.1. Such a high percentage of Sr loss
and large εSr drift suggest that the original Sr isotopic composition of
the parent rock may not be preserved in saprolites that have
undergone extreme weathering.

It is worth noting that the Sr concentrations in the saprolites
increase upwards from the middle profile (2.5 m) to upper profile.
The intensity of chemical weathering in the top section of this profile
is much stronger than that in the lower section. This can be inferred
from the major and trace element records, even though the whole



Fig. 2. In-depth variation of the chondrite-normalized εSr, the percentage changes of Sr/Th, K/Th, and Cs/Th ratios relative to the parent rock and the kaolinite abundance of the
saprolites. The error bars on the percentage of Sr/Th, K/Th and Cs/Th mark their error ranges calculated using Gaussian error transport equation.

Fig. 3. Correlation between Sr concentrations and εSr drifts (ΔεSr) of the saprolites from
the parent rock.
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profile has been intensively weathered (Ma et al., 2007a). Because Sr
is very easily removed, if the Sr in the saprolites is among the residual
components after weathering, the Sr concentrations in the top section
should be lower than those in the lower section. The upward increase
in the Sr concentrations in this profile does not agree with this
explanation. Thus, the Sr in these saprolites may mainly be imported
from extraneous sources, rather than being residue of the parent rock.

Some alkali and alkali earth elements, such as K, Cs, and Sr, tend to
be fixed in the clay minerals by ion exchange or absorption (Nesbitt
et al., 1980). The variation patterns of these elements are similar in
this profile. Table 3 lists the percentage changes of these elements to
Th ratios relative to the parent rock, and they are also shown in Fig. 2.
The percentage changes of K/Th, Cs/Th, and Sr/Th ratios all exhibit
similar upward increasing trends. The percentage changes of Cs/Th
ratios of the top most two samples are even positive, 20 and 12,
respectively, indicating import of extraneous materials for these
elements. More importantly, this trend is co-incident with an
increasing abundance of kaolinite shown in Fig. 2. Considering that
the behaviors of all these elements are very active, they are not likely
to be retained in saprolites during intensive weathering. The similar
variation patterns of these elements and the kaolinite abundance
suggest that the K, Sr, and Cs in the upper section of this profile are
imported from extraneous sources and their presence are mainly
associated with the presence of clay minerals such as kaolinite.

Consequently, the large variation of Sr isotopes of the saprolites
may also respond to the import of extraneous Sr. The Sr isotopes of the
saprolites also show grossly upward trends in Fig. 2, with εSr of about
+30 to +40 at the bottom and about +70 at the top section. Fig. 3
shows the correlation between the drift of the Sr isotope, defined as
ΔεSr=εSr(SP)−εSr(PR), where SP indicates saprolite, PR indicates
parent rock. A significant positive correlation is observed between
the ΔεSr and Sr concentrations, with a correlation coefficient of 0.57
(N=18, p<0.007). In particular, in the upper profile where a signi-
ficant upward increasing trend of εSr (samples HK06-1 to HK06-4)
exhibits, the correlation coefficient between ΔεSr and Sr concentra-
tions is up to 0.91 (Fig. 3). Thus, the saprolites in the top profile have
higher Sr concentrations and larger εSr gaps away from parent rocks.
This agrees well with the scenario that extraneous Sr with different Sr
isotopic compositions were imported from the top of the saprolite
profile, and they were downward transported and consequently
trapped by clay minerals in the profile and mixed with the residual Sr
in the saprolites.

Extraneous Sr input has generally been observed in soils and
saprolite profiles (Price et al., 1991; Stewart et al., 2001; Kurtz et al.,
2001; Dia et al., 2006). Possible sources for the extraneous Sr may be
meteoric precipitation (both wet and dry deposits), Sr-laden surface
runoff, or groundwater. There is no permanent surface runoff around
theprofile, and the landformof this profile is a hill, which locates several
meters above the drainage for surface runoff formed by rainwater.
Moreover, theupper profile iswell above the average groundwater level
in this region (Ma et al., 2007a). Thus, surface runoff and groundwater
appear not to contribute much extraneous Sr to the saprolites at
the upper profile. Meanwhile, the 87Sr/86Sr of the topmost sample in
our profile is 0.709370±7, which is similar to that inmodern seawater,
about 0.7092. Considering that the distance from the location of our
profile to the South China Sea is less than 20 km, seawater may be
the possible source for the extraneous Sr input to our profile. This
can be inferred from the fairly high Sr and Na concentrations of the
precipitation in Sanya (Table 2). Sr concentrations in rainwater
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precipitated during summer are up to 139 μg/L. The about 1500 mm
annual precipitation amount in this region continuously imports the
extraneous Sr to the profile, and the consecutively trapping of Sr by
clay minerals may accumulate enough Sr to the concentration of the
top saprolites, about 25 μg/g. Moreover, the Sr in the precipitation is
closely associated with Na, with correlation coefficient between Sr
and Na concentrations of about 0.87 (N=4). As Na is characteristically
from seawater, such correlation, as well as the close to seawater 87Sr/
86Sr ratio of the top saprolite, suggests that the extraneous Sr mainly
from seawater may significantly influence the Sr isotopes of the
saprolites of the upper profile.

