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Environmental significance statement

Phosphogypsum leachates (PGL), generated by global phosphate fertilizer production, are acidic and metal-
rich fluids that pose significant long-term threats to groundwater quality. This study provides detailed
insight into the geochemical and transport processes governing the mobility of contaminants—including
lesser-studied elements such as thallium, germanium, molybdenum, and rare earth elements—in carbonate
aquifers. By examining interactions between PGL and porous subsurface media, the research reveals key
mechanisms of sorption, reactivity, and flow path development that directly influence contaminant fate.
These findings enhance our understanding of subsurface contamination processes and provide essential
knowledge to inform remediation and risk assessment strategies near phosphogypsum waste sites globally,
with implications for groundwater protection, ecological integrity, and public health.
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Retention and mobility of phosphogypsum constituents in
carbonate aquifer rock materials
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Abstract. The disposal of phosphogypsum, an acidic and metal-rich by-product of phosphate fertilizer production, represents
DOI: 10.1039/x0xx00000 a growing environmental challenge due to its potential to contaminate groundwater. Despite numerous reports of
phosphogypsum leachate (PGL) impacting aquifers worldwide, the mechanisms governing the mobility and retention of
contaminant elements remain poorly understood. To elucidate the underlying physical and chemical mechanisms governing
the retention and mobility of the different components of the solution as it interacts with carbonate aquifer rock, we present
a set of batch and column experiments using PGL and crushed aquifer rock. The results show that the flow of PGL through
the rock induces non-uniform dissolution, creating preferential flow paths and reducing the rock-solution interactions and
the retention of related elements. Moreover, rock dissolution causes a pH increase, affecting the speciation of the different
elements and promoting precipitation. Element-specific retention was observed with some elements, e.g., Mo, Ge, T, and
Rb, showing limited interaction and high mobility, raising concerns for groundwater contamination, especially for Tl, given
its high toxicity. Other elements, including Al, Cr, B, Co, Ni, Cu, Zn, Cd, Cs, and U exhibited grain-size-dependent retention,
with smaller grain sizes providing more surface area for sorption or precipitation. REEs were strongly immobilized across all
conditions, indicating negligible mobility in acidic carbonate environments. The retention mechanisms of phosphogypsum-
related elements include retention on the mineral surface and/or co-precipitation of newly formed minerals. Overall, these
results underscore the need for site-specific assessments of PGL disposal in carbonate settings, given the distinct behavior

of different elements and the dynamic nature of flow paths and pH conditions.
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1. INTRODUCTION

Phosphogypsum (PG), the primary byproduct of wet-
phosphoric acid (WPA) production, results from manufacturing
fertilizers from phosphate rock. The global annual production of
PG reaches nearly 300 million tons®. A large proportion of this
byproduct is stored in stacks, and estimates suggest that
between 3 and 8 billion tons of PG piles are already distributed
around the world?®. Phosphogypsum is composed mainly of
gypsum and residual phosphoric acid. However, it often
contains impurities, including trace metals and radioactive
elements derived from the phosphate rock feedstock. The
principal constituents of phosphogypsum are fluoride, sulphate,

o Department of Earth and Planetary Sciences, Weizmann Institute of Science,
Rehovot, Israel.

Supplementary Information available: The Supplementary Information includes the
modified sequential extraction procedure (Section S1), elemental concentrations in
the experimental phosphogypsum leachate (PGL) and bulk aquifer rock composition
(Tables S1-S2), and detailed batch and column experimental conditions (Table S3).
It further contains Visual MINTEQ inputs, parameters, and calculated saturation
indices for PGL-related elements and mineral phases over pH 3-5 (Tables S4-S6;
Figs. S4-S5), XRD confirmation of Zafit aquifer rock mineralogy (Fig. S1), images of
column setups for different grain sizes (Fig. S2), concentrations of elements in newly
precipitated minerals from batch experiments (Figs. S3 and S6), breakthrough
curves for elements exhibiting limited rock interaction across grain sizes (Fig. S7),
solid-phase retention efficiency calculations and trends (Section S4; Fig. S9), and
measured elemental concentrations on aquifer rock before and after PGL column
exposure, including sequential extraction results documenting REE fractionation
(Section S5; Figs. S10-S11). See DOI: 10.1039/x0xx00000x

calcium, phosphate, trace elements, and radionuclides. PG is
typically formed as a slurry during the WPA process, and the
process waters are recycled. This recycling of acidic process
waters leads to the enrichment of trace elements and other
potentially toxic substances within the PG. Moreover, using
sulfuric acid during WPA retains an acidic character in the PG.
Large stockpiles of phosphogypsum, exposed to environmental
weathering, generate phosphogypsum leachates (PGL). If left
untreated, these leachates can contaminate surrounding water
systems, contributing to the acidification and pollution of these
waters. In dry stacking operations, rainwater and residual
process waters can combine to form a hydraulic head, which
increases the infiltration of acidic waters into underlying
aquifers or nearby surface water bodies. This phenomenon
presents significant environmental risks, as the contamination
of groundwater systems and surrounding water bodies could
have profound effects on both ecological systems and human
health'®!l, The long-term environmental consequences of
these PG stacks are considerable, compromising the
sustainability of groundwater, altering the properties of porous
media, and potentially threatening biodiversity and public
health.

