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The concentrations, loads and speciation of rare earth elements (REEs) were studied in 
a 3.5 m thick mud depositional succession from an estuary in the Gulf of Bothnia. The 
uppermost 182.5 cm of the mud, estimated to have deposited from the early 1970s to 2011 
(sampling year), had very high REE concentrations (596−1456 ppm) and accumulation 
rates (5.2−28 g m−2 year−1). This was explained by large REE export from acid sulfate soils 
after they became efficiently drained with modern drainage techniques. Geochemical and 
synchrotron-based spectroscopic (XANES) analyses showed that the REEs in the mud are 
relatively firmly bound in non-clastic phases, likely adsorbed by clay minerals and also to 
some extent by iron oxyhydroxides. Below 182.5 cm, the REE concentrations successively 
decreased down to background values at the base at 3.5 m, reflecting less efficient drainage 
and leaching of the acid sulfate soils in previous decades and centuries.

Introduction

The concentrations of dissolved rare earth ele-
ments (REE) are typically inversely correlated 
with pH in natural waters (Sholkovitz 1995, 
Lawrence et al. 2006). Hence, the ∑REE con-
centrations (all 14 REEs including La-Lu) in 
low-pH waters are consistently elevated (Noack 
et al. 2014, Wallrich et al. 2020) and in strongly 
acidified waters, they can reach up to several 
mg/L (Gammons et al. 2003, da Silva et al. 
2009, Lecomte et al. 2017, Olias et al. 2018) and 

in extreme cases, upwards to 100 mg/L (Moraes 
et al. 2020). The typically large, dissolved REE 
pool in acidic waters will consistently diminish 
(be removed) downstream where pH increases as 
a result of proton-buffering reactions or extensive 
dilution (Sholkovitz 1995, Borrego et al. 2012). 
This pH-related REE-removal process may, as 
shown in field and experimental studies with 
strong pH gradients, involve REE partitioning 
into a variety of phases: including Fe oxyhydrox-
ides (Protano and Riccobono 2002, Verplanck et 
al. 2004, Gammons et al. 2005a, Delgado et al. 
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2012, Morgan et al. 2016, Lecomte et al. 2017), 
organic matter (Astrom et al. 2012, Morgan et 
al. 2012), Al hydroxides (Gammons et al. 2005b, 
Wood et al. 2006, Astrom et al. 2012, Delgado 
et al. 2012, Li and Wu 2017, Stewart et al. 
2017), aluminium-sulfates/basaluminite (Ayora 
et al. 2016, Soyol-Erdene et al. 2018, Lozano et 
al. 2019, Lozano et al. 2020) and Al13-polymers 
(Moraes et al. 2020). Yet other phases with 
known potential to bind or incorporate REEs 
may also be potentially involved, such as phyl-
losilicates (Tertre et al. 2008, Gladysz-Plaska 
et al. 2014), calcite (Zhong and Mucci 1995) 
and phosphates (Edahbi et al. 2018). A large 
variety of REE-removal mechanisms is therefore 
possible, but in most natural pH-neutralisation 
systems, difficult to distinguish from one another 
as increasing pH typically involve formation and 
preservation of several of the potential REE-
scavenging phases.

An acidic setting in which REEs are excep-
tionally mobile, but which in terms of REE geo-
chemistry has received much less attention than 
acid-mine drainage environments, is soils that 
are widespread on coastal plains and referred to 
as acid sulfate soils. These soils develop when 
the groundwater table drops as a result of artifi-
cial drainage (e.g. ditching for farming purposes) 
or natural drainage (e.g. postglacial isostatic 
land uplift) of fine-grained calcite-poor sedi-
ments (mostly Holocene) containing pyrite and/
or metastable Fe sulfides (Dent and Pons 1995, 
Mosley et al. 2014). Whereas the total REE con-
centrations of the acid sulfate soils are not typi-
cally substantially elevated as compared with 
other soils/sediments (Astrom et al. 2010, Sukit-
prapanon et al. 2019), the pore water of these 
soils can have very high ∑REE concentrations 
of up to 10 mg/L (Welch et al. 2009, Astrom 
et al. 2010, Groger et al. 2011). Consequently, 
∑REE concentrations are typically very high 
also in recipients and materials affected by these 
soils, such as creeks (Astrom 2001, Jones et 
al. 2016), suspended particulate matter (Astrom 
et al. 2012) and benthic sediments (Nordmyr 
et al. 2008b, Morgan et al. 2012, Morgan et 
al. 2016). Taken together, these studies suggest 
that REEs are released in large amounts in the 
acid sulfate soils, transported downstream in dis-
solved form by the acidic waters, and ultimately 

are removed from the dissolved phase as pH 
increases in recipients. These mechanisms are in 
line with REE behaviour in other environments 
where the main driving force of acidification is 
mining activities (Gammons et al. 2003, Ver-
planck et al. 2004, Lecomte et al. 2017) or natu-
ral volcanic processes (Gammons et al. 2005b). 
There is, however, limited information regard-
ing REE abundance and speciation in estuarine 
sediments affected by neutralisation of acidic 
REE-rich waters, in particular where such waters 
are derived from acid sulfate soils. As a conse-
quence, the ultimate solid-state forms and behav-
iour of REEs in such sedimentary settings are 
poorly known, and therefore sedimentary REE 
profiles have seldom been utilised to trace and 
quantify historical and current metal loadings 
from acidified metal-delivering terrestrial envi-
ronments, such as acid sulfate soil landscapes.

