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Abstract

Enzyme-induced carbonate precipitation (EICP) has emerged as a versatile
approach for soil improvement and contaminant immobilisation, yet performance is
commonly evaluated from bulk metal removal efficiency while the mineralogical fate of
retained metals remains poorly understood. Here, Pb, Co and Cr are compared under
identical urease-driven EICP conditions using a crude soybean-derived urease extract,
with metal retention pathways resolved through SEM-EDS, powder X-ray diffraction with
Rietveld refinement, FTIR spectroscopy and chemical-field imaging/uXRF mapping.
Across all treatments (2-20 mM), Pb and Co amended systems maintained high alkalinity
(final pH = 8.1-8.2) and high removal efficiencies (>99% for Pb; 97-99% for Co) but
exhibited contrasting mineralogical outcomes. Pb showed a concentration-dependent
transition from calcite-dominated assemblages to progressive stabilisation of a discrete
Pb-carbonate population: cerussite was absent at low Pb, emerged at intermediate
loading (~3 wt%) and increased at high loading (~6 wt%), coexisting with CaCO, domains
bearing low Pb association and intra-particle chemical zoning. In contrast, Co remained
associated with calcite-dominated products across all concentrations, with no evidence
for a discrete cobalt carbonate phase; Co occurs at low wt% levels distributed diffusely
within CaCO;-rich domains. Chromium displayed the strongest divergence from
carbonate-dominated behaviour. Increasing Cr loading reduced ureolysis, precipitate
mass (to ~0.5 g at 20 mM) and removal efficiency (to ~87%), and was accompanied by an
abrupt transition to abundant elongated prismatic morphologies. SEM-EDS identifies
chemically discrete Cr-rich, Ca-poor domains together with Ca-S-rich precipitates
exhibiting gypsume-Llike habits, indicating a shift from carbonate-controlled mineralisation
towards sulphate-associated retention pathways at high loading. Together, these results
demonstrate that under otherwise identical crude-enzyme EICP conditions, metal
identity redirects carbonate biomineralization into distinct crystallogenetic pathways,
with direct implications for predicting immobilisation mechanisms and remediation
design.

1. Introduction

Carbonate biomineralization is a fundamental geochemical process that shapes
marine sediments, soils and freshwater systems and underpins a wide range of
biologically mediated mineral formation pathways (Lowenstam & Weiner, 1989; Dove et
al., 2003; Weiner & Addadi, 2011). Harnessing these processes in engineered settings



has led to the development of enzyme-induced carbonate precipitation (EICP), in which
urease-driven reactions promote rapid carbonate supersaturation and CaCO, formation
under ambient conditions. As a result, EICP has been increasingly applied in
biocementation, soil improvement, contaminant immobilisation, and carbonate-based
carbon sequestration (Delong et al., 2006; Whiffin et al., 2007; Hamdan & Kavazanjian,
2016; Neupane et al., 2015).

Despite its growing use, EICP-based remediation strategies are still largely
evaluated in terms of bulk metal removal efficiency, while the mineralogical fate of
immobilised metals remains poorly constrained. Carbonate precipitation is commonly
treated as a uniform process, implicitly assuming that metals retained during EICP are
stabilised through equivalent mechanisms and exhibit comparable long-term behaviour.
However, extensive experimental and theoretical work on carbonate systems
demonstrates that metals may follow fundamentally different crystallogenetic pathways
during precipitation, leading to contrasting modes of retention, stability, and
susceptibility to remobilisation (McBride, 1980; Reeder, 1996; Stipp et al., 1992).

Resolving the mineralogical controls on metal partitioning is therefore critical for
developing predictive carbonate-based remediation approaches. Different metals
interact distinctly with CaCO,-forming systems, influencing nucleation, growth kinetics,
phase selection, and crystal chemistry in ways that cannot be inferred from removal
efficiency alone (Paquette & Reeder, 1995; Reeder et al., 1999). Without explicit
identification of the mineral phases and crystallogenetic contexts in which metals are
retained, EICP remains an empirical, system-specific technology with limited capacity
for extrapolation across contaminants and environmental conditions.

Pb, Co and Cr provide a particularly instructive framework for addressing this gap,
as they span awide range of crystal-chemical behaviours relevant to carbonate systems.
Pb** exhibits strong surface affinity but limited lattice compatibility with calcite,
commonly forming discrete Pb-carbonate phases such as cerussite (Reeder et al., 1999;
Sturchio et al., 1997). Co** is more closely matched to Ca** in charge and size, yet its
incorporation into calcite is energetically constrained and often restricted to defect- and
step-controlled growth environments (Lorens, 1981; Paquette & Reeder, 1995). In
contrast, Cr(lll) is largely incompatible with the calcite lattice and is typically retained via
non-substitutional pathways, including surface adsorption and hydroxide- or oxide-
associated domains, while also perturbing carbonate crystallisation (Garcia-Sanchez &
Alvarez-Ayuso, 2002; Fang et al., 2022).

Despite their relevance to biomineral engineering and environmental
remediation, these metals have not been systematically compared under identical
enzyme-induced carbonate precipitation conditions. This limits mechanistic
understanding of how metal-specific crystallogenetic behaviour governs immobilisation
pathways and long-term stability.

In this study, we investigate the crystallogenetic divergence of Pb, Co and Cr
during carbonate biomineralization under identical urease-driven EICP conditions using
a crude soybean-derived enzyme extract. By combining SEM-EDS, XRD Rietveld
refinement, FTIR spectroscopy and chemical-field imaging, we identify the mineral



phases formed and resolve metal immobilisation pathways based on phase association
and crystallogenetic context. We demonstrate that under identical EICP conditions,
metal identity alone is sufficient to redirect carbonate biomineralization into
fundamentally different crystallogenetic pathways, with direct implications for the
efficiency and predictability of metal immobilisation.

1.1. Theoretical framework: crystallogenetic controls on metal partitioning during
EICP

Enzyme-induced carbonate precipitation (EICP) is fundamentally driven by
urease-catalysed urea hydrolysis, which increases pH and carbonate alkalinity and
promotes CaCO, supersaturation under ambient conditions (Nemati & Voordouw, 2003;
Whiffin et al., 2007; Delong et al., 2006). While urease is the primary driver of alkalinity
generation, crude enzyme extracts also introduce organic macromolecules and ancillary
enzymatic activity (e.g., amylase, catalase) that can modify nucleation environments,
growth dynamics, and mineral-solution interactions.

Carbonate precipitation under EICP conditions can proceed through multiple
crystallogenetic pathways with contrasting capacities for metal uptake. These include
substitutional incorporation within the calcite lattice (McBride, 1980; Reeder, 1996),
defect- and step-assisted coprecipitation during crystal growth (Stipp et al., 1992;
Paquette & Reeder, 1995), and adsorption at crystal surfaces governed by aqueous
speciation and surface complexation reactions (Stumm & Morgan, 1996). Where crystal-
chemical compatibility is limited or metal carbonate solubility is low, metals may
segregate into discrete carbonate phases or be diverted into non-carbonate secondary
minerals such as hydroxides, phosphates, or mixed hydroxy-carbonates (Langmuir, 1997;
Bourg & Sposito, 2007).