The concentration of elements in phosphogypsum leachates is
dictated mainly by the mineral composition of the phosphate
ore processed!?13, Although trace elements are typically
present in low quantities, their environmental toxicity can be
severe. The concentration of these elements is influenced by


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5em00254k

Page 3 of 15

& 5 »Opendogessirtislelubligiedond8 Maich 2026.DRwiloadedion RLGEORE LL3A0APML . o o s s S VO N O LT D W N =
wm\fh% aficldistedhbed unither € Rative Sontindiis RttriBuon RoftdRmalcid 38 ﬁp(‘)ﬁeﬂ‘l.i?en@.

aOuvuuuuuuuuu bbb DDNDN
O VWO NOUDMNWN=—-=OOVONO UV N

the type of phosphate ore and the chemical processes, such as
sulfuric acid treatment, used in phosphoric acid production. The
release of PGL into the environment may occur due to the
weathering of PG stacks or inadequate sealing of
phosphogypsum ponds, which leads to leakage and infiltration
into subsurface systems. This can result in significant ecological
disturbances, with radionuclides and heavy metals
accumulating in the food chain, posing long-term health risks34.
Instances of groundwater contamination resulting from PG
have been documented in numerous locations worldwide
(Africa®®, Asia'®, North and South Americal®'’, and the Middle
East'8). For example, in Spain, Millan-Becerro et al.?® identified
preferential flow paths of contaminants originating from
phosphogypsum stacks with a discharge of high concentrations
of pollutants (PO4, F, U, As, and Cd). Small variations in pollutant
concentrations were attributed to the interplay between
dilution by rainwater recharge, which causes a slight decrease
in concentration, and dissolution of the precipitated sulphate
evaporitic salts, which caused an increase in the dissolved
concentration in the leachates released from the PG. Outbakat
et al.?® reported that PG application alters soil physical
properties (soil hydraulic properties, total porosity, and bulk
density). Pliaka and Gaidajis® indicated that the acidic PG
leachate could accelerate water-rock interactions, releasing
more metal(loid)s from the host rock into groundwater.
Groundwater contamination in various regions has been linked
to PG stacks. In Tunisia, Melki and Gueddari?! observed that the
Sfax-Agareb aquifer has been severely affected by PGL.
Groundwater beneath PG stockpiles and downstream in the
aquifer exhibited elevated concentrations of ortho-phosphate,
fluoride, sulphate, acidity, and total dissolved solids compared
to upstream water, with a marked increase in zinc and
aluminium concentrations, indicating significant deterioration
of water quality. In China, studies around phosphate production
plants in Shifang City, Sichuan Province, revealed that dryland
soils near PG piles contained elevated levels of heavy metals
such as zinc, arsenic, copper, lead, cadmium, and mercury?2.
The mobility and retention of PGL-related elements, and, thus,
the spatial distribution of the groundwater contamination, is
governed by the chemistry of the PGL (e.g., pH, ionic strength,
concentrations of different PG-related elements) and the
composition of the aquifer rock”13%. The presence of geological
carbonate formations, common aquifer rocks, underneath the
ponds can facilitate relatively rapid infiltration of
phosphogypsum into the groundwater system37.2224. The
interaction between the acidic PGL solution and carbonate rock
leads to rock dissolution, which alters the rock permeability,
porosity, and specific surface area. As a result of this non-
uniform dissolution, preferential flow paths are formed, which
reduce the rock-solution interaction and, thus, increase the
mobility of the PG-related elements25.

Groundwater is a crucial resource that sustains life, providing
water to billions of people worldwide, supporting agricultural
irrigation systems, and maintaining the health of various
ecosystems?®, Approximately 15.2% of the Earth's terrestrial
surface comprises carbonate rocks like limestone and dolomite.
Furthermore, about 9.2% of the global population relies on

2| J. Name., 2012, 00, 1-3
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groundwater from aquifers within carbonate rock.formatiqns
for their water supply?’. This highlighB'the1isRiertaiNee>of
carbonate aquifers in both sustaining human populations and
supporting agricultural productivity. Therefore, prolonged
infiltration of PGL from ponds situated on carbonate rocks is
especially alarming, potentially resulting in significant regional
groundwater contamination. An illustrative case of carbonate
aquifer vulnerability was documented in Israel, where studies
observed the spread of a PGL plume that contaminated a
natural spring located more than 10 km from the contamination
source!®2829 This contamination resulted in the persistent
elevation of PGL-related elements (e.g., Tl, U, Cd, and Ni) in the
spring water, which severely impacted the local ecosystem and
continued to increase in the spring water?8-30,

While extensive research has been conducted on the
composition of the PG piles and the release of PG-related
elements into the environment%233135 studies that examine
the mechanisms governing the mobility and retention of the
various PG-related elements in aquifer material are generally
scarce. No studies have specifically addressed these
mechanisms in the context of carbonate rock aquifers. Given
the growing body of evidence for groundwater contamination
by PGL worldwide!41517.21,30, 36,37 it is crucial to investigate the
mechanisms governing the mobility and retention of these
elements in various environmental compartments. This
understanding is critical to assessing and managing the long-
term environmental risks of PGL release.

Therefore, the primary objective of this study was to elucidate
the leading mechanisms governing the mobility and retention
of PG-related elements as they interact with carbonate aquifer
materials. We specifically focus this study on capturing
interactions of various PGL elements with the aquifer rock,
utilizing batch retention and column transport experiments
with crushed carbonate rock of varying grain sizes. Additionally,
we examine the changes in the hydraulic properties of the
columns, which were influenced by the dissolution of the
carbonate rock and the formation of CO, bubbles, thereby
providing insights into the dynamic processes occurring in the
aquifer.

2. Experimental
2.1. Sampling and sample handling

The phosphogypsum solution was collected using a bailer from
a well (RPG-21) located near the PG ponds of the fertilizer plant
in Mishor Rotem. The well was refreshed with three well
volumes before the collection of the solution. The PG
contamination was diluted x3 using double distilled water
(DDW; 18.2 > MQ cm) to form a simulated PGL used in the batch
and column experiments. The solution contained elevated
concentrations of Na, Ca, Cl, P, and F (649, 817, 629, 2405, and
1797 mg L%, respectively). The concentrations of all elements
present in the PGL are detailed in Table S1 in the Supplementary
Information (SI). The solution pH, after dilution, was 3 (pH
units). Zafit aquifer rock was sampled from an outcrop at
coordinates 31.046810 N / 35.083527 E. An XRD analysis of the

This journal is © The Royal Society of Chemistry 20xx
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Zafit rock showing its (dolomitic) mineral composition is
provided at the S| (Figure S1). The Zafit rock was crushed using
a rock grinder and subsequently classified into three distinct
grain-size fractions: 1-2 mm, 2-5 mm, and 5-10 mm. The
crushed rocks were washed using DDW and dried at room
temperature for seven days.