4.1.2. Variations of the Nd and Hf isotopes
Nd is a moderate mobile element during chemical weathering. It

can be easilymotivated fromprimaryminerals and tends to be fixed in
weathering products during incipient-to-moderate weathering. How-
ever, it can be removed during intensive weathering (Nesbitt et al.,
1980; Nesbitt and Wilson, 1992). The distribution of Nd in this profile
exhibits such behaviorwell. As shown in Fig. 4a, significant loss of Nd is
observed in the top section, above 3.0 m, with a lower Nd/Th ratio
compared to the parent rock's. Correspondingly, significant Nd
enrichment occurs in the lower section, with a raised Nd/Th of up to
387%; i.e., about 4 times the enrichment for Nd. The storage of the
enriched REEs in this profile is complicated. Elemental analysis on the
bulk saprolites indicates that Mn oxides/hydroxides, as well as
secondary phosphate minerals and Fe oxides/hydroxides are possible
hosts for the REEs in this profile (Ma et al., 2007a). Further HCl-acid
leaching tests on these saprolites indicate that over 80% of the REEs can
be leached by diluted HCl acid, and the extractable REEs are closely
associated with extractable Al and Mn, suggesting that these REEs are
loosely combined with clay minerals (Ma et al., 2007b). This can also
be inferred from the distribution of water-bearing clay minerals
(halloysite+gibbsite) in this profile (Fig. 4). The abundance of
halloysite+gibbsite shows similar variation trend with the percent-
age change of Nd/Th ratio, and moderate positive correlation with
coefficient of 0.61 (N=15, p<0.008) is observed between them.
Accompanying such re-distribution of Nd, the 143Nd/144Nd ratios are
significantly lower in the saprolites than in the parent rock (Table 1).
The εNd drifts, expressed as ΔεNd, representing the difference between
the saprolites and the parent rock, are all negative, from −0.15 to
Fig. 4. In-depth variations of the εNd and εHf drifts (ΔεNd and ΔεHf) of the saprolites from the p
and the abundance of water-bearing clay minerals (halloysite+gibbsite) and goethite.
−2.58. In particular, the εNd drifts are generally more negative in the
top section, where chemical weathering was more intensive, than
those in the lower section. Amoderate positive correlation is observed
between the εNd drifts and the percentage changes of Nd/Th ratios in
the saprolites, with a correlation coefficient of about 0.51 (N=18,
p<0.015). This indicates that the larger proportionate loss of Nd
may result in more negative drift of 143Nd/144Nd in the saprolites,
relative to the parent rock.

It is worth noting that in the lower section (<3.0 m), where Nd is
significantly enriched, the ΔεNd values are all negative, though higher
than those in the upper section. The enriched Nd in the lower section
may generally be comprised of both the Nd removed and transported
from the upper section and of that from the sections that have been
eroded from the profile (Ma et al., 2007a). The overall negative drift of
the εNd in the saprolites, compared to that in the parent rock, suggests
a net loss of Nd in the whole profile. The removed Ndmay have higher
143Nd/144Nd ratios, and thus the Nd retained in the saprolites shows
more negative εNd compared to that of the parent rock. This again
agrees with the observations about the upper section.