Three first-order controls constrain metal behaviour during carbonate
biomineralization. Thefirstis crystal-chemical compatibility, which governs the energetic
feasibility of substitution at Ca’* sites and the extent to which metals can be
accommodated within carbonate lattices (Reeder, 1996; Paquette & Reeder, 1995). The
second is metal-specific aqueous speciation and hydrolysis behaviour, which influences
carbonate availability, competitive precipitation pathways, and sensitivity to redox and
pH conditions (Stumm & Morgan, 1996; Langmuir, 1997). The third is interaction with
early mineral precursors and active growth surfaces, as transient amorphous or poorly
ordered phases, often stabilised by organic components, can exert a strong kinetic
control on metal partitioning and persistence within the final mineral assemblage
(Lowenstam & Weiner, 1989; Addadi & Weiner, 1992; Beniash et al., 1997).

Within this framework, metal immobilisation during EICP is inherently element-
specific and pathway-dependent. Identical bulk reaction conditions may therefore yield
similar removal efficiencies while producing fundamentally different mineralogical
outcomes and retention mechanisms. Resolving these crystallogenetic controls is
essential for assessing the stability, reversibility, and environmental performance of



carbonate-based remediation strategies, particularly in enzyme- and organic-rich
systems.

2. Materials and Methods

Full experimental details, instrumental settings, and data-analysis procedures
are provided in the Supplementary Material; essential methodological information is
summarised below.

2.1. Materials and reagents

Urea (299%), calcium chloride dihydrate (CaCl,-2H,0), and all metal salts used to
prepare stock solutions (Pb**, Cu**, Co>*, Cr**) were of analytical grade and used as
received; deionised water (18.2 MQ-cm) was used in all experiments.

2.2. Preparation of crude urease extract

The crude urease extract was prepared using an aqueous soybean extraction
procedure. 80 grams of whole soybeans were soaked in deionised water, blended to a
finalvolume of 1L, and allowed to stand overnight at room temperature. The mixture was
processed using a masticating juicer (Fridja FO900) to separate liquid and solid fractions.
Calcium carbonate was then added to the liquid fraction to a final concentration of
approximately 0.06 M to promote protein precipitation. After settling for 2h at room
temperature, the supernatant was decanted, centrifuged (3700 rpm, 5 min, 4 °C), and
filtered using Grade 2 filter paper. Urease activity was quantified using the urea hydrolysis
assay described by Whiffin (2004) and averaged 2.66 = 0.7 mM urea min~". The crude
extract was used immediately following activity measurements to minimise potential
loss of enzymatic activity.

2.3. Carbonate biomineralization experiments

Carbonate biomineralization experiments were conducted by mixing equal
volumes (83.4 mL each) of crude urease extract (CUE), an aqueous solution containing
CaCl, (1 M) and Pb, Co, or Cr at target concentrations of 2 mM (T1), 5 mM (T2), or 20 mM
(T3), and a 1 M urea solution. Each treatment was performed in quintuplicate. The
resulting reaction mixtures were aliquoted into 50 mL polypropylene centrifuge tubes and
incubated at 25 °C for 72 h under static conditions.

Following incubation, suspensions were left to cure at room temperature for an
additional 7 days. After curing, solid phases were recovered by paper filtration, rinsed
with ultrapure water, and dried in an oven at 37 °C for 24 h prior to mineralogical
characterisation.



2.4. Aqueous chemistry

Supernatant samples were collected for analysis of pH, ammonium, and
dissolved metal concentrations. pH was measured using a YSI ProDSS multiparameter
probe. Ammonium concentrations were quantified using the salicylate colorimetric
method on a SEAL AutoAnalyzer AA3. For dissolved metal analysis, aliquots of the
supernatant were acidified to 2% (v/v) HNO, and analysed by inductively coupled plasma
optical emission spectrometry (ICP-OES; Thermo Scientific iCAP 7000).

2.5. SEM-EDS analysis

Scanning electron microscopy (SEM) analyses were conducted on powdered
precipitates to characterise morphology and elemental distribution. For morphological
imaging, samples were gently dispersed onto carbon adhesive tabs mounted on
aluminium stubs and sputter-coated with a thin Au/Pd layer to minimise charging and
enhance secondary-electron contrast.

For chemical analyses, including semi-quantitative energy-dispersive X-ray
spectroscopy (EDS) and elemental mapping, separate aliquots of the powdered
precipitates were mounted on carbon tabs and coated with conductive carbon to avoid
spectral interference from metallic coatings.

EDS data were interpreted semi-quantitatively. Owing to matrix effects, particle
orientation and the multiphase nature of the precipitates, absolute quantification was
not attempted. Instead, EDS spectra and elemental maps were used to assess relative
metal enrichment, identify discrete metal-bearing phases and characterise
compositional heterogeneity.

2.6. Powder X-ray diffraction and Rietveld refinement

Powder X-ray diffraction data were acquired using a Malvern Panalytical Empyrean
(X-ray Diffraction Laboratory, School of Chemistry, University of Glasgow) multipurpose
diffractometer equipped with a Cu sealed-tube X-ray source, multicore iCore/dCore
motorised optics, a hybrid monochromator, a focusing mirror, and a PIXcel3D detector,
operated in reflection geometry at room temperature. Phase identification and
quantitative analysis were performed by Rietveld refinement using Profex (Ddbelin &
Kleeberg, 2015) interfaced with FullProf. Full details of the instrumental configuration and
refinement parameters are provided in the Supplementary Material.

2.7. uXRF elemental mapping
Synchrotron-based micro—X-ray fluorescence (uUXRF) elemental mapping

analyses of Ca, Co, and Pb were conducted at the Brazilian Synchrotron Light Laboratory
to characterise elemental distributions.


https://journals.iucr.org/j/issues/2015/05/00/kc5013/index.html

3. Results
3.1. System-level geochemical response during EICP

System-level geochemical parameters (pH, ammonium production, precipitate
mass, and metal removal efficiency) were first evaluated to establish the evolution of
EICP conditions across treatments, prior to metal-specific analysis of immobilisation
behaviour and mineralogical pathways.

Ureolysis-driven alkalisation responded differently to Pb**, Co>* and Cr** under
otherwise identical experimental conditions. In Pb** amended systems, final pH values
remained consistently high (28.2) across all metal loadings (T1-T3) and closely matched
those of the metal-free control (Fig. 1a). Ammonium concentrations were similarly
elevated, typically between ~3,500 and 3,700 ppm (Fig. 1b). Precipitate masses in Pb**
treatments were comparable to the control and varied only slightly with increasing metal
concentration (1.78-1.81 g; Fig. 1c). Correspondingly, Pb removal efficiencies remained
consistently high (>99%) across all treatments (Fig. 1d).

