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Abstract
Rare Earth Elements (REE) scavenging during remediation of acid mine water using 
Passive Treatment Systems (PTS) resulted in PTS to be considered as a potential source 
of REE. This has sparked interest in the possible retrieval of REE from the solids 
precipitated along PTS. The development of an efficient retrieval method requires first 
to assess the REE scavenging mechanisms and to identify any possible association/
correlation of REE with predominant elements (i.e. Fe, Al, Mn, Ca, S) present in 
the precipitated solids. These first steps were here tackled using Laser Ablation 
(LA) Inductively Coupled Plasm-Mass Spectrometry (ICP-MS) in combination to 
Scanning Electron Microscope/Energy Dispersive X-ray spectroscopy (SEM/EDX). 
PTS was simulated by batch alkalinization experiments, which were performed to 
sequentially increase the pH of an acid mine water sample through CaCO3 addition. 
The solids precipitated up to pH≈4 and between pH 4–6 were collected separately for 
characterization. Results revealed a medium positive correlation (R2 > 0.5) between Ca 
and S in the solids collected up to pH≈4 indicating gypsum precipitation which was also 
confirmed by SEM/EDX. In addition, a strong positive correlation (R2 > 0.7) between 
Ca, S and light REEs (LREEs) was observed pointing also to an association of LREEs 
with gypsum. In the solid collected between pH 4–6, LREEs and Gd showed strong 
positive correlations with Fe and medium positive correlations with Al. The observed 
correlations indicate that during the alkalinization of acid mine water by CaCO3, 
gypsum acts as a host mineral for LREEs at low pH (up to pH≈4) while at higher pH 
(between pH 4–6), Fe and Al oxyhydroxides appear to be the preferential host minerals 
for LREEs, Gd and Er. This implies that for the possible recovery of REE from PTS, 
gypsum can be targeted mostly in the first layers of the PTS and especially for LREEs 
whereas Fe- and Al- oxyhydroxides can be targeted for all REE further on in the PTS, 
i.e. where higher pH are obtained.
Keywords: AMD remediation, passive treatment systems (PTS), alkalinization, REE 
scavenging mechanisms, laser ablation ICP-MS 

Introduction 
REE are crucial for the production of modern 
high technological devices due to their 
unique optical, magnetic and paramagnetic 
properties and thus they are considered as 
technology critical elements (Bau et al. 2018; 
Costis et al. 2021; Soyol-Erdene et al. 2018). 
Passive treatment systems (PTS) installed 
for the remediation of acid mine water have 
recently gained much attention due to their 
ability to scavenge Rare Earth Elements (REE) 

