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Mechanism of enhanced strontium uptake into calcite via an 

amorphous calcium carbonate (ACC) crystallisation pathway 
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Abstract 

Calcite formation via an amorphous calcium carbonate (ACC) precursor phase potentially 

offers a method for enhanced incorporation of incompatible trace metals, including Sr2+. In batch 

crystallisation experiments where CaCl2 was rapidly mixed with Na2CO3 solutions the Sr2+ : Me2+ ratio 

was varied from 0.001 to 0.1; and, the pathway of calcite precipitation was directed by either the 

presence or absence of high Mg2+ concentrations (i.e. using a Mg2+ : total Me2+ ratio of 0.1). In the Mg-

free experiments crystallisation proceeded via ACC т vaterite т calcite and average Kd Sr values were 

between 0.44-0.74. At low Sr2+ concentrations (Sr2+ : Me2+ ヴ;デｷﾗ г ヰくヰヱぶ EXAFS ;ﾐ;ﾉ┞ゲｷゲ ヴW┗W;ﾉWS デｴ;デ 

the Sr2+ was incorporated into calcite in the 6 fold coordinate Ca2+ site. However, at higher Sr2+ 

concentrations (Sr2+ : Me2+ ratio = 0.1), Sr2+ was incorporated into calcite in a 9-fold site with a local 

coordination similar to Ca2+ in aragonite, but calcite-like at longer distances (i.e. > 3.5 Å).  In the high-

Mg experiments the reaction proceeded via an ACC т calcite pathway with higher Kd Sr of 0.90-0.97 

due to the presence of Mg2+ stabilising the ACC phase and promoting rapid calcite nucleation in 

conjunction with higher Sr2+ incorporation. Increased Sr2+ concentrations also coincided with higher 

Mg2+ uptake in these experiments. Sr2+ was incorporated into calcite in a 9-fold coordinate site in all 

the high-Mg experiments regardless of initial Sr2+ concentrations, likely as a result of very rapid 

crystallisation kinetics and the presence of smaller Mg2+ ions compensating for the addition of larger 

Sr2+ ions in the calcite lattice.  These experiments show that the enhanced uptake of Sr2+ ions can be 

achieved by calcite precipitation via ACC, and may offer a rapid, low temperature, low-cost, method 

for removal of several incompatible Me2+ ions (e.g. Pb2+, Ba2+, Sr2+) during effluent treatment.   

  



Introduction 

Mechanisms of trace metal incorporation into calcium carbonate phases (e.g. calcite) have been 

the subject of scientific interest due to the use of trace element ratios in carbonate minerals for paleo-

environmental reconstruction [1-3] and in dating techniques [4, 5]. It has also been proposed that 

divalent radionuclides (such as 60Co2+ and 90Sr2+) can be sequestered during subsurface in situ 

carbonate mineral formation offering a suitable route for limiting their migration at contaminated 

land sites [6-8]. In addition, ex situ effluent treatment technologies can utilise carbonate formation 

for radionuclide capture and long term safe storage in radioactive wastes [9, 10]. Indeed, the potential 

of carbonate precipitation for (in situ and ex situ) control of 90Sr2+ has received much attention due to 

its importance in radioactive wastes (4.5% fission yield from 235U), relatively long half-life (28.8 years), 

potential mobility in groundwater and radiotoxicity to humans [7, 8, 11, 12].  However, in order 

maximise the uptake of Sr2+ during carbonate precipitation and understand the factors which control 

Sr2+ incorporation during biomineralisation the mechanism and pathways of Sr2+ uptake during calcite 

crystallisation need to be determined at the molecular scale.  

The three main anhydrous calcium carbonate polymorphs are calcite (-CaCO3), vaterite (-CaCO3) 

and aragonite (-CaCO3).  The stable polymorph that occurs depends on solution chemistry, 

temperature and pressure during formation [2, 13].  Calcite is most stable at ambient conditions [14], 

and has a rhombohedral structure, consisting of layers of 6-fold coordinated Ca2+ ions, alternating with 

layers of carbonate ions [15].  Aragonite, generally forms at high pressure, and in the presence of 

higher aqueous concentration of Mg2+ and SO4
2- [16], and has an orthorhombic crystal structure [15].  

In aragonite, Ca2+ ions are 9 fold coordinated by oxygen in a hexagonal close packed arrangement [1].  

The least stable polymorph at ambient conditions is vaterite [14].  There has been significant 

discussion of the crystal structure of vaterite, with recent studies indicating it is highly complex, 

consisting of a combination of 2-3 structures which can coexist within a pseudo-single crystal with Ca2+ 

ions that are 6-8 fold coordinated by oxygen [17-19].  



The structures of the different calcium carbonate polymorphs have a significant control on the 

mechanism and degree of trace metal incorporation during crystal growth. A key factor controlling 

the uptake of Sr2+ in carbonate minerals is local coordination environment of Sr within the crystal 

structure. Sr in pure SrCO3 is 9-fold coordinated, however Sr can be 6-fold coordinated on some 

carbonate phases (e.g. calcite). If Sr is substituted in 9 fold coordinated sites within calcium carbonate 

this leads to higher distribution coefficients than when incorporated in 6-fold coordinated sites.  For 

example, due to its 6-fold Ca2+-O coordination environment, trace metal distribution coefficients in 

calcite (Kd Me; the molar Me/Ca ratio in the solid CaCO3 product as a function of the molar Me2+/Ca2+ 

ratio in the solution from which it precipitated; see [20] and Eqn 3 below) for compatible elements 

(Me2+ ionic radius < Ca2+; e.g. Mg2+, Ni2+) are orders of magnitude higher than for incompatible 

elements (Me2+ ionic radius > Ca2+; e.g. Sr2+, Pb2+) [21, 22]. In contrast, aragonite, due to its larger 9-

fold Me2+ coordination, more easily incorporates larger cations such as Sr2+, with correspondingly 

higher Kd Sr values [23].  Kd values also increase as a function of the observed crystal growth rate [24] 

which in turn is affected by a number of environmental factors, such as temperature, pH, ionic 

strength, the mechanism of formation and solution super saturation [2, 25, 26]. Kd Sr values in the 

range 0.02-0.05 are commonly reported for Sr2+ incorporation into calcite by seeded inorganic growth 

mechanisms [20, 27, 28] although values up to 0.12-0.35 are reported when the crystallisation rate 

was increased [29].   