In Co**-amended systems, final pH values also remained elevated (~8.1-8.2)
across all loadings, comparable to Pb** treatments and the control (Fig. 1a). Ammonium
production was similarly sustained, with concentrations of ~2,950-3,000 ppm (Fig. 1b).
In contrast to Pb?*, Co** treatments yielded substantially lower precipitate masses than
the control, with values of ~0.78-0.79 g at T1 and T2 and a further decrease to ~0.57 g at
T3 (Fig. 1c). Despite the reduced solid yield, Co removal efficiencies remained high (97—
99%) across all treatments, with no systematic decrease with increasing metal
concentration (Fig. 1d).

By contrast, Cr**-amended systems exhibited lower pH values (=7.8-8.0) than
those observed for Pb®* and Co®* and decreased progressively with increasing Cr loading
(Fig. 1a). Ammonium concentrations were markedly reduced (~2,000-2,480 ppm) and
declined systematically from T1 to T3 (Fig. 1b). This was accompanied by a strong
reduction in precipitate mass, from ~1.7 gat T1 to 1.66 in T2 and ~0.5 g at T3 (Fig. 1c).
Despite the reduced solid yield, Cr removal efficiencies remained relatively high (87-
97%), although a clear decrease was observed at the highest loading (Fig. 1d).
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Figure 1. pH (a), ammonium production (b), mass of precipitates (c) and metal immobilisation efficiency
(d) measured in crude-enzyme-driven EICP experiments with Pb, Co and Cr at three concentrations (T1-
T3), compared with a metal-free control (Ctrl). Values represent mean = SD (n = 5).

2. Microstructural analysis of precipitates (SEM)

SEM microstructural analyses were performed on powder samples mounted
directly onto coated stubs, rather than on polished sections. This approach preserves the
native external morphologies of the EICP precipitates and enables clear observation of
surface textures and growth features, although aggregates appearin random orientations
and may expose only parts of their internal structure. Even so, it provides high-fidelity
access to the outer microstructures that characterise each metal treatment. The
following subsections describe the principal morphologies observed for Pb, Co and Cr
across treatments T1, T2 and T3.



3.2.1. Lead

Pb-treated samples (T1-T3) are dominated by large composite aggregates,
typically 40-100 pm in diameter, which constitute the prevailing morphological class
across all treatments (Fig 3., Pb-T1, T2 and T3). These aggregates are heterogeneous and
comprise multiple intergrown morphotypes rather than a single uniform habit. Common
components include truncated sunflower-like structures with shallow central
depressions (Fig. 3 Pb A), aggregates of spheres and tabular to platy crystals forming
locally grouped domains (Fig. 3 PbT1, T2 and Pb B).

A prominent feature of the Pb system is the occurrence of dense aggregates
composed of tightly packed spherical sub-units (fig. 3 Pb-T2 and Pb-D). These coalesced
spheroidal clusters are especially abundant and well organised at intermediate Pb
loading (T2), forming multi-sphere assemblages with smooth to finely granular surfaces.
The surfaces of individual spheres are not uniform, ranging from smooth and compact to
finely roughened, nanoparticulate or locally pitted textures, suggesting variable growth
and coalescence histories. Individual spheres commonly display shared boundaries and
partial fusion. At lower Pb concentration (T1), spheroidal units are present but are less
consistently organised and more commonly occur embedded within heterogeneous
cauliflower-like aggregates. At the highest loading (T3), spheroidal textures are less
regularly expressed and are accompanied by more fragmented and irregular composite
masses.

In addition to the CaCO,-dominated aggregates, Pb-treated samples contain a set
of morphologies assigned to cerussite that are not observed in the Co or Cr systems.
These include fan-like bladed aggregates composed of broad, flattened blades radiating
asymmetrically from a core; spherical, raspberry-like globules (typically 2-10 pm in
diameter) formed by densely packed nano- to submicron crystallites (Fig. 2 Pb-E); and
compact clusters of short, robust prismatic crystals forming blocky intergrown
assemblages, most evident in T1. Cerussite-like morphologies commonly occur in close
spatial association with spheroidal Pb-bearing aggregates within the same fields of view.



Figure 2. Lead-treated EICP precipitates across treatments (T1-T3) and representative morphologies (Pb-
A to Pb-E). SEM images show the dominant Pb-bearing carbonate assemblages formed under increasing
Pb loadings. Panels Pb-T1 to Pb-T3 illustrate the progression from loosely aggregated, cauliflower-like
clusters (T1) to more compact spheroidal aggregates and botryoidal masses (T2), culminating in heavily
fused, irregularly textured precipitates at the highest Pb concentration (T3). Panels Pb-A to Pb-E highlight
characteristic Pb-induced morphologies observed throughout the system, including shallow sunflower-
like structures with poorly developed radial organisation (Pb-A), botryoidal and nanoparticulate coatings
(Pb-B), broad faceted plates and truncated rhombohedra (Pb-C), dense agglomerates with coarse surface
textures (Pb-D), and asymmetric cerussite petaloid aggregates (Pb-E). Together, these images illustrate the
tendency of Pb** to disrupt calcite growth, promoting highly aggregated, texturally heterogeneous
precipitates across all treatments.

3.2.2. Cobalt

Co-treated samples (T1-T3) exhibit a range of composite precipitate morphologies
that vary systematically with treatment level. At T1, the precipitated solids are dominated
by irregular composite aggregates, typically ranging from ~20 to 80 um. At low
maghnification, these aggregates appear as compact, cauliflower-like masses composed
of multiple coalesced sub-units, with domed to lobate outlines and abundant lateral
growths. Their surfaces are heterogeneous and micro-roughened, with pervasive fine-
scale textural relief (Fig. 4 Co-T1, Co-B).

At T2, the precipitated solids are dominated by porous spherical filigree
morphotypes and sunflower-like aggregates, both occurring at smaller sizes than the
cauliflower-like aggregates and commonly forming clustered assemblages. The filigree
spheres typically appear as well-defined globules with highly open, lace-like surface
architectures, whereas the sunflower-like forms consist of compact radial units with
short, outward-projecting elements arranged around a central core (Fig. 4 Col2, Co-
F,G,H). These morphotypes frequently occur in close spatial association, with sunflower-
like aggregates commonly attached to, or intergrown with, the surfaces of the filigree
spheres and grouped into composite clusters (Fig. 4 Co-T2, A).

At T3, the precipitates are dominated by a finer overall granulometry, forming
aggregates of spheres with variable surface textures that are commonly associated with
a continuous mass and occur as dispersed block-like composites. The spherical units
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show heterogeneous surface expression, ranging from roughened coatings to more
compact, irregular textures, and are frequently embedded within or partially fused to the
surrounding matrix, producing fragmented but cohesive aggregate blocks (Fig. 4 Co-T3,
Co-E).

