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Sorption of lanthanum onto clay minerals: a potential tracer for fine
sediment transport in the coastal marine environment?
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Abstract: In order to improve predictions of coastal morphological response to sea-level
rise and sustainably manage dredged sediment there is an urgent need to develop a field
methodology that can measure accurately transport pathways of the <63 um sediment
fraction in coastal and estuarine environments. Techniques such as sediment trend analysis
and sediment tracing using fluorescent sands are well established for the silt and sand fraction
but are unsuitable for clay sediments due to their cohesive nature. Geochemically labelled
clays have been used as fine sediment tracers in freshwater environments with some success,
although little is known about their chemical or physical behaviour once released in saline
environments.

A number of pure clays and natural estuarine sediments were labelled with La following
agitation in a 0.01M solution of La Cl;. In order to examine the retention of La on the
clay mineral surface the labelled sediment was washed sequentially four times using both
de-ionised water and artificial seawater. A labelled bentonite retained 43000 ug g La
and this was only reduced to 36000 ug g' La after washing in seawater. This suggests
that retention of La is good even in saline conditions and concentrations of La are high
enough to enable detection after considerable signal dilution. Sorption of La is dependent

predominantly upon the cation exchange capacity of the sediment.

Understanding dispersion patterns for the fine
sediment fraction (<63 um) and its associated
contaminants is of fundamental importance to
the sustainable management of coastal and
marine resources. Information on sediment
transport pathways can be used to improve
predictions of coastal morphological response
to extreme events such as storm surges and sea
level rise, as well as coastal engineering schemes.
Recent trends towards the beneficial re-use of
dredged sediment for inter-tidal habitat re-
creation and the adoption of new dredging
techniques such as water injection dredging,
mean that understanding fine sediment transport
is more pertinent than ever. Consequently,
understanding and managing fine sediment
transport in estuarine and coastal waters is of
increasing importance to local authorities, port
and harbour authorities and central government.

The prediction of sediment dispersion in
the coastal zone relies on accurate and reliable
techniques for the measurement of sediment
transport pathways. Historically, this role has

been fulfilled by the use of sediment tracing
techniques using fluorescent sands (Voulgaris
et al 1998) and sediment trend analysis
(McLaren & Bowles 1985; Gao & Collins 1992,
1994). These techniques are relatively well estab-
lished, but due to the cohesive nature of clays
are unsuitable and inaccurate for measuring
transport pathways of fine grained sediments.
The release of short-lived radionuclides into the
natural environment has previously been used
for tracing the dispersion and transport of the
fine sediment fraction (Courtois & Monaco 1969;
Heathershaw & Carr 1978). However, there is
increasing reticence to use such environmentally
sensitive techniques and it is unlikely that a
discharge licence would be granted by the Envi-
ronment Agency of England and Wales. There-
fore, there is a need to develop and trial a
methodology suitable for studying the dispersion
and transport of the <63 um fraction and in
particular the clay component. It is important
that the tracer developed should: (1) be easily
detectable using routinely available analytical
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techniques; (2) be environmentally benign; and
(3) have physical properties similar to the
sediment it is intended to mimic.