In contrast, generally much higher Kd Sr values are reported for Sr partitioning during calcite bio-

mineralisation (e.g. 0.26-0.36 in experiments with coccoliths [30]; and 0.51-0.81 by earthworm-

secreted calcium carbonate granules [31]).  Biomineralisation processes often form via a short-lived, 

hydrated amorphous calcium carbonate (ACC) intermediate phase to control the morphology, 

mineralogy and physical properties of their final crystalline products [32].    In addition to higher Kd Sr 

values, these bio minerals commonly have Mg : Ca ratios of >10 mol% Mg which is thought to be a 

result of high Mg2+ incorporation to the ACC precursor [33].   



Sr2+, despite being thought of as incompatible within the calcite structure [34], has recently been 

incorporated into calcite at high mol % ratios during the pressure induced crystallisation of an ACC 

precursor [21], although the mechanism of enhanced incorporation remains unclear. These results 

suggest that the crystallisation pathway also has a significant impact on Sr2+ uptake, with the 

carbonate formation via an amorphous precursor potentially significantly enhancing the levels of Sr2+ 

incorporation.  In inorganic carbonate precipitation experiments, the thermodynamically unstable 

ACC precursor is achieved by adding excess carbonate ions to high molarity Ca2+ solution, often in a 

simple two solution mixing reaction [35].  This produces a solution highly oversaturated with respect 

to ACC allowing the metastable CaCO3 polymorph to rapidly precipitate [36].  ACC then transforms 

within seconds to more stable polymorphs. At temperatures below 25 °C in the absence of other 

additives, tｴW Iヴ┞ゲデ;ﾉﾉｷゲ;デｷﾗﾐ ヮ;デｴ┘;┞ ｷゲ ACC т ┗;デWヴｷデW т I;ﾉIｷデe [35, 37, 38].  In the presence of 

elevated Mg2+ concentrations (10% of the total Me2+ concentration) ACC transforms directly to calcite 

under the same reaction conditions [39]. The reaction end product is different at higher Mg2+ : Me2+ 

ratios.  At 30% Mg2+, ACC can transform to monohydrocalcite [40] and at 50% Mg2+, the reaction end 

product is dolomite at elevated temperatures [41]. These pathways are in contrast to results from 

constant addition experiments where high Mg2+ : Ca2+ ratios typically favour aragonite formation [16]. 

However, aragonite is observed in ACC crystallisation experiments performed above room 

temperatures (> 40°C) [38], or where [Mg2+] was in large excess of [Ca2+] [42], or in the presence of 

high concentrations (50 % v/v) of ethanol [43].  

Trace metal incorporation into ACC is not as selective as incorporation into crystalline materials, 

like calcite [44]く  Tｴｷゲ ｷゲ S┌W デﾗ ACCげゲ ｴｷｪｴ ゲ┌ヴa;IW ;ヴW;が ヮﾗﾗヴﾉ┞ ﾗヴSWヴWS ゲデヴ┌Iデ┌ヴW ;ﾐS ｷデゲ ヴ;ヮｷS ヴ;デW ﾗa 

formation [36]. The high uptake ratios of trace metals to ACC is then observed to be preserved in the 

crystallised end product (most often calcite) [45] despite experiencing a dynamic series of 

dissolution/precipitation reactions [37] that potentially offer an opportunity to selectively exclude 

larger ions (such as Sr2+) that are incompatible in the calcite structure. Therefore, crystallisation of 

calcite via the ACC precursor offers a route to enhanced Sr2+ incorporation in calcite, and if achieved 



at room temperature under simple reaction conditions may be the basis for a low cost capture method 

for contaminant 90Sr2+ and other incompatible divalent contaminants.  

The specific objective of this study was to determine if elevated Sr2+ concentrations can be 

sequestered into calcite, during low temperature crystallisation from an ACC precursor phase, via 

vaterite.  In a separate series of experiments, Mg2+ was added to favour an alternative reaction 

pathway (not involving vaterite) to consider the effect of varying the reaction pathway and calcite 

composition on Sr2+ uptake. Finally, Sr K-edge EXAFS analysis was used to determine the precise nature 

of the Sr2+ incorporation mechanism as a function of reaction pathway and Sr2+ concentration during 

the crystallisation reaction .  

  



Experimental 

Carbonate precipitation experiments 

 Strontium and magnesium substituted calcium carbonates were crystallised by adding 10 mL 

aliquots of MeCl2 solutions to 100 ml glass beakers containing 10 mL aliquots of Na2CO3 solution 

([Me2+] and [CO3
2-] were equimolar in all experiments). Constant mixing was achieved using a Teflon 

coated magnetic stirrer bar and all experiments were performed in triplicate (or for selected 

experiments at six fold repetition) at room temperature (20 ±1°C).  Six different Ca2+ dominated MeCl2 

solutions were used such that the molar ratio of Sr2+ : Ca2+ : Mg2+ was varied as described in Table 1, 

but that the total [Me2+] was maintained at 1.0 mol L-1.  

