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Abstract

The Mg and SO, content of naturally occurring calcite are routinely used as paleoenvironmental proxies. Yet little is
known about the mechanisms governing the presence of these ions in carbonate minerals when their formation proceeds
via an amorphous precursor. To address this, the transformation of Mg-free amorphous calcium carbonate (ACC) into
nanocrystalline high-Mg calcite (HMC) was experimentally studied in solutions containing 27 mM of Mg and a range of
10-90 mM of SO,4. The obtained results suggest that ACC is stable for several minutes in the experimental solutions and this
amorphous phase actively uptakes Mg and SO, that are incorporated in its structure. Additionally, the obtained results
suggest that the stabilization of ACC is not affected by its Mg content and that the transformation to HMC is effectively con-
trolled by the abundance of the free Mg”>*(aq) ion. The transformation of ACC to HMC occurs earlier at elevated SO4 con-
centrations because SOy limits the availability of Mg (aq) due to the formation of the MgSOS(aq) complex. The HMC that is
formed from ACC appears as aggregates composed of nanocrystallites and exhibits Mg and SO, contents up to 8 and 2 mol%
depending on the initial SO, concentration in the reactive solution. The precipitated HMC was kept in contact with the reac-
tive solution in order to assess its reactivity for up to 1 year of reaction time. Over time, a continuous exchange of Mg and SO,
between calcite and reactive solution was observed resulting in enrichment of Mg and depletion of SO, affecting the total mass
of the aggregates with the distribution of these elements to appear homogeneous in the crystalline solid. The high reactivity
and the continuous exchange of solutes between the nanocrystalline calcite and the reactive solutions limits the use of Mg and
SO, content of these HMCs as environmental proxies.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
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1. INTRODUCTION 2011). The chemical and isotopic composition of CaCOs;

are routinely used in order to reveal the environmental

Calcium carbonate (CaCQO3) formation in aqueous envi- conditions that occurred at the time of mineral formation.
ronments results in minerals containing traces or foreign ele- Nowadays it is well accepted that the chemical/isotopic
ments (Morse and Mackenzie, 1990; Reeder, 1990; Dietzel signals recorded in carbonates are affected by a number of

parameters including temperature (e.g. Burton and Walter,

1991), pH (e.g. Mavromatis et al., 2015; Uchikawa et al.,
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complexation (e.g. Mavromatis et al., 2017a) and mineral-
ogy (e.g. Mavromatis et al., 2018). However, less is known
about the mechanisms governing the chemical/isotopic
composition of carbonate minerals when the formation pro-
ceeds via an amorphous precursor (Evans et al., 2020).
Amorphous calcium carbonate (ACC) has been identified
as precursor phase for crystalline CaCOj3 in many calcifying
biomineralization strategies (Du and Amstad, 2020; and ref-
erences therein). Owing to the importance of ACC in
biomineralization it has been the subject of research for a
large number of studies in the last two decades (e.g. Raz
et al., 2000; Addadi et al., 2003; Gower, 2008; Long et al.,
2011; Gong et al., 2012; Albéric et al., 2018; Jin et al.,
2018). Novel non-classical nucleation concepts of amor-
phous intermediates have been proposed and numerous
studies exist that show a wide variety in the hydration level
of ACC and the characteristics of its short-range order
(Gebauer et al., 2010; Gebauer and Colfen, 2011; Schmidt
et al., 2014; De Yoreo et al., 2015; Sun et al., 2016; Tobler
et al., 2016; Du et al., 2018; Mergelsberg et al., 2020).

A large number of experimental studies has explored the
mechanisms controlling the transformation of ACC into
crystalline CaCO; polymorphs (e.g. Rodriguez-Blanco
et al., 2012; Rodriguez-Navarro et al., 2015; Giuffre et al.,
2015; Blue et al., 2017; Purgstaller et al., 2017a,b; Zou
et al. 2018). It is for example well known that high-Mg cal-
cite (HMC) with Mg contents exceeding 4 mol% is often
formed via the formation and transformation of Mg-
bearing ACC by mixing a carbonate-bearing solution with
a Ca-Mg-rich solution (e.g. Mavromatis et al., 2012; Long
et al., 2014; Purgstaller et al., 2016; Xto et al., 2019). More-
over, the presence of Mg has been shown to temporary sta-
bilize ACC and to retard its transformation in solution (e.g.
Loste et al., 2003; Politi et al., 2010; Lin et al., 2015;
Konrad et al, 2018). Although the role of Mg in stabilizing
ACC has been well studied, significant gaps of knowledge
exist with respect to the effect of other ions on the ACC
transformation pathway. For example, although SO, is
the second most concentrated anion in seawater, only a
few studies have examined the effect of SO,4 on the stability
and reactivity of the amorphous precursor (Bots et al.,
2012; Thli et al., 2013; Han et al., 2017).

In the presence of aqueous Mg, the transformation of
ACC results mostly in the formation of nanocrystalline cal-
cite agglomerations (e.g. Jiang et al., 2011; Long et al.,
2011; Blue et al., 2017; Huang et al., 2018; Xto et al.,
2019). In this context, an aspect of great importance is
the reactivity of the nanocrystalline calcite when in contact
with an aqueous solution. The amorphous solid is only pre-
sent at the initial stages of mineral formation, whereas the
nanocrystalline calcite remains in contact with the solution
for extended periods of time. In the latter case, the large
surface area of the nanocrystalline calcite aggregates can
be subject to continuous exchange of solutes (Mavromatis
et al., 2017b; Oclkers et al., 2019). Detailed understanding
of the distribution of trace elements and isotopes after the
transformation of ACC is still largely lacking, but essen-
tially required in order to support geochemical proxies
and to unravel information of their (past) formation condi-
tions that is archived in abiotic and biogenic calcite.

The present study explores two features related to calcite
formation via ACC: the first is assessing the role of SO, in
the transformation process and the second is the long-term
reactivity of the crystalline product formed from ACC.
Thus, ACC transformation experiments were conducted
in the presence of aqueous Mg®" and SO3~ ions and the
crystalline solids were kept in contact with the reactive solu-
tion for 1 year of reaction time. The experimental set-up
allowed to distinguish between (i) the elemental distribution
between ACC and reactive solution and (ii) the re-
distribution during its transformation to calcite. The molar
Mg/SO4(aq) ratios were varied in order to systematically
study the coupled effect of Mg and SO, on (i) the elemental
exchange between solid ACC and the aqueous phase as well
as the stability of ACC, (ii) the transformation kinetics of
ACC and (iii) the Mg content of calcite formed via an
amorphous precursor. Reactivities of ACC and HMC, ele-
mental distribution and nanostructured features of solid
phases are discussed in the scope of (i) their importance
for the interpretation of individual proxy data derived from
amorphous-to-crystalline carbonate archives and (ii) the
limits of Mg and SO, distribution in nanocrystalline
HMC to reconstruct bulk precipitating water.

2. METHODS
2.1. Synthesis of ACC

Synthetic ACC was prepared following the protocol
described earlier in Konrad et al. (2016). Briefly, 80 mL
of a 250 mM CaCl, solution were poured into a glass bea-
ker containing the same volume of a 250 mM Na,COj solu-
tion and mixed vigorously for 2-3 s. The solid product of
the reaction was separated immediately from the solution
by a 0.2 pm cellulose membrane filter using suction filtra-
tion. Subsequently, the solid phase was rinsed with ultra-
pure deionized water to remove Na® and CI” ions and
immediately freeze-dried using a Virtis Benchtop 3L
freeze-dryer in order to remove adsorbed water. The syn-
thesis protocol was repeated several times in order to pre-
pare a batch of about 18 g of synthetic ACC as starting
material for the transformation experiments. The freeze-
dried ACC was stored in a closed vial in a desiccator with
silica gel (relative humidity = 3%) to prevent its transfor-
mation to crystalline CaCOs.

