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Abstract: Thirteen weathering profiles of sedimentary rocks such as limestone, dolomitic limestone, dolomite, sillicalite,
black shale and purple sandrock from Wujiang catchments were selected for study on enrichment and release behavior of
rare earth elements (REE) during weathering, and its impact on plant growth and riverine REE distribution in the catch-
ments with methods of hierachical cluster analysis and mass balance calculation in order to set a basis for riverine material
source research and agricultural production. The results show that the enrichment degree of REE in calcareous soils from
the Wujiang catchments is much higher than that of limestone, yellow soil, upper continental crust (UCC), China soil
(CS) and world soil (WS). The ability of enrichment and release of REE is partly controlled by distribution of REE in
bedrocks, contents and adsorption ability of organic matters, clay minerals and Fe-oxides/hydroxides in weathering pro-
files. The REE released from weathering of carbonate rocks and clastic rocks can be absorbed and utilized by local plants.
The results also reveal that release of REE and Fe mainly from weathering of carbonate rocks and partly from clastic rocks
exerts an important control on riverine REE distribution .
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Recently, the environmental pollution of rare
earth elements (REE) has increased dramatically as a
result of wide application of REE in agricultural pro-
duction as microelement fertilizers as well as in indust-
ryt' 4. Therefore, the biogeochemical cycling of REE
and its ecological and environmental effects are greatly
concerned by many researchers such as Zhu et al.*’
Zhang et al.' and Franca et al.!”. Rock weathering
is an important REE source for an ecological system
and a key process of global biogeochemical cycling of
REE. Thus, researches on geochemical behavior of
REE during rock weathering can increase our under-
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standing on biogeochemical cycling of REE and its
ecological and environmental effects. Compared with
other rocks such as granites and basalts, research on
geochemical behavior of REE during weathering of
sedimentary rocks are not enough. At present, many
issues such as enrichment mechanisms, bioavailabili-
ty, release and its impact on riverine distribution of
REE during weathering of sedimentary rocks such as
limestone remain unsolved. Weathering profiles of
sedimentary rocks were used discuss the above issues
in order to improve agricultural production and re-
search on riverine REE sources.
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1 Materials and Methods

The Wujiang River drains from the Yunnan-
Guizhou Plateau, and is the largest tributary of the
Yangtze River. The major lithologies are limestone in
the upper reaches, dolomite and clastic rocks in the
rest areas (Fig.1). The region has a complex topogra-
phy ranging in elevation from 300 to 2300 m, and a
sub-tropical and humid monsoonal climate with a mean
annual average temperature of 9 ~ 17 °C and mean an-
nual precipitation of 900 ~ 1400 mm. The upper
reaches are mainly covered with calcareous soils and
shrubs, while the rest areas are covered with calcare-
ous and yellow soils and arbor-shrub vegetation.

In order to investigate weathering of limestone
and other sedimentary rocks, we sampled weathering
profiles of limestone (8), dolomitic limestone (1),
dolomite (1), sillicalite (1), black shale (1) and
purple sandrock (1) along Wujiang River (Fig.1 and
Table 1). Profile locations were selected in slight con-
cavities within gently convex upland positions to mini-
mize physical erosion and local mixing™® . All weather-
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ing profiles were dug by hand to hard rock. Profile
samples were horizontally collected from bottom to top.

Air-dried samples were ground in agate mortar in-
to 20 meshes for pH analysis and 200 meshes for other
measurements. The pH values of soil samples were de-
termined by a pH meter with a soil/water mass ratio of
1/2.5. The 200 mesh samples were dried at 120 C
for 3 h and used for bulk chemical analysis and trace
element determination. Bulk chemical analysis was
completed with traditional wet chemical methods while
trace element contents were determined by inductively
coupled plasma mass spectrometry (ICP-MS; ELE-
MENT, Finnigan MAT, UK), using Rh as an internal
standard after acid (HNO; + HF) digestion in PTFE
bombs!'®. Monitored with in-house standards of quartz
sandstone ( GBW07106), limestone (GBWO07120),
calcareous soil ( GBW07404 ) and yellow soil
(GBW07405), the precision is better than 2% for
major elements and 8% for trace elements, respective-
ly. As average shale (PAAS)!" represents average
composition of upper continental crust and was fre-
quently used to normalize the distribution of REE, da-
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Geological map showing locations of weathering profiles
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ta of samples and PAAS were used to calculate Enrich-
ment Factor (EF) of elements in samples (EFX =
Xoampie/ Xpans, where X, and Xpaas are contents of
element X in samples and PAAS). R-type hierachical
cluster analysis was completed with the software of
SPSS 11. 5 using average linkage (between groups)
and Pearson correlation.