Table 1: Variation in the Ca2+ : Sr2+ : Mg2+ molar ratio used in carbonate precipitation experiments.   
Experiment 
Description 

Volume CaCl2 
1 mol L-1 

Volume SrCl2 
1 mol L-1 

Volume MgCl2 
1 mol L-1 

Volume Na2CO3 
1 mol L-1 

0.1 % Sr 9.99 mL 0.01 mL - 10.00 mL 
1 % Sr 9.90 mL 0.10 mL - 10.00 mL 
10 % Sr 9.00 mL 1.00 mL - 10.00 mL 
0.1 % Sr / 10 % Mg 8.99 mL 0.01 mL 1.00 mL 10.00 mL 
1 % Sr / 10 % Mg 8.90 mL 0.10 mL 1.00 mL 10.00 mL 
10 % Sr / 10 % Mg 8.00 mL 1.00 mL 1.00 mL 10.00 mL 

 

In order to investigate the effect of initial solution concentration on carbonate precipitation 

kinetics and Sr2+ uptake, six additional experiments where preformed with [Me2+] of 0.1, 0.5 and 2.0 

mol L-1 at 1% Sr (see SI Table S1-3 for details). In addition, a further set of four triplicate experiments 

investigated the effect of higher Sr2+ : Ca2+ molar ratios (15 - 75 % Sr2+; see SI Table S4 for details). In 

selected experiments, Sr uptake to solids was monitored during carbonate crystallisation across a wide 

range of [Me2+] by additional of a 90Sr2+ tracer (100 Bq mL-1; 2.2 x 10-10 Mol L-1 as SrCl2) to the initial 

MeCl2 solution. During the carbonate precipitation process, 2 mL aliquots of solid suspension were 

recovered at intervals from < 30 seconds to 24 hrs, at which point the experiments were ended. The 

aqueous phase was separated by filtration (0.2 ´ﾏ polycarbonate filters) and 1 mL was added to 10 

mL EcoScintA scintillation cocktail (National Diagnostics Ltd., USA) prior to liquid scintillation counting 

(described below).  Solid samples were only recovered from the experiments listed in Table 1 (and not 



from the 90Sr radiolabelled experiments; hence a 6 fold repetition of some experiments). At each 

sampling point, a 2 mL sample of the solid suspension was removed using a pipette, vacuum-filtered 

(ヰくヲ´ﾏ ヮﾗﾉ┞I;ヴHﾗﾐ;デW filters), quenched with isopropyl alcohol (IPA), dried at room temperature and 

stored in a desiccator prior to further characterisation (described below).  

Aqueous and solid phase characterisation  

All scintillation vials containing aqueous samples and cocktail were stored in the dark for 35 

days (this allows for secular equilibrium to be established between 90Sr and the 90Y daughter product, 

and for any unsupported aqueous 90Y present to decay below detection limits) and 90Sr activity was 

determination by liquid scintillation counting using a Packard Tri-Carb 2100TR Liquid Scintillation 

Analyser (10 mins, 30-1020 keV). In all experiments, the fractional 90Sr uptake (Q) to solids was 

calculated from the activities of 90Sr in solution as follows:  

芸 噺 代套貸代刀代套    (1) 

Where Ai = initial added activity (Bq mL-1) and Ae = activity after precipitation. Further the 

fractional 90Sr uptake can be used to calculate the molar distribution of strontium between the solid 

and aqueous phase as follows: 

mol Sr岫辿樽辿担岻 噺 撃 抜 岷Sr態袋峅岫辿樽辿担岻 噺  岫mol Sr岫大叩大拓典岻 抜 芸岻 髪 岫mol Sr岫叩単岻 抜 岫な 伐 芸岻岻 (2) 

Where V = the total solution volume. Finally, a strontium distribution coefficient (Kd Sr) can be 

calculated that describes the molar Sr : Ca ratio in the bulk solid CaCO3 in relation to the Sr2+ : Ca2+ 

ratio in the solution from which the CaCO3 was crystallised [20]:  

計辰 託嘆 噺  鱈誰狸 託嘆岫電倒電菟典岻 【 鱈誰狸 大叩岫電倒電菟典岻岷託嘆鉄甜峅岫套投套盗岻 【 岷大叩鉄甜峅岫套投套盗岻    (3) 

Furthermore, as in these the experiments the initial [Ca2+] was high (0.1 に 2.0 mol L-1) and the 

predicted solubility of relevant CaCO3 phases (e.g. ACC, vaterite, calcite) is low (e.g. Ksp ACC = 4.0 x 10-7; 

Ksp vaterite = 1.2 x 10-8; Ksp calcite = 3.3 x 10-9; all at 25 °C; [14, 46]) a near total (> 99.9 %) Ca2+ removal is 

expected, and therefore, mol Ca(CaCO3) Я V x [Ca2+](init); i.e. the number of mol Ca2+ initially present. 



Solid carbonate samples recovered from experiments were analysed by powder X-ray 

diffraction (XRD) using a Bruker D8 X-ray diffractometer, (Cu K radiation). Select calcite samples were 

analysed with the addition of a silicon internal standard (~20 % v/v) to allow accurate determination 

of unit cell volumes via Rietveld refinement of the whole XRD pattern using Topas 4-2 (Bruker, USA). 

The morphologies of precipitated crystallites was imaged using scanning electron microscopy (SEM). 

Samples were gold-coated (~20 nm) prior to analysis using secondary electron imaging on a FEI 

QUANTA 650 FEG environmental SEM operating a 10 keV using a 11 mm working distance.  

X-ray absorption spectroscopy (XAS)  

Sr K-edge (16,105 eV) X-ray analysis near edge structure (XANES) and Extended X-ray analysis 

fine structure (EXAFS) data was collected from selected solid samples recovered from the carbonate 

precipitation experiments detailed in Table 1. EXAFS spectra were collected during two separate 

beamtime sessions on beamline I18 at the Diamond Light Source, and beamline BM26A at the 

European Synchrotron Radiation Facility (ESRF). All samples were transported to the synchrotron as 

powders stored in desiccators, with the exception of samples representing very short reaction times 

(i.e. seconds に minutes), which were prepared freshly (using the same method as above) at beamline 

laboratories immediately prior to XAS analysis. All samples were prepared as pressed powder pellets 

(without diluent) and data was collected at 80 K using a liquid nitrogen cryostat. XAS data was summed 

and XANES spectra plotted using Athena v 0.8.056 ([47]). EXAFS data was background subtracted using 

PySpline ([48]), prior to fitting with DLexcurv v1.0 software ([49]; full details of beamline conditions 

and sample schedules can be found in SI section 1 and SI Table S5).   