The main aim of this study was to determine 
the vertical variability in the concentrations, 
loads and speciation of REEs in the estuarine 
sediment of a creek that is periodically acidified 
and enriched in REEs as a result of leaching of 
acid sulfate soils. The study builds on a 3.5 m 
thick estuarine mud depositional succession that 
was characterised in terms of REE concentra-
tions via high-resolution sampling, and REE spe-
ciation by combining a 7-step sequential chem-
ical extraction (SCE) with synchrotron-based 
X-ray absorption near-edge structure (XANES) 
spectroscopy. The study is an extension of our 
previous studies in this setting focusing on REEs 
in soils and waters within the creek's catchment 
(Astrom et al. 2010) and REEs in suspended 
particulate matter in the creek's estuary (Astrom 
et al. 2012).

Methods

Field Site

The field site was the low-salinity (< 6‰) estu-
ary of the Vörå creek located in the eastern 
parts of the Gulf of Bothnia in the northern 
part of the Baltic Sea (Fig. 1). This perennial 
creek has a catchment area of 223 km2 with a 
mean annual flow of 7−9 l s–1 km–2 (Nordmyr et 
al. 2008b). It runs through a landscape rich in 
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acid sulfate soils (approximately 20%), which 
are typically 1−2 m thick and formed in Holo-
cene sulfide-bearing marine (brackish-water) 
sediments (Yli-Halla et al. 1999, Boman et al. 
2010). As a consequence of leaching of these 
soils, the Vörå creek is frequently very acidic 
(median pH: 4.5) and has high concentrations 
of ∑REEs (median: 175 µg L–1) (Astrom et 
al. 2010) and other metals (Nordmyr et al. 
2008b), leading to high ecotoxicological risks 
(Wallin et al. 2015). Other parts of the catch-
ment are covered mainly by histosols (peat), 
and podzols developed on till deposited during 
the melting of the Weichselian glaciation in 
the late Pleistocene. The estuary is shallow 
(< 20 m deep), non-tidal and well-sheltered 
from wave action by surrounding land areas 
and islands. In this estuary, the REEs trans-
ported by the acidic creek are removed from 
the dissolved phase as pH increases, result-

ing in high REE concentrations in suspended 
particulate matter of  up to 1700 ppm (Astrom 
et al. 2012). From December to April, the 
catchment and estuary are covered by ice and 
snow. The annual mean temperature in the area 
is 3°C and the mean annual precipitation is 
approximately 500 mm.

Sampling

Based on a general understanding of water cur-
rents and on knowledge from previous studies 
in the estuary (Nordmyr et al. 2008a, Nordmyr 
et al. 2008b, Astrom et al. 2012), a sediment-
coring site with a water depth of approximately 
15 m was selected in the central part of the 
estuary (Fig. 1). The sampling was carried out 
with a Kullenberg-type piston corer mounted 
on the ice in late winter (March) 2011. In order 

Fig. 1. Map location of the (a) field 
site and (b) of the estuary show-
ing the location where the four par-
allel sediment cores (Coring site) 
were taken and the water samples 
for extraction of suspended particu-
late matter (S1 and S2, respectively) 
were collected. The figure is repro-
duced from Yu et al. (2015).
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to get enough material for the entire analytical 
scheme, four parallel cores (denoted as Core1, 
Core2, Core3, Master core4) with lengths 
between 4 m and 5 m were collected within 
an area of approximately 40 cm x 100 cm. To 
transport the samples to the laboratory, the 
cores were cut and sealed in approximately 
2.5 m long sections. The core-to-core correla-
tion, sedimentological and geophysical/miner-
alogical features, major-element chemistry and 
age-depth relationships are reported in previ-
ous papers (Yu et al. 2015, Yu et al. 2016b, Yu 
et al. 2016a). Simplified stratigraphic features, 
core-core correlation, and the length of the 
studied mud depositional succession are pre-
sented in Fig. 2.

During high-water flow in autumn (Decem-
ber), surface water was collected from the 

inner estuary (S1; pH 5.0) and the mouth 
(S2; pH 4.4) of the creek (Fig. 1) using acid-
washed polypropylene bottles. Thereafter, the 
suspended particulate matter in these waters 
was obtained by centrifugation and air-dried.