2.2. Experimental set-up

The transformation of synthetic ACC to calcite was per-
formed in a glass reactor, equipped with a Teflon® coated
magnetic stirrer operating at 350 rpm. The reactor initially
contained 50 mL of a Mg (and SO,) -bearing solution
(Fig. 1). The experiments were performed at 23 +1 °C
and at pH 8.3 £0.2 that was adjusted automatically
through the titration of a 0.5 M NaOH solution (titrator
TitroLine® 7800 from SI Analytics). The initial reactive
solution contained ~100 mM NaHCO; and ~27 mM MgCl,
at pH ~ 8. The SO3 concentrations in the initial solutions
ranged between 10 and 90 mM (see Table 1). The experi-
ments were labeled as sX, where X refers to the respective
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Fig. 1. Experimental set-up of ACC transformation experiments. Synthetic ACC was added to the reactor containing a HCO;-Mg-(SOy-)
bearing solution. The mineral transformation reaction occurred under controlled physicochemical conditions and was monitored in situ by

Raman spectroscopy.

concentration of SO4 (mM) in the initial reactive solution.
The experiment with SO4 concentration of 30 mM was per-
formed in duplicate and was labeled s30_2. A control exper-
iment was conducted in the absence of SO, and was labeled
s0. The background electrolyte concentration of the initial
reactive solutions was adjusted to 330 mM by the addition
of NaCl when necessary. All solutions were prepared using
ultrapure deionized water and analytical grade chemicals
from Roth (CaCl,-2H,0, MgCl,-6H,O, NaHCO;, Na,-
CO}, Na2S04, Ndcl)

At the beginning of the experiment 1.5 g of ACC was
introduced into the reactive solution following a similar
approach to Konrad et al. (2018) and Purgstaller et al.
(2019). The immersion probe of an in situ Raman spectrom-
eter was placed into the suspension to monitor the temporal
evolution of the solid phase transformation and the vibra-
tional spectra of dissolved species for about 1 h of reaction
time. In order to characterize both, the chemical composi-
tion of the solution and the solid phase, homogeneous sub-
samples (1.5 mL) were collected under stirring with a
pipette at certain reaction times (Table 1). The solid mate-
rial was immediately separated from the reactive solution
with the aid of a 0.2 pm cellulose acetate membrane filter
using suction filtration, subsequently rinsed extensively
with ethanol and dried in the oven at 40 °C. After 1 h of
reaction time the suspension was transferred into a poly-
ethylene vial and placed on a shaker at 23 °C in a constant
temperature room. Sub-samples were taken after 1 day,
1 week, 1 month, 9 months and 1 year.

2.3. Mineralogical and chemical analyses

2.3.1. Solid phases

Time-resolved in situ Raman spectra of the reactive sus-
pension were collected every 62 seconds with a Raman
RXN2™ analyzer from Kaiser Optical Systems equipped
with a quarter-inch immersion optic Kaiser MR probe.
The Raman spectra were recorded in the 1003425 cm™!
region with a resolution of 1 cm™' using a 785 nm laser
beam with an exposure time of 60 sec. Powder X-ray
diffraction (XRD) patterns of the solid phases collected at
certain reaction times (see Table 1) were recorded by a
PANalytical X’Pert PRO diffractometer using Co-Ko-
radiation (40 mA, 40 kV) at a 20 range from 5° to 85°
and a scan speed of 0.03° s~!. For qualitative characteriza-
tion of the crystalline products the PANalytical HighScore
Plus software with the ICSD database was used. Note here,
the detection limit of crystalline phases is ~1 wt%. Infrared
spectra of the solids in the range of 650-4000 cm™' were
collected using a Perkin Elmer Spektrum 100 Attenuated
Total Reflectance-Fourier Transform Infrared (ATR-
FTIR) spectrometer with a resolution of 4 cm™!. Selected
precipitates were gold-coated and imaged using a ZEISS
DSM 982 Gemini scanning electron microscope (SEM)
equipped with a field emission gun operating at 2 kV accel-
erating voltage.

Additionally, subsamples of selected crystalline solids
were embedded in a two-component epoxy resin, polished,
carbon coated and analyzed with an electron probe



Table 1

Chemical composition of reactive solutions and solids and mineral composition of the precipitates at certain reaction times. The term ‘“‘calculated” refers to Mg and SO, content of the solid

estimated using Eqgs. (2) and (3) whereas the term “measured” refers to the bulk solid composition measured after solid digestion.

Sample Time (min) pH Alkalinity Solution (mM) Solid

(mM) Ca Mg SO, Mg mol% Mg mol% SO, mol% SO4 mol% XRD/Raman

calculated measured calculated measured

s0_initial 7.98 99 - 26.2 -
sO_1 0.2 8.34 107 6.2 25.1 - 0.4 1.6 - - ACC
s0_2 2.3 8.32 108 6.5 24.5 - 0.6 1.7 - - ACC
s0_3 5.2 8.31 106 6.3 243 - 0.7 1.9 - - ACC
s0_4 7.8 8.30 104 6.2 24.1 - 0.8 2.0 - - ACC
s0_5 10.7 8.30 102 5.7 22.1 - 1.5 2.6 - - ACC
sO_6 13.1 8.29 92 4.8 16.1 - 3.6 4.2 - - ACC, HMC
s0_7 16.0 8.30 78 2.8 8.3 - 6.1 6.5 - - ACC, HMC
sO_8 22.1 8.32 68 0.8 33 - 7.6 8.0 - - ACC, HMC
s0_9 30.8 8.33 65 0.4 2.4 - 7.8 8.2 - - ACC, HMC
s0_10 39.9 8.38 65 0.2 2.4 - 7.9 8.2 - - HMC
sO_11 62.4 8.51 64 0.2 23 - 7.9 8.3 - - HMC
sO_12 1434.0 8.52 60 0.1 0.9 - 8.3 8.6 - - HMC
s0_13 18960.0 8.67 60 0.1 0.2 - 8.5 8.8 - - HMC
s0_14 51900.0 8.72 60 0.1 0.2 - 8.5 9.0 - - HMC
s0_15 162720.0 8.88 59 0.1 0.3 - 8.5 9.0 - - HMC
s0_16 400320.0 9.05 59 0.3 0.2 - 8.5 9.1 - - HMC
s0_17 531360.0 9.16 61 0.1 0.1 - 8.6 9.0 - - HMC
s10_initial 7.99 99 - 27.2 9.4
s10_1 0.2 8.35 109 6.5 25.8 9.3 0.5 1.4 0.0 0.2 ACC
s10 2 22 8.33 107 6.8 25.2 9.3 0.7 1.6 0.0 0.2 ACC
s10_3 43 8.33 106 6.8 25.0 9.3 0.8 1.7 0.0 0.2 ACC
s10 4 7.3 8.31 106 6.5 24.9 9.4 0.8 2.1 0.0 0.3 ACC
s10_5 9.9 8.30 101 6.3 23.7 9.3 1.3 22 0.0 0.3 ACC
s10_6 12.5 8.27 92 5.4 17.5 9.0 34 3.8 0.1 0.3 ACC, HMC
s10_7 15.1 8.24 81 33 10.8 8.5 5.6 5.5 0.3 0.3 ACC, HMC
s10_8 21.2 8.31 71 1.1 49 8.2 7.4 7.5 0.4 0.3 ACC, HMC
s10_9 304 8.32 67 0.5 3.7 8.2 7.8 7.8 0.4 0.3 ACC, HMC
s10_10 39.5 8.35 66 0.3 3.6 8.2 7.8 7.8 0.4 0.3 HMC
s10_11 62.3 8.46 66 0.2 34 8.2 7.8 7.8 0.4 0.3 HMC
s10_12 1414.0 8.51 66 0.1 1.7 8.4 8.4 8.3 0.3 0.2 HMC
s10_13 17520.0 8.57 60 0.1 0.5 8.4 8.7 8.7 0.3 0.2 HMC
s10_14 50460.0 8.66 60 0.0 0.3 8.5 8.8 8.8 0.3 0.2 HMC
s10_15 - - - - - - - - - - -
s10_16 398880.0 9.01 59 0.1 0.1 9.0 8.8 9.0 0.1 0.2 HMC
s10_17 529920.0 9.12 61 0.1 0.0 8.6 8.8 8.9 0.2 0.2 HMC
s30_initial 7.99 99 - 26.8 26.8
s30_1 0.3 8.385 110 6.6 259 26.6 0.4 1.7 0.1 1.0 ACC