  



Results 

Table 2 summarises the CaCO3 phases determined in precipitation experiments as a function 

of time where [Me2+] = 1 mol L-1 (Example XRD patterns from the 1% Sr and the 1 % Sr / 10 % Mg 

experiments are shown in SI Figure S1). Two distinction crystallisation pathways were observed for 

experiments containing either high or no Mg2+ concentrations. For the Mg-free systems, a white gel-

like precipitate of ACC formed rapidly in the supersaturated solution containing Ca2+, Sr2+ and CO3
2- 

ions.  ACC has no distinctive XRD peaks but small peaks of vaterite were observed in patterns collected 

from samples recovered at the < 30 seconds time point. Vaterite was the major phase detected by 1 

min and after 2 hours calcite was the dominant phase present.  After 24 hours no vaterite was 

detected and calcite was the sole end product of the CaCO3 crystallisation. In the high Mg2+ systems 

vaterite was not detected and XRD patterns collected at 5 mins did not contain any discernible peaks 

indicating the initial formation of ACC. After 4 hours calcite was detected which constituted the 

reaction end product observed at 24 hours. When the mole fraction of Sr2+ ions (as a % of the total 

Me2+ present) was greater than 10 %, strontianite was detected in the end product, which became the 

dominant end product of crystallisation where Sr2+ : Me2+ ratio ┘;ゲ д ヵヰХく Calcite was the only mineral 

phase detected at 24 hrs in experiments where the [Me2+] was 0.1, 0.5 or 2.0 mol L-1. 

  



Table 2 Major and minor phases identified in XRD patterns collected from solid samples recovered 
from the CaCO3 precipitation experiments described in Table 1 and SI Table S4 ([Me2+] = 1 mol L-1 in 
all experiments).  

Experiment 
Description 

Reaction Time Major Phase  
detected 

Minor phase 
detected 

0.1 % Sr <30 sec ACC vaterite 
 1 min vaterite calcite 
 2 hrs calcite vaterite 
 24 hrs calcite - 
1 % Sr <30 sec ACC vaterite 
 1 min vaterite calcite 
 2 hrs calcite vaterite 
 24 hrs calcite - 
10 % Sr <30 sec ACC vaterite 
 1 min vaterite - 
 2 hrs calcite vaterite 
 24 hrs calcite - 
0.1 % Sr / 10 % Mg 5 min ACC - 
 4 hrs calcite - 
 24 hrs calcite - 
1 % Sr / 10 % Mg 5 min ACC - 
 4 hrs calcite - 
 24 hrs calcite - 
10 % Sr / 10 % Mg 5 min ACC - 
 4 hrs calcite - 
 24 hrs calcite - 
15 % Sr 24 hrs calcite strontianite 
25 % Sr 24 hrs calcite strontianite 
50 % Sr 24 hrs strontianite - 
75 % Sr 24 hrs strontianite - 

 

 SEM images collected from the 1 % Sr and 1 % Sr / 10 % Mg systems (Fig. 1) illustrate the 

morphological changes observed during CaCO3 crystallisation. In the Mg-free experiments clusters of 

nano-sized particles formed after a few seconds reaction time, this is consistent with previous SEM 

observations of ACC (e.g. [36, 50]) At 2 minutes spherulites of vaterite were observed. After 2 hours 

reaction, the images showed a mixture of calcite rhombohedra and vaterite spherulites. After 24 

hours, only individual ~3-4 ´ﾏ calcite rhombohedra were observed. In the high-Mg experiments, 

clusters of nano-sized ACC particles were observed in samples recovered at 5 minutes.  After 2 hours, 

spherical aggregates of calcite crystallites were observed (typical for similar high-Mg experiments [42, 

51]), which had crystallised as 5-ヱヰ ´ﾏ Iﾉ┌ゲデWヴゲ ﾗa れヱ-2 ´ﾏ rhombohedral calcite crystallites at 24 

hours.  



 

Figure 1. SEM photomicrographs showing the changes in crystallite morphology that occurred during 
A-Dぶ デｴW デヴ;ﾐゲaﾗヴﾏ;デｷﾗﾐ ﾗa ACC т ┗;デWヴｷデW т I;ﾉIｷデW ｷﾐ デｴW Mｪ-free experiments (1 % Sr) and E-F) the 
transformatiﾗﾐ ﾗa ACC т I;ﾉIｷデW ｷﾐ デｴW ｴｷｪｴ-Mg experiments (1 % Sr: 10 % Mg). (The horizontal stripes 
shown in panel A are an artefact due to surface charging in the electron microscope.)  

 

There was a significant difference in Sr uptake (Kd Sr) between the high-Mg and Mg-free 

crystallisation experiments (Fig. 2) with much higher Kd Sr values determined for the high-Mg 

experiments (Kd Sr = 0.90-0.97 and 0.44-0.74 respectively; this equates to an observed Sr2+ removal of 

50-80 % in the Mg-free experiments and 90-100 % in the high-Mg experiments; see SI Figure S2 and 

S3 for details).  For the [Me2+] = 1 mol L-1 experiments, there was no significant trend in Kd Sr values 

determined as either a function of reaction time (Fig. 2a), or, mole fraction Sr2+ present in the initial 

solution (Fig 2b). There was, however, an observed trend of increased Kd Sr in the Mg-free experiments 

with increased total [Me2+] in the initial solution (Fig. 2c); a small discernible increasing trend was also 

observed in the High-Mg experiments.    

  



 

 

 

Figure 2. Change in Kd Sr determined in crystallisation experiments as a function of: A) reaction time; 
B) mole fraction of Sr2+ present in the initial solution ([Me2+] = 1 mol L-1; 24 hr time point), and; C) the 
total [Me2+] present in initial solutions (Sr2+ : Me2+ = 0.01; 24 hr time point). Eヴヴﾗヴ H;ヴゲ ;ヴW вヱ ゝ ﾗa 
triplicate experiments and where not shown are smaller than the size of the symbols used. Dashed 
best fit lines are added to guide the eye. Open triangle indicates the range of equilibrium Kd Sr 
determined in constant addition experiments at low crystal growth rates (<0.01 mmols L-1 day-1; [20]). 
Other open symbols represent range of Kd Sr determined in calcite precipitation experiments 
preformed with elevated crystal growth rates (0.1-0.3 mmols L-1 day-1; [29, 52]).  
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Figure 3. Sr K-edge XANES spectra collected from selected calcium carbonate samples recovered from 
A) Mg-free, and B) high-Mg, crystallisation experiments ([Me2+] = 1 mol L-1) with data collected from 
selected Sr2+ containing standards.  
 

