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Rare earth element geochemistry of waters and suspended particles
in alkaline lakes using extraction and sequential chemical methods
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The concentrations of rare earth elements in the waters and suspended particles from two alkaline lakes in a carbonate
drainage basin of the South China Karst region were determined via ICP-MS. Sequential chemical extraction experiments
were conducted on the suspended matter to investigate water-particle interaction processes. Due to their high pH, the
alkaline lakes have lower concentrations of dissolved rare earth elements than those reported for most other terrestrial
surface waters of the world. Linear regressions between pH and the rare earth element (REE) concentrations over a wide
pH range show a “three stage model,” implying the geochemical behavior of dissolved REEs in surface waters is mainly
controlled by pH. Shale-normalized patterns of dissolved REEs mainly show a marked enrichment in heavy REEs (HREE),
while acid-extracted and organic REEs mainly show convex patterns and the residual fractions have flat patterns. Distinct
positive La anomalies were observed in the Lake Aha and its river waters, which also exhibit a very high Mn concentra-
tion, indicating severe redox and scavenging conditions. Both negative and positive Ce anomalies were clearly observed
in the dissolved phase and extracted fractions of suspended particulate matter. The positive correlation of Ce anomalies
with Mn indicates that redox reactions control these Ce anomalies.
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INTRODUCTION

The rare earth elements are an extremely coherent
group in terms of chemical behavior and have been widely
used as tracers of various geochemical processes in ter-
restrial water systems (Goldstein and Jacobsen, 1988;
Elderfield et al., 1990; Byrne and Lee, 1993; Zhang and
Liu, 2004; Lawrence and Kamber, 2006). However,
changes in pH, redox conditions, and adsorption/
desorption reactions in aqueous systems easily fractionate
REEs through formation of solution and surface com-
plexes, cation exchange reactions, and transport by col-
loids (Byrne and Kim, 1990; Wood, 1990; Gosselin et
al., 1992; Tanizaki et al., 1992; Koeppenkastrop and De
Carlo, 1993). Thus, suspended particulate matter (SPM)
plays an important role as a phase of REE migration within
the hydrological cycle. The labile fractions, such as
cation-exchangeable, adsorbed and Fe—Mn oxide fractions
of SPM are especially sensitive to REEs and important to
REE fractionation. Geochemical analysis of REE solid
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speciation by sequential chemical extraction is important
and necessary for REE research in surface waters (Yan et
al., 1999).

Many geochemical studies of REEs in rivers, estuar-
ies, and oceans have been conducted and there is a wide
range of REE data within the aquatic chemistry litera-
ture. However, the fundamental REE geochemistry of
lakes is poorly documented (Elderfield et al., 1990;
Sholkovitz, 1993). Lakes are complex and dynamic
biogeochemical, chemical, and physical systems that dif-
fer from rivers and oceans. Due to seasonal stratification
and redox condition shifts, material exchange processes
frequently occur between water, SPM, and bottom
sediments in lake systems. These processes can markedly
affect the chemical processes involving REEs in lake
waters. Our knowledge of REE concentration and their
fractionation behavior in terrestrial alkaline lakes is par-
ticularly limited, with few alkaline lakes having been in-
vestigated in this context (Johannesson and Lyons, 1994).
One reason for this is the difficulties involving in
analyzing the very low concentrations of dissolved REEs
present in alkaline lakes. However, these lakes provide a
useful opportunity to investigate and improve
understandings of the mechanism of REE fractionation
and behaviors in the aquatic systems. Many alkaline lakes



have complicated geochemical characters, owing to their
different geographic settings, the influences of various
water and/or particulate matter sources, and also the pos-
sible impact of human activities.

The main purposes to be addressed in the present study
are: (1) to elucidate the geochemical processes that de-
termined the abundance of the REEs; and (2) to investi-
gate the fractionation behavior of REEs in two typical
alkaline lakes located at the South China Karst area.