Labelling clay minerals for use as environ-
mental sediment tracers has received some
interest in the past. Iridium-labelled sediments
have been used to investigate the redistribution
of marine sediments (Yin et al 1993) and
lanthanide-labelled clay particles have been used
successfully to determine sediment transport
pathways in karst systems (Mahler et al. 1998)
and in lake sediments (Krezoski 1989). The
lanthanide group of elements (also known as
the rare earth elements, REEs) all have similar
properties and can be incorporated easily into the
clay-mineral lattice as they are trivalent and have
similar ionic radii to Ca’*. Previous research has
shown that lanthanides are accepted readily into
the montmorillonite lattice and up to 100% of the
cation exchange capacity (CEC) can be achieved
(Bruque et al. 1980). Mabhler ez al. (1998) also
found that the retention of lanthanides in saline
conditions was good and that they may be
suitable for use in coastal marine environments.
Additionally, lanthanides have been used as
geochemical tracers for groundwater mixing
(Johanesson et al. 1997), to investigate the dyna-
mics of soils (Braun ez al. 1998; Matisoff et al.
2001; Zhang et al. 2003; Xue et al. 2004) and
as chemical analogues to study the uptake of
trivalent actinides in the field of storage/disposal
of nuclear waste (Chapman & Smellie 1986).
Consequently, there has been considerable work
looking at sorption mechanisms including the
irreversibility of sorption (Miller et al. 1983),
migration into the clay structure (Miller et al.
1982) and the effect of pH (Bruque ez a/. 1980).
However, there is still uncertainty concerning
whether sorption leads to fractionation of the
lanthanide group and little is known about the
nature of the chemical bonds between metal
cations and the clay structure (Coles & Yong
2002; Coppin et al. 2002). There are a limited
number of studies reporting partitioning coef-
ficients of REEs between clay minerals and
aqueous solutions (Sinitsyn ef a/ 2000) and
applications in the saline environment have
not been studied in any detail.

Here, we have investigated whether the use
of La-labelled clays and natural sediments may
be suitable for use as a tracer of fine sediment
in the estuarine environment. Dispersion in the
estuarine environment means that once the tracer
sediment is released, the tracer element signal
will be diluted considerably. Hence, one of the
key aims of this project is to determine whether
sufficiently high concentrations of sorbed La are
achievable in labelled sediments to enable their

use as sediment tracers. As the tracer element
may be exchanged with competing cations in
saline environments, a second aim is to ascertain
the extent of La desorbtion when exposed to both
freshwater and saline conditions.

Methodology

Two samples of natural estuarine sediment were
collected from an area of mud flat and vegetated
salt marsh the Medway Estuary, Kent, represent-
ing sediments with both low and high organic
content respectively. These sediments have been
previously studied in detail (Spencer 2002) and
the <2 um fraction has the approximate com-
position: smectite (49%), kaolinite (22%), illite
(27%) and chlorite (2%). Samples of bentonite,
smectite, kaolinite, phlogopite and illite were
also used in order to determine the effect of
clay mineral type and cation exchange capacity
(CEC) on Lasorption. A 1% sediment suspen-
sion was prepared by adding 2.5 g of oven-dried,
crushed sediment to 250 ml of 0.01M LaCl; solu-
tion. The pH of the suspension was recorded and
the sediments were then left to equilibrate before
being shaken for 30 minutes using a mechanical
wrist shaker. The suspension was then centri-
fuged at 3000 rpm for 15 minutes. The pH of
the supernatant was recorded and retained for
analysis by inductively coupled plasma optical
emission spectrometry (ICP OES) using a Perkin
Elmer Optima 3300RL. In order to determine
whether La was desorbed from the labelled sedi-
ment when exposed to a freshwater environment,
the labelled sediment samples were washed
sequentially four times with de-ionised water.
After each wash, the suspension was shaken for
30 minutes and then centrifuged at 3000 rpm
for 15 minutes. The pH of the supernatant wash
was recorded and the wash retained for analysis
by ICP-OES. Initially, the labelled sediments
were washed eight times, however La concentra-
tions were consistently below 1 mg L after four
washes and therefore this was considered suffi-
cient. In order to mimic the re-suspension of the
labelled sediment in saline waters, the sediments
were also washed in artificial seawater made up
to the manufacturer’s recommendations (Tropic-
Marin™). The CEC of both the pure and natural
sediments was calculated following the US EPA
9081 method (US Environmental Protection
Agency 2005). Total La concentrations were
determined in the sediments before labelling and
after washing in de-ionized and in saline water
using a total HF-HC1O,~HCI dissolution tech-
nique (Thompson & Walsh 1989). Resultant
digestates were analysed by ICP-OES.
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Precision was determined by carrying out
all labelling experiments in triplicate and was
generally < 5% relative standard deviation (RSD)
for La concentrations in sediment analyses, <2%
RSD in the supernatant, but very variable in
the sample washes. Accuracy was assessed by
analysing in-house reference materials and was
between 12 and 16% bias. The in-house reference
materials used were prepared from four igneous
rock samples representing a range of major and
trace metal concentrations.