Chemical analyses of field samples

Segments with a thickness of 2 cm (10 cm 
below 3.5 m) collected from one of the repli-
cate cores were dried and sent to Acme Ana-
lytical Laboratories Ltd. (ISO 9001 accredited) 
for analysis of total REE concentrations. A 
20 mL aliquot of an acid solution (2:2:1:1 H2O-
HF-HClO4-HNO3) was added to a pulverised 
sample split of 0.25 g, which was heated until 
fuming on a hot plate and taken to dryness. 
A 16 mL aliquot of 50% HCl was then added 
to the residue and heated in a hot-water bath 
(~95°C) for 30 min. After cooling, the solu-
tion was transferred to a 100 mL volumetric 
flask and made to volume using 5% HCl and 
analysed by Inductively Coupled Plasma Mass 
Spectrometry (ICP-MS). Analyses of blanks 
were carried out to measure background, dupli-
cates to monitor analytical precision, and refer-
ence materials (internal laboratory reference 
materials) to determine accuracy and concen-
trations. Additionally, the samples were ana-
lysed in random order (i.e. not according to 
sampling depth), and blind duplicates showed 
that the analytical error was much smaller 
than the natural concentration variability in the 
sample material. Hence, the identified depth-
related concentration-variation patterns are 
real features.

Twelve 8-cm-thick segments sampled at 
selected depth intervals from one of the repli-
cate cores were subjected to a 7-step SCE. To 
prevent any oxidation during transportation, 
these segments were stored in anaerobic jars 
with Anaerocult A (http://www.merckmilli-
pore.com/), which can chemically bind oxygen 
quickly and completely, producing a CO2-
rich oxygen-free (anaerobic) atmosphere. The 
extractions were performed on wet subsamples 
corresponding to approximately 1 g of dry 
material with 40 ml deoxygenated solutions 
(produced by purging solutions with high-

Fig. 2. Simplified stratigraphic features and core-core 
correlation, with the studied mud depositional succes-
sion indicated. The basal (glaciolacustrine) rhythmites 
below the erosional sand layer accumulated before 
9000 years ago and are not further considered. Change 
in sediment consistency denotes significantly increased 
softness and water content of the sediment above this 
depth. The figure is reproduced from Yu et al. (2015).



BOREAL ENV. RES. Vol. 25 • Sediments contaminated with rare earth elements 109

purity N2 for at least 1 h) in an anaerobic cham-
ber (95% N2 + 5% H2) maintained at < 1 ppm 
O2 with a Pd catalyst. Agitation and centrifu-
gation were conducted outside the anaerobic 
chamber in air-tight vials. All extraction steps 
were conducted at room temperature except 
SCE-7, which was performed on a hot plate at 
approximately 95°C. The SCE was performed 
on 3 replicate subsamples. The steps are as 
follows:

1. 1 M NH4NO3 for 2 h; water soluble and  
 easily exchangeable (Scheinost et al.  
 2002)
2. 1 M CH3COONH4 at pH 6 for 4 h; car- 
 bonates and weak organic complexes  
 (Scheinost et al. 2002)
3. 0.1 M NH2OH-HCl combined with 1 M  
 CH3COONH4 at pH 6 for 0.5 h; Mn  
 oxides and weak dissolution of Fe oxyhy- 
 droxides if present in large amounts  
 (Neaman et al. 2004)
4. 1 M HCl for 4 h; Al oxyhydroxide, meta- 
 stable Fe sulfides and Fe oxyhydroxides  
 (Claff et al. 2010) and some sheet sili- 
 cates (Haese et al. 1997)
5. 0.35 M CH3COOH/0.2 M C6H5Na3O7  
 buffer with 50 g L-1 Na2S2O2 for 4 h; 
 crystalline Fe-oxides
6. Concentrated HNO3 for 2 h; pyrite (Claff  
 et al. 2010)
7. EPA method 3050 consisting of hot acid  
 and peroxide; recalcitrant minerals

After each extraction, the solutions were 
centrifuged and the supernatants were fil-
tered through 0.45-μm filters and acidified to 
pH < 2 with ultrapure HNO3. The concentrations 
of REEs in the supernatants were determined on 
an Agilent 7500 ICP-MS. Solutions were diluted 
25 times in 5% HNO3, and an internal standard 
solution containing 800 ppb indium and rhenium 
was added to the samples prior to measurement. 
Serial dilutions of multi element standard solu-
tions (Merck and Agilent) were analysed to con-
struct linear calibration graphs. Drift and accu-
racy were monitored by analysis of dissolved 
rock standards JB-1 and W-1. The analytical 
precision for the REEs was generally better than 
5%, while accuracy was within 5−10%. The data 

are presented as the mean ± standard deviation 
of the triplicate determinations.

XANES analyses of field samples

Synchrotron-based XANES spectroscopy car-
ried out at MAX-lab, Lund University, Sweden, 
was used to qualitatively assess the solid-phase 
speciation of Ce in six samples of the mud 
and the two samples of suspended particulate 
matter. The X-ray beam was scanned over the 
Ce LIII absorption edge and the retrieved XANES 
spectra of the samples were compared with cor-
responding spectra collected for references. The 
latter included CeO2, Ce(OH)4, aqueous Ce3+, 
Ce2(CO3)3, and Ce(III) sorbed by clay, humic 
acid, Al hydroxide and 2-line ferrihydrite. The 
XANES analyses were carried out according to 
standard procedures (Lombi and Susini 2009, 
Manceau and Matynia 2010, Edahbi et al. 2018) 
and are summarized in the Supplement.