SAMPLING AND ANALYSIS

Geographic background of the lakes

Maps of Lake Hongfeng and Lake Aha and the sam-
pling locations are presented in Fig. 1. The two lakes are
located in the center of the Guizhou Province, in the South
China Karst region. Lake Hongfeng is ~16 km long with
a maximum width of 4 km. The surface area is ~57.3 km?
and the total water volume is ~3 x 10 m?. Permian and
Triassic carbonates are the predominant bedrock types
within the Lake Hongfeng drainage basin. Lake Aha is
smaller than Lake Hongfeng, with a surface area of 3.4
km? and a total water volume of ~4.45 x 10’ m3. The Lake
Aha drainage basin bedrock consists mainly of Permian
carbonates. Since the two lakes both flow through car-
bonate catchments, they are typically alkaline lakes.

Sampling and analytical procedure

Water samples were taken by a 5-L sampler at distinct
depths in the water profiles from Lake Hongfeng (H1 and
H2) and Lake Aha (Al and A2) in January 7-9, 2001.
Samples of river water sample from their inflowing tribu-
taries were also collected (HRs and AR). pH, tempera-
ture, and dissolved oxygen (DO) were measured in situ.
Water samples for determining dissolved REEs were fil-
tered immediately using 0.22 um Millipore membrane
filter and stored in 2 L high-density polyethylene bottles
and acidified with ultra-purified hydrochloric acid until
pH < 1.5 to prevent adsorption and microbial activity
during storage. The residual solids retained on the mem-
brane were also collected. These were dried in an oven at
~60°C then weighed to determine the concentration of
SPM.

When transferred into the laboratory, preconcentration
by a factor of at least 200 and purification of dissolved
REEs were performed by solvent extraction and back
extraction procedures described by Shabani et al. (1990)
and Zhang et al. (1994). REE concentrations were deter-
mined by Inductively Coupled Plasma Mass Spectrometry
(ICP-MS, ELEMENT). The entire procedure was accom-
plished in a Class-100 laboratory. 18.2 MQ Milli-Q wa-
ter and high-purity reagents were used. Reagents and pro-
cedural blanks were also determined in parallel to the
sample treatment. The ICP-MS operating parameters were
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Fig. 1. Hongfeng Lake and Aha Lake and their inflow tributar-
ies showing sampling stations.

set as follows: R.F. Power, 1350 w; Plasma gas, 14 L
min~!; Auxiliary gas, 1.0 L min~'; Nebulizer gas, 0.84 L
min~!. The following isotopes of REE were monitored
during the ICP-MS measurement in order to minimize
isobaric interferences: *°La, '4°Ce, *!Pr, 1*6Nd, '*7Sm,
13gy, 158Gd, 159Tb, 19Dy, ' Ho, '°Er, '%Tm, 74Yb, and
1751 u. The procedural blanks were 6% for La, 8% for Ce,
and 3-5% for other REEs when compared to the lowest
REE sample concentration. Accuracy of +2.0% for each
REE was evaluated by analysis of standard solutions pro-
vided by SPEX Industries, Inc. The precision of ICP-MS
determination for REEs were better than +3% for heavy
REE and 5% for light REEs of all samples (n = 156),
with the exception of two samples (A1-1 and A2-5) which
had a light REE precision of ~+12%.

Major anions and cations were measured using an lon
Chromatograph (DIONEX ICS-90), and an Inductively
Coupled Plasma Optical Emission Spectrometer (ICP-
OES, Visata MPX), respectively, after acidification with
ultra-purified nitric acid. The precision for major ions was
better than +2%. Dissolved Fe and Mn were determined
by ICP-MS with a precision of ~t5% for Fe and +2% for
Mn.