Results and discussion

Equilibration times for the sorption of REEs
onto clay minerals used in the literature vary con-
siderably from 10 minutes (Bonnot-Courtois &
Jaffrezic-Renaut 1982) to 72 hours (Coppin et al.
2002). In this study a preliminary experiment was
completed where bentonite was equilibrated with
0.01 M LaCl; for 30 minutes, 1 hour, 24 hours
and 1 week. The amount of La sorbed onto the
clay mineral surface was calculated from the
decrease in aqueous La concentration at the end
of the experiment. This calculation assumes that
any La removed from solution is removed due
to sorption on the clay mineral surface and/or
migration to the mineral lattice and not due to
loss from precipitation or sorption onto the con-
tainer walls. It is possible that La hydroxide may
be precipitated during sorption experiments and
this is discussed in detail later in this paper. The
sorption coefficient, Ky, values (in ml g!) have
been normalised to the solution volume/solid
mass ratio as used by Coppin et al. (2002) and
shown in Equation 1.
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where,

K =solid/solution partitioning coefficient
(ml g)

Ciiia =2aqueous concentration of La at the
beginning of the experiment (mg L)
Cina=aqueous concentration of La in the
supernatant (mg L)

V' =solution volume (ml)

M =mass of the solid (g)

Figure 1 shows the K, values for La for the
timed equilibration experiments. The results
indicate that equilibrium between the La aque-
ous solution and the clay fraction was not
achieved after 168 hours, although the K values
increase rapidly after 1 hour. This would suggest
that equilibration times in excess of 1 week are
required. If we consider the La sediment concen-
trations rather than K; values, a final La sedi-
ment concentration of 44 000 ug gDW (dry
weight) was achieved after the sediment had
been equilibrated for 30 minutes and this only
increased to 46 000 ug gDW after 1 week. This
demonstrates that La uptake may increase with
equilibration times in excess of 168 hours and
this is in disagreement with other workers who
have shown the REE uptake by clay minerals is
complete after as little as 5 minutes (Aja 1998).
However, the increase in the final La sediment
concentration is minimal after 24 hours. Conse-
quently, we equilibrated the La solution and all
the sample clays for 24 hours before shaking and
centrifuging the samples the following day. It
should be noted that it may be inappropriate to
apply K; values calculated for bentonite to the
other clay minerals used in this experiment,
however this does give an approximate guideline
as to equilibration times needed.

Coppin et al. (2002) have also suggested that
some clays may undergo dissolution during
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Fig. 1. Calculated K, values for La and bentonite as a function of elapsed time.
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sorption experiments. This would release ele-
ments present in the aluminosilicate clay mineral
lattice to aqueous solution including Al and any
La naturally present in the clay minerals. There-
fore K, values may be decreased due to this addi-
tional input of La to aqueous solution. Here, Al
is present in both the supernatant and conse-
quent washes at low concentrations (<1 mg 1)
for the freshwater washes and below detection
limits for the majority of the saline washes. Dis-
solution of clays is largely pH dependent and loss
of Al due to the dissolution of montmorillonites
occurs only at pH values <2 (Bruque ez al. 1980).
In the present study pH values of the initial
sediment suspension were >4. This suggests that
dissolution of the clay minerals is likely to be
minimal and has not been considered further.
Total La concentrations for each of the
sediments studied are given in Table 1 and dem-
onstrate considerable variation in the natural
concentrations of La in the sample materials.
Concentrations of La in the sediments collected
from the Medway Estuary are similar to those
analysed in other estuarine sediments (e.g. Weltje
et al. 2002). In order to determine whether La
would be desorbed from the sediments when
exposed to either freshwater or saline environ-
ments the total La concentration in sediments
before and after labelling have also been com-
pared (Table 1). All sediments show significant
increases in the amount of La present after label-
ling and this is retained to varying extents
after subsequent washing in both fresh and
saline waters. The highest La concentrations are
present in bentonite, with a concentration of
43 200 pg gDW-! after washing in de-ionized
water only decreasing to 36 000 pg gDW™ after
repeated washing in saline water. The lowest
concentrations of La are present in kaolinite with