and as such PTS are considered as a potential 
source of REE (Ayora et al. 2016; Hedin et al. 
2019). REE include 15 Lanthanides (from La 
to Lu) plus Y. REE are further classified as 
light REE (LREE), i.e. from La to Sm, middle 
REE (MREE), i.e. from Eu to Dy and heavy 
REE (HREE), i.e. from Ho to Lu although this 
classification is not always consistent in the 
literature (Bau et al. 2018; Costis et al. 2021; 
Soyol-Erdene et al. 2018). Acid mine water 
remediation using PTS mostly involves use 
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of alkaline materials, e.g. calcite to neutralize 
the pH thereby leading to the precipitation 
of metals (Orden et al. 2021). Upon contact, 
calcite dissolution begins and is associated 
to the consumption of protons present in 
the acid mine water and thus pH gradually 
goes up. Along this alkalinization process, at 
specific/characteristic pH ranges, the major 
constituents of the acid mine water, i.e. Fe and 
Al start to precipitate as secondary mineral 
phases. As reported in literature, Fe-bearing 
phases generally start to precipitate first, e.g. as 
iron oxyhydroxysulfates (i.e. schwertmannite) 
at pH between 3–4.5 and Al-comprising 
phases rather precipitate later at pH between 
4.5–6 as e.g. Al oxyhydroxysulfates (i.e. 
basaluminite) (Lozano et al. 2019a, 2020; 
Sánchez-España et al. 2011). Related to the 
calcite dissolution during alkalinization 
is the precipitation of gypsum which has 
been reported to occur in the acid (pH = 
3) to alkaline (pH = 9) range (Lozano et al. 
2019a, 2020; Lozano et al. 2019b; Sánchez-
España et al. 2011). If present, Mn can also be 
precipitated (i.e. as Mn oxyhydroxysulfates, 
Mn oxides and Mn carbonates) at pH above 
8 (Hedin et al. 2019). REE are also scavenged 
inside these PTS and are attributed mainly to 
being associated with Al containing mineral 
phases (i.e. basaluminite) (Ayora et al. 2016; 
Orden et al. 2021). REE scavenging along the 
PTS with those mineral phases has sparked 
interest in their possible retrieval from 
these solids. To develop an efficient retrieval 
method it is necessary to first assess the REE 
scavenging mechanisms and to identify any 
possible association/correlation of REE 
with predominant elements (i.e. Fe, Al, Mn, 
Ca, S) present in the precipitated solids. 
However, the presence of REE at trace level 
(i.e. µmol) limits the identification of such 
associations/correlations using conventional 
solid characterization techniques such as 
Scanning Electron Microscope/Energy 
Dispersive X-ray spectroscopy (SEM/
EDX) or X-Ray Fluorescence Spectroscopy 
(XRF). Laser-Ablation (LA) Inductively 
Coupled Plasm-Mass Spectrometry (ICP-
MS) represents a powerful tool in this 
regards as it simultaneously enables multi-
element analysis including REE at µmol or 
below (Danyushevsky et al. 2011; Merten et 

al. 2005). LA ICP-MS was therefore used in 
this study with the objective of identifying 
REE associations with the aforementioned 
predominant elements present in the solids 
precipitated at characteristic pH ranges. 

Methods
A sample of acid mine water was collected 
from the Tharsis mining area in the Iberian 
Pyrite Belt (IPB) in southwest Spain. The pH 
of the water was measured to 2 and its cationic 
composition (major and trace elements 
including REE) measured by ICP-MS was as 
follows. Fe = 70 mmol/L, Al = 40 mmol/L, 
Ca = 10 mmol/L, Mn = 4 mmol/L, Zn =  
7 mmol/L, Cu = 1 mmol/L, La = 2 µmol/L, 
Ce=6 µmol/L, Pr = 0.8 µmol/L, Nd =  
4 µmol/L, Sm = 1 µmol/L, Eu = 0.3 µmol/L, 
Gd = 2 µmol/L, Tb = 0.2 µmol/L, Dy =  
1 µmol/L, Ho = 0.2 µmol/L, Er = 0.7 µmol/L, 
Tm = 0.09 µmol/L, Yb = 0.5 µmol/L and Lu = 
0.07 µmol/L. Sulfate concentration measured 
by IC was 400 mmol/L. 

Batch alkalinization experiments were 
performed to sequentially increase the pH 
of the acid mine water and to obtain solid 
precipitates up to pH≈4, as the representative 
pH for Fe-oxyhydroxysulfate precipitation, 
and solid precipitates between pH 4–6, as the 
representative pH for Al-oxyhydroxysulfate 
precipitation. Alkalinization was achieved 
through addition of CaCO3 to aliquots of the 
acid mine water sample. The required solid 
(CaCO3) to liquid (acid mine water) ratio to 
increase pH up to pH≈4 was 11 g/L, and to 
sequentially increase the pH from 4 to 6, an 
additive 4 g/L was needed. The precipitated 
solids were separated from the supernatant 
by centrifugation (Sigma 6-16KS) at 7000 
× g for 10 min after a reaction time of two 
weeks in an orbital shaker (Ohaus Orbital 
Shaker) at constant speed. The solid phases 
were then freeze-dried and subsequently 
sieved with a 50 µm sieve for characterization 
using LA-ICP-MS and SEM/EDX. Each solid 
was pressed into 1.3 cm sized pellets before 
characterization by LA ICP-MS and by 
SEM/EDX. An Analyte Excite Excimer LA 
coupled with 8900 Triple Quadrupole ICP-
MS was used to determine the correlation 
of selected LREE, i.e., La, Ce, Pr and Nd, the 
MREE, i.e. Gd and the HREE, i.e. Er with the 
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predominant major elements, such as Fe, Al, 
Mn, Ca and S. A summary of operational 
parameters used in the LA ICP-MS analysis 
is given in Table 1. 