Hf is believed to be conservative during chemical weathering of
basalt (Nesbitt et al., 1980; Nesbitt and Wilson, 1992). However,
significant loss of Hf can also be seen during extreme weathering in
our profile (Ma et al., 2007a). The percentage changes of the Hf/Th
ratios relative to parent rock indicate up to 30% of Hf was lost in the
upper section (>3.0 m). The behavior of Hf is very similar to that of Fe
in this profile, with correlation coefficient between Hf and Fe
concentrations of 0.96 (N=19, p<0.0000001) (Ma et al., 2007a).
Thus, the storage of Hf in the saprolites may be associated with Fe-
bearing minerals. Among the detectable Fe-bearing minerals in this
profile, ilmenite and magnetite may be the original minerals of the
parent rock, and goethite is a typically secondary minerals trans-
formed from original Fe-bearing minerals. Goethite abundance is
relatively high in the upper profile, accompanying with Hf loess
during intensive chemical weathering. There exhibits a moderate
negative correlation between the percentage changes of Hf/Th and
goethite abundance with correlation coefficient between of −0.70
(N=11, p<0.008) (Fig. 4). This appears to indicate that the loss of Hf
in the profile is associated with modification of Fe-bearing minerals
during intensive weathering. Meanwhile, the loss of Hf is closely
related to drifts of Hf isotopes in the profile like that for Nd isotopes. A
arent rock, the percentage changes of the Nd/Th, Hf/Th ratios relative to the parent rock,



Fig. 5. Diagrams of conservative elements both for the loess from the Loess Plateau in
North China and the saprolites in this profile. a) TiO2⁎10,000/Zr~Th/Nb; b) Zr/Hf~Nb/
Ta. Data of the loess are from Jahn et al. (2001).
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significant negative drift of εHf occurs in the profile, with ΔεHf up to
−4.0 (Fig. 4). Significant positive correlation occurs between the ΔεHf
and the percentage changes of Hf/Th, with a coefficient of about 0.87
(N=18, p<0.00001). Therefore, the loss of Hf induced by extreme
chemical weathering appears to preferentially remove 176Hf, and thus
the Hf retained in the saprolites may have smaller εHf values
compared to that of the parent rock.

Similarly, slight enrichment of Hf occurs in the lower section, with
percentage changes of Hf/Th of about 0–15% (Fig. 4). The ΔεHf values
increase, but are still negative. As in the case of Nd isotopes, this may
be attributed to the net loss of Hf in the profile, compared to the
parent rock.

As mentioned above, the import of extraneous materials is the key
to control the drift of εSr in the upper profile. The input of extraneous
Nd and Hf, if there is any, may also result in εNd and εHf drifts in the
upper profile. Similarly, the landformand the groundwater level of this
profile as mentioned above suggest that surface runoff and ground-
water may not contribute much extraneous Nd and Hf to the profile.
On the other hand, wet meteoric precipitation or rainwater has very
low Nd and Hf concentrations, under the detection limit of the ICP-MS
(<0.01 μg/L) (Table 2). It is not likely for the rainwater to import
enough extraneous Nd and Hf that can significantly influence the Nd
and Hf isotopic compositions of the saprolites at the upper profile, for
the Nd and Hf concentrations in these saprolites are relatively high, at
the level of ~25 μg/g and ~13 μg/g, respectively. As for dry meteoric
precipitation, dust from the Loess Plateau in North China is one of the
most important sources for aeolian precipitation in South China as
southward transport of such materials are very prominent during
winters by winter monsoon. The loess across the whole Loess Plateau
from Jixian at the east to Xining at the west show limited variation
range for Nd and Hf concentration and Nd isotopic compositions (Jahn
et al., 2001). In details, the Nd concentration in loess generally ranges
from 20 μg/g to 30 μg/g (Jahn et al., 2001), which is similar to that in
the saprolites at the top section of our profile. The 143Nd/144Nd values
of the loess generally range from 0.512016 to 0.512147 (Jahn et al.,
2001), which are significantly lower than those of the saprolites in our
profile. If the significant εNd drifts in the upper profile were caused by
import of aeolian precipitation, 10–15% of aeolian precipitation import
is needed in calculating the two end-member mixing model. Hf
isotopic compositions of the loess are not available currently.
Considering that the Hf concentration in loess (3–7 μg/g) (Jahn et al.,
2001) is significantly lower than those in the upper saprolites of our
profile, and the εHf drifts in the upper profile are even larger than the
εNd drifts. A much larger proportion import of aeolian precipitation is
needed to drive such εHf drifts. Meanwhile, the concentrations of some
of the conservative elements, such Ti, Zr, Hf, Nb, Ta and Th, also have
limited variation ranges,which are significantly different from those in
the saprolites of our profile. Fig. 5 shows the TiO2⁎1000/Zr~Th/Nb and
Zr/Hf~Nb/Ta diagram of both the loess and saprolites. The gaps
between the loess and the saprolites are very large in these diagrams,
and there is no sign to support up to 10–15% of even higher import of
loess into the saprolites. Therefore, extraneous Nd and Hf imported by
drymeteoric precipitationmay not be the factor to control the εNd and
εHf drifts in the upper profile. More importantly, if there is some
extraneous Nd and Hf imported from the top of the profile, the Nd and
Hf concentrations may exhibit an upward increasing trend at the
upper profile like that of the Sr concentrations. Both Nd and Hf,
however, exhibit enhanced loss in the upper profile (Fig. 4). Thus, the
negative εNd and εHf drifts in the upper profile may not be caused by
import of extraneous Nd andHf, but are resulted by consecutive loss of
Nd and Hf during intensive chemical weathering.