concentrations of 1900 pg gDW! after washing
in de-ionized water. Concentrations of La in
all the samples, with the exception of kaolinite,
decrease in the sediments that have been washed
in saline water with respect to washing in de-
ionized water. This suggests that for most of the
sediments La is desorbed to some extent under
saline conditions and in the presence of a high
concentration of competing cations. The loss of
La due to desorption varies from 17% for bento-
nite to 49% for phlogopite. This again suggests
that bentonite may be the most effective clay for
retaining La in both fresh and saline conditions.
The different behaviour of kaolinite may be due
to the nature of the mineral lattice. The CEC
of kaolinite is controlled primarily by pH depen-
dent charges arising from broken bonds along
mineral edges (Coles & Yong 2002). Conse-
quently the concentration of metal cations
sorbed to the mineral surface is strongly depen-
dent upon changes in ambient pH. In the present
study the differences in the amount of La sorbed
after washing in saline and fresh water environ-
ments may have been due to variations in the
pH. Most authors who have studied partitioning
coefficients between clay minerals and REEs in
aqueous solutions have also noted a dependency
on the ionic strength of the REE solution. Beall
et al. (1979) studied the uptake of La in NaCl
solutions buffered to pH 5 and they found that
metal uptake decreased with increasing ionic
strength. However, they did not consider the
effects of competing metal complexation in the
saline environment.

If chemical parameters during sorption are
optimised, it is possible that 100% of the CEC
can be achieved. Table 1 shows the percentage of
CEC occupied by La after desorption in both
fresh and saline environments assuming that all

Table 1. Total sediment La concentration after shaking in de-ionized water (FW) and saline water (SW) and % of
CEC (in milliequivalents) occupied by La after desorption in de-ionized water (FW) and saline water (SW)

Lain Lain Lain CECin Laas%of Laas%of
mg kgDW'*  mg kgDW! mg kgDW  meq 100g! total CEC  total CEC
(FW) (SW) FW) (SW)

Bentonite 57 43200 36000 121 75 64
Illite 49 NA 9600 30 NA? 70
Kaolinite 7 1900 5100 22 19 51
Smectite 28 20600 16000 58 76 59
Phlogopite 4 8500 4300 27 68 34
Natural sediment 1 36 16900 13200 44 77 60
(low organic content)
Natural sediment 2 39 19200 13600 65 64 46
(high organic content)

*Natural La concentration in sediments, NA, data not available.
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the La present is sorbed to cation exchange sites.
This indicates that higher La concentrations in
the final labelled sediments could be achieved
if the chemical parameters for partitioning and
equilibrium are examined for each of the clay
sediments in detail. Metal uptake onto clay
mineral surfaces may be a function of pH, ionic
strength of the solution and the initial concentra-
tion of the sorbant in aqueous solution (Sinitsyn
et al. 2000). Additionally, these factors are influ-
enced by both the type of clay and the lanthanide
element used. However, there are a limited
number of studies reporting optimum chemical
parameters for the partitioning of REEs between
clays and aqueous solution. Bruque ez al. (1980)
examined the sorption of La onto montmorillo-
nite and found that maximum sorption was
achieved between pH values of 4-5, while at
values >3, precipitation of La hydroxide may
occur. Whilst Sinitsyn et al. (2000) found that
maximum uptake of Eu and Nd onto illite
occurred at pH values >5. In the present study,
pH values of the initial sediment suspension were
between 4 and 5 and pH values of the washes
increased as the solutions were not buffered.
Thus, a decrease in La concentrations in sedi-
ment washes (Fig.2) may be an indication of
La hydroxide precipitation and increases in total
La concentrations in the final labelled sediments
may be due to the presence of precipitated La
hydroxide. Lanthanum concentrations in wash
solutions show a strong relationship with pH
and the sorption edges as a function of wash

30 -

La concentration (mg L")

pH (fresh water washes) are given in Figure 3.
This shows that La concentrations in the wash
solution decrease significantly at a pH value of
between 5.5 and 6. This is in agreement with the
sorption edge data for saline washes, although
the data are incomplete and are therefore not
presented.