)
(o)
(=]
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s30_ 2
s30_3
s30 4
s30_5
$30_6
s30 7
$30_8
s30_9
$30_10
s30_11
s30_12
s30_13
s30 14
s30_15
$30_16
s30_17

s30 2 initial
s30 2 1
s30.2 2
$30.2 3
s30.2 4
$30.2 5
s30.2 6
$30.2 7
s30.2 8
$30.2 9
s30.2 10
s30_2 11
s30.2 12
s30.2 13
s30.2 14
s30.2 15
s30.2 16
s30.2 17

s45 initial
s45 1
s45 2
s45 3
s45 4
s45 5
s45 6
s45 7
s45 8
s45 9
s45 10
s45 11

22

4.0

6.9

9.9

12.0
14.9
21.1
30.2
38.7
62.3
1420.0
13200.0
46140.0

394560.0
525600.0

0.2

2.2

4.1

6.9

10.0
12.5
15.0
21.3
30.3
39.9
62.4
1415.0
16080.0
49020.0

397440.0
528480.0

0.2
2.2
43
7.0
9.9
12.7
15.2
21.1
30.3
38.9
61.1

8.374
8.371
8.343
8.295
8.298
8.299
8.305
8.326
8.365
8.483
8.5
8.56
8.58

8.98
9.11

7.98
8.39
8.37
8.37
8.33
8.30
8.30
8.30
8.30
8.33
8.37
8.48
8.53
8.60
8.68

9.05
9.18

8.07
8.45
8.43
8.43
8.41
8.29
8.30
8.30
8.33
8.32
8.36
8.46

109
108
106
100
90
71
71
69
70
68
64
60
62

59
60

99
108
109
109
107
96
85
77
71
69
67
68
64
60
62

63
64

99
109
109
110
109
101
83
71
73
71
71
70

7.3
7.1
7.0
6.3
4.6
2.8
1.0
0.5
0.3
0.2
0.1
0.2
0.1

0.0
0.0

0.0
6.6
6.9
6.8
6.9
5.6
35
2.3
1.0
0.4
0.3
0.2
0.2
0.0
0.0

0.1
0.0

7.1
7.2
7.5
6.6
3.5
2.1
0.8
0.4
0.7
0.3

254
25.2
24.8
21.0
14.2
8.3
4.4
3.7
3.7
3.6
1.8
0.3
0.1

0.1
0.2

27.1
25.8
254
25.1
24.5
18.9
10.9
6.9
39
34
33
33
1.5
0.5
0.3

0.1
0.1

27.0
25.1
25.1
25.1
24.7
20.5
10.1
6.8
4.8
4.6
4.6
4.3

26.6
26.7
26.6
26.4
25.5
24.6
24.0
24.0
24.0
24.1
24.2
24.9
25.0

25.4
253

27.3
27.1
273
27.2
27.2
26.5
25.5
24.9
24.4
24.5
24.6
24.6
24.8
25.2
25.5

26.4
27.0

45.9
41.8
45.7
45.8
46.1
454
42.7
42.0
41.6
41.9
41.8
41.9

0.5
0.6
0.8
2.1
4.4
6.3
7.4
7.6
7.6
7.7
8.2
8.7
8.7

8.7
8.7

0.5
0.6
0.8
0.9
2.9
5.5
6.8
7.7
7.9
7.9
7.9
8.4
8.7
8.8

8.8
8.8

0.7
0.7
0.8
2.3
5.7
6.8
7.4
7.4
7.4
7.5

1.5
1.5
1.7
2.7
4.5
6.5
7.6
7.8
7.8
7.8
8.4
8.7
8.9

9.2
9.0

1.3
1.7
1.7
2.0
34
53
6.7
7.7
7.7
7.8
7.8
8.3
8.7
8.8

9.0
8.9

1.5
1.7
1.5
1.6
3.0
5.5
6.8
7.4
7.4
7.4
7.5

0.0
0.0
0.1
0.1
0.4
0.7
0.9
0.9
0.9
0.9
0.8
0.6
0.6

0.4
0.5

0.1
0.0
0.0
0.1
0.3
0.6
0.8
1.0
0.9
0.9
0.9
0.8
0.7
0.6

0.3
0.1

0.1
0.0

—0.

0.2
1.1
1.3
1.4
1.3
1.4
1.3

0.6
0.7
0.7
0.7
0.7
1.0
1.0
0.7
0.9
0.9
0.5
0.5
0.5

0.5
0.5

0.6
0.9
0.9
1.0
1.0
0.9
0.9
1.0
1.0
1.0
0.9
0.5
0.5
0.5

0.5
0.5

1.5
1.6
1.3
1.2
1.5
1.5
1.5
1.6
1.7
1.8
1.6

ACC
ACC
ACC
ACC, HMC
ACC, HMC
ACC, HMC
ACC, HMC
ACC, HMC
HMC
HMC
HMC
HMC
HMC
HMC
HMC

ACC
ACC
ACC
ACC
ACC, HMC
ACC, HMC
ACC, HMC
ACC, HMC
ACC, HMC
HMC
HMC
HMC
HMC
HMC
HMC
HMC

ACC
ACC
ACC
ACC
ACC, HMC
ACC, HMC
ACC, HMC
ACC, HMC
ACC, HMC
HMC
HMC
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s45_12

s75 initial
s75 1
s75 2
s75.3
s75 4
s75.5
s75 6
s75 7
s75 8
s75.9
s75_10
s75 11
s75 12
s75_13
s75 14
s75_15
s75 16
s75_17

$90_initial
s90 1
s90_2
$90_3
s90_4
s90 5
s90_6
s90 7
s90_8
$90_9
s90_10
s90 11
s90_12
$90_13
s90_14
$90_15
s90_16
$90_17

1420.0

0.2

2.1

4.1

7.0

9.9

12.0
15.0
21.1

30.2

39.3

62.4
1405.0
14640.0
47580.0
158400.0
396000.0
527040.0

0.2

2.2

4.1

6.9

10.0
12.3
14.9
21.1
30.3
39.1
61.4
1430.0
13440.0
46380.0

394800.0
525840.0

8.51

7.98
8.46
8.45
8.45
8.41
8.25
8.30
8.30
8.32
8.32
8.37
8.48
8.48
8.52
8.57
8.77
9.02
9.14

8.03
8.52
8.51
8.49
8.40
8.26
8.31
8.31
8.33
8.34
8.37
8.46
8.51
8.54
8.61

9.08
9.20

68

101
112
112
110
110
96
88
79
76
75
74
71
67
63
63
62
60
62

100
110
111
112
109
92
83
79
76
75
73
74
70
63
62

60
63

0.1

7.3
7.7
7.7
7.6
6.4
3.9
2.3
0.9
0.6
0.4
0.2
0.1
0.1
0.1
0.4
0.0
0.0

7.4
8.1
7.9
7.9
5.3
3.2
1.9
0.8
0.5
0.3
0.3
0.2
0.1
0.0

0.0
0.0

2.1

26.9
25.9
25.4
253
24.4
16.6
11.0
7.7
6.0
5.9
5.8
5.7
3.6
1.3
0.7
0.3
0.1
0.1

27.1
254
25.4
25.2
24.1
14.1
9.1
7.1
6.1
6.0
5.8
5.7
3.0
1.1
0.3

0.1
0.1
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69.7
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71.3
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90.1
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92.3
91.8
88.1
86.1
85.5
84.8
85.2
85.3
85.6
85.2
86.9
87.5