2.2. Batch adsorption experiments

Batch adsorption experiments were conducted by adding 10 g
of rock (2-5 mm grains) to a flask containing 0.5 L PGL. The
experiment was conducted in duplicate. The solution was
allowed to be mixed with rock on a rotating table and sampled
hourly/daily for 52 days. Control samples were taken before
mixing the solution with the rock to determine the initial
concentrations of the different elements. Solution sampling was
conducted several seconds after manually shaking the
experiment bottles, followed by sample filtration through a 0.22
um filter. The sampled solutions were analysed for the different
elements using inductively coupled plasma mass spectrometry
(ICP-MS). At the end of the retention experiment, the solution
was separated from the rock grains by filtration througha 1 mm
mesh size net. Then, the powder of newly formed minerals was
separated from the solution by filtration through 1.6 um pore
size microfiber filter paper (Whatman).

2.3. Column transport experiments

Two sets of column experiments were conducted. The first set
examined the degree of interaction of the different elements
with the aquifer rock using columns packed with aquifer rock
with a mixture of grain sizes (1-2 mm, 2-5 mm, and 5-10 mm).
The duration of each experiment was one week. The second set
of experiments examined the changes in hydraulic properties
that occurred in the column, using a red dye solution after
flowing the PGL solution for one week.

2.3.1. Column experiments with different grain sizes

This set comprised three different column experiments, each
with a different grain size. For each experiment,
polycarbonate columns, 19 cm long and 3 cm inner diameter,
were packed with crushed rock from the Zafit formation and
placed vertically. To eliminate gravity effects, the flow in the
columns was from bottom to top via a multichannel peristaltic
pump at a fixed flow rate of 0.6£0.02 mL min. The columns
underwent a saturation phase by flowing DDW for 24 h before
the experiment at a flow rate of 0.1+0.01 mL min™, Then, the
DDW was replaced with the PGL, and effluent collection at the
column outlet began. After flowing the PGL for 60 h (3243 pore
volumes (PV)), the solution was replaced with DDW for an
additional 12 h (7 PV). The PV was determined by weighing the
unsaturated column before the experiment started and after
the column was fully saturated. Because the density of the
aqueous solution is ~1.00 g mL?! the PV can be directly
calculated from the mass differences. The column porosity was
calculated considering the PV and the total volume of the
column derived from its dimensions. The porosity values for the
three grain sizes were as follows: 1-2 mm PV = 66 ml and a
porosity of 0.49, 2-5 mm PV = 71 ml and a porosity of 0.53, and

two

This journal is © The Royal Society of Chemistry 20xx

5-10 mm PV =78 ml and a porosity of 0.58. Figure\$2, Sl,.shows
the columns packed with grains of the ZafiPadaiferHock itPERpPEE
sizes. At the end of the experiment, one of the replicates was
used to examine the influence of PGL flow on the hydraulic
properties of the column using a red dye solution (Section
2.3.2). The other replicate was unpacked, and grains from the
column inlet were further analysed by aqua regia digestion
(Section 2.4).

2.3.2. Red dye column experiment

To examine the changes in the flow regime of the column due
to the interaction with the PGL, we compared the flow of red
dye solution through the column that underwent PGL flow to a
control column that experienced only DDW flow. Following the
24 h saturation of the columns with DDW, a red dye solution
flowed through the columns for 8 h at a flow rate of 0.4+0.02
mL mint. The red dye solution eluted from the column was
collected at the column outlet, and the flow of the red dye
through the column was monitored by imaging. The
concentration of red dye in the effluents was measured using
absorption spectroscopy at A=430 nm (UV-1600; Shimadzu
Corp.).

2.4. Aqua regia digestion and sequential extraction

Aqua regia digestion procedures suitable for high-carbonate
samples3® were conducted to study the composition of the
newly formed mineral powder extracted from the batch
experiment and the retained minerals on the rock grains
obtained from the inlet of the column. The retained mineral
fraction was calculated as the difference between the
elemental concentration measured in inlet-end column grains
and the bulk concentration of the aquifer rock (Table S2). This
inlet-derived retained fraction was then extrapolated to the full
column mass (188 g) to obtain the solid retention efficiency, n,
defined as the percentage of the input mass captured. To
distinguish  between surface sorption and mineral
incorporation, and to quantify the accumulation of REEs in
specific mineral phases, a sequential extraction procedure was
conducted. This was performed on both the pristine bulk
aquifer rock and the rock grains retrieved from the column inlet
after the experiment. A modification of the procedure by
Scheplitz et al. (2021), suitable for high-carbonate samples, was
utilized to isolate the following phases: (1)
Adsorbed/exchangeable; (2) Carbonates; (3) Hydrous iron
oxides; (4) Crystalline iron oxides; and (5) Sulfides/organic
material (see Section S1 Supplementary Information for
details).

Table S3 summarize and compare the experimental parameters of
the batch and column experiments.

2.5. ICP-MS

All samples were analysed via ICP-MS (Agilent 7700s) for the
different element concentrations. Drift corrections were carried
out using indium as an internal standard and by repeatedly
analysing a calibration solution of 10 pg L' concentration as a
drift monitor throughout the analysis. Memory effects were

J. Name., 2013, 00, 1-3 | 3
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avoided by additional manual cleaning using 5% HNOs. The
following masses were measured: Al?7, P31, Ca*C, Ca**, Cr>2, Fe>®,
COSQ, NiGO, CU63, Zn66, Ge71’ Br79’ Rb85, Y89: MOBS, Cdlll, C5133’
Ba137l La139’ Ce140, Ce142’ Pr141, Nd146’ NdlSO’ sm147’ Sm149’ EUlSl,
EU153, GdlSS’ and Gd157’ Tb159’ Dy163’ Dy164’ H0165: Er166’ Er170’
Tm169’ Yb172, Yb174, LU175, LU176, T|203, TIZOS: and U238_ A”
calibration curves were with R2>0.98.