Co-treated samples display a suite of discrete and highly diagnostic
microstructures that are unique to the cobalt system. Most distinctive among these are
the filigree spheres, which occur as isolated or clustered globules typically 5-20 pm in
diameter at T2, but are also observed incipiently at T1 and T3 (Fig. 4 Co-F). These spheres
are entirely mantled by an intricate, lace-like nanostructure. At high magnification, their
surfaces resolve into tessellated networks of tightly interwoven triangular micro-
modules, each composed of short, plate-like crystallites diverging from a central axis and
overlapping at slight angular offsets (Fig. 4 Co-G,H).
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Figure 3. Cobalt-treated EICP precipitates across treatments (T2-T3) with representative morphologies
and hierarchical structural detail. SEM images (top row and Co-A to Co-E) show the dominant Co-bearing
carbonate aggregates, ranging from compact rosette-like clusters (T2) to densely fused spheroidal masses
(T3). Representative morphotypes include multi-petal radial aggregates (Co-A), blocky intergrown plates
(Co-B), faceted blades (Co-C), coarse agglomerates (Co-D) and small, tightly packed clusters (Co-E).
The second panel (Co-6 and sequential zooms Co-7) highlights the hierarchical organisation of Co-derived
structures, revealing tightly interlocked nanoblades and textured surfaces that intensify the radial
organisation observed at the particle scale.
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3.2.3. Chromium

Cr-treated samples display a clear evolution in precipitate morphology with
increasing Cr concentration. At low to intermediate Cr loadings (Fig. 4 Cr-T1, T2), the
precipitates are dominated by compact carbonate aggregates, whereas at high loading
(Fig. 4 Cr-T3) a distinctly different precipitate population becomes prevalent.

AtT1 and T2 (Fig. 4. Cr-T1, T2), the precipitated solids are dominated by compact
carbonate aggregates typically 10-70 pm in diameter. These occur as blocky clusters
composed of intergrown microcrystals with well-defined faces and sharply delineated
aggregate margins. Radial morphologies are common, including sunflower-like particles
characterised by broadly circular outlines, shallow central depressions, and rims
constructed from densely packed angular sub-units. These radial forms occur both as
discrete particles and as components embedded within larger composite aggregates.

Spheroidal to subspheroidal aggregates are additionally observed in T1 and T2
samples. These particles exhibit highly porous, cavernous surfaces and open, shell-like
architectures, with perforated margins and locally collapsed interiors. Despite their
curved macroscale geometry, their surfaces are composed of angular microcrystalline
elements rather than smooth or continuous coatings (Fig. 4 Cr-B, C).

At T3 (Fig 4 Cr-T3, Cr-D, E), the precipitate morphology changes markedly.
Carbonate-derived aggregates become less abundant, and the assemblage is instead
dominated by fine-grained material together with abundant elongated prismatic crystals
forming dense, interwoven mats. These prismatic crystals occur as long, straight to
slightly irregular blades, commonly tens of micrometres in length, producing a
continuous textural fabric that contrasts with the discrete carbonate aggregates
observed at lower Cr loadings. In addition to the prismatic mats, T3 samples contain
irregular fine-grained aggregates and smooth, bulbous domains that occur intergrown
with the prismatic crystals (Fig. 4 Cr-D, E). Residual carbonate particles are still present
but occur primarily as isolated cores or substrates embedded within the fine-grained and
prismatic assemblage, rather than as discrete dominant aggregates.
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Figure 4. SEM images of Cr-treated EICP precipitates across increasing Cr concentrations (Cr-T1-T3) and
representative Cr-associated morphologies (Cr-A to Cr-E). Cr-A shows spheroidal morphotypes commonly
observed in T1 and T2. Cr-B and Cr-C illustrate sunflower-like particles and composite aggregate textures
characteristic of low to intermediate Cr loadings. Cr-D and Cr-E highlight the abrupt transition toward
elongated prismatic morphologies that dominate at T3.

3.2.4. Description of the sunflower-like carbonate texture

Sunflower-like carbonate aggregates are observed across the Pb- and Co-treated
systems and at low to intermediate Cr loadings (Cr-T1 and T2 only), occurring in highly
variable abundances, and represent a recurrent morphological motif within the EICP
precipitates. These structures are characterised by a broadly circular to sub-circular
outline, a shallow central depression or concavity, and a peripheral rim composed of
radially arranged crystalline sub-units, in a texture that is remarkably similar to a
sunflower (Fig. SF1 to SF6).

At the particle scale, sunflower-like aggregates typically range from a few
micrometres to a few tens of micrometres in diameter and occur both as discrete
particles and as components embedded within larger composite aggregates. The central
region commonly appears denser and more compact, whereas the outer rim is defined
by outward-projecting elements that impart a radial organisation to the overall
morphology.

The radial sub-units forming the rim vary in thickness, length and degree of
separation depending on metal treatment and concentration but consistently preserve
an organised centre—periphery arrangement. In some cases, these sub-units appear as
short, blocky elements, whereas in others they develop as elongated blade-like or plate-
like features. The transition between the central core and the radial rim is typically
gradual, without sharply defined internal boundaries.

Sunflower-like textures frequently coexist with other carbonate morphologies,
including spheroidal aggregates, blocky polyhedral clusters, and prismatic crystals, and
are commonly intergrown with or partially overgrown by these forms. Their preservation

13



ranges from well-defined, symmetric structures to partially disrupted or irregular variants
in which the radial organisation is incomplete or locally obscured.

Sunflower-like carbonate aggregates occur in two closely related structural
variants. In some particles, the central spheroidal core is preserved in situ, forming a
compact, smooth to finely textured central body from which radially arranged crystalline
sub-units extend outward (Fig. X-A,B). In other cases, the central core is absent or
detached, leaving an open central cavity with sharply defined circular to sub-circular
margins surrounded by the radial framework (Fig. X-C,D). Intermediate forms are also
observed, in which the central core appears partially displaced or fractured but remains
strongly associated with the surrounding radial structure. These variants occur within the
same samples and commonly coexist with other carbonate morphologies.

Figure 5. Sunflower-like calcite morphologies formed during metal-doped EICP, shown alongside natural
sunflower (common species of Helianthus) reference patterns (SF3, SF6). Panels SF1-SF2 and SF4-SF5
show representative SEM images of radial calcite aggregates produced under Pb- and Co-amended
conditions. These structures are characterised by a central depression surrounded by outward-radiating
crystallites, producing a rosette or “sunflower-like” habit. Pb-rich aggregates (SF1, SF2, SF4) exhibit
broader, blocky petals and well-defined central voids, whereas Co-rich structures (SF2, SF5, SF7, SF9)
display finer, densely packed radial blades and more pronounced textural organisation. SF8 shows a
sunflower pattern with the nucleus preserved.
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3.3. Crystalline phase assemblages and phase evolution (PXRD and Rietveld
refinement)

Powder X-ray diffraction (PXRD) was used to identify the crystalline phase
assemblages associated with the morphologically distinct carbonate precipitates
formed under Pb-, Co- and Cr-amended EICP conditions. Particular emphasis is placed
on phase evolution across treatments (T1-T3) and on assessing whether the observed
diffraction patterns are more consistent with lattice incorporation or with discrete phase
precipitation. As no internal standard was employed, phase proportions derived from
Rietveld refinement are semi-quantitative and are used here to support comparative
mineralogical trends across treatments rather than absolute quantification.