90.8
91.1

8.2

0.3
0.5
0.6
0.9
3.6
5.4
6.5
7.0
7.0
7.0
7.0
7.7
8.4
8.6
8.7
8.7
8.7

0.6
0.6
0.7
1.1
4.5
6.1
6.7
7.0
7.0
7.1
7.1
7.9
8.5
8.7

8.8
8.8

8.2

1.5
1.4
1.7
1.9
3.8
5.5
6.6
7.0
7.0
7.0
7.1
7.8
8.4
8.7
8.9
9.1
9.0

1.3
1.4
1.5
1.8
4.5
6.1
6.7
6.9
6.9
6.9
7.0
79
8.4
8.7

9.0
8.9

1.2

0.2
0.1
0.1
0.2
1.0
1.5
1.9
2.2
22
2.1
2.0
2.0
1.7
1.6
1.5
1.1
1.0

0.0

—0.

0.1
1.3
2.0
22
2.4
23
2.2
2.1
2.2
1.7
1.5

0.4
0.3

0.8

24
2.0
2.6
2.7
2.4
2.1
23
2.6
2.3
2.6
2.5
1.3
1.4
1.2
1.1
1.2
1.1

2.7
2.5
2.9
2.7
3.0
2.5
3.0
3.1
29
3.0
29
1.4
1.4
1.5

1.4
1.2

HMC

ACC
ACC
ACC
ACC
ACC, HMC
ACC, HMC
ACC, HMC
ACC, HMC
ACC, HMC
HMC
HMC
HMC
HMC
HMC
HMC
HMC
HMC

ACC
ACC
ACC
ACC
ACC, HMC
ACC, HMC
ACC, HMC
ACC, HMC
ACC, HMC
HMC
HMC
HMC
HMC
HMC
HMC
HMC

ACC...amorphous calcium carbonate.

HMC.. .high-Mg calcite.
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microanalysis (EPMA) using a JEOL JXA8530F Plus
Hyper Probe equipped with a field emission gun. Secondary
electron (SEI) and back-scattered electron (BSE) images
were recorded at an accelerating voltage of 10 kV and
2 nA. Furthermore, (semi)-quantitative high-resolution ele-
ment distribution images of Ca, Mg and S were recorded
using the wave-dispersive analytical mode (WDS), an accel-
eration voltage of 10 kV and 5 nA and a dwell time of
30 mS. Element quantifications were performed against
mineral standards from SPI (Calcite for Ca, Dolomite for
Mg and Barite for S). From these images, average Mg
and S (given as SO,4) contents in solid samples were calcu-
lated using data of 100 x 100 pixel (Table S2).

2.3.2. Reactive solutions

The pH of the reactive solution was measured in situ
with a SI Analytics Silamid® gel electrode coupled to a SI
Analytics TitroLine® 7800. The electrode was calibrated
on the activity scale with NIST standard buffer solutions
at pH 4.01, 7.00 and 10.00 (analytical uncertainty +0.03
units). Total alkalinity was determined by a Schott Titro-
Line alpha plus titrator using a 10 mM HCI solution with
an analytical precision of +2%. Aqueous Ca, Mg and
SO, concentrations were measured by Ion Chromatogra-
phy (IC) using a Dionex IC S 3000 with IonPac® AS19
and CS16 column with an analytical precision of +3%.
The distribution of aqueous species in the reactive solution
and saturation indices (SI) with respect to amorphous and
crystalline phases were calculated using the PHREEQC
software in combination with its minteq.v4 database mod-
ified by the addition of the solubility products for ACC
(Brecevic and Nielsen, 1989), hydromagnesite (Gautier
et al., 2014), nesquehonite, dypingite (Harrison et al.,
2019) and bassanite (Shen et al., 2019). In order to calculate
SI (SI = IAP/K,p) of the amorphous solids that are
enriched in Mg, the ion activity product (IAP) was calcu-
lated using the equation

AP = (agp) " (ayes) (agor) (1)

where a, denotes the activities of free ions in solution and
the solubility product (Kg,) of ACC containing 0.6 mol
% Mg was calculated using the equation given by
Purgstaller et al. (2019). The SO4 content of ACC
accounted for <0.1 mol% and was therefore not considered
in the calculation of the ion activity product.

2.3.3. Chemical composition of solid phases

The Mg and SO, contents of the solids (in mol%) were
calculated by mass balancing the reactive solution sampled
at certain time steps (Table 1) and according to the
equations

Nyg
Mg]_ . %) = ——x 100 2
[ g]sulzd(mo %) age + neg X ( )
and

750,
SO4]. ;. %) = ——x 100 3
[ 4]volzd(m0 %) o + ne, X ( )

where 7,4, ¢, and ngos denote the moles of Mg, Ca and
SO, in the solid phase. The moles of each element/molecule

in the solid phase (nx) was calculated at each time step by
the subtraction of the actual measured Ca, Mg and SO,
concentrations from the total available Ca, Mg and SO,
concentrations in mol/L. The total available concentration
of Ca was derived from 1.5 g ACC (CaCO5-0.4H,0;
Konrad et al, 2016) with a molecular weight of
107.3 g/mol converted into mol/L whereas total available
concentrations of Mg and SO, were derived by their initial
concentrations (mol/L) in the reactor prior to the introduc-
tion of ACC. The sum of the cations 7,,, + nc, represents
the sum of the anions ngps + nco3. No correction for the
amount of sampled material (solid + solution) in the course
of the experimental runs was applied because the suspen-
sion was sampled homogeneously. Additionally, the ele-
mental content of digested bulk solids (i.e. Ca, Mg and
SO4) was measured by IC following the protocol described
in Goetschl et al. (2019). Note here that the elemental con-
tents of the crystalline phase derived from both approaches
are in excellent agreement, whereas the elemental composi-
tion of the amorphous phase exhibits higher values in the
case of the measurement by IC (see Table 1).

3. RESULTS
3.1. Temporal evolution of ACC transformation to HMC

The in situ Raman spectra indicate that the transforma-
tion of ACC into HMC was initiated within a few minutes
after its introduction into the HCO3-Mg-(SO4-)bearing
solution (e.g. experiment s30 in Fig. S1). Note here that just
before introducing ACC, the Raman spectra of the initial
reactive solution depicts vibration bands of aqueous HCO3
and SO3 at 1017 cm ™' and 981 cm™!, respectively (Davis
and Oliver, 1972; Fujita and Kimura, 1981; Wang et al.,
2005). The band intensities of aqueous HCO3; and SO;~
are decreasing rapidly in 2 steps during the course of the
experiments, correlating with the addition of ACC in the
reactor and its transformation to HMC. Immediately after
ACC was added to the reactive solution, the recorded
Raman spectra exhibit the characteristic broad v;(CO3)
ACC band at 1080 cm~! (Wang et al., 2012), suggesting
that this phase is the only solid present in the reactor within
the first 10 min of the experiments. The intensity of the
ACC v(CO3) band progressively decreases after ~5 min
of reaction time, indicating the dissolution of the amor-
phous phase. Subsequently, the v{(CO3) band at 1087-
1088 cm ™!, characteristic for HMC (Bischoff et al., 1985),
exhibits a strong intensity increase that is accompanied by
band sharpening (Fig. S1). The intensity maximum (I.y)
of the v{(COs) band is observed at 1088 cm™! in experi-
ments conducted in the absence of SOy (i.e. s0) and in the
presence of 10 mM SOy (i.e. s10). In experiments performed
at higher SO, concentrations of 30, 45, 75 and 90 mM SO,
(i.e. 830, s45, s75 and s90), the I, of the v{(CO;) band is
observed at 1087 cm ™!, After about 20-25 min of reaction
time the intensity of the v;(CO3) band of HMC (1087-
1088 cm™') reaches a plateau (Fig. S2). Thus in all the
experimental runs the temporal evolution of the transfor-
mation from ACC into HMC follows the same pattern
and can be roughly divided into three stages (Fig. 2): (I)
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Fig. 2. Simplified illustration of the mineralogical and chemical evolution as a function of reaction time. The light blue line refers to the Mg
concentration of the reactive solution and the dark blue line refers to the Mg content of the solid phase. The evolution can be divided in 3
different stages: (I) ACC stable — exchange of solutes between ACC and reactive solution, (II) ACC transformation to HMC via dissolution
and re-precipitation, (III) HMC stable — continuous exchange of solutes between HMC and reactive solution. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