2 Results

Table 1 shows bulk chemical composition and re-
lated parameters of bedrocks and average soil profiles.
For weathering profiles of limestone (Q1 ~ M1) and
dolomitic limestone (W1), the neutral-acidic soils
have much lower content of CaO and higher contents of
Si0,, TiO,, ALO;, Fe,0; and loss of ignition (LOI)
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than the bedrocks. For dolomite weathering profile
(G2), the contents of CaO and MgO decrease dramat-
ically and the contents of other components such as
Si0,, Ti0,, AlLO,;, Fe,O; and LOI increase signifi-
cantly from bedrock to topsoil. For weathering profiles
of sillicalite (B1), shale (L1) and sandstone (L2),
the bedrocks are mainly composed of SiO,, and the
acidic soils have a similar composition with their re-
spective bedrocks.

Relative to PAAS, the Enrichment Factor of REE
(EFREE) and shale-normalized ratio of La/Yb ((La/
Yb)sy) of bedrocks and average weathering profiles
were calculated from Table 1. The results are shown in
Fig.2(a, b). Fig.2(a) shows that EFREE (1.19 ~
1.85) of calcareous soils ( Q 1 ~ G 2 ) is significantly

Table 1 Bulk chemical data and related parameters of bedrock and average soil profiles compared with China seil (CS),

world soil (WS) and upper continental crust (UCC)"

Bedrock  Profile Depth/ Sample . .. REE/I0" (%)
P _
types No. m type £8"'  LOE Si0, Ti0, ALO; FeO; MnO MgO CaO NaO K0 P05
Limestone Q1 0.8 R 32,108 36.938 0.15 2.97 0.67 0.16 044 0.04 0.42 5.7 0.07 0.09 0.23
ASG) 6.2 15.045 280916 13.50 54.90 2.03 16.65 8.43 0.17 1.03 1.35 020 1.04 0.35
@ 06 R 14332 1059  0.15 431 053 0.16 0.2 0.01 040 52.54 0.10 0.01 0.30
AS(3) 6.9 8.160 326.19 1379 S51.15 2.08 17.59 10.16 0.18 1.2 1.5 0.15 1.41 0.35
B4 102 R 5258 7.1  0.10 3.57 0.5 0.16 0.3 005 030 5.6 0.17 0.06 0.32
ASM4) 7.06 15.839 232.670 15.03 61.98 2.3 10.30 5.38 0.24 0.81 1.9 0.3 09 0.37
YI 07 R 9.463 5.195  0.10 3.20 047 0.5 0.6 0.0l 084 52.10 0.07 0.06 0.23
AS(3) 6.0 19.141 M1.985 1279 66.33 1.55 12.06 4.19 0.14 0.60 1.09 0.1 033 0.36
Y2 031 R 6.93 2292 021 315 047 0.6 028 0.0l 024 5251 0.04 0.0l 0.23
AS(2) 5.3 15380 237.020 25.58 46.77 1.15 16.10 533 0.15 0.90 2.3 007 042 0.5
Y3 06 R 12592 139 045 173 073 0.15 0.13 0.01 038 53.56 0.04 0.04 0.27
AS(2) 6.18 15297 308.188 14.18 46.74 1.52 21.19 6.3 0.11 1.4 452 0.10 038 0.45
Gl 05 R 4440 254 0.5 270 047 0.16 0.16 0.05 037 53.60 0.07 0.05 0.30
AS(2) 6.54 12.963 337.406 16.85 52.31 1.55 19.43 6.08 0.11 090 1.5 0.4 0.33 0.40
Ml 157 R 6330 7204 020 3.01 077 2.12 047 0.04 083 51.09 0.07 0.68 0.2
ASG)  6.67 12.632 20.710 13.5 9.4 1.27 14.85 6.21 020 1.37 1.14 0.3 0.9 0.40
Dolomitic W1 037 R 6499 2321 0.0 2.10 050 0.6 0.16 0.01 431 49.41 0.07 0.05 0.23
limestone AS(2) 6.0l 15230 319.938 20.00 49.26 1.66 18.46 6.28 021 1.0l 120 0.13 072 0.44
Dolomite G2 0.2 R 4917 4702 020 2.09 0.8 0.6 0.17 0.01 20.8 32.18 0.11 001 0.21
AS() 673 11201 277336 14.50 49.9 1.67 20.69 6.66 0.24 2.25 2.39 0.191 0.717 0.41
Sillicalte Bl 140 R 13748 107.001 3.90 83.12 1.30 4.9 477 0.05 0.32 0.8 0.09 044 0%£70
AS(8) 4.0 15157 115.114 6.57 74.5 1.0 8.59 6.69 0.03 0.421 0.38 0.126 0.537 0.31
Black LI 07 R 8.9 141381 7.91 59.9 1.47 192 7.2 0.03 1.2 0.19 025 2 0.4l
shale AS(3)  4.57 10370 156.32 9.70 63.66 1.04 18.18 478 0.03 0.72 0.08 0.149 1.292 0.32
Purple 2 o8& R 11.916 88.142 1.59 89.40 0.80 577 1.46 0.04 0.09 0.15 001 02 0.25
sandrock AS(3) 478 7.23 8192 10.00 59.31 1.20 21.9 5.66 0.06 0.258 0.24 0.265 0.34 0.3
China sl CS 15.660  155.190 063 12.5 425 0.07 1.3 1.30 1.5 226 0.00
World soil® WS 13333 153.800 717 08 134 6 01 08 21 07 L7 02
Crust® uce 13.636  146.370 6.0 05 152 50 0.1 22 42 39 34 02
Shale! PAAS 13.546  184.773

