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SI Section 1. Mucci’s approach to measuring the stoichiometric 
solubility product

The stoichiometric solubility product of calcite was established from long term equilibration 

of solid calcite particles with seawater as reported by Mucci1, 2. In particular it is insightful to 

note three features of these experiments. First that in Mucci’s long term equilibrium 

experiments, prior to the experiment, the salinity of the seawater was altered from its original 

salinity (36.5%) to the desired salinity by either the addition of deionised water or by 

evaporation; simultaneously the levels of dissolved calcium ions were diluted. Second, the 

resultant seawater was made undersaturated with respect to calcite by the addition of acid prior 

to the ‘long term equilibrium’ experiment. The addition of acid protonates and hence reduces 

the concentration of carbonate, [CO3
2-], forming HCO3

- to result in a proportionate decrease in 

the calcite saturation state (Ω). By adding an excess amount of analytical grade calcite particles 

and waiting (patiently!) for a long time, ranging from 5 days to almost 2 years, a ‘long term 

equilibrium’ was eventually deemed established and the solution composition measured as a 

function of seawater salinity were reported.2 Note that the final solutions contain calcium levels 

reflecting not only the initial calcium ions present in the diluted seawater but also additionally 

those dissolved during the period of equilibration. Third, and importantly, Mucci, and indeed 

most of the oceanography community for similar measurements1, 3-5, used titration to analyse 

the concentrations of Ca2+ and of CO3
2- in the equilibrated solutions. This includes EGTA 

titration of [Ca2+] and, separately, calculating [CO3
2-] from pH and alkalinity measurements, 

where the latter involves measuring the amount of acid required to bring the seawater medium 

to pH 4.5. Thus, in the absence of any corrections, the measured concentrations are the total 

concentrations of the constituent ions including the free ions and those ions paired.2  Mucci 

reports the apparent stoichiometric solubility constant,  in terms of the total 𝐾 0
𝑠𝑝, 𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡

concentrations of calcium and carbonate (Eqn 2 in the main manuscript). To infer the true 



3

stoichiometric solubility constant, , however, it is necessary to account and correct for ion 𝐾𝑠𝑝
0

pairings. 

SI Section 2. Materials and Methods
Materials

Deionised water used was Mili-Q ultrapure water with resistivity of 18.2 MΩ cm at 25 °C. 

NaHCO3 and Na2CO3 were bought from Acros Organics; CaCl2 from Aldrich. The calcite 

particles used in the experiments were synthesised6 via precipitation from a mixture of 

supersaturated calcium chloride and disodium carbonate solutions. X-ray diffraction and 

scanning electron microscopy characterisation, reported elsewhere,6 concluded the formation 

of pristine micron-sized calcite particles. 

Optical Microscopy measurements 
A 20x objective (Olympus UPLXAPO 20x, Olympus Corporation, Tokyo Japan) was used for 

the optical measurements. The illumination was applied by a LED Illuminator (Aura Pro Phase 

Contrast Illuminator, Cairn Research, Kent U.K.) and ORCA-Flash 4.0 digital camera 

(C13440-20CU, Hamamatsu Photonics, Japan) acquired the images. The black-and-white 

images were of size 16 bits with an exposure time of 400 ms.

The images were analyzed by the ImageJ freeware (Fiji). The projected area of each calcite 

particle in pixels is determined by using the auto-thresholding functions within the ImageJ 

freeware. The actual projected area is the number of pixels in the 2-D image multiplied by the 

pixel resolution. The side length of the effective calcite cube is calculated from the square root 

of the projected area.
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SI Section 3. Theory
In this section, facilitating the interpretation of experimental results, we adapt and extend 

theories from previous work6 of the dissolution kinetics of single, micron-sized, and sparingly 

soluble particles in solutions so as to establish a generic criterion for distinguishing surface 

kinetics from thermodynamic control of dissolution. Specifically, we are interested in the auto-

dissolution of pristine calcite particles “resting” on an inert, flat supporting subtract. An 

illustration of the problem is shown in Figure 1 in the main text.

Note that the net flux of materials at the particle interface is necessarily non-zero in the case of 

particle dissolution. The overall rate of particle dissolution, however, is an interplay between 

the rate of interfacial reaction and how quickly materials are transported to and from the 

particle surface. In the limiting case where the rate of mass transport is fast and non-rate-

limiting then the overall rate of dissolution reflects the surface kinetics. On the other hand, if 

the rate of mass-transport is slow and rate-determining then the concentration of solutes local 

to the particle interface is underpinned by the solubility product. The wording “surface kinetic” 

and “thermodynamic dissolution” is used to distinguish these two limiting cases.

As a particle dissolves in solution the particle size decreases. Conservation of mass means that 

the concentration of solute at the particle-solution interface is necessarily greater than that in 

the bulk which results in a diffusional flux of material down the concentration gradient and 

away from the particle surface. Using an optical microscopy approach, as shown in Figure 1 

(A) in the main text, the top-down projection area of the particle can be extracted as a function 

of time. A general question is, what kinetic information can one extract from the rate of change 

of the projection area of the particle?