Calibration was performed using 
two National Institute of Standards and 
Technology (NIST) Standard Reference 
Materials (SRM), NIST SRM 610 and NIST 
SRM 612. To maximize the sensitivity, the 
LA ICP-MS operational parameters were 
optimized using NIST SRM 612, 1) for low 
laser-induced elemental fractionation based 
on 238U/232Th  ratio (≈1) and 2) for low oxide 
formation based on 248Th O/232Th  ratio (< 2%). 
25 spots per each solid (pellet) were analyzed 
for Fe, Al, Mn, Ca, S, La, Ce, Pr, Nd, Gd and 
Er. Each spot was ablated and measured at 
every 0.65 s for 30 s time period (thus ≈46/
spot). Before and aft er the analysis of each 
sample, the NIST 610 and NIST 612 were 
also ablated each at four diff erent locations 

and were measured. Th e average counts of 
each elements per spot were calculated aft er 
correcting for background signal and the 
correlation of REE with the other elements 
were determined based on correlation 
coeffi  cient (R2).

SEM/EDX (Phenom Desktop equipped 
with EDX) was used to observe the 
morphology and to identify the elemental 
composition of the solid phases. Th e pellets 
were mounted on aluminum stubs and coated 
with an ultrathin layer (5 nm) of gold to make 
their surfaces conductive before analysis by 
SEM/EDX. Imaging was done at a voltage 
of 10 kV, while EDX spot analyses targeting 
major phases were performed at an elevated 
voltage of 15 kV. 

Results and Discussion
SEM images of formed solids up to pH≈4 and 
between pH 4–6 are shown in Figure 1. It is 

Parameter Value

Spot size (µm) 40

Laser mode Burst

Fluence (J/cm²) 2.5

Repetition rate (Hz) 10

Shot count 300

Pre-ablation time (s) (for measuring background signal) 30

Ablation time (s) 0.65

Post-ablation time (s) (as cleaning step) 30

Waiting time between each spot analysis (s) 30

Table 1 Summary of operational parameters used in the LA ICP-MS analysis
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counts of each elements per spot were calculated after correcting for background signal and the 
correlation of REE with the other elements were determined based on correlation coefficient (R2). 

Table 1 Summary of operational parameters used in the LA ICP-MS analysis. 

Parameter Value 
Spot size (µm) 40 
Laser mode  Burst 
Fluence (J/cm²) 2.5 
Repetition rate (Hz) 10 
Shot count 300 
Pre-ablation time (s) (for measuring background signal) 30 
Ablation time (s)  0.65 
Post-ablation time (s) (as cleaning step) 30 
Waiting time between each spot analysis (s) 30 

 
SEM/EDX (Phenom Desktop equipped with EDX) was used to observe the morphology and to 
identify the elemental composition of the solid phases. The pellets were mounted on aluminum 
stubs and coated with an ultrathin layer (5 nm) of gold to make their surfaces conductive before 
analysis by SEM/EDX. Imaging was done at a voltage of 10 kV, while EDX spot analyses targeting 
major phases were performed at an elevated voltage of 15 kV.  
Results and Discussion  
SEM images of formed solids between pH 3–4 and between pH 4–6 are shown in Figure 1. It is 
noteworthy that at low pH (between pH 3–4), the surface is mainly covered by Ca, S and O rich 
phases (as revealed by EDX) corresponding to gypsum minerals with characteristic elongated 
shape having a length of < 30 µm and a width of < 10 µm (denoted by the spots of a and b). In 
addition, Fe, O and S rich phases (denoted by the spots of c and d) with rather amorphous 
morphology are also present at low pH (between pH 3–4). The latter comprise also minor amounts 
of Al, revealing that part of Al has been co-precipitated with the Fe mineral phases although Al 
mineral phase precipitation is rather favored at slightly higher pH (> 4.5).  