Experiment on REE sorption on clays

A 3-step SCE consisting of three selected steps 
of the 7-step SCE scheme (nos. 2, 4 and 6) was 
applied on La- and Pr-loaded illite, ripidolite 
and illite-smectite mixed layer clay (purchased 
from the Clay Minerals Society, Purdue Uni-
versity). These three steps are referred to as 
Exp_step-1, Exp_step-2 and Exp_step-3, respec-
tively. Briefly, 500 mg triplicate samples of 
finely pulverised mineral (illite, ripidolite and 
illite-smectite mixed-layer clay) were mixed 
with 0.0005 M La and Pr stocking solutions. The 
pH of the suspensions was adjusted to 6.5. Mod-
elling with VISUAL MINTEQ predicted that 
the dissolved La and Pr occurred as free cations 
under the experimental conditions. After shaking 
overnight, the suspensions were centrifuged and 
the obtained solid materials were washed five 
times with MQ water (in order to remove excess 
La and Pr) and then sequentially extracted. La 
and Pr, and Ce (as a proxy for REEs natu-
rally bound to the clays), were measured in the 
extractants using the same analytical set-up as in 
the 7-step SCE scheme. The results are presented 
as mean concentrations ± the standard deviation.
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Results and Discussion

General features of the mud depositional 
succession

The mud depositional succession was 3.5 m 
thick in the Master core4 (Fig. 2). It was 
characterised by an abrupt change in con-
sistency at 182.5 cm (Fig. 2), which does not 
represent a break in sedimentation as indi-
cated by visual inspection of the sediment 
core and analysis of X-radiographs (Yu et al. 
2015). The unit above 182.5 cm, referred to 
as the "upper mud unit", was based on 137Cs 
accumulation estimated to have deposited 
between 1973 and 2011 (core top) at an 
average sedimentation rate of 5 cm year–1 
(Yu et al. 2015). The unit below this depth, 
referred to as the "lower mud unit" and 
divided from the upper mud unit by the 
Boundary function (OxCal v4.2, Ramsey 
2009) (Yu et al. 2015), has a less well-
constrained age but is, based on radiocarbon 
dating, interpreted to have been deposited 
from 1973 to approximately four centuries 
ago at an average sedimentation rate of 
0.5 cm year–1 (Yu et al. 2015). Below 3.5 m, 
there were basal (glaciolacustrine) rhyth-
mites (Fig. 2) that accumulated before 9000 
years ago (Stroeven et al. 2016). These are 
not further considered here.

REE abundance in the mud — the effect 
of acid sulfate soils

At the base of the mud depositional succes-
sion, ∑REE concentrations were 220−240 ppm 
(Fig. 3a) and La concentrations were 45−50 ppm 
(Table S1 in the Supplement). Similar sediments 
occur in low-lying near-coastal terrestrial land-
scapes in the region due to extensive land uplift 
in the Holocene, related to the melting of the 
thick Weichselian continental glaciation in the 
late Pleistocene. In these sediments, sampled at 
several hundred sites in a mapping project, the 
10th and 90th percentiles of the La concentra-
tions were 25 ppm and 50 ppm, respectively 
(Astrom and Bjorklund 1997). Hence, the base of 
the mud had REE concentrations corresponding 
to background levels for this kind of sediment in 
this region. A main part of the REEs deposited in 
the mud in these times (17th century) was cer-
tainly bound in mobilized/leached fine fractions 
of till, which is the dominating regolith type in 
the region and formed by redistribution of older 
(Pleistocene) unconsolidated deposits and ero-
sion of the crystalline bedrock (dominated by 
Proterozoic granitoids and gneisses) during the 
Weichselian glaciation.

During the relatively slow formation of the 
lower mud unit (from approximately four centu-
ries ago to the early 1970s), the REE concentra-
tions successively increased (Fig. 3a). During 

Fig. 3. The (a) total ∑REE concentrations, (b) accumulation rates and total concentrations of (c) Fe and (d) Al in 
the mud depositional succession. The Fe and Al data are from an earlier work (Yu et al. 2015, Yu et al. 2016b). 
The age-depth model is based on 137Cs accumulation for the upper unit and radiocarbon dating for the lower unit, 
as discussed in detail in Yu et al. (2015). The sedimentation rate is on average approximately 5 cm year–1 for the 
upper mud unit and, although less constrained, approximately 0.5 cm year–1 for the lower mud unit (Yu et al. 2015).
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this period, there was an increase in artificial 
drainage of wetlands, carried out in order to 
increase the area of agricultural land for a grow-
ing population. As the wetlands were frequently 
underlain with fine-grained calcite-poor sedi-
ments (mostly Holocene) containing pyrite and/
or metastable Fe sulfides (Boman et al. 2010), 
acid sulfate soil development and associated 
increase in acidity formation and metal release 
were inevitable (Astrom et al. 2005). This cer-
tainly resulted in increased acidification and 
metal (e.g. REE) loading of a number of water-
courses (Roos and Astrom 2005), including the 
Vörå creek studied here. Consequently, as the 
water of the Vörå creek flowed into the estu-
ary, its pH increased leading to REE removal 
from the dissolved phase (Astrom et al. 2012) 
and thus ultimately to REE accumulation in the 
mud. Hence, the successive increase in REE 
concentrations upwards in the lower mud unit is 
evidence of increased development and leaching 
of acid sulfate soils.