Pb-treated samples exhibited a pronounced concentration-dependent evolution
in mineralogical composition. At low Pb concentration (T1), diffraction patterns were
dominated by calcite (>98 wt%), with no detectable discrete Pb carbonate phases. At
intermediate concentration (T2), weak reflections attributable to cerussite (PbCO,)
became discernible, corresponding to ~3 wt% of the crystalline assemblage, alongside
an increased contribution from Pb-substituted calcite components. At the highest
concentration (T3), cerussite reflections were well defined and intensified, with discrete
PbCO, accounting for ~6 wt% of the precipitate.

Cobalt-treated samples (T1-T3) were dominated by calcite reflections across the
entire concentration range, with no distinct peaks attributable to discrete cobalt
carbonate phases. Rietveld refinement indicates that the carbonate assemblages are
best described by calcite-type components modelled using a range of apparent
substitution classes. These classes represent refinement constructs used to capture
lattice distortion and compositional heterogeneity rather than true bulk solid-solution
compositions. Across all Co treatments, the assemblages therefore remain CaCQO,
dominated, with cobalt associated at low and diffuse levels and no evidence for the
stabilisation of a discrete Co-rich carbonate phase.

Chromium-treated samples displayed a contrasting mineralogical response to
increasing metal loading. At low concentration (T1), diffraction patterns were dominated
by calcite and Mg-bearing calcite components, which together comprised the majority of
the crystalline assemblage. At intermediate concentration (T2), calcite remained the
dominant crystalline phase, accompanied by redistribution among carbonate
components. At high concentration (T3), the relative contribution of carbonate
reflections decreased markedly. While PXRD indicates a clear departure from a
carbonate-dominated crystalline assemblage at this loading, no single alternative non-
carbonate crystalline phase could be unequivocally identified from the diffraction data
alone. This reflects both the chemical complexity of the Cr-rich precipitates and the
likelihood that Cr immobilisation at high loading involves poorly crystalline or
compositionally heterogeneous domains that fall below the phase-resolution limits of
PXRD.
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Figure 6. Stacked XRD patterns of Co, Cr and Pb treated samples (T1-T3). Patterns are vertically offset and
normalised for visual comparison. In the Pb system (b), discrete cerussite reflections emerge at T2 and
intensify at T3 (inset), whereas in c, Co treated samples remain calcite-dominated across all
concentrations and Cr treated samples...

Table 1. Table X. Semi-quantitative phase proportions (wt%) from Rietveld refinement of PXRD data for Pb,
Co and Cr treated samples (T1-T3).

Metal Metal Metal Metal Metal Metal Metal carbonate
eal Tistment cagts WU WG sbues sbunier s s oo
(s5%) (5-10%) (10-15%) (15-20%) (20-25%) (25-30%) cobaltocalcite)
T1 98.33 1.46 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 99.79
Pb T2 71.39 23.32 2.18 <0.1 <0.1 <0.1 <0.1 3.18 100.07
T3 68.19 24.78 1.57 <0.1 <0.1 <0.1 <0.1 6.21 100.75
1 23.3 72.5 4.9 <0.1 <0.1 <0.1 <0.1 N.A. 100.7
Co T2 31.1 57.8 6.6 4.2 <0.1 <0.1 <0.1 N.A. 99.7
T3 34.2 48.3 8.2 8.9 <0.1 <0.1 <0.1 N.A. 99.6
Cr T1 17.3 26.6 56.8 N.A. N.A. N.A. N.A. N.A. 100.7
T2 61.8 18.3 20.8 N.A. N.A. N.A. N.A. N.A. 100.9

3.4. Chemical composition and spatial partitioning of metals (SEM-EDS and pXRF)

Semi-quantitative SEM-EDS analyses and synchrotron uXRF mapping were used

to constrain the chemical identity and spatial distribution of Pb-, Co- and Cr-bearing
phases within the EICP precipitates. Representative EDS spectra and semi-quantitative
compositional data for all treatments are provided in the Supplementary Materials.
Because the EDS data are affected by matrix effects and multiphase interaction volumes,
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they are interpreted in a comparative rather than fully quantitative sense, focusing on
relative metal enrichment, co-association with Ca, and the presence or absence of anion
signatures (C, S) indicative of carbonate versus sulphate or hydroxide phases. uXRF maps
complement these spot analyses by resolving heterogeneous versus homogeneous
metal distributions at the 2-5 um scale, for Pb and Co.

3.4.1. Lead: distribution between Pb-substituted CaCO, and discrete Pb-carbonate
phases

SEM-EDS analyses identify two chemically distinct carbonate domains across the
Pb-treated samples. The first corresponds to Ca-rich carbonates containing variable
amounts of Pb, consistent with Pb association within a CaCO,; matrix. The second
comprises Pb-rich carbonate domains characterised by high Pb contents coupled with
very low Ca, which are chemically incompatible with Ca-rich carbonates containing Pb
and are therefore interpreted as discrete Pb-carbonate phases.

At the highest Pb loading, T3, Pb-rich carbonate domains are abundant and well
defined, with Pb contents typically ranging from approximately 22 to 48 wt% and Ca
contents generally below about 9 wt%. These compositions are clearly distinct from
those of Ca-rich carbonates and indicate a substantial expansion of the discrete Pb-
carbonate population at high Pb availability. In T2, Pb-rich carbonate domains are
present but less abundant, with Pb contents typically in the range of approximately 26 to
31 wt% and similarly low Ca contents. In contrast, in T1 such Pb-rich domains are very
sparse, with only isolated analyses exceedingly approximately 30 wt% Pb, indicating that
discrete Pb-carbonate precipitation is limited at low Pb loading.

In addition to point-based compositional analyses, backscattered electron
imaging provides spatial context for the distribution of Pb-rich carbonate domains within
the precipitates. In BSE images of T3 samples, Pb-rich domains are expressed as high-Z
regions dispersed throughout an otherwise CaCO,;-dominated matrix (Fig. 7a). Binary
segmentation of these high-Z regions highlights their heterogeneous spatial distribution
and indicates that Pb-rich carbonate domains account for approximately 6-7% of the
analysed area (Fig. 7b). Considered together with the phase assemblages identified by
SEM-EDS and the semi-quantitative proportions obtained from Rietveld refinement;
these observations provide independent and convergent evidence for the development
of a discrete Pb-carbonate population at high Pb loading. The Pb-rich domains occur as
spatially distinct entities embedded within a larger population of Ca-rich carbonate
particles, rather than as a continuous solid solution or surface-enriched coating.