REEs within the SPM can be classified into a labile
fraction and residual (virtually insoluble) REEs. Numer-
ous sequential extraction methods have been used to ex-
amine the various SPM phases using several different
chemical reagents (Tessier et al., 1979; Sholkovitz et al.,
1994; Négrel et al., 2000). In the absence of an estab-
lished sequential extraction method that targets REEs, we
used the “continuous fractionation procedure” for REEs,
modified from the method of Tessier et al. (1979). In this
method, trace metals in the exchangeable, bound to car-
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bonate and Fe—Mn oxides fractions were separately ex-
tracted (Tessier et al., 1979). However, in our procedure,
these three fractions were combined into one step in or-
der to reduce the contamination of REEs from reagent
and preconcentration procedures.

The first stage of the process is extraction by diluted
0.2 N HCI. This step extracts the exchangeable fraction
that is bound to carbonates and Fe—Mn oxides, and is
known as the “acid-extracted fraction” (Tessier et al.,
1979). The second step is extraction by diluted HNOj; acid
mixed with H,0, (30% v/v) at pH ~2, to obtain the “or-
ganic (bound-to-organic-matter) fraction.” These two
fractions (acid- and organic-) are together defined as the
“labile fraction,” and the residual solid phase after these
two extraction steps is defined as the “residual fraction”
of the REE measurement. The extractants of the REE
concentrations during the first (acid-extracted) and sec-
ond (organic fractions) procedures were measured by ICP-
MS after pre-treatment by acid. The residual fraction was
decomposed by mixing acid of HF, HNO;, and HCIO,,
and then their REE concentrations were also measured
by ICP-MS.

RESULTS

The measured hydrographic properties, i.e., tempera-
ture, pH, DO, and concentrations of the major anions and
cations in the lake and river waters are given in Supple-
mentary Table S1. The concentrations of REEs in the dis-
solved, acid-extracted, organic, and residual fractions are
listed in Supplementary Tables S2 to S5.

Hydrogeological characteristics

The lake and river waters are primarily HCO;—Ca
(Lake Hongfeng and its tributaries) or SO,~HCO;-Ca
(Lake Aha and its tributaries) water types. Their pH ranges
from 7.7 to 8.8, with the average value of 8.4. This re-
flects the importance of limestone and dolomite dissolu-
tion of in the studied watershed. The major element com-
positions of Lake Hongfeng and its inflowing river wa-
ters are dominated by the HCO;~ and the Ca**. HCO;~
accounts for about 70% of the total anions and Ca** ac-
counts for about 70% of the total cations. The relative
contributions of major ions in Lake Aha and its inflowing
tributary waters also showed the same predominant car-
bonate weathering. However, the absolute concentrations
of Ca** and SO,> in Lake Aha and its river waters are
approximately double those of the Lake Hongfeng water.

Very high concentrations of dissolved Mn accompa-
nying the very high concentrations of SO,>~ were observed
in Lake Aha and its river water. This is probably caused
by the existence of abundant coal stratums within the car-
bonate stratum near Lake Aha, and related coal-mining
activities in the Lake Aha drainage basin.
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Dissolved REEs

The concentrations of dissolved REEs in the Hongfeng
and Aha lake waters are considerably lower than those
previously reported for rivers, and are similar to the REEs
concentrations of seawater (Goldstein and Jacobsen, 1988;
Elderfield et al., 1990). For example, the concentrations
of dissolved Nd in the Lake Hongfeng and Lake Aha is
mainly 5-20 pmol/kg, which is close to the value of
coastal seawater (>10 pmol/kg) but higher than that of
surface water in the open ocean (<5 pmol/kg) in the North
Pacific (De Baar et al., 1983; Murphy and Dymond, 1984;
German and Elderfield, 1990; Piepgras and Jacobsen,
1992; Murray and Leinen, 1993; German et al., 1995;
Zhang and Nozaki, 1996; Alibo and Nozaki, 1999;
Greaves et al., 1999; Hongo et al., 2006). However, these
values are also much lower than the average value of pre-
viously reported Nd concentrations of world rivers (250
pmol/kg) and European and American rivers (1360 pmol/
kg) (Elderfield et al., 1990).