In the upper mud unit, the ∑REEs 
occurred in highly elevated concentrations 
(596−1456 ppm) in a zigzag-like manner 
(Fig. 3a) and had accumulated at exceptionally 
high rates (5.2−28 g m–2 year−1) (Fig. 3b) (data 
given in Tables S1 and S2 in the Supplement). 
This is certainly a result of extensive leaching 
of acid sulfate soils — occurring mainly under 
farmlands reclaimed by drainage of wetlands, 
as there are no other natural or anthropogenic 
REE sources in the region. Additionally, simi-
lar ∑REEs concentrations occur in sediments 
affected by acid sulfate soils in subtropical Aus-
tralia (Xu et al. 2018). The reason as to why 
the acid sulfate soils started to deliver increas-
ingly stronger amounts of REEs as well as 
other metals, like Al (Yu et al. 2016b) and 
Be (Astrom et al. 2018) from the early 1970s 
onwards is that the farmlands were drained both 
by deeper/cleaner open ditches and by newly 
constructed subsurface-drainage systems con-
sisting of decimeter-wide plastic pipes at depths 
of approximately one meter. The combined 
effect of these two modern drainage activities is 
that, first, the groundwater table drops further, 
causing an increase in metal-sulfide oxidation 
and thus soil acidification and associated metal 
release. Second, the rain and snow-melt water 

is efficiently discharged from the fields, which 
increases the rate and export of acidity and 
metals. The ultimate result is, as recorded here, 
strongly elevated REE concentrations and accu-
mulation rates in the recipient (estuarine) mud.

In summary, the formation of acid sulfate 
soils within the Vörå creek catchment has had 
a long-lasting and increasing impact on the 
REE abundance in the mud deposited in the 
creek's estuary. Consequently, while the agricul-
tural activities turned the wetlands into produc-
tive farmlands benefiting the local community, 
they also deteriorated the surface-water quality 
(Sundstrom et al. 2002) and resulted in con-
tamination of the estuarine sediments with REEs 
(Fig. 3) and other metals. In order to gain a 
mechanistic understanding of the REE accumu-
lation and preservation in the mud; and environ-
mental information regarding how potentially 
mobile the sedimentary REE pool is, the solid-
phase REE speciation was determined, primarily 
on samples from the upper mud unit that faces 
the sediment-water interface, which is the most 
contaminated unit.

REE solid-phase speciation in the 
contaminated upper mud unit

In the upper-mud unit, the REEs were released 
largely in the 4th SCE step, consisting of 
1 M HCl (84−86%), and thus to only a small 
extent in the other six steps (Fig. 4). High 
1 M HCl extractability has also been found pre-
viously for REEs in sediments affected by acid 
sulfate soil in the subtropical zone (Morgan et al. 
2012, Morgan et al. 2016). When normalised to 
the North American Shale Composite (NASC) 
composition (Haskin 1968, Gromet et al. 1984), 
the REEs extracted by 1 M HCl (step 4) dis-
played a flat trend from La to Sm, a negative Eu 
anomaly and a slope from Gd to Lu (Fig. 5). A 
similar fractionation pattern was recorded for 
the REEs extracted at steps 2 and 3 (Fig. 5). Pro-
foundly different patterns occurred for the REEs 
released by the other steps, including step 1 with 
an overall flat pattern, step 5 with a medium-
weight REE enrichment, and steps 6 and 7 with a 
slope throughout the REE series (Fig. 5). Taken 
together, these data show that: 1) the REEs 
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Fig. 4. The (a) concentrations (ppm) and (b) proportions (%) of ∑REEs extracted at each step of a 7-step sequen-
tial chemical extraction applied on 12 segments from the mud depositional succession. The chemical regents and 
analytical procedures are given in the main text.

Fig. 5. REEs extracted in each step of a 7-step sequen-
tial chemical extraction on 12 segments from the mud 
normalised against the North American Shale Compos-
ite (NASC) composition (Haskin 1968, Gromet et al. 
1984). The chemical reagent and targeted minerals and 
phases for each step are given in the main text.

Fig. 6. Cerium LIII-edge XANES spectra of relevant 
reference compounds with the position of white lines for 
trivalent Ce (black vertical line) indicated. 
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were to a large extent bound in non-clastic 
(1 M HCl-extractable) phases; 2) the REEs were, 
to only a minor extent, occurring in phases that 
are extracted with the relatively weak (and pH 
circumneutral) reagents applied in the first three 
SCE steps; and 3) the distinct fractionation pat-
terns showed that the applied chemical reagents 
were in general able to discriminate between 
various REE phases, perhaps with the exception 
of steps 2 and 3 that may have extracted a por-
tion of the dominating REE phase(s) abundantly 
released at step 4.