 Sr K-edge XANES data collected from selected calcium carbonate samples recovered from the 

crystallisation experiments (Fig. 3) show clear changes as a function of reaction time in all 

experiments.  The initial spectra collected at the shortest reaction times contain features that are very 

similar to the spectra collected from a Sr2+
(aq) solution (i.e. a single け┘ｴｷデW ﾉｷﾐWげ peak present at ~16,108 

eV). After longer reaction times, the spectra collected show increased complexity and a second peak 

is clearly discernible in XANES spectra at ~16,118eV. This is most apparent for the 24 hr samples from 

the 0.1% Sr, 1% Sr and 0.1 % Sr: 10% Mg experiments (this is characteristic for Sr in 6 fold coordination 

within the calcite structure [53]). None of the end product Sr2+ XANES spectra are well matched by the 



spectra collected from the strontianite or aragonite standards.  Background subtracted EXAFS spectra 

collected from the same samples (Fig. 4) also follow the general pattern of increasing complexity as a 

function of increasing reaction time. EXAFS data from freshly precipitated ACC samples are essentially 

identical to the Sr2+
(aq) sample and can be best fit with a single shell of ~8 O atoms at 2.60 ±0.02 Å 

(Table 3). Samples recovered from the Mg-free experiments after short reaction times (i.e. 1 min) 

contained vaterite and their EXAFS spectra were fitted with ~8 O atoms at 2.55 ±0.03 Å, ~5 C atoms at 

3.1 ±0.1 Å and ~3 Ca atoms at 4.22 ±0.05 Å. After 24 hrs calcite was the end product of the 

crystallisation reactions, and for the Mg-free experiments with low Sr loadings (0.1% Sr and 1% Sr 

experiments) the Sr EXAFS spectra were fitted with four shells of backscatters corresponding to ~6 O 

atoms at 2.50 ±0.01 Å, ~6 C atoms at 3.35 ±0.1 Å, ~6 Ca atoms at 4.11 ±0.05 Å and ~6 Ca atoms at 5.01 

±0.05 Å.  The best fit for EXAFS spectra collected from calcite samples from the experiments with high 

Sr loading (10% Sr) and the three High-Mg experiments were different.  For these samples the data 

was best fit with three shells of backscatters including ~9 O at 2.55 ±0.03 Å, ~5 C atoms at 3.1 ±0.1 Å 

and ~5 Ca atoms at 4.10 ±0.05 Å.  

Figure 4. Sr K-edge EXAFS spectra collected from selected calcium carbonate samples recovered from 
high-Mg and Mg-free crystallisation experiments ([Me2+] = 1 mol L-1) and corresponding Fourier 
transformations. Dashed lines represented best fits to the data calculated in DLexcurv.V1.0 using the 
parameters given in Table 3.   

[For Figure 4 see next page] 
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Table 3 Sr K-edge EXAFS fits, where N is the Occupancy (±25%; only whole number fits used), r is the 
ｷﾐデWヴ;デﾗﾏｷI Sｷゲデ;ﾐIWが ヲゝ2 is the DebyeにWaller Factor and ‐2 is the goodness of fit parameter. 
Uncertainties in the last digit shown in parentheses.  

Experiment 
Description 

Reaction Time 
(1° phase) 

Shell N 
 

r 
(Å) 

Ϯʍ2 

(Å2) 
ʖ2

 

 

0.1 % Sr ACC O 8 2.60(2) 0.024(6) 2.75 

1 min 
(vaterite) 

O 
C 

Ca 

8 
4 
4 

2.52(2) 
3.1(1) 

4.19(5) 

0.022(6) 
0.05(1) 

0.029((7) 

4.17 

2 hrs 
(calcite) 

O 
C 

Ca 
Ca 

6 
6 
6 
6 

2.50(2) 
3.4(1) 

4.10(5) 
5.00(5) 

0.011(3) 
0.032(8) 
0.016(4) 
0.019(5) 

5.47 

24 hrs 
(calcite) 

O 
C 

Ca 
Ca 

6 
6 
6 
6 

2.49(2) 
3.3(1) 

4.09(5) 
5.02(5) 

0.010(3) 
0.024(6) 
0.013(3) 
0.015(4) 

4.62 

1 % Sr ACC O 8 2.58(2) 0.027(7) 2.85 

1 min 
(vaterite) 

O 
C 

Ca 

8 
6 
4 

2.55(2) 
3.0(1) 

4.27(5) 

0.023(6) 
0.04(1) 

0.035(9) 

9.15 

24 hrs 
(calcite) 

O 
C 

Ca 
Ca 

6 
6 
6 
6 

2.51(2) 
3.4(1) 

4.10(5) 
5.00(5) 

0.014(4) 
0.06(2) 

0.019(5) 
0.021(5) 

4.55 

10 % Sr ACC O 8 2.59(2) 0.027(7) 3.14 

1 min 
(vaterite) 

O 
C 

Ca 

8 
4 
2 

2.58(2) 
3.0(1) 

4.19(5) 

0.030(8) 
0.033(8) 
0.04(1) 

4.07 

2 hrs 
(calcite) 

O 
C 

Ca 

8 
4 
2 

2.59(2) 
3.0(1) 

4.18(5) 

0.028(7) 
0.037(9) 
0.04(1) 

3.35 

24 hrs 
(calcite) 

O 
C 

Ca 

9 
5 
4 

2.57(2) 
3.1(1) 

4.12(5) 

0.035(9) 
0.04(1) 

0.036(9) 

4.55 

0.1 % Sr : 
10 % Mg 

ACC O 8 2.60(2) 0.029(7) 2.73 

4 hrs 
(calcite) 

O 
C 

Ca 

9 
5 
6 

2.54(2) 
3.1(1) 

4.11(5) 

0.023(6) 
0.04(1) 
0.04(1) 

6.64 

24 hrs 
(calcite) 