Consecutive loss of some elements by incongruent decomposition
of minerals during weathering process may result in change in some
isotopic composition in saprolites if the isotopic compositions are
heterogeneous in different minerals due to long-term uneven
accumulation of radiogenic decay. This has been adopted to interpret
the 87Sr/86Sr change in saprolites from incipient basaltic weathering
profiles (Nesbitt andWilson, 1992). However, this seems not to be the
case for theNd andHf isotope changes in our profile. Assuming that the
initial Nd andHf isotopic compositions of the basalts are homogeneous
at its eruption, the initial 143Nd/144Nd and 176Hf/177Hf ratios of the
basalts at ~4.0 Ma are 0.512783 and 0.283039, respectively, calculated
from the data in Table 1. Thus, all the minerals in the basalts have
143Nd/144Nd and 176Hf/177Hf ratios not lower than these values when
they start to bedecomposedby chemicalweathering. It isworth noting
that all the 143Nd/144Nd and 176Hf/177Hf ratios of the saprolites are
generally much lower than these values. Simply removal of part of the
Nd and Hf by incongruent decomposition of minerals without isotopic
fractionationmay not result in significant decrease of 143Nd/144Nd and
176Hf/177Hf ratios in the residues because all the original compositions
have high 143Nd/144Nd and 176Hf/177Hf ratios. Moreover, the weath-
ering intensity in our profile is extremely high, given that nearly all the
primary minerals have been altered (Ma et al., 2007a). Thus, most of
the Nd and Hf have been activated and re-distributed in secondary
minerals. This appears to indicate that fractionation has likely
happened during the processes in which Nd and Hf were incorporated
into the secondary minerals, such as ion exchange, absorption, or a
combination of these. The higher mass isotopes, such as 144Nd and
177Hf, may preferentially be incorporated into the secondary minerals
relative to the lowermass isotopes, such as 143Nd and 176Hf. As a result,
the 143Nd/144Nd and 176Hf/177Hf in the saprolites are lower than those
in the parent rock. Details of this process are not well known yet.
Considering that all the 143Nd/144Nd and 176Hf/177Hf ratios of the
saprolites have been normalized using internal ratios, such as 146Nd/
144Nd=0.7219 and 179Hf/177Hf=0.7325 for Nd and Hf, respectively
during mass spectrometry measurements, if the isotopic fractionation
during this process resembles the mass-dependent fractionation, it
can be partially compensated. However, the significant Nd and Hf
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isotope drifts observed in our profile suggest that such compensate is
limited. Thus, more studies, including directly measuring the Nd and
Hf isotopes of the removed components during chemical weathering
are needed to learn more about this process. Despite of lack of such
knowledge currently, our observations clearly show isotope fractiona-
tions during extreme chemical weathering processes, even for the
isotopic systematics with high masses, such as Nd and Hf.

4.2. Correlations between Nd and Hf isotopes

Similar to the broad positive correlation between 143Nd/144Nd and
176Hf/177Hf of the global Nd–Hf systems, the Nd and Hf isotopes of the
saprolites and parent rock in our profile also exhibit a positive
correlation, with a correlation coefficient of about 0.54 (N=18,
p<0.01) as shown in Fig. 5. The paired Hf–Nd isotopic data of some
selected modern sediments and basalts (Vervoort et al., 1999; Marini
et al., 2005; Van De Flierdt et al., 2007), and of ferromanganese crusts
and nodules (Albarede et al., 1998; David et al., 2001), are included to
show the terrestrial array and the seawater array, respectively, for
comparison. All of our data are located within the range of the
terrestrial array, and the negative drift of these Hf and Nd isotopes
roughly parallel that of the terrestrial array.