In an attempt to acquire more information 
on the nature of the REE specie(s) abundantly 
extracted with the 4th SCE step (1 M HCl), 
Ce LIII-edge XANES spectroscopy was carried 
out on six samples of the upper mud unit and on 
the two samples of suspended particulate matter 
from the estuarine/creek water. The XANES 
spectra showed that in all eight samples, Ce 
existed overwhelmingly, or entirely, in the tri-
valent oxidation state, because all samples had 

a major single peak (white line) at the same 
photon energy as the Ce(III) reference com-
pounds (5727 eV) but no signs of a double peak 
at higher photon energies characteristic for the 
Ce(IV) references (Figs. 6 and 7). Therefore, 
the data for Ce is representative for the other 
13 REEs that have only a +III state (except 
for Eu that may also occur as +II). Consider-
ing the relatively large variability in XANES 
spectral features among the references (Fig. 6), 
the overall similarity in spectral features among 
all the eight samples, except for some vari-
ability in the magnitude of the white-line peak 
(Fig. 7a, d, and g), indicated a relatively homo-
geneous REE speciation in the upper mud unit 
and the suspended particulate matter. The nature 
of this REE speciation is evaluated next.

Organic matter, which can form strong com-
plexes with REEs (Pourret et al. 2007, Pour-
ret and Martinez 2009, Tang and Johannesson 
2010, Marsac et al. 2011), occurred in higher 
concentrations in the upper than the lower mud 

Fig. 7. Cerium LIII-edge XANES 
spectra of relevant reference 
compounds and of the sus-
pended particulate matter (S1 
and S2, respectively) and six 
sediment segments from vari-
ous depths.
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unit (Yu et al. 2015) in a manner similar to the 
REEs (Fig. 3a). These two variables were thus 
correlated in the mud depositional succession. 
Whereas the organic matter and REEs have 
different sources, that is, the latter are derived 
mainly from the acid sulfate soils located under 
farmland and the former mainly from peat and 
humus horizons in forested areas (Astrom et al. 
2010), they can hypothetically become attached 
when waters from these two kinds of soil materi-
als mix within the creek or in the estuary. The 
XANES spectra of the Ce(III)-sorbed humic 
acid reference was, however, distinctly different 
(i.e. a much weaker white-line peak) from all the 
samples of the mud and suspended particulate 
matter, indicating that humic substances are not 
a major scavenger of the REEs in this sediment. 
This is consistent with previous findings that: 
1) organic matter in estuarine sediments across 
Europe and elsewhere has overall relatively low 
concentrations of ∑REEs (median: 74 ppm) with 
a pronounced depletion of the light (La-Nd) 
and heavy (Dy-Lu) REEs as compared to the 
medium-weight (Sm-Tb) REEs (Freslon et al. 
2014); a fractionation feature not found for the 
REEs in the mud studied here (Fig. 5); and 
2) REEs bound to precipitates formed via experi-
mental mixing of extremely acidic (pH 1.7) and 
REE-rich (> 11 mg/L) Tinto River water and sea 
water are not, according to results of sequential 
chemical extractions, attached to organic matter 
(Lecomte et al. 2017).

Aluminium had concentration-variation 
patterns (enrichment in the upper mud unit) 
and extractability features (largely extacted by 
1 M HCl) similar to those of the REEs in the 
mud depositional succession (Fig. 3, Tables S1 
and S3 in the Supplement). Aluminium is also, 
like the REEs, abundantly leached from acid 
sulfate soils and precipitate in the estuary when 
the acidic creek water is neutralised via mixing 
with sea water (Astrom et al. 2012). A rela-
tionship between Al and REEs has been found 
also elsewhere where acidic river water is neu-
tralised (Gammons et al. 2005b, Wood et al. 
2006, Ogawa et al. 2019), and is principally a 
result of a common response to pH, that is, both 
Al and the REEs are highly soluble in acidic 
waters (like here in the creek) but are trans-
formed to particulate phase under near-neutral 

conditions (like here in the estuary). As a conse-
quence, binding of REEs by freshly precipitated 
Al hydroxides may easily occur, and is supported 
by evidence of capacity of Al hydroxides to bind 
REEs (Quinn et al. 2004, Brito et al. 2018). The 
XANES spectra of the Ce(III)-coprecipitated 
Al(OH)3 reference had, however, distinctly dif-
ferent features to both the mud and suspended 
particulate matter, including a significantly 
weaker white-line peak and a much stronger 
shoulder at 5735 to 5741 eV (Fig. 7). These 
spectral features thus suggest that Al hydroxides 
are not a major scavenger phase of the REEs, 
which is in line with previous studies show-
ing that Al-flocs account for only approximately 
10% of the REE removal during neutralisation in 
a Cu-Pb-Zn mining area (Protano and Riccobono 
2002).