All the studied river waters, excepting HR3 River from
the tributary of Lake Hongfeng, exhibit similar dissolved
REE concentrations to that of the lake water samples.
Sample HR3 River exhibits an Nd concentration of 135
pmol/kg. This high concentration can be attributed to the
presence of a sewage drain from a chemical fertilizer fac-
tory close to the sample site. This implies that human
activity can affect the REE concentration of surface wa-
ters.

REEs in different fractions of SPM

The calculated proportions of the acid-extracted, or-
ganic, and residual fractions relative to the total REEs in
the SPM can provide important information regarding the
partition behavior of REEs in surface water. For Lake Aha,
these proportions are acid-extracted (49%) > residual
(39%) > organic (12%) while in Lake Hongfeng, the pro-
portions are residual (60%) > acid-extracted (30%) > or-
ganic (10%) (Table 1). This demonstrates that the SPM
REE compositions are different in the two lakes, with
Lake Aha having a greater proportion of acid-extracted
REEs than Lake Hongfeng.

DISCUSSIONS

Controlling factors of dissolved REEs

REE solubility is greatly influenced by pH, with REE
concentrations increasing with decreasing pH (Elderfield
et al., 1990; Smedley, 1991). It is believed that the pH-
controlled behavior of REEs is primarily due to adsorp-
tion of Fe—OH oxide loads (Elderfield et al., 1990;
Smedley, 1991). Figure 2 shows the relationship between
pH and REE concentrations of our samples from the two
alkaline lakes, Aha and Hongfeng, as well as global ter-
restrial surface waters. Three groups were identified (Fig.
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Fig. 2. Concentrations of dissolved La in the Aha and Hongfeng lake waters as a function of pH (a, pH 3-10; b, pH 7.5-10).

WRL, world river and lake waters.

2a). When pH <3.5, the dissolved REE concentrations in
surface waters acutely decreases with increasing pH. In
the pH range of 3.5-7.5, which covers most reported sur-
face waters, the REE concentrations decrease linearly with
increasing pH, but this is not so marked as for pH <3.5.
This is because when pH <3.5, the geochemical behavior
of REEs as well as Al, Si and most other trace elements is
mainly controlled by chemical weathering of clay miner-
als (Dong et al., 2000). For pH 3.5-7.5, REE behavior is
mainly controlled by ion exchange and adsorption of Fe—
and Mn-oxyhydroxide loads (Elderfield et al., 1990;
Smedley, 1991). For pH >7.5, REE concentrations in-
crease with pH increases (Fig. 2b). An accepted interpre-
tation is that at pH ~7-7.5, Fe— and Mn—oxyhydroxide
loads, which are the main carriers of dissolved REEs and
especially light rare earth elements (LREESs) in surface
waters, will be unstable and removed from the solution
phase to SPM (Elderfield et al., 1990; Smedley, 1991).
This would cause a considerable decrease of the concen-
trations of dissolved REEs in surface waters. This is why
the lowest REE concentration is always observed in the
neutral and alkaline surface waters (Goldstein and
Jacobsen, 1988). Moreover, when pH is >7.5, REE con-
centrations slightly increase with increasing pH (Fig. 2b).
This phenomenon has not been reported in the previous
studies. We assume that, in this stage, REE behavior is
controlled by complicated factors such as HCO;~
complexation.

This “three stage model” for the relationship between
REE concentration and pH implies that the geochemical
behavior of dissolved REEs in surface waters is mainly
controlled by pH.

Partition of REEs in SPM fractions

The two lakes exhibit different REE compositions
within their SPM. Lake Aha has a higher proportion of
acid-extracted REEs than Lake Hongfeng. This is because
the SPM in the Lake Aha has a greater concentration of
Fe—Mn oxides. Very high concentrations of Mn were ob-
served not only in the dissolved phase as mentioned above,
but also observed in the acid-extracted fraction of Lake
Aha and its river waters (Table S3).