2.6. Visual MINTEQ

Speciation analysis and saturation indices of the various
elements present in the PGL were performed using Visual
MINTEQ (v3.1) at 25°C, with the MINTEQ3.1 thermodynamic
database and default complexation constants for all aqueous
species. Model inputs included measured 3x diluted PGL
composition (major ions and 39 trace elements from Table S1)
with ionic strength 0.08—0.15 M (Davies equation) and pH range
3.0-5.7 matching experimental evolution; precipitation
/dissolution was allowed for carbonates (dolomite, calcite), Ca-
phosphates (hydroxyapatite, CaHPQ,), fluorides (CaF,, MgF,),
REE minerals (REPQ,, REF3), and metal hydroxides (Al, Cr, Cu, Zn,
Cd, Ni) consistent with Zafit rock composition and observed
secondary precipitates. Full input parameters and validation
against experimental observations are detailed in Table S4
(Supplementary Information). This analysis enabled the
prediction of the species in which the elements exist under
given environmental conditions, including pH, ionic strength,
and the presence of natural organic matter. The analysis further

Environmental SciencerProcesses:& Impacts

identified the distribution of elements among.free.ions,
complex forms, and potential precipitateS QW hicH a1 eFitieat o
evaluating their mobility and environmental behaviour.

3. RESULT AND DISCUSSION

The interaction of the PGL while flowing through carbonate
aquifer rock was examined in the context of the changes in the
hydraulic properties of the matrix and the retention of the
different elements present in the PGL. In general, as the acidic
PGL interacts with carbonate rock, the resulting rock dissolution
modifies the matrix’s hydraulic properties, raises the solution
pH, and drives the leaching of elements from the rock?14%41, |n
parallel, the PGL-related elements are retained on the surface
of the rock, and newly formed minerals are precipitated?>2°.
The changes in the retention of the PGL-related elements and
changes in the hydraulic properties of the matrix are discussed

in Sections 3.1 and 3.2, respectively.

3.1. Retention of PGL-related elements while interacting with
carbonate rock.

3.1.1. Batch experiment

The batch retention experiment, which lasted 52 days, reveals
notable variations in the retention patterns of different
elements (Figure 1). Based on these observations, the elements
can be classified into two distinct groups characterized by their
unique retention behaviours.

A B. C. D.

15 Ni 151 Ge 15 Rb 151 Mo {
g 4 —. CEN o i “I*i‘?’ﬁk}i O mmme — o —sssssesset ® T i i
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Figure 1. Batch retention experiment results (52-day duration) showing concentration profiles (C/Co) for representative elements and solution pH changes. Panels (A-E) show Group
| elements with limited retention (Ge, Ba, Rb, Mo, Ni); panels (F-J) show Group Il elements with progressive retention (Al, Cr, B, Cu, Tl); panels (K-O) show Group Il elements with
rapid complete retention (representative REE shown: La); panel (P) shows solution pH evolution driven by carbonate rock dissolution. Each data point represents the average of two

experimental replicates, with error bars indicating +1 standard deviation.
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The first group of elements is elements whose relative
concentrations in solution (C/Co) after 52 days are >1. This
group includes Ba, Ni, Ge, Rb, and Mo (Figure 1 A-E). This limited
interaction could result from the higher affinity of the elements
toward the solution rather than the rock due to complexation
with different ligands. The dominant ligands in this PGL solution
are F, ClI, SO4%, and PO43, which are present at concentrations
of 1797, 629, 267, and 7535 mg/L, respectively (Table S1). The
CO3% could also serve as an important ligand, as its
concentration in the solution changes according to the extent
of the rock dissolution and the change in solution pH. For this
batch experiment, the pH changed from 3 at the beginning of
the experiment to 5.3 after 10 d and 5.7 after 52 d (Figure 1P).
This increase is attributed to the dissolution of the carbonate
aquifer rock, which leads to the addition of carbonate ions to
the solution (Eq. 1).

Eql. CaMg(COs)a(s) + 4H* = Ca* + Mg?* + 2H,0 + 2CO,(g)
The second group comprises elements whose solution
concentration after 52 days is lower than at the beginning of the
experiment, with C/Co<1. This group includes Al, B, Cr, Cu, Zn,
Cd, Cs, Tl, U, and REE (represented by La; Figure 1 D-O). Within
the second group, the retention of some elements, such as U,
Al, and Cr is more robust, with a C/Co < 0.2 reached after several
days. On the other hand, elements such as B and Tl exhibit more
gradual retention. The REE group, represented in Figure 1 by
'La’, showed immediate and complete retention.

In the batch experiment, the emergence of newly formed
minerals was detected visually, manifested as a fine powder

View Article Online
DOI: 10.1039/D5EM00254K

settled at the bottom of the experimental bottles. This powder
of newly precipitated minerals was extracted from the solution
52 days after the experiment and subsequently dissolved using
aqua regia. The elemental composition that resulted from the
dissolution of the newly formed mineral powder is presented in
Figure S3, SI.

High concentrations of P, Ca, and Mg, together with lower
concentrations of B, Cd, Cr, Cu, Ni, U, and Zn were observed.
Significant concentrations of P, Ca, and Mg are indicative of
phosphorous mineral precipitation (e.g., hydroxyapatite
formation, Eq 2).

Eq 2. 10Ca%* + 6P043" + 2H,0 > Caio(POa)s(OH)a2(s) + 12H*
The retention of Group Il elements (Al, Cr, Cu, etc.) is pH-
dependent (e.g., Eq. 3-4), explaining the decline in solution
concentration as pH increases from 3 to 5.7 (Figure 1).