Iron displayed concentration variations that 
were almost opposite to those of the REEs, such 
that it occurred in lower concentrations in the 
upper than the lower mud unit (Fig. 3, Table S1 in 
the Supplement). Furthermore, Fe was extracted 
to only approximately 40% by 1 M HCl in the 
upper mud unit, which was not higher than in 
the lower unit (Yu et al. 2015) (Table S3 in the 
Supplement). These sedimentary features of Fe 
are largely explained by extensive retention, 
and thus relatively limited leaching, of the Fe 
released from minerals (metal-sulfides and phyl-
losilicates) in the acid sulfate soils (Osterholm 
and Astrom 2002, Sohlenius and Oborn 2004). 
These geochemical differences between Fe and 
REEs are, however, not conclusive evidence that 
Fe phases are not major carriers of the REEs in 
the mud and suspended particulate matter. The 
reason is that Fe is a major constituent in these 
materials and a significant fraction of the total Fe 
in the mud (10-24%) occurs as 2-line ferrihydrite 
(Yu et al. 2015) with high sorptive capacity. A 
Ce(III)-sorbed 2-line ferrihydrite reference was 
accordingly made, but had in contrast to the 
samples, a considerably weaker white-line peak 
and a shoulder at 5735 eV to 5741 eV (Fig. 7). 
The exception was one mud sample at a depth of 
157−162 cm that had a spectrum very similar to 
that of the ferrihydrite reference (Fig. 7g). These 
features indicate that sorption of REEs to Fe 
oxyhydroxides (ferrihydrite) may not be impor-
tant in the upper-mud unit in general, like in pas-



BOREAL ENV. RES. Vol. 25 • Sediments contaminated with rare earth elements 115

sive-remediation treatment of acid mine drain-
age where schwertmannite does not accumulate 
REEs (Ayora et al. 2016), but can be important 
at certain depths. The latter feature is in line with 
the high capacity of Fe oxyhydroxides to scav-
enge REEs as documented both in laboratory 
experiments (Bau 1999, Quinn et al. 2006) and 
under many kinds of field conditions (Sholko-
vitz et al. 1992, Protano and Riccobono 2002, 
Verplanck et al. 2004, Johnston et al. 2015), and 
also with identification of a porous Fe-La phase 
(La/Fe/O = 1:1:3) in corresponding acid sulfate 
soil affected sediments in subtropical Australia 
(Xu et al. 2019). Metastable Fe sulfides, in 
which Fe exists as +II, are also relatively abun-
dant in the mud (0.26−0.73% of dry sediment 
weight) (Yu et al. 2015) and have been suggested 
as potential REE carriers in marine sediments 
(Chaillou et al. 2006). Despite this, there are no 
reasons to suggest that metastable Fe sulfides, 
which were not included as a reference in the 
XANES analyses, are significant REE carriers 
because: 1) for the suspended particulate matter, 
in which sulfides cannot exist due to oxidising 
conditions, the XANES spectra were similar to 
those of the mud (Fig. 7); 2) sulfides are second-
ary phases in the mud and can therefore not have 
been involved in the REE removal process in the 
estuarine waters; 3) REEs are lithophile metals 
typically not associated with sulfur; and 4) an 
experiment carried out with corresponding sedi-
ments from subtropical Australia showed that 

REEs exhibit little (or no) short-term sorptive 
affinity for Fe sulfide (Morgan et al. 2012).

Cerium(III)-sorbed mixed-layer clay was the 
reference with a XANES spectra most similar 
to those of the suspended particulate matter and 
all the mud samples except the deepest sample 
at 157−162 cm (Fig. 7b, e, and h). This was 
supported by linear combination fitting (LCF), 
a frequently applied approach by which the 
sample spectrum is fitted with a linear combina-
tion of the reference spectra in order to quantify 
the species composing a sample (Lombi and 
Susini 2009, Grafe et al. 2014). The result of the 
LCF revealed that Ce(III)-sorbed mixed-layer 
clay accounted for 100% binding of the REEs 
in the suspended particulate matter and 67−93% 
binding for five out of six mud samples (last 
mud sample: 44%). Although the LCF results 
should be seen as indicative as they can contain 
relatively large errors due to many similar fea-
tures in the XANES spectra of the references, 
they confirmed that Ce(III)-sorbed mixed-layer 
clay was the reference that can best explain the 
spectral features of the samples. Extensive sorp-
tion of REEs to clays is consistent with the fact 
that: 1) the mud matrix is composed of clay and 
silt particles (Yu et al. 2015), including minerals 
like kaolinite, illite, biotite and swelling clays 
(Astrom and Bjorklund 1997, Yu et al. 2015); 
2) REEs readily bind to clay minerals (Coppin 
et al. 2002, Huittinen et al. 2010, Kynicky et 
al. 2012, Mihajlovic et al. 2019); and 3) in 

Table 1. Results of a three-step sequential chemical extraction (SCE) applied on La- and Pr-loaded illite, ripidolite 
and illite-smectite mixed-layer clays. The extractions were done on triplicate samples. The results are presented as 
mean concentrations ± the standard deviation.