Moreover, the results also indicated that the concen-
trations of acid-extracted REEs in the SPM from Lake
Hongfeng were nearly two times higher than that of SPM
from the Hongfeng rivers. This suggests that SPM in the
Lake Hongfeng is derived not only from its inflow rivers
but also produced within the lake. While proportions of
the chemical extracted and residual fractions of SPM is
nearly identical in the Lake Aha river water, although the
river water SPM has higher REE concentration than the
lake waters. This implies that SPM in the Lake Aha is
derived from the same sources as that of the Aha River.

In general, the percentage of the “labile fraction™ of
SPM from the Aha and Hongfeng lakes and their river
waters are much higher than that of large rivers such as
the Yangtze River and the Huanghe River of China, maybe
due to their weak hydrodynamic conditions. SPM col-
lected from large rivers has a higher percentage of re-
sidual fractions (Wang and Liu, 2008).

REE fractionation among dissolved and extracted phases
of SPM

In waters of the Hongfeng and Aha river-lake regimes,
the REEs in the dissolved, acid-extracted, organic and

Rare earth element geochemistry in alkaline lakes 643
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Fig. 3. Shale (PAAS) normalized patterns of a) dissolved REEs and b) residual REEs of suspended particulate matter in the Aha
(Al, A2) and Hongfeng (HI, H2) lake waters and their tributary waters (AR, HR).

residual fractions show different shale (PAAS)-
normalized patterns (Figs. 3a, 3b, 4a and 4b).

The residual material of the SPM exhibits flat PAAS-
normalized REE patterns both for the Hongfeng and Aha
lakes and their river waters (Fig. 3b).

The dissolved REEs in the Hongfeng and Aha lake
waters show clearly heavy rare earth elements (HREEs)
enrichment and LREE depletion, with the [Yb/La]y val-
ues of 2-5 to as high as that of seawater (Fig. 3a). Ac-
cording to the published data, the highest observed [Yb/
La]y value of ~100-200 was found in Lake Mono, re-
ported by Johannesson and Lyons (1994). Similar to
Hongfeng and Aha Lakes, Lake Mono also is an alkaline
lake with pH as high as 9.8. This implies that the LREEs
are preferentially removed by Fe—Mn oxides compared
to HREEs when they scavenge in alkaline waters, lead-
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ing to HREE enrichment in filtrated waters. This is why
the low REE concentration and accompanying HREE
enrichment pattern was commonly observed in high pH,
alkaline waters.

The acid-extracted and the organic REEs of the Aha
Lake and river SPM show a standard convex PAAS-
normalized pattern (Figs. 4a and 4b). Similar results have
been reported for the acid-soluble fraction of river parti-
cles (Sholkovitz et al., 1994), indicating that the labile
fraction of SPM contains a higher proportion of both mid-
dle rare earth elements (MREEs) and LREEs than HREEs.
However, in Lake Hongfeng and its river waters, only
half of the acid-extracted fraction of water samples dis-
play convex shale-normalized pattern, while the other
samples display a progressive HREE depletion pattern
with slight MREE enrichment (Fig. 4b). This could be
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due to the fact that the Aha lake waters have more dis-
solved and particulate Mn than the Hongfeng lake wa-
ters. The high concentration of acid-extracted Mn in the
SPM could preferentially adsorb MREEs.

La anomaly

Although much research regarding REE anomalies has
been conducted, the formation mechanisms of some REE
anomalies, such as La anomalies, are still unclear. Slight
positive La anomalies are reported in some ocean waters
relative to freshwater and shale (Bau and Dulski, 1996;
Zhang and Nozaki, 1996; Shields and Webb, 2004; Law-
rence and Kamber, 2006), but, similar to strong negative

Ce anomalies, it is difficult to conclude that a positive La
anomaly is a unique feature of marine REE patterns.

There is no universally approved method for calculat-
ing La anomalies, which is sometimes defined as [La]y*
= [Pr]y + 2 X ([Pr]y — [Nd]y) (Lawrence et al., 2006). In
the present research, the PAAS normalized La/Nd ratio
([La/Nd]y) has been used to discuss the La anomaly. This
is because most reported [La/Nd]y values for dissolved
REEs in surface waters are nearly 1 (0.9-1.1) (Goldstein
and Jacobsen, 1988), therefore, we can identify the nega-
tive or positive La anomaly when the [La/Nd]y ratio lower
than 0.9 or higher than 1.1.