O 
C 

Ca 

9 
4 
6 

2.52(2) 
3.1(1) 

4.10(5) 

0.023(6) 
0.04(1) 

0.035(9) 

3.63 

1 % Sr : 
10 % Mg 

ACC O 8 2.59(2) 0.026(7) 4.65 

24 hrs 
(calcite) 

O 
C 

Ca 

9 
5 
6 

2.56(2) 
3.0(1) 

4.06(5) 

0.023(6) 
0.04(1) 

0.033(8) 

5.54 

10 % Sr : 
10 % Mg 

ACC O 8 2.59(2) 0.026(7) 4.27 

4 hrs 
(calcite) 

O 8 2.57(2) 0.033(8) 3.74 

24 hrs 
(calcite) 

O 
C 

Ca 

9 
4 
4 

2.56(2) 
3.1(1) 

4.12(5) 

0.035(8) 
0.037(9) 
0.04(1) 

6.00 

Sr2+
(aq) - O 8 2.60(2) 0.030(8) 3.14 

  



 Calcite unit cell volumes calculated from the XRD patterns (Fig. 5.) show that samples 

recovered after 24 hrs from the Mg-free experiments, the volume was similar to pure calcite (367.8 

Å3; [45]) at low Sr contents, and increased as a function of increasing Sr loading.  For the calcite 

samples recovered from the High-Mg experiments, the unit cell volumes were significantly lower than 

pure calcite and showed a decreasing trend with increased Sr-loading. 

 

 

Figure 5. A) XRD patterns showing detailed view of the silicon calibrated and normalized 100 calcite 
peaks collected from selected high-Mg and Mg-free crystallization experiments after 24 hrs reaction 
time (total [Me2+] = 1 mol L-1); and B) Corresponding lattice volumes calculated from the XRD traces. 
Dashed best fit lines are added to guide the eye. Open triangle indicates measured value for pure 
calcite from reference [45].  
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Discussion 

Effect of Sr2+ and Mg2+ on calcium carbonate crystallisation 

 The reaction pathway observed during the precipitation of calcium carbonate via ACC in 

experiments amended with Sr2+ ions was the same as that observed for the formation of pure calcium 

carbonate; namely, an extremely rapid precipitate of ACC, transformation to vaterite within minutes 

and finally recrystallisation to calcite within 24 hours [36]. Strontianite was first detected as a reaction 

product when the initial Sr2+ / Me2+ ratio was greater than 0.1, and at Sr2+ / Me2+ ratios > 0.25 

strontianite was the dominant reaction product. Thus, the complete substitution of Sr2+ into calcium 

carbonates via ACC precipitation was found to be limited to initial solutions with Sr2+ / Me2+ ratios < 

0.1 (also as observed by [21]).  

The presence of high concentrations of Mg2+ ions in addition to Sr2+ resulted in a different 

reaction pathway. The presence of high Mg2+ concentrations (Mg2+ / Me2+ = 0.1) favours the formation 

of calcite over vaterite and slows the crystallisation of calcite as the presence of strongly hydrated 

Mg2+ ions in ACC retards its dehydration and decreases its solubility [39]. Therefore, due to lower 

solution supersaturation, slower surface controlled calcite growth is favoured over more rapid 

nucleation dominated vaterite crystallisation [39].  The presence of Mg2+ stabilises the ACC phase 

causing it to persist for over 10 mins before direct transformation to calcite as the reaction product 

[39, 42] (also observed in this study). The observed reaction pathway also did not change with 

increased initial Sr2+ / Me2+ ratios. The maximum initial Sr2+ / Me2+ ratio was 0.1, therefore, the upper 

limit for Sr2+ incorporation was not tested in the high-Mg experiments.   

 

Controls on Sr2+ uptake during the ACC-vaterite-calcite transformation (Mg-free experiments) 

ACC is a highly hydrated and amorphous gel-like precipitate containing water nano-clusters in 

a disordered Ca2+-CO3
2- framework [54]. In addition, ACC has a very high surface area in comparison 



to more crystalline calcium carbonate polymorphs (ACC = 50-400 m2 g-1 vs. calcite = 0.1-0.5 m2 g-1) 

[55], and can therefore, readily adsorb and accommodate elements with ionic radius greater than 

Ca2+, such as Sr2+, that are generally considered to be less compatible in calcite [21, 34]. Therefore, Sr2+ 

ions are likely to be readily coprecipitated within ACC particles via substitution for Ca2+ during 

formation. The Sr K-edge XANES and EXAFS data collected from Sr-containing ACC samples (Fig. 4) are 

analogous to Ca K-edge EXAFS spectra collected from ACC samples [56] in that both Me2+ cations retain 

a solution like coordination best fit by ~8 Me-O linkages [57, 58] (SI Table S6) and show no discernible 

long range ordering using EXAFS analysis. This is similar to Sr K-edge EXAFS spectra from other 

amorphous phases (e.g. Ca-Si-hydrate; [59]) and is consistent with the sorption of hydrated Sr2+ into a 

disordered coordination environment within ACC.  

As a result of rapid non-specific sorption it is expected that Sr2+ uptake to ACC phase should 

be very high (perhaps approaching 100%). However, under the reaction conditions studied, ACC is 

relatively unstable and almost instantaneously transforms to vaterite (indeed, preparation of vaterite-

free ACC samples in the Mg-free experiments was very difficult; see SI Figure S1a).  Also, as rapid 

separation of aqueous samples from the ACC gel was not possible, the calculated Sr distribution 

coefficients (Kd Sr = 0.65 ±0.10) determined at the first solution sampling point after 5 min represented 

experiments where vaterite was already the dominant phase present (i.e. the Kd Sr relates to Sr2+ 

incorporation to vaterite, not ACC). EXAFS data from samples recovered after just 1 min reaction time 

also provide evidence for Sr-C and Sr-Ca bond distances consistent with very rapid Sr2+ incorporation 

into vaterite [31].  When incorporated into vaterite the result from this and previous studies [4] 

indicate Sr2+ retains a larger 8-fold Sr-O coordination environment, (Kd Sr = 1.19; [60]) and is expected 

to be relatively compatible in the vaterite structure [31].  Therefore, the high Kd Sr values observed in 

these experiments after 5 minute can be explained by rapid nucleation of vaterite growth from the 

ACC precursor.   