The dominant carbonate population in all treatments consists of Ca-rich
carbonates containing lower and more variable Pb contents. In T3, Pb contents within
Ca-rich carbonate domains range from below detection to approximately 9 wt%, with Ca
remaining the dominant cation. A small number of analyses approach 10 wt% Pb, but
higher values are rare. In T2, Ca-rich carbonate domains display a similar compositional
range, with Pb contents typically between approximately 2 and 7 wt%. In T1, Pb-bearing
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Ca-rich carbonates overwhelmingly dominate the assemblage, with Pb contents
generally below 5 wt% and the majority of analyses falling below approximately 2 wt%.
In addition to bulk compositional differences, Ca-rich carbonate aggregates
commonly exhibit internal chemical heterogeneity. SEM-EDS spot and pXRF mapping
(Fig. 8c and e) analyses reveal Pb-enriched cores surrounded by Pb-depleted outer
regions, producing concentric compositional zoning within individual carbonate
particles rather than uniform Pb distribution throughout the carbonate mass. This intra-
particle Pb partitioning is observed across all treatments and aggregate morphologies.
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Figure 7. Backscattered electron (BSE) image of Pb-treated (T3) EICP precipitates (a, left) and
corresponding binary segmentation mask of high-Z regions (b, right). Dark domains in the BSE image
correspond to Pb-rich precipitates accounting for ~6-7% of the imaged area, which occur dispersed within

a CaCO, dominated matrix (white).
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Figure 8. Representative SEM-EDS images of Pb-treated EICP precipitates showing the coexistence of Ca-
rich carbonates and discrete Pb-carbonate phases. Bladed and fan-like crystals are assigned to cerussite,
while surrounding aggregates are dominated by CaCO, with variable Pb contents. The nano-XRD map
(right) resolves spatially discrete Pb-carbonate domains associated with, but crystallographically distinct
from, the CaCO, framework. In addition, circular features within the centres of some carbonate aggregates
correspond to Pb-enriched zones, as identified by spot EDS analyses and nano-XRD mapping.

3.4.2. Cobalt: diffuse enrichment and nanoscale overprinting of CaCO,

Across all cobalt-treated systems, the precipitates are chemically dominated by
Ca-rich carbonate, with cobalt occurring as a minor but detectable constituent
distributed heterogeneously within the carbonate matrix. SEM-EDS analyses indicate
that Co is consistently present at low absolute concentrations, with no evidence for the
formation of discrete Co-rich carbonate phases in any treatment.

In T1, the vast majority of analysed points correspond to CaCO;-rich domains
containing only trace amounts of Co, typically below ~0.2 wt%, with occasional values
approaching ~0.4 wt%. These Co-bearing carbonates are chemically indistinguishable
from Ca-rich carbonate apart from the presence of minor Co, and no spatially discrete
Co-enriched domains are observed. In T2, the overall chemical character remains Ca-
dominated; however, the distribution of Co broadens slightly, with a small subset of
analyses yielding Co contents up to ~0.7 wt%. Despite this modest increase, Co remains
a minor component relative to Ca, and the data do not indicate the development of a
chemically distinct Co-rich phase. In T3, the range of Co concentrations broadens
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further, with maximum values locally reaching ~1.0-1.3 wt%. This increase reflects an
enhanced capacity of the carbonate precipitates to accommodate Co under higher
loading conditions, but Ca remains the dominant cation in all analysed domains. The Co-
bearing carbonate compositions define a continuous spectrum rather than discrete
compositional populations, suggesting diffuse Co incorporation or surface-associated
enrichment rather than the nucleation of a separate cobalt carbonate phase.

Elemental maps obtained by SEM-EDS and pXRF further support this
interpretation, showing Co signals broadly distributed across CaCO;-rich aggregates
without sharp internal boundaries, discrete Co-rich nuclei, or phase segregation at the
micrometre scale. Local variations in Co intensity occur within individual particles but do
not correspond to well-defined chemical domains.
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Figure 9. SEM-EDS images and elemental maps of Co-treated EICP precipitates. Carbonate aggregates
exhibit typical globular to microcrystalline morphologies, with Co distributed broadly across CaCOj, rich
domains. No discrete Co-rich phases or sharply bounded Co-enriched domains are observed. Three-
dimensional synchrotron nano-XRD mapping of Co-treated EICP precipitates. The reconstructed volumes
show spatially consistent CaCO,;-dominated precipitates with Co-bearing signals distributed without
pronounced internal variation. No discrete Co-rich domains or crystallographically distinct Co phases are
resolved at the nanoscale.
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3.4.3. Chromium: divergence from carbonate-dominated precipitation pathways

Across the Cr-treated systems, SEM-EDS analyses reveal a clear evolution in
chemical partitioning with increasing Cr loading, marked by a transition from Ca-
dominated carbonate compositions at low to intermediate concentrations to chemically
distinct Cr-rich domains at the highest treatment level.

In CrT1, the precipitates are dominated by Ca-rich carbonate compositions, with
Ca typically ranging between ~25 and 62 wt% and Cr occurring only at trace levels,
generally below ~0.3 wt%. The majority of analysed points show Cr contents below ~0.2
wt%, with only rare spectra approaching ~0.3 wt%. These compositions are chemically
consistent with CaCO,-dominated carbonate phases bearing minor Cr, and no discrete
Cr-rich domains are identified at this stage. Localised variations in Ca content occur, but
Crremains a minor component throughout the assemblage.

In CrT2, Ca-rich carbonate remains the dominant chemical component, but the
distribution of Cr broadens modestly. Most analyses still yield Cr contents below ~0.5
wt%; however, a small number of spectra record elevated Cr concentrations reaching up
to ~1 wt%. These higher values are spatially restricted and occur within otherwise Ca-
dominated carbonate matrices. The data therefore suggest an increased association of
Cr with carbonate phases at intermediate loading, while still preserving a chemically
continuous spectrum rather than discrete Cr-rich phases.

In contrast, CrT3 exhibits a pronounced diversification in chemical compositions.
Alongside Ca-rich carbonate domains similar to those observed in CrT1 and CrT2, a
second population of analyses is characterised by markedly elevated Cr contents
accompanied by reduced Ca. These Cr-rich domains show Cr concentrations commonly
between ~1 and 10 wt%, and in several cases exceeding ~10 wt%, while Ca is strongly
depleted or locally absent. Such compositions are chemically incompatible with simple
Ca-rich carbonate and instead indicate the formation of Cr-dominated precipitates or
mixed Cr-bearing phases distinct from the carbonate matrix.

The Cr-rich domains identified in CrT3 frequently coexist spatially with Ca-rich
carbonate but form chemically discrete regions rather than representing a continuous
compositional extension of the carbonate population. In several spectra, elevated Cr is
accompanied by increased P and reduced Ca, suggesting a fundamental change in the
dominant anionic framework relative to the carbonate-dominated assemblages
observed at lower Cr loadings.
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Figure 10. Enlarged SEM and SEM-EDS images of chromium-treated EICP precipitates showing the
coexistence of carbonate-derived particles and non-carbonate Cr-rich assemblages, including fibrous,
prismatic, and plate-like morphologies, together with halogen- and Ca-enriched domains identified by
EDS.