Former studies suggest that inputs of continental Hf released
during chemical weathering on continents are the most important
factor to control the obliquity of the seawater array away from the
terrestrial array (Van De Flierdt et al., 2002, 2004, 2007). The 143Nd/
144Nd and 176Hf/177Hf ratios of the saprolites in our profile are all less
than those of the parent rocks, indicating that the released compo-
nents have higher 143Nd/144Nd and 176Hf/177Hf ratios than the
saprolites. This appears to indicate that the εNd–εHf correlation of the
released components be different from that of the residues during
chemicalweathering.We cannow test the hypothesis in our profile. As
shown in the insert at the right corner of Fig. 6, these saprolites are
separated into two groups in this diagram. The first group is comprised
of the saprolites of the upper 3.0 m, inwhich the percentage changes of
Nd/Th and Hf/Th ratios are negative. Thus, the Nd and Hf in these
samples aremainly residual components in saprolites. TheseNdandHf
are likely to be trapped more tightly, and tend to be concentrated in
sediments when the saprolites are eroded and transported to the
ocean. The Nd and Hf isotopes of these samples, together with those of
the parent rock, show significant positive correlation, with a
correlation coefficient of about 0.83 (N=10, p<0.001). More
importantly, the regression line of these data is parallel to that of the
terrestrial array, with a slope of ~1.5 (Fig. 6). This suggests that the
variation of the Nd and Hf isotopes trapped in the solid weathering
products generally follows that of the terrestrial array. The second
group is composed of the saprolites below 3.0 m in this profile. The
percentage changes of Nd/Th and Hf/Th ratios of these samples are all
positive, indicating Nd and Hf gains. The extra Nd and Hf may mainly
be comprised of Nd and Hf released from the upper section of the
profile. This can be taken as an analog of continental input into
seawater. The εHf of these samples are generally higher than those in
group one, at a given εNd, and their variation trend is close to that of the
seawater array (Fig. 6). This provides first-hand evidence, indicating
that the 176Hf/177Hf and 143Nd/144Nd correlation of the Hf and Nd
contributed to seawater from chemicalweathering release is similar to
that of the seawater array. However, these are not the data directly
measured on the released components. Moreover, how the Nd and Hf
isotopic composition changes during the process for them to be
eroded, transported and finally added into the seawater as dissolved
components are not known. A lot more studies are needed to answer
these questions. Our observation, however, provides hints that the Nd
and Hf isotopic composition changes during chemical weathering on
continents may significantly contribute to the obliquity of the
seawater array away from the terrestrial array of the global Nd and
Hf isotope correlation.
4.3. Implications for Sr, Nd, andHf isotopes as sediment provenance proxies

Sr and Nd isotopes have generally been used to trace provenances
of sediments. Considering that sediments are mainly composed of
weathering products, the large offsets of the Sr and Nd isotopes
between weathering products and parent rocks observed in our
profile suggest that the influence of chemical weathering on Sr and Nd
isotopes should be carefully considered before using Sr and Nd
isotopes as sediment provenance proxies.

The variation range for 87Sr/86Sr of the modern weathering
products is very large (Goldstein and Jacobson, 1988). Weathering
products from basic rocks generally have very low 87Sr/86Sr, as low as
0.704 (εSr=−7), while 87Sr/86Sr of weathering products from old crust
or alkali granites can be higher than 0.800 (εSr=1356) (Goldstein and
Jacobson, 1988; Singh et al., 2008).Moreover, the 87Sr/86Sr of suspended
sediments in large rivers mostly range from 0.71 to 0.73, with εSr from
about 80 to 360 (Goldstein and Jacobson, 1988). Compared to such a
large variation range for Sr isotopes, the εSr drift of up to ~70 during
extreme chemical weathering observed in our profile seems not to be
a serious problem when using Sr isotopes to distinguish basic rock
provenances from average continental sources (Asahara et al., 1999;
Hemming et al., 2007). However, our results indicate that nearly all
the original Sr has been removed and the current Sr is mainly
from extraneous sources in the saprolites after intensive weathering.
If the Sr isotopic compositionwasmuchdifferent from that of the parent
rock, the εSr drift would be as larger as the gap between basic rocks
and average continental sources. Thus, the Sr isotopes of the saprolites
do not keep the information their parent rocks, and Sr isotope is not
a good fingerprint to trace provenances for sediments and soils
undergone intensive chemical weathering.

Compared with Sr isotopes, Nd isotopes are more broadly used in
tracing sediment provenances. The variation range of the εNd of global
sediments is from about −40 to +10 (Goldstein and Jacobson, 1988;
Vervoort et al., 1999), which is much larger than the ~2.5 drift of εNd
during extreme weathering, as observed in our profile. Therefore, the
Nd isotope appears to be a good proxy for sediment provenance when
the εNd variation is not very small (Li et al., 2003; Roy et al., 2007;
Gingele et al., 2007).