< about 10 min, ACC occurrs as the only phase; (II)
between about 10 to 30 min, ACC co-exists with HMC;
(IIT) > about 30 min, HMC is the only solid phase. More
details about the exact onset of stage II in each individual
experimental run are described in the following paragraph.

Actually, the timepoint at which the intensity increase of
the v{(CO3) band occurs - indicative of the onset of HMC
formation - appears to be a function of the MgSOJ concen-
tration of the reactive solution. Note here that the intensity
increase of the v{(CO3) band is marking the transition from
stage I to stage II in the experimental runs. The time of the
intensity increase of the intensity maximum (I,,,) of the
v1(CO3) band for all experiments can be seen in Fig. S2.
In the absence of SO, the intensity of the v;(CO;) band
increases after 12.4 min of reaction time, whereas in exper-
iment s90 the intensity of the v;(CO;) band increases
already after 8.3 min of reaction time. Actually, as it can
be seen in Fig. 3A, a linear correlation between MgSOY (de-
termined by initial SO,4) concentration and the time of onset
of HMC formation exists and can be described by the linear
equation

time (min ) = —0.3840(40.0455) x MgSO,° (mM)
+ 12.0430(4:0.2480); R* = 0.92

4)
where reaction zime is given in minutes and MgS0Y denotes
concentration in mM of the reactive solution. The inverse
trend is observed when the time of the v;(CO;) band inten-
sity increase is plotted as a function of free Mg”" concentra-
tion (Fig. 3B).

The XRD analyses of the solid phases collected during
the experimental runs (see Table 1) are in excellent agree-
ment with the observations of the in situ Raman measure-
ments. The XRD patterns of samples collected within
7 min of reaction time are consistent with the initial syn-

thetic ACC. The first characteristic HMC peaks are
observed in the diffractograms of samples collected at about
10 min of reaction time (e.g. experiment s30 in Fig. S3).
Note here that the in situ Raman measurements reflect a
more precise time of the onset of HMC formation due to
the higher temporal resolution of data collection compared
to XRD measurements. Comparing the XRD patterns of
the HMCs formed via ACC to a pattern of pure calcite ref-
erence material (CaCO5; > 99%, p.a. from Roth), the main
calcite peak (104) is significantly lower in intensity, it occurs
with an extended full width at half maximum (FWHM) and
is shifted to a higher 26 position by +0.25° (£0.03°) indica-
tive of its Mg content. Note here that the peak positions of
the newly precipitated HMCs analyzed at time steps from
10-62 min (Fig. S3) do not differ significantly from each
other, indicating similar Mg contents of calcite
(Goldsmith et al., 1961; Milliman et al., 1971). No signifi-
cant peak shifts towards higher 20 positions of the analyzed
HMCs have been observed as a function of experimental
reaction time up to 1 year.

The formation of HMC is further confirmed by ATR-
FTIR analyses of collected solids. As it can be seen in
Fig. 4, the FTIR spectra of ACC are characterized by car-
bonate vibration bands v; and v, at 1075 and 860 cm™!
(Andersen and Brecevié, 1991; Loste et al., 2003; Konrad
et al., 2018), while the HMC exhibits v, v,, and v4 bands
at 1086, 870/848 and 714 cm™! (White, 1974; Bottcher
et al., 1997). Previous studies have shown that the shift of
the infrared (CO;)-bands towards higher or lower
wavenumbers is associated with increasing Mg>" substitu-
tion (Bottcher et al, 1997; Huang et al., 2018). Moreover,
FTIR spectra of the solids that have been collected from
experiments performed in the presence of SO, - e.g.
experiment s75 in Fig. 4 - exhibit additional bands next to
the characteristic carbonate bands. In the case of ACC
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Fig. 3. Time of intensity increase of the intensity maximum (IL,yx)
of the (CO3)s01iq V1 band for all experiments obtained using in situ
Raman spectroscopy. The formation of HMC is indicated by the
rapid increase of I,.x between 8.3 and 12.4 min of reaction time
(Fig. S2). A) Elevated MgSO} concentrations of the reactive
solution (referring to initial SO4 concentrations) cause an earlier
start of HMC formation B) Elevated Mg?'(aq) concentrations at
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Fig. 4. FTIR spectra from experiments in the absence of sulfate (sO
- blue) and in the presence of 75 mM sulfate (s75 - green) after
~5 min and ~1 h of reaction time, respectively. (For interpretation
of the references to color in this figure legend, the reader is referred
to the web version of this article.)

(s75_4 min) an additional broad band at 1134 cm™! appears
including a shoulder at ~1160 cm~!, and in the case of
HMC (s75_62 min) two additional bands at 1141 and
1161 cm™! are visible (Fig. 4). These additional bands can
be ascribed to internal vs; vibrations of SO, (Takano

et al., 1980; Aizenberg et al., 2002; Floquet et al., 2015;
Balan et al., 2017).

Scanning Electron Microscopy (SEM) observations
reveal that synthetic ACC particles that occur as spheres
with an average diameter of 90 nm, transformed into
HMC s that occur as nanocrystalline aggregates (Fig. 5A).
The surface of the HMC aggregates displays numerous
idiomorphic, rhombohedral calcite crystals that are inter-
locked into each other. No significant differences in the
crystal morphology of the HMCs, formed in the absence
or presence of SO, have been observed. Similarly, no
changes of the crystal morphology as a function of time,
even after 1 year of reaction time, were observed (Fig. S4).

Microphotographs of cross sections of the nanocrys-
talline HMC aggregates reveal their inner microstructure
which appears as radially oriented columns (Fig. 5B). The
columns become thicker from the inside out. The rough sur-
face and disrupted centers after thick section polishing indi-
cate a high internal porosity of ACC-derived HMC.
Comparing the inner structure of precipitates collected after
1 h to the ones collected after 1 year the latter exhibit a
more dense and solid microstructure (Fig. S95).

3.2. Chemical evolution of the reactive solution

The chemical composition of the reactive solution prior
to ACC addition in the reactors, and during the first 30 min
of the experimental runs, is illustrated in Fig. 6 (see data in
Table 1). The same three stages that are specified by solid
characterization, which are described above, can be identi-
fied by the temporal evolution of the reactive solution. Note
here that the chemical evolution of the reactive solution
points towards an ~5 min earlier onset of stage II compared
to the solid characterization. The ACC transformation,
which is indicated by the pH decrease, occurs in the latter
case between 3 and 7 min of reaction time (Table 1;
Fig. S6) instead of 8 and 12 min that is observed by
in situ Raman spectra. It is thus evident that the onset of
solid transformation is followed more accurately using the
solution composition in contrast to the use of in situ Raman
spectroscopy which is limited by the detection limit of the
method for solid identification. Nevertheless, the kinetics
of ACC transformation based on solution chemistry are
in accordance with the observations by solid characteriza-
tion and exhibit the same trend as a function of initial
SO, concentration.