 
Figure 1 SEM images of formed solid samples between pH 3–4: A and between pH 4–6: B. A zoomed-in view of 

spot a is shown inside the white framed area. 
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Figure 1 SEM images of formed solid samples up to pH≈4: A and between pH 4–6: B. A zoomed-in view of 
spot a is shown inside the white framed area.
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noteworthy that at low pH (up to pH≈4), the 
surface is mainly covered by Ca, S and O rich 
phases (as revealed by EDX) corresponding 
to gypsum minerals with characteristic 
elongated shape having a length of < 30 µm 
and a width of < 10 µm (denoted by the 
spots of a and b). In addition, Fe, O and S 
rich phases (denoted by the spots of c and d) 
with rather amorphous morphology are also 
present at low pH (up to pH≈4). Th e latter 
comprise also minor amounts of Al, revealing 
that part of Al has been co-precipitated with 
the Fe mineral phases although Al mineral 
phase precipitation is rather favored at 
slightly higher pH (> 4.5). 

At higher pH (between pH 4–6), 
comparatively wider forms of gypsum 
minerals (Ca, S and O rich phases) having a 
width of > 10 µm could be observed (denoted 
by the spots of e and f) together with Al, S and 
O rich mineral phases (denoted by the spots 
of g and h). Th e latter are clearly amorphous 
which is in agreement with literature (Lozano 
et al. 2019a, 2020; Sánchez-España et al. 2011). 
Furthermore, considerable amounts of Zn 
and Cu are also present revealing favorable 
co-precipitation of those metals along with 
Al mineral phases. However, neither Mn nor 
selected REEs were detectable with SEM/EDX.

Th e calculated La, Ce, Pr, Nd, Gd and Er 
correlations (R2) each with Fe, Al, Mn, Ca 

and S b up to pH≈4 and between pH 4–6 
obtained using LA ICP-MS data analysis are 
shown in Figure 2. Further Fe, Al, Mn and Ca 
correlations (R²) each with S up to pH≈4 and 
between pH 4–6 obtained using LA ICP-MS 
data analysis are shown in Figure 3. Results 
revealed, regardless of the pH range, medium 
positive correlations (0.4 ≤ R2 < 0.7) between 
Ca and S confi rming the presence of gypsum 
minerals in each precipitate (Figure 3) in 
agreement with observations made by SEM/
EDX. 

At low pH (up to pH≈4), LREE showed 
strong positive correlations (R2 ≥ 0.7) with 
Ca and S (Figure 2), indicating association of 
LREE with gypsum. In addition, Gd showed 
a medium positive correlation (R2 ≈ 0.6) 
with Ca and S, while those elements are not 
correlated with Er (R2 ≈ 0) (Figure 2). Th e 
association of LREE and gypsum can be 
attributed to similarities between their ionic 
radii and Ca2+ in the gypsum structure (8-
fold coordination) (Ma et al. 2020). Results 
further revealed that all the selected REE 
are not correlated with Fe and Al at low pH 
(up to pH≈4) (Figure 2). Moreover, Fe and 
Al are also not correlated with S at this low 
pH (up to pH≈4) (Figure 3) showing that S 
concentration is mostly controlled by the 
gypsum precipitation even though some Fe 
oxyhydroxysulfate phases are expected to 

At higher pH (between pH 4–6), comparatively wider forms of gypsum minerals (Ca, S and O rich 
phases) having a width of > 10 µm could be observed (denoted by the spots of e and f) together 
with Al, S and O rich mineral phases (denoted by the spots of g and h). The latter are clearly 
amorphous which is in agreement with literature (Lozano et al. 2019a, 2020; Sánchez-España et 
al. 2011). Furthermore, considerable amounts of Zn and Cu are also present revealing favorable 
co-precipitation of those metals along with Al mineral phases. However, neither Mn nor selected 
REEs were detectable with SEM/EDX. 