Eq 3. M?* + 2H,0 &> M(OH),(s) + 2H*; Ksp = [M2*][OH]?
where M?* represents transition metals (Zn?*, Cd?*, Cu?*, Ni?*).
Eq 4. US* + 3H,0 <> (UO,)s(OH)s* = UO2(OH)2(s) at pH > 5
Ahmad et al.*2 reported a decrease in heavy metal mobility
through adsorption and pH-driven precipitation. As CaCOs
dissolves, it raises the solution pH, prompting the formation of
stable carbonate or hydroxide phases that immobilize metals
such as Cd, Zn, and Pb. Chromium’s fate hinges on its oxidation
state, with Cr3* adsorbing or precipitating more readily than
Cr%*, which must first be reduced. At higher pH, Cu?* may form
hydroxides or carbonates, and Fe3* typically hydrolyses into Fe-

hydroxides that interact with CaCOs; surfaces.

120%

100%

80%

Recoveries (%)

REEs Al

Complete
retention

Grain size dependent

60%
40%
SRl RREREL
s l 1| on i I [
Cr Ni Co Cu Zn Cs U Cd B Ge Rb Mo Tl

Limited interaction

®1-2mm ®2-5mm ®5-10mm

Figure 2. Recoveries of selected elements present in the PGL solution following column transport experiments with different grain sizes. Error bars represent the range between

two experimental replicates (shown as *standard deviation).
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The saturation indexes of potential minerals were calculated
using Visual MINTEQ 3.1 software in the relevant pH range (pH
3-5). The saturation indexes of Ca and Mg minerals, the only
minerals that displayed saturation indexes exceeding 1, are
presented in Figure S4, and Table S5, SI. The figure highlights
the increasing saturation indices of these minerals as the
solution pH rises, suggesting the possible precipitation of Ca-P
minerals (CaHPO4, CaHPO4:2H,0, and hydroxyapatite), Ca-F
minerals (fluorite; Eq. 5), and Mg-F mineral (MgF3; Eq. 6).
Eqg. 5. Ca?* + 2F~ - CaF,(s)
Eq. 6. Mg?* + 2F~ > MgF(s)

The precipitation of fluorinated minerals commences at pH 3,
whereas the precipitation of phosphorous minerals occurs with
an increase in solution pH. The precipitation of these minerals
could lead to the co-precipitation of different elements in the
mineral lattice, as previously reported*3. The detection of trace
metals in the dissolved fraction suggests their co-precipitation
within the newly formed minerals, as the saturation indexes of
these elements with phosphorous and fluorine (e.g., Cd3(POa),
and CdF,;) were lower than 1 (Table S6, Sl). The saturation
indexes of REE minerals in solution and the concentration of REE
in the dissolved fraction of the mineral powder extracted from
the batch solution after 52 days of the experiment are shown in
Figures S5 and S6, SI, respectively. Figure S5, SlI, depicts the
potential precipitation of REE-F3 and a majority of REE-POg4
minerals within the pH range of 3-5, showcasing an increase in
saturation index for these minerals with higher solution pH.

3.1.2. Column experiments of compound

Three sets of column transport experiments were conducted to
examine the mobility and retention of elements found in the
PGL and better frame the mechanisms that are related to
surface area interactions. These experiments used columns
filled with crushed aquifer rock of varying grain sizes, namely 1-
2 mm, 2-5 mm, and 5-10 mm. The representative elements
were categorized into three groups based on their level of
interaction with the rock, which was determined by analysing
the recovery of each element in the respective sets of column
experiments (Figure 2). This classification offers valuable
insights into the behaviour of the elements in relation to their
recovery, which is determined by the fraction of the total mass
of the element eluted from the column compared to the total
mass that initially entered the column.

The first group includes elements that exhibit
interaction with the rock, with recoveries >60% across all three-
grain sizes. The second group comprises elements whose
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recoveries are grain-size dependent. For this group of elements,
the recoveries are higher as the grain size diameter is higher due
to the smaller reactive surface area of the column. The third
group consists of elements completely retained on the aquifer
rock. While batch experiments (52 days) approached
equilibrium retention, column duration (60 h = 2.5 days contact)
represents early transient transport; Group | high mobility
(>60%, Fig. S7) persisted across timescales, but slower Group Il
sorption may increase over field-relevant multi-year residence
times requiring site-specific verification.

Group | - Limited Interaction: Ge, Rb, Mo, and Tl

Ge, Rb, Mo, and Tl demonstrated comparable mobility while
flowing through columns packed with carbonate rock of
different grain sizes (breakthrough curves are shown in Figure
S7). The breakthrough curve (BTC) of Ge, Rb, and Mo, shown in
Figure S7 A-C, displays a steep increase in relative concentration
to C/Co="0.8, followed by a plateau. The BTC of Tl also increases
sharply to C/Co="0.8, but then TI| relative concentration
gradually increases to C/Co="1.1. The occurrence of C/Cp>1
could be attributed to the leaching of Tl from the source rock,
which has a Tl concentration of 0.03 mg kg (Table S2), due to
rock dissolution or cation exchange. Similar mobility and
retention in columns with different reactive surface areas could
be attributed to the limited interaction of these elements with
the rock grains, as elaborated in Section 3.1.1.

Zhao et al.** demonstrate how carbonate minerals within mine
tailings (e.g., calcite and dolomite) buffer the pH of percolating
fluids. Zhao et al. outline a “dissolution—transport—re-
precipitation” cycle that governs how metals move through
carbonate tailings. Initially, acidic conditions drive metal release
via carbonate and sulphide dissolution. Over time, as the pH
climbs and secondary mineral precipitates accumulate, metals
become immobilized again, settling out of solution onto
reactive surfaces or forming stable mineral phases.