The evolution of aqueous Ca concentration (Fig. 6A)
and alkalinity (Table 1) of the reactive solution is character-
ized by a sudden concentration increase caused by ACC
addition into the reactor (stage I). The Ca concentrations
increase from zero to ~6-8 mM, and remain almost con-
stant during stage I until ACC transformation to HMC
was initiated. The alkalinity concentrations increase from
~100 to 107-112 mM and remain almost constant up to
4-7 min of reaction time. This first stage is followed by a
substantial and rapid decrease of Ca concentration in the
reactive solutions corresponding to HMC formation (stage
IT). During stage II the Ca concentrations drop to lower
values within 30 min of reaction time, in all experiments.
The alkalinity concentrations level off achieving steady state
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nano-crystalline HMC

¥

Fig. 5. A) SEM photograph of HMC (experiment s75) shows the
outer appearance of the nano-crystalline product after ACC
transformation. B) EPMA BSE-image shows the inner microstruc-
ture of the nano-crystalline HMC aggregate (experiment s90).

concentrations with values between ~65 and 75 mM
depending on the SO, concentration of each run (see
Table 1). The initial increase in Ca and alkalinity concen-
trations immediately after the addition of ACC into the
reactors can be assigned to the rapid dissolution of the
amorphous solid. Indeed, the SIcc+ values document that
the reactive solution achieves rapidly chemical equilibrium
with respect to ACC (SIacc+ about 0; see Fig. 6C and
Table S1). The positive correlation between total Ca and
SO, concentrations of the reactive solution during stage I
points towards enhanced ACC dissolution with increasing
SO, concentration, which is also indicated by the positive
correlation between pH and SO, concentration during stage
I (Fig. S6). The release of Ca into the solution, however,
results in increasing oversaturation with respect to other
CaCOs; polymorphs, such as calcite and aragonite, as it
can be seen in Table S1. Note that although during stage
I and up to 10 min of reaction time the reactive solutions
are supersaturated with respect to hydromagnesite

(Mgs(CO3)4(OH),+4H,0), this mineral phase is not detected
by mineralogical analyses. Other hydrated Mg-carbonate
phases such as nesquehonite (MgCO3+3H,0) and dypingite
(Mgs(CO3)4(OH),*8H,0) are undersaturated in all the
reactive solutions as well as gypsum (CaSQO4-2H,0) and
bassanite (CaSO4+0.5H,0) (see Table S1).

In Fig. 6B, it can be seen that in all experimental runs,
the initial aqueous Mg concentration (~27 mM) decreases
slightly to ~25 mM immediately after the introduction of
ACC in the reactors and remains quasi constant during
stage I until the onset of the ACC transformation. During
the transformation of ACC to HMC (stage II) the temporal
evolution of Mg concentration in the reactive solution exhi-
bits a behaviour similar to that of Ca. Up to ~22 min of
reaction time the aqueous Mg concentration is reduced
rapidly to ~3-6 mM and drops afterwards at a slower rate
towards zero values until the end of the experimental runs
after 1 year. In experiments containing SOy, the temporal
evolution of SO4 concentrations follows the same pattern
as Mg concentrations in stage I and II (Table 1). After
ACC was introduced into the reactors the SO, concentra-
tions decrease slightly (stage I) and drop significantly dur-
ing the transformation (stage II). In contrast to the
behaviour of Mg, the SO, concentrations increase continu-
ously during stage 111 until the end of the experiments after
1 year.

Speciation calculations indicate that concentrations of
free aqueous Ca’" and Mg®>" ions account for 60-35%
and 75-45% of their total concentrations respectively,
depending on the SO, concentration in each experiment
(Table S1). The abundance of both Ca?" and Mg?"
decreases with increasing SO, concentration. In particular,
the prevailing Mg®>"/Ca®" ratio of the reactive solution
(Table S1) follows a clear trend as a function of SO, con-
centration and is decreasing slightly with increasing SO4
concentrations during stages I and II. However, the
Mg*t/Ca®" ratio of the reactive solutions remains almost
constant during the ACC transformation and abruptly
levels up to higher values towards the end of stage II after
15-20 min of reaction time.

Apparent precipitation rates (r;) were calculated from
the first derivative of the sum of Ca*" and Mg>" concentra-
tion of the reactive solution with respect to time, from the
onset of ACC transformation to the attainment of quasi
constant aqueous concentrations, using the equation

. dc(Ca“JngZ*) 5
= e (5)

where cif;,,g stands for the sum of Ca*>" and Mg2+ concen-
trations in the reactive solution and ¢ designates time. In
this study, the apparent precipitation rate (r;) describes
the transfer of ions from the reactive solution to the crys-
talline solid phase during stage II (sub-samples collected
within the time interval of 4 to 22 min). Note here that r1;
refers to bulk composition of precipitated solid during stage
IT without considering proportion of amorphous and crys-
talline material. The calculated precipitation rates are pre-
sented in Table 2 and plotted in Fig. 7. The obtained
results suggest that there is a linear correlation between
the apparent precipitation rate during stage II and the ini-

Vi
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Fig. 6. A, B) Temporal evolution of the Ca and Mg concentration
of the reactive solution and C) saturation indices (SI) in respect to
ACC containing 0.6 mol% Mg within 30 min of reaction time —
stage (I) and (II).

tial SO4 concentration of the reactive solution that can be
described by the linear equation

r; (mM/min) = —0.0055(£0.0003) x SO, (mM)

6
+ 1.2184(£0.0157); R> = 0.98 (6)

The precipitation rate during the ACC transformation
(stage II) was lower when the SO, concentration was
higher.

The temporal evolution of Mg and SO, in the reactive
solutions displayed as cumulative loss (in %) can be seen
in Fig. 8. The results show a continuous decrease of Mg
concentration and a continuous increase of SO4 concentra-

tion in the reactive solution during stage III where HMC is
the only mineral present. Notably, after 1 month of reac-
tion time the Mg concentration of the reactive solution
decreases already about 99% compared to its initial concen-
tration in the reactors.

3.3. Chemical evolution of solid phases

After ACC is introduced into the solution, it instantly
uptakes Mg and SO, (Table 1). Actually, in all the experi-
ments within the first 4 min of reaction time (stage I), the
Mg content of ACC is 0.6 £ 0.2 mol%. The SO, content
of ACC lies within 0 and 0.1 mol% for all amorphous solid
samples and does not exhibit a significant trend as a func-
tion of SO4 concentration or reaction time. The Mg content
of ACC is independent from the initial SO4 concentration
in the reactive solution, as well as from the SO, content
of the ACC, which is shown in Fig. 9A.

After the onset of ACC transformation (stage II), a
rapid increase of Mg and SO, contents of the solids is
observed. After 1 h of reaction time (stage III), HMC is
the only solid phase that was identified. The Mg content
of this calcite is ranging from 7 to 8§ mol% and SO, content
from 0 to 2 mol%. The Mg content of calcite formed via
ACC exhibits a linear anticorrelation with its SO4 content,
whereas the SO4 content is positively correlated with the
initial SO, concentration of the reactive solution
(Fig. 9B). During stage 111, the Mg content of calcite is con-
tinuously increasing whereas its SO4 content is continu-
ously decreasing (Table 1).

High-resolution element distribution images of cross-
sectioned HMC aggregates collected after 1 day and 1 year
of reaction time show a homogeneous distribution of Mg
and SO, (represented by S) within and between the HMC
aggregates (Fig. 10 and Fig. S7). The average contents of
Ca, Mg and SO, are calculated in mol% and listed in
Table S2. The extent of Mg and SO, contents estimated
by WDS analysis of selected HMC samples is in reasonable
agreement with the elemental contents estimated by mass
balance calculation and bulk measurement after solid
digestion.