4. Discussion

4. 1. Metal-specific crystallogenetic pathways in crude-enzyme EICP

The results indicate that, under otherwise identical crude-enzyme EICP
conditions, Pb, Co and Cr follow distinct crystallogenetic trajectories that reflect
differences in crystal-chemical compatibility, agueous speciation, and interactions with
evolving carbonate supersaturation. Rather than a single universal immobilisation
mechanism, the data suggest that metal identity exerts first-order control over how
carbonate precipitation pathways are modulated, which solid phases are stabilised and
at what stage metal partitioning becomes effective.
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Metal removal efficiencies reported here quantify short-term depletion of
dissolved metals from solution but do not, on their own, resolve the mineralogical context
or long-term stability of the retained metals. Distinguishing between operational removal
and mineralogical immobilisation is therefore essential for interpreting the contrasting
pathways observed across Pb, Co and Cr systems

In the Pb system, the observations are consistent with the behaviour expected for
a lattice-compatible divalent metal with strong affinity for carbonate phases. At low to
intermediate loadings, Pb is predominantly retained within CaCO,-dominated
assemblages at low substitution levels, while discrete cerussite becomes increasingly
stabilised only as Pb availability rises. The dominance of the 5% substitution class and
the absence of higher substitution levels suggest that calcite can accommodate Pb only
to a limited extent before lattice strain and local supersaturation favour the nucleation of
a Pb-dominated carbonate phase, as widely reported for Pb-calcite systems (Reeder,
1996; Sturchio et al., 1997; Reeder et al., 1999; Andersson et al., 2014). Microstructural
and pXRF evidence further suggest that Pb partitioning is strongly stage-dependent, with
pronounced enrichment within the cores of spherical and sunflower-like aggregates at
low to intermediate loadings. This pattern indicates preferential Pb concentration during
early precursor aggregation or initial crystallisation, prior to extensive CaCO, overgrowth,
and is consistent with non-classical crystallisation pathways in which trace metals are
incorporated into amorphous or poorly ordered carbonate precursors and subsequently
diluted by later Ca-rich growth (Prieto et al., 2003; Mavromatis et al., 2017). As Pb loading
increases, these early Pb-rich domains appear to act as loci for discrete cerussite
stabilisation, leading to the coexistence of Pb-substituted calcite and PbCO, rather than
a single homogeneous product. The Pb system therefore records a dual retention
pathway combining early substitutional uptake with progressive phase segregation under
higher metal activities.

Cobalt, by contrast, exhibits efficient immobilisation without evidence for the
formation of a discrete cobalt carbonate phase across the investigated loading range. The
dominance of Ca-rich carbonate and the continuous distribution of Co across low to
moderate substitution classes suggest that Co is retained through diffuse incorporation
and/or surface-associated enrichment rather than through nucleation of a Co-
dominated mineral. This behaviour is consistent with cobalt’s closer ionic-radius match
to Ca** relative to Pb, but also with the strongly non-ideal nature of the (Ca,Co)CO, solid
solution, which limits extensive lattice incorporation (Katsikopoulos et al., 2008). The
decoupling between high Co removal efficiency and reduced precipitate mass further
suggests that cobalt modifies carbonate growth kinetics rather than suppressing metal
capture. Experimental and AFM studies show that Co®* can perturb step propagation on
calcite surfaces, stabilising early growth layers while inhibiting further advance, resulting
in surface enrichment and sectoral overgrowth rather than deep solid-solution formation
(Freij et al., 2004; Xu et al., 2015; Riechers et al., 2022). The filigree and vermicular
morphologies observed in the present system are consistent with such adsorption-
controlled growth regimes, indicating that cobalt is immobilised predominantly through
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distributed nanoscale overprinting of CaCO, rather than through discrete phase
segregation.

Chromium displays the strongest departure from carbonate-dominated
behaviour, particularly at high loading, and this divergence coincides with pronounced
changes in system-level conditions. At low to intermediate concentrations, Cr remains
weakly associated with carbonate-dominated assemblages and occurs at low apparent
substitution levels, consistent with the poor structural compatibility of Cr(lll) with calcite
and its strong tendency toward hydrolysis and aqueous complexation under alkaline
conditions (Rai et al., 2007; Fang et al., 2022). At high loading, however, carbonate
precipitationis strongly suppressed, and the system undergoes a fundamental shift away
from carbonate-controlled mineralisation. SEM-EDS analyses reveal the emergence of
chemically discrete Cr-rich domains characterised by elevated Cr and S and depleted
Ca, which are incompatible with carbonate substitution or coprecipitation. The
systematic association of Cr with S-bearing, Ca-poor domains, together with reduced
ureolysis, lower carbonate yield and the collapse of calcite-dominated textures,
indicates a redirection toward anion-controlled, non-carbonate immobilisation
pathways. Although EDS does not permit definitive identification of sulphate minerals,
the availability of sulphur introduced with the crude soybean extract and the Cr,(SO,),
reagent, combined with Cr-induced modification of aqueous chemistry, favours
sequestration mechanisms that operate outside the carbonate stability field. Under
these conditions, carbonate acts primarily as an early-stage or residual substrate, while
Cr immobilisation proceeds predominantly via adsorption and surface precipitation
within chemically distinct, non-carbonate domains. Similar redirection of mineralisation
pathways has been reported in systems where trivalent metals disrupt carbonate
supersaturation fields and promote alternative anion-controlled sinks (Garcia-Sanchez
& Alvarez-Ayuso, 2002; Scheinost et al., 2006; Islam et al., 2023).

4.2. Incidental immobilisation of non-target trace elements

Trace elements beyond the target metals were intermittently detected by SEM—
EDS in a treatment-dependent manner, indicating minor co-association within the
precipitate assemblages rather than the formation of additional dominant phases. In the
chromium system, Hg was detected exclusively at the highest loading (Cr-T3) and only in
a limited number of analysed spots, where it occurs at low wt% levels (approximately
0.5-2.2 wt%). Its absence from Cr-T1 and Cr-T2 indicates that Hg is not effectively
incorporated or stabilised within carbonate-dominated assemblages. Instead, Hg
occurrence in Cr-T3 is directly associated with the pronounced mineralogical transition
observed at this loading, where carbonate precipitation is replaced by sulphate-rich
phases. These non-carbonate solids are inferred to provide more permissive structural
environments or surface binding sites for Hg retention, enabling its local stabilisation at
levels resolvable by EDS.

Copper was also detected sporadically across treatments at low wt% levels. In
the Cr system, Cu occurs primarily in Cr-T3 (approximately 0.8-3.7 wt%) and more locally
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in individual spots from Cr-T2 (~0.9 wt%) and Cr-T1 (~1.1 wt%), consistent with
heterogeneous uptake at the aggregate scale. In the Pb system, Cu was likewise detected
as a minor component in Pb-T3 at similarly low levels and in a spot-specific manner,
rather than as a pervasive signal across the CaCO,-rich matrix.