Kd Sr does not change significantly (within error) during the transformation to calcite in 

experiments performed at [Me2+] = 1 mol L-1 (Fig. 2a). The maintenance of high Kd Sr values during the 



vaterite to calcite transformation is unexpected.  The larger Sr2+ ion is considered incompatible in 

calcite [21] and therefore is predicted to be rejected from the calcite lattice during this transformation, 

producing a downward trend in Kd Sr over time.  However, the relationship between higher Kd Sr and 

higher calcite precipitation rates is well known [20, 24, 27, 29, 52], suggesting a kinetic control for 

higher Sr2+ uptake.  The final Kd Sr values observed in calcite from ACC crystallisation experiments (0.44-

0.74; Fig. 2c) exceed both equilibrium growth experiments (0.02-0.05; [20]), and rapid growth 

crystallisation experiments (0.10-0.40; [24, 29, 52]), but are similar to Kd Sr values observed in some 

biological mediated processes (0.50-0.80; [31, 52]) where ACC transformation and rapid calcite 

nucleation is the most likely mechanism of calcite precipitation.  

Under the reaction conditions studied, the transformation of vaterite to calcite follows the 

Ostwald step rule [61] relating primarily to the solubility difference between vaterite and calcite [37].  

The maximum rate of calcite precipitation is therefore expected in experiments where the rate of 

vaterite dissolution is high and the instantaneous [Ca2+] approaches equilibrium concentrations with 

respect to vaterite (i.e. at equilibrium, the vaterite dissolution rate = the calcite precipitation rate).  

This condition is most easily met in crystallisation experiments using high ionic strength solutions 

([Me2+] = > 1 mol L-1), where a greater mass of vaterite product will be precipitated.  Conversely, in 

lower ionic strength experiments ([Me2+] = < 1 mol L-1), less vaterite will precipitate, producing lower 

dissolution rates, lower supersaturation with respect to calcite and slower net calcite precipitation 

rates.  This effect explains why the observed trend in Kd Sr values measured at 24 hours vary 

proportionally with respect to the initial [Me2+] used (Fig 2c).  Thus, although the high supersaturation 

with respect to calcite, which occurs during precipitation via the ACC route, explains the generally high 

Kd Sr values observed; the overall degree of supersaturation (i.e. the ionic strength of the initial 

solution) is also important in producing greater mass of solid product and higher Sr2+-uptake in the 

end-product calcite produced.   

 



Sr2+ speciation in calcite produced via ACC-vaterite-calcite transformation (Mg-free experiments) 

Calcite unit cell volume data from the Mg-free experiments (calculated from the shift in the 

calcite (100) ヮW;ﾆ デﾗ ﾉﾗ┘Wヴ ヲ． ┗;ﾉ┌Wゲき Fｷｪく ヵぶ show that the calcite unit cell expands proportionally as 

more Sr2+ is incorporated (Fig 5a; SI Table S7). The magnitude of lattice expansions observed are in 

agreement with previous data [21], and taken together with lack of other phases in XRD and SEM 

analysis, provide strong evidence that Sr2+ is truly incorporated into the calcite lattice and is not hosted 

in other low abundance phases not detected during the analysis.  

At lower Sr loadings (Sr2+ / Me2+ < 0.01 in the initial solution) Sr2+ K-edge XANES and EXAFS 

spectra (Table 3; Fig. 3 & 4) show that Sr adopts a 6-fold coordination in the calcite end product. The 

EXAFS fits to these neoformed Sr-calcite phases are identical to those reported from a range of natural 

and precipitated calcite samples (SI Table S6), however, the amount of Sr incorporated is relatively 

high (~0.6 mol% SrCO3) compared to natural samples (SI Table S7).   

At higher Sr-loading (Sr2+ / Me2+ < 0.01 in the initial solution) Sr2+ is retained in a 9-fold 

coordination in the calcite product.  This coordination environment with a longer Sr-O 1st shell distance 

relative to low Sr-calcite (2.55 ±0.03 Å), and a shorter Sr-C 2nd shell distance relative to low Sr-calcite 

(3.1 ±0.1 Å), is very similar to the short range coordination environment of Sr2+ incorporated into 

aragonite or vaterite; but the longer Sr-Ca 3rd shell distance (4.10 ±0.05 Å) is equivalent to that found 

in low Sr-calcite [23, 31].  Increased Debye-Waller factors, reduced occupancy and lack of a resolvable 

second Sr-Ca shell at ~5 Å also suggest that this Sr2+ incorporation site is highly disordered, probably 

as a result of rapid crystal growth rates (see discussion above). This suggests that at higher Sr2+ 

loadings (~6% mol% SrCO3 was achieved in these experiments) there is an upper limit to Sr2+ 

incorporation in the 6-fold coordinated Ca2+ site in calcite. At higher loadings, Sr2+ incorporation still 

occurs, but only by occupying a distorted lattice site that is aragonite-like in its immediate coordination 

environment but still calcite-like at longer distances.  This data, therefore, for the first time 

demonstrates that Sr2+ can adopt a disordered 9-fold coordinate site in calcite, overcoming the 



tendency for Sr2+ to be rejected from the 6-fold coordinate calcite lattice (such as occurs at lower 

crystal growth rates). However, this incorporation mechanism is likely to be limited to calcite 

precipitated at high crystal growth rates such as those inherently associated with ACC transformation 

to calcite, via vaterite.   