Hf isotopes are seldom used in tracing sediment provenances
because Hf isotopic measurements of sediments are not as broadly
available as those for Nd and Sr isotopes. The εHf of global sediments
vary from about −46 to +8 (Vervoort et al., 1999), which is much
larger than the ~3.7 drift of εHf during extreme chemical weathering
in our profile. Moreover, the εHf and εNd are highly correlated in
sediments, as shown in the terrestrial array (Vervoort et al., 1999).
This suggests that the Hf isotope is a potential proxy for sediment
provenances such as the Nd isotope. However, when using Nd and Hf
isotopes to trace sediment provenances, the drift of εHf and εNd from
extreme chemical weathering, with maxima of −3.7 and −2.5,
respectively, should be carefully considered.

5. Summary

The Sr–Nd–Hf isotopic compositions of both the saprolites and
parent rocks of an extreme weathering profile developed from
Neogene basalts in Hainan, South China are reported in this paper
(Fig. 6). All these isotopes show obvious changes in the saprolites
compared to those in the parent rocks. 87Sr/86Sr shows the maximum
variation range, with chondrite-normalized εSr of the saprolites
drifting away from the parent rock of 30 to 70. The εNd and εHf drifts
of the saprolites away from the parent rocks vary from 0 to −2.6 and
from 0 to −3.7, respectively. This indicates significant alteration of
these isotopic systematics during extreme chemical weathering. The
accumulation of radiogenic 87Sr, 143Nd, and 176Hf may not contribute
to such large change of these isotopic systematics given the very
young age of the saprolites (<4.0 Ma).



Fig. 6. Correlation between the εNd and εHf of the saprolites and parent rock. Some
selected data are shown in the large diagram to highlight the two arrays, with open
circles indicating the ferromanganese crusts and nodules (Albarede et al., 1998; David
et al., 2001). Asterisks (⁎) indicate basalts from Luzon, East of the SCS (Marini et al.,
2005), crosses (×) indicate global modern sediments (Vervoort et al., 1999), crosses
(+) indicate modern sediments around the Antarctic (van de Flierdt et al., 2007), and
solid circles indicate our saprolites. In the inserted diagram, PR, SA, and TA indicate
parent rock, seawater arrays, and terrestrial arrays, respectively. Solid circles indicate
the saprolites with negative percentage changes of Nd/Th and Hf/Th ratios relative to
the parent rock, and open circles indicate those with positive percentage change values.
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The main points to be made about such isotopic systematic
variations are as follows:

1) Nearly all the Sr in parent rock has been removed from the profile.
The εSr drift in the saprolites shows an upward increasing trend,
co-incident with the increasing Sr concentrations. This suggests
that the Sr in the saprolites is mainly imported from extraneous
sources, and the Sr isotopic compositions in the saprolites may not
represent those of the parent rock.

2) The import of extraneous Nd and Hf to this profile appears
negligible, and the Nd and Hf isotope changes in the profile are
mainly resulted from preferential removal of these isotopes. The
εNd and εHf of the saprolites are all smaller than the initial values of
the parent rock. The negative drifts of the εNd and εHf are co-
incident with the losses of Nd and Hf in the saprolites, with larger
Nd andHf loss proportions corresponding tomore negative εNd and
εHf drift. This suggests that 143Nd and 176Hf may be preferentially
removed from the profile relative to 144Nd and 177Hf during
extreme chemical weathering.

3) Positive correlation is observed between the εNd and εHf of the
saprolites. Particularly, the saprolites with net loss of Nd and Hf
show excellent positive correlation, and the regression line
parallels to the terrestrial array. The other saprolites with net
gain of Nd and Hf generally show higher εHf values at giving εNd
value, and the regression line between these εNd and εHf appears to
parallel to the seawater array. This supports the hypothesis that
the contribution of continental Hf from chemical weathering
release is the key for the obliquity of the seawater array away from
the terrestrial array of the global εNd and εHf correlation.

4) Such large drifts of εSr, εNd and εHf in saprolites suggest that Sr
isotope is not adequate to trace provenances for sediments and
soils undergone intensive chemical weathering, and Nd and Hf
isotopes are potential provenance indicators but the variation
range of these isotopic compositions should be carefully considered
when using them to trace provenances for sediments and soils.
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