This interplay shapes the spatial extent of metal migration and
ultimately dictates contaminant concentrations in drainage
waters downstream of the tailings. Zhao et al. reported that
alkali and post-transition metals like Tl and Rb often remain
relatively mobile but can be removed when many sorption sites
exist. Visual MINTEQ speciation analysis (Table S4) reveals that
Mo in the acidic PGL exists predominantly as molybdate
oxyanions (Mo0,2"), which form stable aqueous complexes
resistant to sorption on carbonate minerals at pH < 5 (Goldberg,
2009; Arai, 2015). Germanium exists primarily as undissociated
H3GeOs° and H,GeOs™ species under the experimental pH
conditions (Pokrovskii & Helgeson, 1998).
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Figure 3. Figure 3. Breakthrough curve (BTC) pattern classifications (P1-P5) of various elements as a function of grain size. Five distinct BTC patterns are identified based
on concentration profiles: P1, rapid rise followed by gradual decline correlated with pH increase; P2, rapid rise to plateau wwhouftﬂpH correlation; P3, gradual increase
u

independent of pH; P4, rise-plateau-decline-plateau pattern inversely correlated to pH; P5, complete retention with near-zero e

ent concentration. These patterns

indicate different retention mechanisms (sorption, precipitation, cation exchange) and their dependence ongH, surface area (grain size), and element speciation. Black

symbols, 5-10 mm grains; Green symbols, 2-5 mm grains; Red symbols, 1-2 mm grains. A replicate of Fig 3F-

is provided as Fig S8.

The high solubility of Mo oxyanions and Ge silicic acid
analogues, combined with their weak affinity for carbonate
surfaces (compared to Group |l transition metals), explains their
rapid breakthrough and high recoveries in column experiments
(Figure S7; Prommer et al., 2023). The negligible grain-size
dependence of Mo and Ge recovery (>60% across all grain sizes)
confirms that element retention on carbonate rock is not the
controlling mechanism for their environmental transport?*> 4647,
48.

Group Il - Grain-size dependent behaviour: Al, Cr, B, Co, Ni, Cu,
Zn, Cd, Cs,and U

The second group of elements consists of those whose
recoveries were influenced by the grain size of the crushed rock
used to pack the different columns (Figure 3). Variations in grain
size affect the reactive surface area of the columns and
subsequently govern the extent of interaction between the rock
and the solution. In columns with similar volumes, those packed
with smaller grains exhibit a larger reactive surface area than
those packed with larger grains. As a result, elements that
interact with the rock experience increased retention processes
when flowing through columns packed with smaller grains.

Measuring retained elements in the column inlet confirms
Group Il grain-dependence: retention efficiency n declines by
20-96% from fine to coarse grains (e.g., Ni 47->31%, U 26>1%,
Al 8->3%; Figure S9). Finer grains (higher surface area) capture
more despite heterogeneity; coarser grains show bypass via
preferential paths (Fig. 4). Quantifies how non-uniform
dissolution reduces overall retention efficiency in coarser
media, as inferred from recoveries (Fig. 2). The recoveries of all
selected elements in this group of elements increased as the
reactive surface area of the column decreased (Figure 3).
Moreover, the mechanisms that control the mobility of each
element differ and depend on its chemical properties (e.g.,
solubility, concentration, and speciation).

By examining the BTC patterns of the various elements in
columns with different grain sizes, it is possible to compare the
leading processes that govern transport and retention. It is
noted that analysing a BTC requires caution, as the element BTC
represents its concentration at the column outlet throughout
the experiment, and processes occurring within the column
cannot always be detected. The concentration of each element
in the effluent solution can change due to the magnitude of the

Please do not adjust margins
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retention on the rock, the dissolution of the rock, the cation
exchange between the rock and solution, and the release of
previously retained elements. These processes depend on the
hydraulic and chemical properties of the column (i.e., the
solution pH, the reactive surface area, and the pore flow speed),
which change as the PGL solution flows through the column
(Section 3.2.).

The different BTCs were divided into five general patterns,
reflecting five processes (P1-P5; Figure 3 A-E). The first pattern,
referred to as 'P1', is characterized by a rapid rise in relative
concentrations during the early stages of the BTC, followed by
a gradual decline (Figure 3A). This BTC pattern was measured
for Al, Cr, B, Co, and Ni while flowing through columns packed
with the largest grains (Figure 3 F-J, respectively; black
symbols). This BTC shape exhibits an inverse trend to the
solution pH, indicating a decrease in the mobility of these
elements as the solution pH increases. This pattern can be
attributed to two processes associated with pH: (1) a change in
the speciation of the elements as a function of pH, which alters
the mobility of the new species, and (2) reduced rock
dissolution throughout the experiment, which leads to a
decreased contribution of the element from the rock and, in
turn, reduced concentrations of the element in the solution.
During the first PVs, when the pH is relatively low, the rock
dissolves, and the element concentrations in the effluents
increase. Later, as the contribution of rock dissolution gradually
decreases, the concentrations of the different elements also
decrease.

The second observed BTC pattern, referred to as 'P2', is
characterized by a rapid increase in concentration from a
background level, followed by a plateau where the
concentration stabilizes (Figure 3B). This plateau could occur
after a delay in elution (Cr, Figure 3G; green symbols),
immediately after the solution enters the Column (B, Figure 3H;
green and red symbols), or after a gradual increase in relative
concentrations (Co and Ni, Figure 3 I-J, respectively; green
symbols). These variations suggest that the BTC plateau pattern
does not exhibit a direct response to changes in solution pH. The
occurrence of a plateau BTC pattern for a particular element
signifies that the element concentrations in the column have
reached a state of saturation, resulting in the formation of
mineral precipitates.

The third observed BTC pattern, referred to as 'P3', is
characterized by a gradual increase in relative concentrations as
the solution flows through the column (Figure 3C). The gradual
increase in concentration may commence either upon the
solution entering the column (e.g., Cu, as shown in Figure 3K
with green symbols) or be delayed (e.g., Cs, as shown in Figure
3N with red symbols). The elution variations suggest that the
mobility of these elements is not linked directly to the solution
pH, similar to the 'P2' pattern. The gradual increase in relative
concentrations is attributed to the occupation of the retention

8| J. Name., 2012, 00, 1-3
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sites of the rock that are specific to the retention of the spegific
element species present in the solution. DOI: 10.1039/D5EM00254K
The fourth observed BTC pattern, referred to as 'P4', is
characterized by an elution pattern exhibiting an initial increase
in relative concentrations, followed by a plateau phase, and
subsequently, a decrease in relative concentrations leading to
another plateau (Figure 3D). This BTC pattern was observed for
Co, Ni, and Cd in columns packed with the smallest grain size
(Figure 3 1, J, and M, respectively; red symbols). This pattern
shows the opposite trend from the pH pattern. The inverse
shapes of the BTC and pH curves imply that the mobility of these
elements depends on the changes in the solution pH, similar to
the 'P1' pattern. The influence of pH variation on the mobility of
elements is similar to the mechanisms described for the 'P1' BTC
pattern.