* a,b: After Chen('?); c; After Taylor and McLennan[3); d: After McLennan et al.!!!]; e: Bedrock; f: Depth-weighted average, the number in brack-
ets represents sample number used to average; g: Loss of ignition, a measure of contents of organic matters
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higher than 1, and higher than that of carbonate bed-
rocks (Q1 ~ G2), China soil (CSHP ) world soil
(WS a5 well as upper continental crust (uce)t!,
indicating that REE is significantly enriched during
carbonate weathering. Fig. 2 (a) also shows that
EFREE of yellow soils from weathering profiles of silli-
calite (B1) and shale (L1) is slightly higher than that
of their respective bedrocks, but still lower than 1 and
that of UCC. Sandrock (L2) has an EFREE lower
than sillicalite (B1), shale (L1) and 1, but higher
than its purple soils. Fig.2(a, b) reveals that lime-
stone from Q1 and Q2 has a (La/Yb)gy(1.05 ~2.37)
higher than 1, UCC and calcareous soils implying that
HREE is preferentially enriched during weathering.
Bedrocks from weathering profiles of limestone (B4 ~
M1), dolomitic limestone (W1) and dolomite (G1)
have a low (La/Yb)s (0.32 ~ 0.93), but the (La/
Yb)sy increases significantly from bedrock to topsoil
implying that LREE is preferentially enriched during
weathering. Weathering profiles of sillicalite (B1) and
shale (L1) have similar (La/Yb)sy variation trends
with most carbonate weathering profiles (B4 ~ G2).
The variation trend of (La/Yb)sy in weathering profile
of sandrock (L2) is similar to those of Q1 and Q2.
As REE can be divided into LREE and HREE, it
is necessary to show behavior of REE together with
LREE and HREE when the behavior of REE is stud-
ied. R-type hierachical cluster analysis for bedrocks
and profiles shown in Fig.3(a, b) shows that there
are good correlations among LREE, REE, HREE,
LOI, Fe, Ti, Al and K in bedrocks and moderate cor-
2.0

(@) 0 Bedrock

8 Profile averag

EFREE
=

(b)

(La’Yb),

QI Q2B4YIY2Y3GIMIWIG2BILI L2CSWSUC

Profile number

Fig.2 PAAS normalized enrichment factor of REE (EFREE)
(a) and PAAS-normalized La/Yb (b) for bedrocks and
depth-weighted average of profiles ((La/Yb)sy = (EF-
La)/(FFYb))
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relations among LREE, REE, HREE, Fe, Ti and Al
in profiles.