The calculated La, Ce, Pr, Nd, Gd and Er correlations (R2) each with Fe, Al, Mn, Ca and S between 
pH 3–4 and between pH 4–6 obtained using LA ICP-MS data analysis are shown in Figure 2. 
Further Fe, Al, Mn and Ca correlations (R²) each with S between pH 3–4 and between pH 4–6 
obtained using LA ICP-MS data analysis are shown in Figure 3. Results revealed, regardless of the 
pH range, medium positive correlations (0.4 ≤ R2  < 0.7) between Ca and S confirming the presence 
of gypsum minerals in each precipitate (Figure 3) in agreement with observations made by 
SEM/EDX.  

At low pH (between pH 3–4), LREE showed strong positive correlations (R2 ≥ 0.7) with Ca and S 
(Figure 2), indicating association of LREE with gypsum. In addition, Gd showed a medium positive 
correlation (R2 ≈ 0.6) with Ca and S, while those elements are not correlated with Er (R2 ≈ 0) 
(Figure 2). The association of LREE and gypsum can be attributed to similarities between their 
ionic radii and Ca2+ in the gypsum structure (8-fold coordination) (Ma et al. 2020). Results further 
revealed that all the selected REE are not correlated with Fe and Al at low pH (between pH 3–4) 
(Figure 2). Moreover, Fe and Al are also not correlated with S at this low pH (between pH 3–4) 
(Figure 3) showing that S concentration is mostly controlled by the gypsum precipitation even 
though some Fe oxyhydroxysulfate phases are expected to precipitate. Conversely, Mn shows a 
medium positive correlation with S (R2 ≈ 0.6) (Figure 3) most likely due to co-precipitation as Mn 
phases precipitation is not favored at this pH. Further, La, Ce, Pr and Gd show a medium positive 
correlation with Mn (0.4 ≤ R2  < 0.7) while Nd and Er are poorly correlated with Mn (R2 < 0.4).  

 

 

 

 

 

 

 

 

 

 

 
Figure 2 La, Ce, Pr, Nd, Gd and Er correlations (R²) with 1: Fe, 2: Al, 3: Ca and S and 4: Mn between pH 3–4 

(denoted by blue lines) and between pH 4–6 (denoted by pink lines) obtained using LA ICP-MS data analysis.  

On the contrary, at higher pH (between pH 4–6) the correlations are mostly reversed. All the 
selected REE show positive correlations with Fe (R2  0.7) yet, it decreases from LREE to Er. With 

0
0.2
0.4
0.6
0.8

1

La Ce Pr Nd Gd Er

R² between pH 3–4_Fe
between pH 4–6_Fe

0
0.2
0.4
0.6
0.8

1

La Ce Pr Nd Gd Er

R² between pH 3–4_Al
between pH 4–6_Al

0
0.2
0.4
0.6
0.8

1

La Ce Pr Nd Gd Er

R²

between pH 3–4_Ca
between pH 3–4_S
between pH 4–6_Ca
between pH 4–6_S

0
0.2
0.4
0.6
0.8

1

La Ce Pr Nd Gd Er

R² between pH 3–4_Mn
between pH 4–6_Mn

1 2

3 4

Figure 2 La, Ce, Pr, Nd, Gd and Er correlations (R²) with 1: Fe, 2: Al, 3: Ca and S and 4: Mn up to pH≈4 
(denoted by blue lines) and between pH 4–6 (denoted by pink lines) obtained using LA ICP-MS data analysis. 
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precipitate. Conversely, Mn shows a medium 
positive correlation with S (R2 ≈ 0.6) (Figure 
3) most likely due to co-precipitation as Mn 
phases precipitation is not favored at this pH. 
Further, La, Ce, Pr and Gd show a medium 
positive correlation with Mn (0.4 ≤ R2 < 0.7) 
while Nd and Er are poorly correlated with 
Mn (R2 < 0.4). 