The [La/Nd]y of the dissolved REEs in water samples

Rare earth element geochemistry in alkaline lakes 645
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from Lake Hongfeng and its rivers show relatively con-
stant values close to 1 (0.86—1.15), indicating the absence
of an La anomaly (Fig. 5a). However, the [La/Nd]y ra-
tios of dissolved REEs of Lake Aha and its river water
show variable values of 0.93-2.55 with a average value
of 1.7 (Fig. 5a). This suggests that distinct positive La
anomalies for dissolved REEs occurred in the Lake Aha
and its river waters. Since Lake Aha and Lake Hongfeng
are located within the same drainage basin, the different
[La/Nd]y ratios of dissolved REEs between the two lakes
implies that the La anomaly is more likely caused by
hydrogeochemical processes rather than rock weathering.

A possible explanation is that removal of LREEs leads
to the expression of a positive La anomaly. It could also
be caused by selective removal or preferential
remobilization of La compared to the other LREEs be-
tween the dissolved and SPM phases (e.g., Sholkovitz et
al., 1994). The positive La anomaly in the acid-extracted
fraction that was also observed can also be explained by
the above assumption that preferential remobilization of
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La from the solution onto the surface coatings of the sus-
pended particles is more extensive (Fig. 5b). This expla-
nation is further supported by the correlation between the
[La/Nd]y ratios of the acid-extracted REEs and the con-
centration of dissolved and acid-extractable Mn (Figs. 5c
and 5d). This implies that the behavior of Mn, especially
its transition between dissolved and particulate oxide frac-
tions, is the major influence upon the formation of La
anomalies.

Some reported positive La anomalies in surface wa-
ters have also been thought to be the result of anthropo-
genic pollution (Kulaksiz and Bau, 2011). The Aha lake
and river waters have extremely high concentrations of
dissolved Mn and SO,>~ which are most likely due to
pollution caused by nearby coal-mining activity. This may
also be the cause of, or at least, contribute to the positive
La anomaly seen in the dissolved phase.

Cerium anomaly
Ce anomalies are commonly observed in surface wa-
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Fig. 6. Ce anomalies of a) dissolved REEs plotted against the concentrations of DO, b) acid-extracted REEs and c) the concen-
trations of acid-extracted Mn in the Aha and Hongfeng lakes and their river waters. d) Ce anomalies of acid-extracted REEs

plotted against the concentrations of acid-extracted Mn.

ters due to the element’s sensitive redox properties. For-
mation of negative Ce anomalies can be expected because
Ce(IIT) is oxidized to insoluble Ce(IV) and the Ce(IV)
tends to be more rapidly removed by particle scavenging
than the other REE(III)s (Sholkovitz and Elderfield, 1988;
Sholkovitz, 1993; Moffett, 1994). As a result, marked
negative Ce anomalies are a REE feature of marine wa-
ters, but are also commonly reported in lakes and rivers,
especially in alkaline and saline waters with high pH
(Elderfield et al., 1990; Sholkovitz, 1993).

As discussed in the previous section, positive La
anomalies were observed in the dissolved phase of Aha
lake waters, therefore, it is not suitable to calculate the
Ce anomaly using the conventional method based on La
and Pr or Nd. To avoid a result that is simply an artifact
of the demonstrated positive La anomaly, the Ce anomaly
was defined as Ce/Ce* = 2 X [Ce]y\/([Pr]y + [Nd]y). The
calculated results show that all dissolved phases of the
studied surface waters exhibit negative Ce anomalies with
[Ce/Ce*]paas values varying from 0.1 to 0.9 (Fig. 6a).
Especially in the Aha Lake waters, most of the dissolved
REEs display a pronounced negative Ce anomaly of <0.3.