3 Discussion

3.1 Enrichment mechanisms of REE

LOI is a measure of contents of organic matters in
samples. The good correlations among LREE, REE,
HREE, LOI, Fe, Ti, Al and K in bedrocks (Fig.3
(a)) indicate that LREE and HREE probably are
hosted in common phases such as adsorbed by organic
matters, Fe-oxides/hydroxides, clay minerals and/or
fixed within crystal lattice of ilmenite. As Ti is almost
immobile during rock weathering!”!, the moderate cor-
relations among LREE, REE, HREE, Fe, Ti and Al
in weathering profiles (Fig.3(b)) imply that a small
proportion of the released REE is leached away while a
major part of it is fixed by clay minerals and Fe-ox-
ides/hydroxides.

In order to learn enrichment mechanisms of REE
in weathering profiles, we calculated Mobility Factor
(MF) of elements'”! (MFX = ( X/TiO3 ) umpe/( X/
Ti03) pedrock » Where ( X/Ti0;) umpie and ( X/TiO;) bed-
rock represent mass ratio of X/TiO, in profile samples
and bedrock samples, respectively.). The results are

shown in Fig.4. Fig.4 together with enrichment char-
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analysis for LREE, REE, HREE and other components
(a) Bedrock samples; (b) Weathering profile samples



Song Z L et al. Enrichment and Release of RE during Weathering of Sedimentary Rocks 495

10007 - LREE —-x--HREE
[ —a—REE --0--F¢
1004 A
= b g X
- r Phetit 2> 4
g 104 o"/'g /' Rt
= ' N o
P! "
W

Q1 Q2B4Y!1 Y2 Y3IGIMI WIG2BILIL2
Profile number

Fig.4 Depth-weighted average of Mobility Factor ( MF) for
LREE, REE, HREE and Fe in profile samples relative
to their respective bedrock samples assuming the immo-
bility of Ti

acteristics of REE in weathering profiles shown in
Figs. 2 and 3 reveals that the MF values of LREE,
REE, HREE and Fe in all carbonate weathering pro-
files share the same variation trend and are higher than
1, indicating that the enrichment of LREE, REE and
HREE results from a supergene enrichment mechanism
caused by continual cycling of REE from leaching zone
to a deeper zone of accumulation and subsequent ero-
sion of the leached zone. The MF values of LREE,
REE and HREE in shale weathering profile (L1) are
slightly higher than 1, implying that the weak enrich-
ment of LREE, REE and HREE is a result of weak
supergene enrichment of REE. The MF values of
LREE, REE and HREE in weathering profiles of silli-
calite (B1) and sandrock (L2) are lower than 1 im-
plying that the weak enrichment of REE in profile Bl
is a result of weak residual enrichment of REE caused
by preferential leach of other more soluble components
such as Si, while the loss of REE in profile L2 is
caused by leach of REE away from the profile. It can
be inferred from Figs.2, 3 and 4 that the fractionation
characteristics of REE (Fig.2(b)) during carbonate
weathering are mainly controlled by (La/Yb) SN in
bedrocks, adsorption capacity of organic matters, Fe-
oxides/hydroxides and clay minerals, that preferential
enrichment of LREE during weathering of sillicalite
(B1) and shale (L1) may have something to do with
its stronger fixation by Fe- oxides/hydroxides than
HREE due to larger ion radius of the former, and that
the preferential loss of LREE in sandrock weathering
profile is probably caused by leach of REE (especially
LREE) in the form of silicic complex.