The fifth observed BTC pattern, referred to as 'P5', displays a flat
BTC representing complete retention of the elements in the
column (Figure 3E). This BTC pattern was observed only for
columns packed with the smallest grains for Al, Cr, Cu, Zn, and
U (Figure 3 F, G, K, L, and O, respectively, red symbols). Zhao et
al.** emphasize that each heavy metal exhibits distinct solubility
and speciation patterns as the carbonate tailings evolve
geochemically. Under acidic microenvironments, carbonate
minerals dissolve quickly, releasing metals that were either
sorbed or structurally incorporated. As pH increases, buffering
by carbonate minerals, and as secondary minerals (e.g., iron
oxyhydroxides) form, most metals become less mobile. Zinc and
cadmium follow similar pathways, first dissolving under acidic
conditions and then re-precipitating or adsorbing at higher pH.
Copper exhibits a strong affinity for sorption onto iron
oxyhydroxides, while nickel can remain soluble longer due to
stable aqueous complexes but ultimately partitions into
secondary mineral phases. Aluminium re-precipitates as Al-
hydroxides as pH climbs, limiting its migration, while boron
commonly remains soluble unless extreme alkalinity fosters
adsorption Column experiments were conducted in open-
system conditions with continuous atmospheric contact at the
inlet and outlet, maintaining aerobic conditions throughout the
7-day duration. Although redox potentials (Eh) were not directly
measured, the open-system design and the availability of
atmospheric  oxygen suggest predominantly oxidizing
conditions during the experiments. For redox-sensitive
elements (Cr, U), speciation in the PGL was determined by
Visual MINTEQ assuming oxidizing conditions (pe = 13 at pH 3-
5), predicting Cré* as the dominant oxidized Cr species and U%*
as the stable uranium species. The observed grain-size-
dependent retention of Cr and complete retention of U in the
smallest grain-size columns (Figure 3, P1 and P5 patterns) may
reflect both the chemical properties of these oxidized species
and their interaction with the carbonate rock. In future studies,
controlled redox experiments (reduced vs. oxidized conditions)
would help isolate redox effects on element mobility and
retention.*% 0

This journal is © The Royal Society of Chemistry 20xx
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Figure 4 Figure 4. Red dye tracer experiment results showing the effect of phosphogypsum leachate (PGL) exposure on column flow paths. (A) Breakthrough curves

(BTC) of re

dye in two columns: PGL column (red line) was pre-exposed to PGL solution for 60 h creating preferential flow paths through selective carbonate dissolution

and mineral precipitation; DDW control column #black line) received only deionized water flow. The PGL column shows: (1) faster red dye breakthrough (earlier C/Co

rise), (2) lower peak concentration (indicative o

broader tracer distribution), and (3) longer tailing (slower drainage from heterogeneous flow regions), confirming

development o]JJpreferentiaI flow paths. (B-E) Spatial distribution snapshots of red dye solution in the PGL column at four time intervals marked on the BTC curve in
panel (A), showing non-uniform dye penetration and preferential pathways compared to expected symmetric flow in homogeneous media..

Group lll - Complete retention: Rare Earth Elements

Complete retention of the REE group was observed across all
three column experiments, regardless of the grain size
employed (data not shown). This complete retention of the
REEs demonstrated that either the complexation of the REE was
insufficient to overcome the binding affinity of REEs to the

surface sites of the carbonate rock and/or REEs precipitated in
the column.

An aqua regia digestion of the aquifer rock was conducted to
investigate the REE concentration before and after the column
experiment. The total concentration of each REE in the aquifer
rock before the retention of REEs in the column experiment,

Page 10 of 15
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measured using aqua regia digestion, was 0.17-5.5 mg/kg (Table
S2). After completion of the column experiments, the column
was disassembled, and analysis of the inlet samples revealed
REE concentrations of 57-73 and 49-60 mg/kg for the two
replicates, demonstrating consistent and robust retention of
REEs on the rock surface (Figure S10). In addition, the presence
of REEs was also detected in the powder of new precipitated
minerals obtained from the batch experiment (Section 3.1.1;
Figure S2).

To elucidate the specific retention mechanisms, the
fractionation of REEs in post-experiment column grains was
compared with that in pristine aquifer rock using sequential
extraction (Figure S11). The pristine rock exhibited low
background REE concentrations (0.17-5.5 mg kg™") distributed
naturally across the mineral phases. In contrast, the rock grains
from the column inlet showed a marked enrichment in REE
concentrations, specifically within the hydrous iron oxide (Step
3) and carbonate (Step 2) fractions. Significant concentrations
were also associated with crystalline iron oxides (Step 4).
Conversely, the concentration of  REEs in  the
exchangeable/adsorbed fraction (Step 1) remained negligible
(<1 pg L™ in both pre- and post-experiment samples.

This comparison provides quantitative evidence that REE
retention is not governed by reversible surface adsorption (Step
1). Instead, the dominant mechanisms are scavenging by iron
oxides—consistent with the significant iron content of the Zafit
rock (approx. 9,500 mg kg™ ) -and coprecipitation into the
carbonate lattice. This aligns with the 'dissolution-transport-
reprecipitation’' cycle, in which REEs are immobilized in
secondary mineral phases formed during the neutralization of
the acidic PGL. . Robust REE retention while flowing through
carbonate rock and carbonate-rich soils was previously
reported & 285253 Amiel et al.,*> showed that the retention of
REE increases as the carbonate content of the matrix increases.