 SCE step Chemical conditions  Illite Ripidolite Illite-smectite
      mixed-layer clay

 1 1 M CH3COONH4 La (ppm) 20 964 ± 158 7799 ± 786 738 ± 68
  at pH 6, 4 h Ce (ppm) 4.16 ± 0.54 1.86 ± 0.13 11.0 ±  .70
   Pr (ppm) 15412 ± 180 11 205 ± 1256 573 ± 41

 2 1 M HCl, 4 h La (ppm) 1002 ± 32 362 ± 39 24 567 ± 738
   Ce (ppm) 4.93 ± 0.48 0.67 ± 0.07 55.7 ± 1.06
   Pr (ppm) 1068 ± 18.8 885 ± 63.3 16 147 ± 446

 3 Concentrated HNO3, La (ppm) 97.2 ± 4.43 19.8 ± 0.88 65.9 ± 2.01
  2h Ce (ppm) 1.19 ± 0.11 BD 45.6 ± 0.90
   Pr (ppm) 83.2 ± 3.67 32.2 ± 0.38 32.8 ± 1.70
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regolith profiles elsewhere, REEs are abundantly 
adsorbed onto clay minerals (Ram et al. 2019). 
Only minor amounts of the REEs were, however, 
released during the initial three SCE steps target-
ing, among other phases, weakly adsorbed ions 
(Fig. 4), which shows that only a minor propor-
tion of the REEs in the mud was weakly bound. 
This is however not contradicting the XANES 
results, as previous laboratory experiments dem-
onstrate that under near-neutral to slightly acidic 
(pH > 5) conditions, which prevailed in the 
estuary, the sorption of REEs by clays such 
as kaolinite, illite, montmorillonite and smec-
tite occur in the form of inner-sphere surface 
complexes (Stumpf et al. 2002, Coppin et al. 
2003, Kowal-Fouchard et al. 2004, Takahashi 
et al. 2004, Rabung et al. 2005). The formation 
of these surface complexes causes substantial 
microstructure alterations in the REE-binding 
environment, that is, a decrease in the number of 
H2O molecules in the first coordination shell and 
the formation of direct binding to a set of adsorp-
tion active sites at the edges of clay platelets 
(Rabung et al. 2005, Tan et al. 2014). Galunin 
et al. (2011) thus suggests that these REE sur-
face complexes are thermodynamically stable 
and may be virtually irreversible. In order to 
test whether clay minerals (phyllosilicates) have 
the capacity to carry the high REE load of the 
upper mud unit and that the inner-sphere com-
plexes are not broken until 1 M HCl is applied, 
three reference clays were doped with La and Pr 
and extracted sequentially with three reagents. 
The results showed that for one of the clays 
(illite-smectite mixed-layer clay) the La and Pr 
were indeed extensively extracted (96−97%) in 
Exp_step-2 (1 M HCl), which in assumed to 
displace inner-sphere complexes, and thus were 
hardly extractable by Exp_step-1 consisting of 
1 M NH4-acetate at pH 6 (Table 1). For the other 
two clay minerals (illite and ripidolite), La and 
Pr extraction was, in contrast, extensive already 
in Exp_step-1 assumed to displace outer-sphere 
complexes (92−95%). However, also for illite 
and ripidolite, the amount of REEs extracted 
with Exp_step-2 was large (two times higher) 
relative to the total REE-loading of the upper 
mud unit and much higher than Ce that was used 
as a reference for extractability of pristine REEs 
(associated naturally with the clay). Hence, the 

results of this relatively simple experiment pro-
vided evidence that phyllosilicates indeed have 
the capacity to be main scavenger phases of the 
high REE load of the upper mud unit, via forma-
tion of inner-sphere complexes.

REE-phosphates were not considered, 
although these have been identified or indicated 
in acid sulfate soil landscapes elsewhere (Welch 
et al. 2009, Xu et al. 2019). The reason is that 
in the mud studied here, there is little P and a 
large excess of Fe(II) relative to sulfide (Yu et al. 
2015), which means that any available phosphate 
certainly will have been abundantly trapped by 
Fe(II) and thus not available for REE binding.

Conclusions

An estuarine sediment (a mud depositional suc-
cession) of a creek draining acid sulfate soils had 
very high REE concentrations (up to 1456 ppm) 
and accumulation rates (up to 28 g m−2 year−1) 
in the upper 182.5 cm, which are estimated to 
have been deposited between the early 1970s 
and 2011 (core top). These results, which are in 
line with previous geochemical studies of soils, 
waters and suspended-matter in the same set-
ting, are explained by extensive export of acidic 
waters, rich in dissolved REEs, from acid sulfate 
soils after these soils became efficiently drained 
via deep/clean open ditches and subsurface-
drainage systems.

Sequential chemical extractions showed that 
a vast majority of the REEs in the mud samples 
were released in the acidic 4th step (1 M HCl). 
This means that the large sedimentary REE 
pool was only, to a minor extent, bound in clas-
tic phases; but despite that, relatively strongly 
bound as only minor proportions were extracted 
with the relatively weak (and pH circumneutral) 
reagents applied in the first three steps. Cerium 
XANES spectroscopy and a simple laboratory 
experiment indicated that the dominating REE-
binding phase in the mud was clay minerals, 
scavenging the REEs via inner-sphere compl-
exation, and additionally ferrihydrite at some 
depths. This suggested that the REEs transported 
in dissolved form from the acid sulfate soils are 
transferred, mainly via relatively strong binding 
to phyllosilicates, to the particulate phase that 
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