4. DISCUSSION
4.1. Reactivity of ACC

An interesting feature observed in this study is the
change in the chemical composition of the amorphous
phase as soon as it comes in contact with the reactive solu-
tion, although no transformation to crystalline phase
occurs. Indeed, immediately after the addition of synthetic
ACC into the reactive solutions, up to 3 wt.% of this solid
dissolved until the solution reached saturation with respect
to this phase (Fig. 6C). At the same time, the remaining
amorphous solid became enriched in Mg and SOy, (Table |
and Fig. 9A) owing to a highly dynamic exchange of solutes
between the solution and the solid phase (<0.2 min), similar
to that observed earlier by Purgstaller et al. (2019).
Goodwin et al. (2010) have shown that ACC consists of a
nanoporous framework that supports interconnected chan-
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Table 2
Apparent precipitation rates (r;) calculated based on the temporal
evolution of the reactive solution during ACC transformation.

Experiment SO, (mM) r; (mM/min)
s0 0 1.23
s10 10 1.12
s30 30 1.06
s30_2 30 1.07
s45 45 0.99
s75 75 0.79
s90 90 0.73
15
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Fig. 7. Apparent precipitation rate (r;) during stage II plotted as a
function of initial sulfate concentration in the reactive solution.
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Fig. 8. Long-term chemical evolution up to 1 year of reaction time
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Fig. 9. Chemical composition of the solids during stage I and I11.
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show no correlation. B) Mg and SO4 contents of HMC collected
after 1 h of reaction time show an anticorrelation.

nels containing water and carbonate molecules. This nano-
porous structure of ACC provides large surface areas (Sun
et al., 2018, 2019) for fast exchange of solutes between the
ACC and the reactive solution. Likely the presence of this
network explains the enrichment of the bulk amorphous
solid in Mg and SOy (Table 1).

The observed enrichment of ACC in Mg and SO4 how-
ever, is not simply due to the presence of these ions in the
pore fluid, but actual substitution in the structure of the
solid. Evidence to this is provided from the infrared spectra
of ACC which was sampled from the experiments per-
formed in the presence of SO (aq). The incorporation of
SO, in the solid phase reveals a broad band at
1134/1160 cm ™" besides the characteristic vibration bands
of CO; (Fig. 4). This band can be assigned to internal v
vibrations of SOy, similar to that observed in SO4-bearing
synthetic calcite (Takano et al., 1980). The distinct differ-
ence of the position of this band to that of the v; vibrational
band of SO3 (aq) species at 1100 cm™' (Hug, 1997; Wei
et al., 2005), suggests that SO, in ACC cannot be assigned
to SO3~(aq) within the nanoporous network of ACC, but is
rather incorporated in the bonding environment of the solid
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Fig. 10. Element distribution images of HMC collected after 1 day of reaction time (s90_12).

phase. The same can be suggested for the presence of Mg in
ACC structure. Indeed in agreement with the earlier obser-
vations by Huang et al. (2018) a shift of v; from 1074 cm™'
towards higher frequencies at 1075 cm™! was recorded in
the collected FTIR spectra. This distinctive but small shift
denotes a distortion of the short-range order of ACC. Note
here, vibration bands of other Mg-bearing phases (e.g. bru-
cite, hydromagnesite) were not detected by in situ Raman or
FTIR at any time during the experimental runs hence the
Mg loss in the reactive solution can only be assigned to
the transfer of Mg from the solution to the amorphous
phase.

4.2. Controls of aqueous complexation on ACC
transformation to HMC

An interesting finding of this study is that the synthetic
ACC, added into the HCO;-Mg-(SOy4-)bearing solutions,
exhibits a prolonged metastability of up to 12 minutes (ex-
periment s0) before it transforms into HMC (Fig. 3). This
behavior comes in contrast to earlier observations suggest-
ing instant ACC transformation (<30 s) into crystalline cal-
cium carbonate polymorphs (e.g. vaterite and calcite) in an
additive-free aqueous solution (Bots et al., 2012;
Rodriguez-Blanco et al., 2012). Similarly, the stability of
ACC in this study cannot be assigned to the presence of
Mg in the amorphous solid as it was suggested earlier by

Lin et al. (2015). In their study, the structural water bound
to Mg ions was suggested to increase considerably the acti-
vation energy associated with the dehydration of ACC; a
process that has been described to occur before crystalliza-
tion (Ihli et al., 2014) and is based on the fact that Mg dehy-
dration rate (10° s=') is 4 orders of magnitude slower
compared to Ca (10° s™!) (Lincoln and Merbach, 1995;
Bleuzen et al., 1997).

Within the experimental runs of this study, the initially
Mg-free ACC, is becoming enriched in Mg within the first
4 min of reaction time, however, it exhibits the same
content of 0.6 + 0.2 mol% Mg (Fig. 9A) in all the experi-
mental runs. Yet as it can be seen in Fig. 3A, the onset of
transformation of ACC to crystalline material is varying
among the experimental runs and is associated with the
concentration of MgSOY in the reactive solution. Note here,
that during the transformation when ACC dissolves and
HMC is forming, all solutions are undersaturated with
respect to calcium sulfate phases such as gypsum and bas-
sanite (Table S1) and the presence of calcium sulfate phases
was not confirmed by Raman, FTIR, XRD or SEM. The
obtained results suggest that ACC transformation to
HMC is controlled by the abundance of Mg>*(aq), which
is a function of SO, concentration in experimental runs of
this study. Indeed, in the present study, the initial total
Mg concentration was the same in all the experiments
(~27 mM; Table 1), but the presence of SO, strongly
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reduced the concentration of free Mg ions, Mg*>" (aq), due
to the formation of the MgSO$ aquo complex (Table S1). In
the experiment with the highest SO, concentration (i.e. s90;
90 mM) Mg”"(aq) represents only 44% of the total Mg con-
centration, whereas in the SO4-free experiment (s0) Mg>*(-
aq) accounts for 73% of the total Mg concentration.
Indeed, the obtained linear correlation between the concen-
tration of Mg®" (aq) and the onset of HMC formation
(Fig. 3B) indicates that the delay of ACC transformation
is strongly controlled by the retarding effect of aqueous
Mg2+ on calcite nucleation (Fernandez-Diaz et al., 1996;
Du and Amstad, 2020). In contrast, SO3(aq) is not retard-
ing the nucleation of calcite, as it is indicated by the reverse
trend between SO, concentration and the onset of HMC
formation (Fig. 3A). Thus, the formation of MgSOj aquo
complexes, is the factor controlling the abundance of
Mg*"(aq) and subsequently the nucleation of HMC
(Fig. 3B).

The obtained results allow the quantification of the
effect of dissolved SO, on the transformation of ACC to
HMC, using the apparent HMC precipitation rate (r;). As
it is illustrated in Fig. 6, r; decreases with increasing SOg4
concentrations in the reactive solutions (Table 2). Consider-
ing that crystalline HMC growth proceeds via ion-by-ion
addition of dissolved chemical species to advancing steps
at the crystal surface (Burton et al., 1951), complexation
of SO, with aqueous Ca®>" and Mg?" is effectively reducing
their abundance in the reactive solution (see Table S1)
which results in a decreased apparent precipitation rate
(Fig. 7). Similar, Han et al. (2017) observed decreased pre-
cipitation rates of Mg calcite and aragonite in the presence
of MgSO, and comparable behavior has been seen from
results by Nielsen et al. (2016) using a constant composition
experimental approach to monitor the individual and com-
bined effects of Mg2+ and SO2~. Moreover, higher SO, con-
centrations caused lower Mg?"/Ca®" ratios at the time of
transformation and resulted in reduced Mg uptake of
HMC during transformation (Fig. 9B), an observation that
comes in agreement with that of Purgstaller et al. (2021)
who found that the prevailing Mg>"/Ca®" ratio of the reac-
tive solution at the time of transformation is the main con-
trolling parameter for enhanced Mg incorporation in
HMC.