On the contrary, at higher pH (between 
pH 4–6) the correlations are mostly 
reversed. All the selected REE show positive 
correlations with Fe (R2 ≥ 0.7) yet, it decreases 
from LREE to Er. With Al however, LREE and 
Gd reveal medium positive correlations (0.4 ≤ 
R2 < 0.7) whereas Er shows a higher positive 
correlation (R2 ≈ 0.7). However, Fe and Al 
correlations with S have not changed even in 
the higher pH range (between pH 4–6) and 
stay as not correlated. No correlations exist 
between selected REE and Ca (R2 ≈ 0) and also 
between those of and Mn (R2 ≈ 0). Correlation 
between Mn and S has changed to none.

Based on the correlations described 
above, it is clear that gypsum immediately 
gets precipitated during alkalinization of 
acid mine water through addition of CaCO3. 
Therefore, when gypsum precipitation 
predominates (i.e. at low pH up to pH≈4), 
LREE are co-precipitated due to the ionic 
radii similarity mentioned above. This 
implies for the possible recovery of REE from 
PTS, gypsum can be targeted especially for 
LREEs. Even beyond pH 4, the concentration 
of Ca2+ and sulfur appear to be controlled by 
gypsum precipitation. During the stepwise 
increase of pH from pH 4–6, association of 
REE was observed to shift from gypsum to 
Fe- and Al-phases. The positive correlations 
of REE with Fe and Al at higher pH might 

be explained either by co-precipitations or 
sorption to respective mineral phases, but 
needs still to be confirmed. The fact, that no 
correlation was identified between Al, Fe and 
S (see above), suggests that instead of Fe-/
Al-oxyhydroxysulfates (i.e. schwertmannite, 
basaluminite), rather Fe and Al oxyhydroxides 
could be the host minerals for REE or that 
the precipitation of gypsum still controls the 
S concentration at higher pH and screen the 
correlation of S with Fe/Al.

Conclusions
This study sought at investigating the 
association/correlation of selected LREEs, i.e. 
La, Ce, Pr and Nd, MREE, i.e. Gd and HREE, 
i.e. Er with the predominant major elements, 
such as Fe, Al, Mn, Ca and S present in the 
formed solids in AMD during the sequential 
increase of pH (i.e. up to pH≈4 and between 
pH 4–6) through the addition of CaCO3. 
This was achieved by using LA ICP-MS 
complementary to SEM/EDX. It was thereby 
intended to identify possible scavenging 
mechanisms of the selected REEs in the 
mentioned pH ranges. 

Correlations (R²) obtained using LA 
ICP-MS data analysis revealed medium 
positive correlations (0.5 < R2 < 0.7) between 
Ca and S up to pH≈4 and between pH 4–6 
indicating gypsum precipitation, which was 
also confirmed by SEM/EDX. In addition, a 
strong positive correlation (R2 > 0.7) between 
Ca, S and the LREEs was observed revealing 
association of LREEs with gypsum between 
pH 4–6, LREEs and Gd showed strong 
positive correlations with Fe (R2 > 0.7) and 
medium positive correlations with Al (0.5 
< R2 < 0.7). No correlation was however 

Al however, LREE and Gd reveal medium positive correlations (0.4 ≤ R2 < 0.7) whereas Er shows 
a higher positive correlation (R2 ≈ 0.7). However, Fe and Al correlations with S have not changed 
even in the higher pH range (between pH 4–6) and stay as not correlated. No correlations exist 
between selected REE and Ca (R2 ≈ 0) and also between those of and Mn (R2 ≈ 0). Correlation 
between Mn and S has changed to none.  