3.2 Release of REE and plant growth

Calcareous soils are frequently characterized by a
high base status and pH between 7.5 and 8.5, and by
low bioavailability of essential elements because of low

solubility of these elements under calcareous soil con-

(4] However, the floristic composition of cal-

ditions
careous and acid silicate soils differs markedly. Calci-
cole plants developed on calcareous soils can adapt to
calcareous conditions mainly by: (1) colonizing roots
with effective mycorrhizal fungi to promote greater soil
volume exploitation and enhanced essential element
uptake!’™> 1¢7; (2) secreting a large amount of root exu-
dates including root organic acid exudates, mainly di-
and tricarboxylic organic acids or anions of these acids
to promote mineral dissolution, organic matter miner-
alization, and root uptake of barely soluble essential

1571 " Qur calcare-

element pools from the rhizosphere!
ous soils are characterized by a weak acid to neutral
pH (5.5~7.5), low base status, and high enrich-
ment of REE relative to UCC, CS and WS (Table 1,
Fig.2). Furthermore, our cluster analysis (Fig.3(b))
reveals that REE is mainly adsorbed by various com-
ponents. Therefore, under natural conditions, calci-
cole plants in our studied areas can release and utilize
the enriched REE within rhizosphere by secreting a
large amount of root organic acid exudates, mainly di-
and tricarboxylic organic acids or anions of these ac-
ids. The REE released from weathering of sillicalite,
shale and sandrock can also be absorbed and utilized
by local plants due to moderate to high enrichment
(Fig. 2(a)) and mobility (Fig. 4) of REE during
weathering. However, further work is required to ex-
amine composition, amount and extraction efficiency
of root exudates in order to quantify the amount of
REE weathering of sedimentary rocks can supply to lo-
cal plants.

3.3 Impact of weathering on distribution
of riverine REE

REE enrichment characteristics and mechanism
analysis reveal that the released REE from weathering
of carbonate rocks (mainly limestone), sillicalite and
shale is mainly stored in profiles. The content of REE
in sandrock is low, thus only a small amount of REE
can be released and leached away during sandrock
weathering. Therefore, only a small amount of REE
can be released from rock weathering and leached into
Wujiang River. Furthermore, the amount of Fe re-
leased from weathering of carbonate rocks ( mainly
limestone ) increases from the upper to the lower
reaches (G2 ~ Q1) of Wujiang River (Figs.1 and 4)
indicating that the concentration of dissolved and col-
loidal Fe may increase from the upper to the lower
reaches. As Fe-colloid can preferentially adsorb
LREE, the concentration of dissolved REE and ratio
of dissolved (La/Yb)sy decrease from the upper to the
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lower reaches. The above analysis can be used to ex-
plain the phenomena reported by Han et al."’ that the
concentration of dissolved REE of Wujiang River is
much lower than that of other low- pH rivers from the
rest of the world and that (La/Yb)sy decreases from
the upper to the lower reaches.

4 Conclusion
In comparison with CS, WS, UCC and bedrocks,

calcareous soils developed from carbonate rocks, yel-
low soils developed from sillicalite and shale, and pur-
ple soil developed from purple sandrock show high en-
richment, moderate enrichment and slight loss of
REE, respectively. Enrichment of REE in carbonate
weathering profiles is a result of supergene enrichment
of REE during carbonate weathering. Fractionation
characteristics of REE during carbonate weathering are
mainly controlled by (La/Yb)sy in bedrocks and fixa-
tion ability of REE by organic matters, clay minerals
and Fe-oxides/hydroxides in weathering profiles. Re-
sidual enrichment of REE (especially LREE) in silli-
calite weathering profile is controlled by other more
soluble elements such as Si and fixation of REE by
some components such as Fe-oxides/hydroxides during
weathering. The supergene enrichment of REE (espe-
cially LREE) in shale weathering profile is controlled
by preferential fixation of REE (especially LREE) by
components Fe-oxides/hydroxides during
weathering. The preferential loss of REE (especially
LREE) is probably caused by leach of REE (especial-
ly LREE) in the form of silicic complex. The REE re-
leased from weathering of sedimentary rocks can be
absorbed and utilized by calcicole plants. The REE
and Fe released from weathering of sedimentary rocks
may exert an important control on distribution of river-

ine dissolved REE.

such as
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