Previous ACC transformation experiments have shown
that the mineralogy of the crystalline product is controlled
by the prevailing physicochemical parameters of the exper-
imental solution including pH, temperature and Mg>t/
Ca’®" ratio (Blue et al., 2017; Purgstaller et al., 2017a,b;
Konrad et al., 2018). In the present study, a prevailing
Mg*"/Ca*" ratio between 4 and 5 yielded into the forma-
tion of HMC, which is in good agreement with results
obtained by Blue et al. (2017) and Purgstaller et al.
(2017a). Variations in SO, concentrations (10-90 mM)
had no effect on the pathway of ACC transformation and
HMC has been the only resulting crystalline phase. This
behaviour comes in contrast to mineral growth experiments
where inhibitory effects on low-Mg calcite growth have
been observed in the presence of SO, ions, promoting arag-
onite formation instead of calcite (Goetschl et al., 2019), an
observation that has important consequences for the inter-

pretation of temporal variations of the primary CaCO;
polymorph in marine environments (Bots et al., 2011).
However, the SO4/CO; ratios of the experimental solutions
in which an inhibiting effect on calcite formation was
observed have been considerably higher compared to the
current experimental conditions.

4.3. HMC formed via ACC and implications for natural
carbonates

The most interesting feature of this study is that the Mg
content of the nanocrystalline HMC is increasing during
the whole duration of stage III that lasted until the end
of the experimental runs after 1 year of reaction time.
The fast precipitation of HMC (107> mol s') resulted in
the formation of aggregates with nanometer sized crystal
subunits and a radial-columnar internal structure. The
HMC that was initially formed after the transformation
of ACC was likely highly porous (Fig. 5B) and its Mg con-
tent was affected by both precipitation kinetics (e.g.
Mavromatis et al., 2013; Goetschl et al., 2019) and prevail-
ing Mg?"/Ca®" ratio (e.g. Mucci and Morse, 1983; Blue
et al. 2017; Purgstaller et al., 2021). In the experimental
runs of this study both growth kinetics and Mg*"/Ca>*
ratio are affected by the aqueous SO, concentration
(Fig. 7 and Table S1).

After the complete transformation of ACC into HMC,
however, the crystalline solids exhibit changes in their Mg
and SO, content as a function of time in a process that
occurs during the whole duration of the experimental runs
up to 1 year of reaction time as it can be seen in Fig. 8.
These changes in chemical composition suggest a continu-
ous exchange reaction between solid and solution following
a process that is likely controlled by the high reactive sur-
face of the solid as it is evidenced by the high porosity of
the nanocrystalline material (Fig. 5B and Fig. S5). Indeed,
the measured specific surface area of ACC and nanocrys-
talline calcite are typically high between 14 and 42 m*/g
(Schultz et al., 2013; Radha and Navrotsky, 2015;
Konrad et al., 2016). Interestingly, the continuous enrich-
ment of the solid in Mg during stage III is accompanied
by a decrease of its SO,4 content (Table 1; Fig. 8). The
Mg-SOg-anticorrelation of calcite samples observed in this
study becomes more pronounced when the reactive solu-
tions achieve chemical compositions that reflect near ther-
modynamic equilibrium conditions (Table S1). This
process is likely related to the contrasting effect caused by
the presence of Mg and SOy in the crystall lattice of calcite.
Indeed, the incorporation of Mg into calcite is causing unit
cell contraction (Paquette and Reeder, 1990), whereas the
uptake of SO, into calcite results in unit cell expansion
(Kontrec et al., 2004). As such the enrichment of both ions
in nanocrystalline calcite derived from ACC is rather unli-
kely to occur, a feature which has also been observed dur-
ing seeded growth of low-Mg calcite (Goetschl et al., 2019).

The continuous exchange of Mg and SO, between the
solid and the reactive solution is affecting the total mass
of the nanocrystalline aggregates with a homogeneous dis-
tribution of Mg and SO4 and is not limited only to the outer
rim of the aggregates. This is evident from the comparison
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of the elemental distribution maps of calcite collected after
1 day (Fig. 10; Table S2) and after 1 year (Fig. S7; Table S2)
in the experiment s90. This observation has major implica-
tions for the interpretation of chemical signals in natural
carbonates that form via an amorphous precursor, espe-
cially if they remain in contact with an aqueous fluid after
their initial formation and subsequent transformation.
For example, Littlewood et al. (2017) have shown elevated
concentrations of Sr in calcite formed from an amorphous
precursor. Similar to the behavior of SO4 in our study it is
likely that the high Sr content in ACC derived calcite is not
retained after longer period of contact with an aqueous
phase. Earlier studies have shown that up to 10 unit cells
below crystal surface can participate in elemental and iso-
tope exchange between a carbonate mineral phase and the
reactive solution (Stipp et al., 1998; Mavromatis et al.,
2016, 2017c). In contrast the homogeneous distribution of
Mg in calcite that was observed in this study (Fig. 10 and
Fig. S7; Table S2) suggest that the chemical composition
of the solid would not be preserved, if the composition of
the fluid phase is significantly altered. Similar observations
have been made for HMC formed from an amorphous pre-
cursor using Mg and O isotopes (Mavromatis et al., 2017b;
Dietzel et al., 2020). These earlier studies suggest that
rapidly after transformation from ACC to calcite isotopic
equilibrium is achieved and no information of the isotopic
signals of the amorphous precursor is recorded. Consider-
ing that ACC precursors commonly occur during the for-
mation of biominerals (Addadi et al., 2003; Du and
Amstad, 2020) but also in inorganic environments such as
speleothems (Demény et al., 2016), the obtained results sug-
gest that caution is needed for the interpretation of their
chemical and likely isotopic signals as environmental
proxies.

Additionally the results of this study suggest that nanos-
tructured HMCs with high internal porosity that frequently
form in natural environments have a considerable potential
for secondary changes of their geochemical signature due to
occurring mineral-fluid interactions. Carbonates are subject
to variable degrees of post-depositional/post-mortem alter-
ation which may be easily intensified and accelerated if the
mineral owns a large reaction surface for ion exchange
(Pederson et al., 2020). Hence, determining and quantifying
secondary exchange reactions during mineral-fluid interac-
tions of nanocrystalline HMC is urgently required to define
the robustness of geochemical proxies obtained from these
solids. On a different view, these nanocrystalline HMCs
may indicate distinct reaction pathways and/or environ-
mental conditions of the storage and transformation media.

5. CONCLUSIONS

In this study we examined the transformation of syn-
thetic ACC in reactive solution containing ~27 mM Mg
and variable SO, concentrations up to 90 mM. In these
experiments, the solid remained in contact with the reactive
solution - after the transformation of ACC into HMC - for
1 year and it was characterized for its chemical and miner-
alogical composition. The obtained results suggest that

aqueous complexation of Mg?" with SO~ and the forma-
tion of MgSOY(aq) is the factor controlling the stability of
ACC in the reactive solution. Indeed calcite nucleation is
a function of free Mg?" ion concentration in the reactive
solution and the formation of MgSOJ aquo complexes
reduces its availability and subsequently allows for earlier
transformation of the amorphous phase to calcite. The
nanocrystalline HMC formed from ACC exhibits a homo-
geneous distribution of Mg and SO, as it was revealed by
electron microprobe. Interestingly, HMC remained
nanocrystalline after 1 year in contact with the reactive
solution, but became progressingly enriched in Mg and
depleted in SO4. These changes in chemical composition
affecting the total mass of the HMC aggregates suggest a
continuous exchange process between solid and solution
as long as they are in contact. The findings of this study
suggest that calcite formed via an amorphous precursor
may still be highly reactive in exchanging compounds and
as such the chemical and isotopic signals recorded at the
time of mineral formation can be reset by interacting with
natural fluids of different chemical and/or isotopic compo-
sition during and after deposition.
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