 

Controls on Sr2+ uptake during the ACC-calcite transformation (high-Mg experiments) 

There is a significant difference in Kd Sr between the Mg-Free experiments and the high-Mg 

experiments (Fig. 2a), which consistently produce greater Sr2+ uptake (Kd Sr = 0.90-0.97; approaching 

100% Sr2+ sorption). ACC is stabilised by the presence of Mg2+ ions (incorporation of Mg2+ increases 

the kinetic energy barrier for calcite nucleation and growth as Mg2+ ions are more strongly hydrated 

than Ca2+ ions [62, 63]).  In similar high-Mg experiments, the ACC phase was stabilised for over 10 mins 

[39].  Therefore, at the first solution sampling time point in these experiments (5 mins), the measured 

Kd Sr represents that due to Sr2+ incorporation into ACC.  It is unlikely that sorption and incorporation 

of Sr2+ to ACC is favoured in the presence of high concentrations of Mg2+ (it is hard to conceive of how 

the presence of Mg2+ would influence Sr2+ behaviour in an amorphous gel-like phase containing 

abundant sorption sites). This suggests that the stabilising effect of Mg2+ ions within ACC allows the 

measurement of a Kd Sr value in a system approaching equilibrium with ACC (i.e. the longer the ACC 

phases persists, the greater propensity for Sr2+ to remain incorporated into the metastable phase).  

The presence of strongly hydrated Mg2+ ions in ACC inhibits the rapid formation of vaterite [40] and 

eventually calcite nucleates at multiple sites [51], producing the initially spherical calcite aggregates 

observed in SEM images (Fig. 1).  The crystal grow rates during the ACC-calcite transformation are 

driven by the very large difference in solubility between these two phases and are extremely rapid 

(and also significantly exceed those reported for the ACC-vaterite, or vaterite-calcite transformation) 

[39]. It is not surprising, therefore, that the initially high Kd Sr observed for the ACC phases are therefore 



retained in the calcite produced; and there is much less sensitivity to variation in the initial [Me2+] in 

these experiments (Fig. 2c).  

In the high-Mg experiments, the Sr2+ coordination environment determined via EXAFS analysis 

was best fitted by the same distorted 9-fold coordinated calcite site found at high Sr2+ loadings for the 

Mg-free samples (see discussion above).  However, in the high-Mg samples this coordination 

environment is also adopted at only modest Sr2+ loading (~0.09 mol% SrCO3 at the lowest Sr loading) 

as well as at the intermediate and highest Sr-loadings used (~0.9 and 10 mol% SrCO3). This again 

suggests that this coordination geometry is only adopted at very high crystal growth rates, and that 

the growth rates occurring in the high-Mg experiments are sufficiently fast that the normal 6-fold Sr2+-

coordination in calcite is not achieved even at modest Sr2+-loadings.  Previous arguments regarding 

the stabilisation of Sr2+ incorporation into calcite by Mg2+ have centred around the notation that the 

larger Sr2+ ion is balanced by inclusion of smaller Mg2+ ions at a certain ratio [26] such that the overall 

strain in the crystal lattice is reduced and Kd Sr values are higher compared to Mg-free calcite [45].  

Inclusion of smaller Mg2+ ions in calcite produces a large reduction in unit cell volume compared to 

the Mg-free calcite (i.e. causing a shift in the calcite (100) ヮW;ﾆ デﾗ ｴｷｪｴWヴ ヲ． ┗;ﾉ┌Wゲき as seen at the 

lowest Sr-loading in Fig. 5). Logic dictates that inclusion of progressively more Sr2+ ions should result 

in increasing unit cell volume. However, in our experiments, increasing Sr-loading also led to increased 

Mg2+ incorporation into the calcite product (from ~3 s ~5 mol% MgCO3; SI Table S7). As changes in 

Mg2+ incorporation cause a larger lattice volume effect relative to Sr2+ incorporation [26], this effect 

may explain the overall lattice volume reduction with increasing Sr-loading.  However, the observed 

change in lattice volume is not fully explained by a simple linear combination of Sr2+ and Mg2+ ion size 

effects (SI Figure S4), most likely due to the non-crystallographic incorporation of Sr2+ and distortion 

of the calcite structure.  Detailed molecular simulations of Mg2+ and Sr2+ incorporation are, therefore, 

likely to be required to fully explain the crystal structure of the Mg-Sr-calcite formed by ACC 

transformation.   



Conclusions  

Precipitation of calcite via an ACC precursor phase offers a viable route for achieving high Sr2+ 

uptake to solids. In the Sr2+-Ca2+-CO3
2- system the reaction proceeded via the ACC т vaterite т calcite 

pathway and was complete within 24 hours.  High Sr distribution coefficients of 0.44-0.74 were 

determined and are attributed to high crystal growth rates during the ACC to calcite transformation. 

At low to intermediate concentrations, Sr2+ adopted a 6-fold coordination environment when 

substituting for Ca2+ in the calcite lattice, but at the highest loading used, Sr2+ was incorporated in a 

disordered 9-fold coordination geometry. In the Mg2+-Sr2+-Ca2+-CO3
2- system the observed 

crystallisation pathway was ACC т calcite, and was accompanied by higher average Sr distribution 

coefficients of 0.94 ±0.03 due to strongly hydrated Mg2+ ions stabilising the ACC phase, which 

promoted rapid nucleation-mediated growth of calcite and as a result, greater Sr2+ sorption and 

incorporation. After crystallisation, Sr2+ was incorporated in a disordered 9-fold coordination 

geometry in all calcite samples. This was attributed to rapid crystal growth rates preventing 

incorporation in the smaller 6-fold Ca2+ site. This was aided by presence of smaller Mg2+ ions balancing 

the large Sr2+ ions in the calcite structure, which also favoured the 9-fold coordination so that overall 

lattice strain was reduced.  Although most scenarios where Sr2+ is present as a contaminant (e.g. as 

radioactive 90Sr2+) will involve relatively low Sr2+ concentrations, the rapid uptake kinetics and higher 

removal efficiencies (especially when Mg2+ is also present) offered by ACC precipitation make this 

method attractive for removal of Sr contamination and waste minimisation.  
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Synopsis 

During calcite crystallisation from ACC via vaterite, Sr2+ was primarily incorporated into calcite in the 

6 fold coordinate Ca2+ site. High-Mg concentrations induced direct calcite crystallisation from ACC 

and Sr2+ was incorporated into calcite in a 9-fold coordinate site in all experiments due to rapid 

crystallisation kinetics and smaller Mg2+ ions compensating for larger Sr2+ ions in the calcite lattice. 

 