Negative Ce anomalies of dissolved REEs in Lake
Hongfeng and its river waters ranging from 0.2 to 0.9 are
higher than that of Lake Aha, indicating the Fe— or Mn—
oxide scavenging processes are more intensive in the Lake
Aha and its river waters.

Ce anomalies were also observed in the acid-extracted
and organic fractions of both lakes (Figs. 4 and 6b). In
Lake Hongfeng Lake and its river waters, both the acid-
extracted and organic REEs show positive Ce anomalies.
However, in Lake Aha and its river waters, the acid-
extracted REEs display a negative Ce anomaly while the
organic REEs display a positive Ce anomaly. In the pre-
vious studies, the REEs of all phases the chemical ex-
tractions of SPM show positive Ce anomalies (Moffett,
1994; Sholkovitz et al., 1994; De Carlo et al., 1998). This
is because suspended particles are enriched in Ce by
oxidative sorption, which produces a positive Ce anomaly.
In Lake Aha and its river waters, the large negative Ce
anomaly of the acid-extracted REEs could imply that in-
tensive water-particle interactions occur in this location.
However, when the acid-extracted REEs of Lake Aha and
its river waters were normalized by dissolved REEs rather
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than shale (PAAS), the Ce anomalies also show positive
values, indicating preferential enrichment of Ce in the
suspended particles.

The Ce anomalies of dissolved REEs were only weakly
correlated with the concentrations of DO, but there was a
good correlation between Ce anomalies of and Mn within
the acid-extracted phase (Figs. 6¢ and 6d). This indicates
that water-particle interaction processes promoted by Mn
behavior are very important in the studied alkaline. Mn
is an important metal for controlling the dissolved con-
centration of REEs in surface waters, because redox re-
actions can occur with Mn as the agent, especially in sur-
face waters that contain very high concentrations of Mn
as seen in Lake Aha and its rivers. The positive correla-
tions of Ce with the redox sensitive species Mn indicates
that Ce anomalies in the studied lake and river waters
are, at least in part, redox controlled (Figs. 6¢c and 6d).
The differences in behavior of the Ce between Aha and
Hongfeng Lakes and their river waters may be partly in-
fluenced by adsorption onto oxide surfaces, because dis-
solved or acid-extracted fractions of Lake Aha and its river
waters are more enriched in Mn than Lake Hongfeng and
its river waters. It is again proposed that the Ce anomaly
in the river or lake waters develops due to oxidative scav-
enging at Mn—oxide surfaces (De Carlo et al., 1998).

CONCLUSIONS

Analysis of the REE geochemistry of waters and sus-
pended particles from two typical alkaline lakes, located
in the South China Karst region, was conducted in this
study. The results are summarized as follows:

(1) The linear relationship between pH and REE con-
centrations of global terrestrial surface waters over a wide
pH range shows a “three stage model,” implying that the
geochemical behavior of dissolved REEs in surface wa-
ters is mainly controlled by pH. The concentrations of
dissolved REEs in the studied alkaline lake and river
waters are much lower than most other terrestrial surface
waters in the world due to their high pH.

(2) REEs in the dissolved phase and labile and residual
fractions of SPM show different shale-normalized pat-
terns. Shale-normalized patterns of dissolved REEs
mainly show marked HREE enrichment, while acid-
extracted and organic REEs mainly show convex patterns
and the residual fractions have flat patterns.

(3) Uncommonly distinct positive La anomalies for
dissolved REEs were observed in Lake Aha and its river
waters in this study. A possible explanation is that Mn
behavior is the major factor in the formation of La anoma-
lies.

(4) The shale-normalized REEs patterns of the dis-
solved phase show a very large negative Ce anomaly in
all studied water samples. Positive Ce anomalies were
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observed in the acid-extracted and organic fractions. The
positive correlation of Ce anomalies with the redox sen-
sitive species Mn indicates that redox reactions are the
main process controlling the Ce anomalies in the studied
lakes.
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