In order to determine whether La hydroxide
was being precipitated out during washing,
labelled sediments were investigated using
semi-quantitative scanning electron microscopy
(SEM) with Link Isis energy dispersive x-ray
analysis (Hitachi S-3000-N SEM). Discreet par-
ticles with a micro-crystalline structure were
observed adhered to the surfaces of clay particles
in both fresh and saline washed sediments.
Figure 4 shows a SEM image for bentonite and
the accompanying element distribution map
clearly shows that the crystalline structures are
La rich. The sediments were also analysed using
x-ray diffraction (XRD), however diffraction
traces were not observed for La hydroxide or
any other commonly occurring La salts. This
suggests that although some of the total La
concentrations in labelled sediments may be
attributed to the presence of La hydroxide, con-
centrations are low and can not be detected by
XRD analysis. One of the primary mechanisms
for the sorption of metal cations to clay mineral
surfaces is due to cation exchange. Scatterplots of
CEC against total La concentration in labelled
sediments from both fresh water and salt water
washes are shown in Figure 5. These indicate that

wash 1 wash2 wash3

wash 4

wash 8

wash6 wash7

wash 5

Fig. 2. Lanthanum concentrations in sequential fresh water sediment washes.
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Fig. 3. Relationship between La concentrations in sequential saline sediment washes and pH.

total sediment La concentration is controlled
strongly by the CEC of the sediment with
correlation coefficients of r=0.99 for freshwater
washes and r=0.98 for salt water washes. This
indicates that although La hydroxide is present
in the labelled sediments, it probably does not
contribute significantly to the final total La con-
centrations. Consequently, the K, values calcu-
lated earlier in this paper are also valid. These
scatterplots also demonstrate that CEC and
hence sediment type is probably the most impor-
tant controlling factor for La sorption. Hence,
the clay mineral used as a potential sediment
tracer must be selected carefully.

Summary and conclusions

The concentration of La in labelled sediments in-
dicates that metal uptake is strongly dependent
upon CEC and hence sediment type. In these
experiments the highest concentrations of La
were sorbed to bentonite. Concentrations in
excess of 40 000 pg gDW-! can be achieved easily
and may be improved by carefully controlling
the chemical parameters of the sorption process.
The precipitation of La hydroxide may occur
during the labelling process but is unlikely to
contribute significantly to the total La concentra-
tions recorded in the labelled sediments. Under
saline conditions La is desorbed to a small extent
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Fig. 4. (a) SEM image of bentonite and (b) element distribution map for La.
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Fig. 5. Scatterplots of CEC against total sediment La concentration for fresh water (FW) and salt water

(SW) washed sediments.

in the presence of competing cations, but total La
concentrations in the labelled sediment are still
in excess of 35 000 ug gDW-',

In order to use successfully geochemically
labelled sediment as a tracer of the fine-grained
sediment fraction, concentrations of the geoche-
mical label must be high enough to allow routine
detection even after the sediment has dispersed.
We have estimated that the tracer signal must be
detectable after dilution by a factor of 10° to 10°
in the estuarine system. Using pre-concentration,
detection limits of 1ng g™ are achievable for
most lanthanide group elements using induc-
tively coupled plasma mass spectrometry (Jarvis
1988, 1989). Consequently we should be able
to detect our tracer after dispersion, although
La concentrations will be near the instrumental
detection limit. It may, however, be difficult

to distinguish the tracer signal from natural
background concentrations within estuarine
and coastal sediments. Further investigation is
required as to the use of alternative lanthanide
group elements that have lower natural back-
ground concentrations and the use of REE ratios
that are more diagnostic than single element
signatures alone.

This project was funded by a NERC Connect A grant
(NER/E/S/2002/00022).
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