Taken together, these observations indicate that trace Cu and Hg are not
introduced as external contaminants but are instead present at low background levels,
plausibly originating from the crude soybean extract used in enzyme preparation. Their
detection reflects selective stabilisation or retention within specific microdomains,
particularly under conditions where carbonate precipitation is suppressed or replaced
by alternative mineral phases. These trace associations are therefore interpreted as
secondary immobilisation processes occurring within chemically distinct domains
resolved by the SEM-EDS interaction volume, rather than as evidence for discrete Cu- or
Hg-bearing mineral phases.

4.3. Sunflower-like textures as a shared morphological motif with metal-dependent
expression

Sunflower-like carbonate aggregates occur systematically across Pb, Co and Cr
treated systems and represent a recurring morphological outcome of crude-enzyme
EICP rather than a metal-specific phase. Their repeated appearance across chemically
distinct treatments indicates that these structures arise from a shared crystallogenetic
pathway intrinsic to the enzyme-driven carbonate system, upon which metalidentity and
loading exert secondary, modulatory effects. A plausible mechanistic framework for this
behaviour is provided by non-classical models of CaCO, mineralisation, in which solute
prenucleation clusters undergo liquid-liquid phase separation to form nanodroplets of a
dense liquid precursor that subsequently aggregate, coalesce and solidify into
amorphous orpoorly ordered calcium carbonate (Gebaueretal., 2008; Avaro et al., 2019;
Gindele et al., 2024).

Within this framework, sunflower-like textures are interpreted to originate from the
aggregation and partial coalescence of nanoscale liquid or amorphous precursor
domains formed under conditions of rapid carbonate supersaturation induced by
ureolysis. Colloidal stabilisation by organic components inherited from the crude
enzyme extract likely promotes imperfect coalescence of these precursor droplets,
enabling the internalisation of former droplet interfaces and associated chemical
heterogeneities. Upon progressive dehydration and solidification, these precursor bodies
undergo crystallisation, producing radially organised, fan-like or petal-shaped crystalline
units propagating outward from a central nucleus (Fig. 7, steps 1 and 2). Such radial
architectures are consistent with growth under diffusion-limited conditions, where local
gradients in carbonate activity, calcium availability and organic ligands inherited from the
precursor phase govern crystallisation directionality (Fig. 7, steps 3 to 6) (Gower, 2008;
Gindele et al., 2024).

Metal presence does not appear to dictate the formation of the sunflower
morphology itself but strongly influences its internal chemical architecture and
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expression. In Pb and Cr treated systems, sunflower-like units are commonly embedded
within larger composite aggregates, suggesting early nucleation followed by subsequent
overgrowth and aggregation. Compositional mapping reveals that these structures
frequently host metal-enriched cores, particularly in the Pb system, indicating that they
act as preferential loci for early-stage metal association during precursor formation or
initial solidification. This core-enrichment pattern implies that metal uptake is most
efficientduring the earliest stages of aggregate development, priorto full crystallographic
ordering and before subsequent CaCO, overgrowth progressively dilutes metal
concentrations towards aggregate margins. Such behaviour is consistent with metal
partitioning into metastable, chemically heterogeneous precursor environments rather
than substitution into a fully ordered calcite lattice (De Yoreo et al., 2015; Gindele et al.,
2024).

In contrast, Co-treated systems preserve sunflower-like particles alongside
filigree and vermicular textures, reflecting a broader morphological spectrum consistent
with more diffuse metal association and weaker perturbation of the carbonate growth
field. The absence of discrete Co-rich domains and the predominance of Ca-rich
carbonate across these aggregates suggest that cobalt primarily influences growth
kinetics and texture development without strongly partitioning into specific structural
loci, in line with its more limited affinity for early-stage carbonate precursors relative to
Pb and Cr.
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Figure 7. Crystallogenetic pathway leading to the formation of sunflower-like calcite aggregates. (1) In a bicarbonate-rich mother solution, biomolecules interact with
dissolved ions and metals forming biomolecule-stabilised ACC precursor (2) Amorphous calcium carbonate (ACC) spheres form and undergo coalescence and
densification. (3) Nanocrystal nucleation initiates at the ACC surface. (4) Outward growth of the first calcite petals begins. (5) Radial calcite development continues,
generating a structured core. (6) Final formation of the sunflower-like calcite aggregate, characterised by an inner consolidated core surrounded by radially organised

calcite crystals.
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Conclusions

Crude-enzyme EICP does not yield a single, calcite-dominated immobilisation
outcome;instead, itaccesses a spectrum of metal-specific mineralisation pathways that
determine how, and how effectively, metals are retained. Across all treatments,
carbonate precipitation is initiated under conditions of ureolysis-driven supersaturation,
giving rise to a shared amorphous or liquid-like precursor stage that acts as a common
morphological and chemical template. The recurrent development of sunflower-like
aggregates across Pb, Co and Cr T1 and T2 treated systems reflects this precursor-
controlled pathway rather than the formation of metal-specific mineral phases.

Within this common framework, metal identity and loading exert strong control
over the internal architecture, mineralogical trajectory, and immobilisation mechanism
of the resulting precipitates. In the Pb system, increasing metal loading promotes a
transition from dispersed Pb association within CaCO,;-dominated assemblages to the
formation of discrete Pb-rich carbonate domains, indicating a shift from restricted
incorporation to phase segregation at higher concentrations. In contrast, Co is efficiently
immobilised across all treatments without detectable formation of a discrete cobalt
carbonate phase, consistent with diffuse association within calcite-dominated products
and a limited perturbation of the underlying crystallisation pathway.

The Cr system exhibits a fundamentally different behaviour. At high loading,
mineralisation shifts away from carbonate-dominated precipitation towards non-
carbonate, anion-controlled Cr-rich domains, reflecting the strong hydrolysis behaviour
of trivalent chromium and the decisive influence of counter-ion chemistry. This transition
governs Crimmobilisation and generates mineralogical environments capable of locally
stabilising additional trace elements. The selective detection of Hg and Cu in Cr-T3, and
Cu in Pb-T3, indicates that trace metals present at low background levels, likely
introduced with the crude enzyme extract, are not uniformly incorporated during
carbonate precipitation but can be retained within chemically distinct microdomains
under specific mineralogical conditions.

Importantly, sunflower-like aggregates emerge as a microstructural record of
early-stage crystallisation rather than a discrete mineralogical phase. Their radial
organisation and frequent association with metal-enriched cores indicate that metal
uptake is most efficient during the earliest stages of precursor aggregation and
destabilisation, priorto full crystallographic ordering and subsequent CaCO, overgrowth.
Metal identity therefore modulates how this shared morphological template is
expressed, imprinting chemically distinct internal architectures onto an otherwise
common structural motif.

Taken together, these findings demonstrate that EICP-driven remediation cannot
be reduced to calcite formation alone. Instead, effective, and durable metal
immobilisation depends on how enzymatically generated supersaturation, organic
mediation from crude extracts and metal-specific agueous chemistry interact to select
mineralogical pathways. From an applied perspective, remediation strategies should
therefore be designed with explicit consideration of metal identity, loading thresholds
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and the broader ionic environment, particularly for systems involving hydrolysing
multivalent metals or mixed contaminant suites.
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