 
Figure 3 Fe, Al, Mn and Ca correlations (R²) each with S between pH 3–4: A  (denoted by blue lines) and  

between pH 4–6 (denoted by pink lines) obtained using LA ICP-MS data analysis.  

Based on the correlations described above, it is clear that gypsum immediately gets precipitated 
during alkalinization of acid mine water through addition of CaCO3. Therefore, when gypsum 
precipitation predominates (i.e. at low pH between pH 3–4), LREE are co-precipitated due to the 
ionic radii similarity mentioned above. This implies for the possible recovery of REE from PTS, 
gypsum can be targeted especially for LREEs. Even beyond pH 4, the concentration of Ca2+ and 
sulfur appear to be controlled by gypsum precipitation. During the stepwise increase of pH from 
pH 4–6, association of REE was observed to shift from gypsum to Fe- and Al-phases. The positive 
correlations of REE with Fe and Al at higher pH might be explained either by co-precipitations or 
sorption to respective mineral phases, but needs still to be confirmed. The fact, that no correlation 
was identified between Al, Fe and S (see above), suggests that instead of Fe-/Al-
oxyhydroxysulfates (i.e. schwertmannite, basaluminite), rather Fe and Al oxyhydroxides could be 
the host minerals for REE or that the precipitation of gypsum still controls the S concentration at 
higher pH and screen the correlation of S with Fe/Al. 

Conclusions  
This study sought at investigating the association/correlation of selected LREEs, i.e. La, Ce, Pr and 
Nd, MREE, i.e. Gd and HREE, i.e. Er with the predominant major elements, such as Fe, Al, Mn, Ca 
and S present in the formed solids in AMD during the sequential increase of pH (i.e. between pH 
3–4 and between pH 4–6) through the addition of CaCO3. This was achieved by using LA ICP-MS 
complementary to SEM/EDX. It was thereby intended to identify possible scavenging mechanisms 
of the selected REEs in the mentioned pH ranges.  
Correlations (R ) obtained using LA ICP-MS data analysis revealed medium positive correlations 
(0.5 < R2 < 0.7) between Ca and S between pH 3–4 and between pH 4–6 indicating gypsum 
precipitation, which was also confirmed by SEM/EDX. In addition, a strong positive correlation 
(R2 > 0.7) between Ca, S and the LREEs was observed revealing association of LREEs with gypsum 
between pH 4–6, LREEs and Gd showed strong positive correlations with Fe (R2 > 0.7) and medium 
positive correlations with Al (0.5 < R2 < 0.7). No correlation was however observed of the latter 
elements with sulfur. This suggests that at higher pH either Fe and Al oxyhydroxides to be host 
minerals for REE or due to S concentration being still controlled by the gypsum precipitation 
might have screened the correlation of S with Fe/Al. This implies that for the possible recovery of 
REE from PTS, gypsum can be targeted mostly in the first layers of the PTS and especially for 
LREEs whereas Fe- and Al- oxyhydroxides can be targeted for all REE further on in the PTS, i.e. 
where higher pH are obtained. 
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Figure 3 Fe, Al, Mn and Ca correlations (R²) each with S up to pH ≈ 4: A (denoted by blue lines) and between 
pH 4–6 (denoted by pink lines) obtained using LA ICP-MS data analysis. 
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observed of the latter elements with sulfur. 
This suggests that at higher pH either Fe and 
Al oxyhydroxides to be host minerals for REE 
or due to S concentration being still controlled 
by the gypsum precipitation might have 
screened the correlation of S with Fe/Al. This 
implies that for the possible recovery of REE 
from PTS, gypsum can be targeted mostly in 
the first layers of the PTS and especially for 
LREEs whereas Fe- and Al- oxyhydroxides 
can be targeted for all REE further on in the 
PTS, i.e. where higher pH are obtained.
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