3.2. Effect of rock dissolution on the changes in hydraulic
properties

The flow of the PGL solution, characterized by acidic pH and
high metal content (Table S1), caused changes in the hydraulic
properties of the column due to dissolution and precipitation
reactions. In general, carbonate dissolution caused by
acidification expanded the pore volume of the carbonate rock,
while precipitation of newly formed minerals, resulting from the
super-saturation of chemical constituents, filled the pore
space?®. The interplay between these contrasting processes
leads to the development of preferential flow paths25>4,

The formation of preferential flow paths in the column
experiment was examined by simultaneously flowing red dye
solution through two columns packed with 2-5 mm carbonate
rock. The first column experienced the flow of PGL solution
before the red dye experiment ('‘PGL' column). The second was
a control column, which experienced the flow of DDW ('DDW'
column). Figure 4 shows the BTC of the red dye in these
columns. The red dye solution in the 'PGL' column emerged
faster, reached lower C/Co values in the 'peak,' and had a longer
'tail' than the control column. Figure 4 B-E shows the

10 | J. Name., 2012, 00, 1-3

Environmental Science:’Processes-&Impacts

distribution of the red dye solution in the columns,jn, four times
steps throughout the experiment. TheselfigureOSAGWEHETBIHE
red dye solution progresses faster in the 'PGL' column due to
forming preferential flow paths, relative to the more
homogeneous flow in the control column ('DDW'). The higher
mobility of the red dye in the 'PGL' column, compared to the
'DDW' column, implies that the dissolution and precipitation
processes occurring in the 'PGL' column increase not only the
porosity of the rock but also its permeability>4°>.

The formation of a preferential flow path, resulting from the
blockage of pores by minerals, reduces the reactive pore
volume of the column, increasing the pore flow velocity and
rendering the solution-rock interaction less efficient?>°6. These
processes reduce both the retention of elements on the rock
and the dissolution of the rock itself. In parallel, and because of
the greater heterogeneity of the PGL column, a small portion of
the solution flows more slowly through the less mobile regions,
creating a longer 'tail' in the 'PGL' column BTC than the 'DDW'
column, resulting in higher solution-rock interaction
efficiency®*. Inlet solid retention (n, Figure S9) quantifies
heterogeneity: coarser grains retain ~50% less PGL elements
(Fig. S9; e.g., Ni 47->31%). Preferential paths (Fig. 4) bypass
reactive zones, reducing contact despite some stagnant
retention (longer tails). Overall efficiency drops, amplifying
mobility risks.

3.3. Implications for field-scale applications

Laboratory experiments using crushed rock provide controlled
conditions ideal for mechanistic understanding, but differ from
natural in-situ carbonate aquifers. First, the increased surface
area of crushed material (three discrete grain-size fractions)
enhances element retention compared to intact rock containing
fractures and solution-enlarged pathways. Second, preferential
flow paths in natural aquifers are typically localized within
fracture networks and dissolution channels, creating greater
heterogeneity than observed in our uniformly packed columns.
Third, natural carbonate aquifers host diverse biological
communities (bacteria and archaea) and organic matter that
can influence element speciation and precipitation, factors not
considered in this sterile system. Fourth, the pH-induced
dissolution patterns in our study assume acidic conditions
persist; in natural systems, pH buffering by surrounding
limestone may occur more rapidly. Therefore, the observed
element mobilization represents a maximum mobility scenario
under continuous acid exposure, with enhanced surface area.
Field predictions should account for aquifer mineralogy
(limestone vs. dolomite), natural pH-buffering capacity,
groundwater quality, and flow-regime characteristics.2>°758

Conclusions

This study employed batch and column experiments to
investigate the mobility and retention of various elements
derived from PGL ponds when interacting with carbonate
aquifer rock. Through these experiments, we examined the
underlying physical and chemical processes that govern the

This journal is © The Royal Society of Chemistry 20xx
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behaviour of PGL elements. The passage of PGL solution
through the columns resulted in rock dissolution and mineral
precipitation, which subsequently influenced the hydraulic
characteristics of the systems. The dissolution of the carbonate
rock by the acidic PGL solution simultaneously increased the
solution pH and caused the blockage of pores by mineral
precipitation. The formation of pore blockages induced the
emergence of preferential flow paths, which were observed
using a red dye solution in the column experiment. The
preferential flow led to a decrease in the available reactive
surface area. This, in turn, reduces the interaction of the
solution with the rock, which results in reduced leaching.

The different elements in the PGL solution showed high
variation in their retention behaviour. Some elements (Mo, Ge,
Tl, and Rb) exhibited limited interaction with the rock, resulting
in high recoveries in the column and batch experiments and
similar BTC shapes and recoveries as the reactive surface area
of the solution changed. These elements were not (or were
minimally) affected by changes in the solution pH. The mobility
of these elements is expected to be relatively high in cases
where low-pH industrial effluent infiltrates through a
groundwater system composed of carbonate rock. The notable
mobility of Tl in these cases raises concerns regarding its
potential impact on human health, considering the substantial
toxicity associated with this element®g- 30, Another group of
elements showed grain size dependence behaviour, resulting in
decreased recoveries as the grain size was smaller, yielding
higher reactive surface area. The mechanisms that led to this
grain size-dependent behaviour vary within this group of
elements. The mechanism of each element in each experiment
was analysed by the correlations of its BTC shape with the
physical and chemical processes occurring in the column. For
example, some retention patterns correlated to the change in
solution pH, while others were more gradual, independent of
the solution acidity. The retention of the REE group exhibited
the highest level of robustness compared to all other elements
in the solution. These elements were entirely retained in all
column experiments. Thus, REEs are not expected to be mobile
in carbonate aquifer rock exposed to acidic solutions. Overall,
these results underscore the need for site-specific assessments
of PGL disposal in carbonate settings, given the distinct
behaviour of different elements and the dynamic nature of flow
paths and pH conditions.
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