In the following section, we discuss the two limits of dissolution kinetics, namely dissolution 

limited by either surface kinetics or thermodynamics, and how those may, separately, reflect 



5

the rate of change in particle area as a function of time leading to a key diagnostic for 

distinguishing the two mechanisms.

“Surface kinetic” or “thermodynamic dissolution”?
To illustrate the two above-described limiting cases of crystal dissolution, “surface kinetic” 

and “thermodynamic dissolution”, we first consider the below-simplified reaction at the 

particle interface

  Equation S1
A(s) 

kf
⇌
kb

 A(aq)
kMT
→

bulk

where   (mol m-2 s-1) is the rate constant for the forward (dissolution) reaction,  (m s-1) is 𝑘𝑓 𝑘𝑏

the backward precipitation rate constant and  (m s-1) is the mass transport rate constant. 𝑘𝑚𝑡

Applying the steady-state approximation7 to Equation S1 gives 

 Equation S2
[A]ss =

kf

kb + kMT

The overall rate of reaction, , under the steady-state approximation is equal to 𝑓𝑙𝑢𝑥 𝐽

Equation S3
flux J (mol m - 2 s - 1) = [A]sskMT =

kfkMT

kb + kMT
  

It becomes apparent that, in the case of a surface kinetic limitation of rate of dissolution, i.e. 

 then Equation S3 becomes 𝑘𝑀𝑇 ≫ 𝑘𝑓 & 𝑘𝑏,

 Equation S4flux J ≈ kf

However, in the limiting case when diffusion is slow compared to the surface kinetics 

 Equation S3 becomes( 𝑘𝑀𝑇 ≪ 𝑘𝑓 & 𝑘𝑏)

 Equation S5
flux J ≈

kfkMT

kb
= KspkMT

so that the rate is controlled by the solubility product and the rate of diffusion from the surface. 

This limiting case is termed the “thermodynamic dissolution” in this manuscript. Note that, if 
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a particle dissolves at the thermodynamic limit, the rate-determining mass-transport rate 

provides a lower-limit for the rate of dissolution and precipitation.  

In the following subsection, we adapted from our prior work6 and we show how the diffusion 

pattern of calcite particles would differ for the two rate limits: “surface kinetics” and 

“thermodynamic dissolution”.     

Calcite dissolution
Now, let us consider a calcite particle on a plate placed in an undersaturated solution and the 

following reaction may be established at the interface

 Equation S6CaCO3(s)⇄Ca2 + (aq) + CO2 -
3 (aq)

Assuming the calcite particle is a cube, which is in approximate agreement with SEM imaging,6 

the number of moles of calcite ( ) in the cube is𝑛

 Equation S7
n =  

ρ
Mw

L3

where  g m-3 is the density of the calcite8,  g mol-1 is the molecular 𝜌 = 2.71 × 106 𝑀𝑤 = 100.1

weight and  is the side length of the calcite cube (m).𝐿

Differentiating Equation S7 with respect to time gives an expression in terms of flux of Ca2+ 

and CO3
2- at the particle-solution interface,   𝑗(𝑚𝑜𝑙 𝑠 ‒ 1):

 Equation S8
j(mol s - 1) =

dn
dt

=-
3ρL(t)2

Mw

dL(t)
dt  

The minus sign appearing in Equation S8 indicates that the particle size is shrinking as a result 
of dissolution. Normalising the total flux, , by the total surface area of the particle gives𝑗

 Equation S9
J =-

ρ
2RfMw

dL(t)
dt

where , with units of , is the flux density of the dissolution reaction and  is a 𝐽 𝑚𝑜𝑙 𝑚 ‒ 2 𝑠 ‒ 1 𝑅𝑓

surface roughness factor . First, as can be deduced directly from (𝑤ℎ𝑒𝑟𝑒 𝑅𝑓 =
𝑎𝑐𝑡𝑢𝑎𝑙 𝑎𝑟𝑒𝑎 

 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑟𝑒𝑎 )

Equation S9,  is a constant in the case of a surface kinetics limited heterogeneous reaction 
𝑑𝐿
𝑑𝑡
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since  ( ) is expected to be a constant by definition. Further, by using the chain rule, 𝐽 𝑚𝑜𝑙 𝑚2 𝑠 ‒ 1

Equation S9 can be expressed in the form of , where  is the projection area of a cube
𝑑𝐿(𝑡)2

𝑑𝑡 𝐿(𝑡)2

 Equation S10
dL(t)2

dt
= 2L(t)

dL(t)
dt

=-
4RfMwJ

ρ
L(t)

Direct examination of Equation S9 and Equation S10 reveals that, at the surface limited rate of 

dissolution, the rate of change in the projection area of the particle is dependent on the size of 

the particle which inevitably decreases as dissolution occurs. In contrast, the rate of change in 

particle length is a constant as a function of time. 

Next, in the other limiting case, let us consider the case where the dissolution kinetic occurs at 

the thermodynamic limit. This means that the surface kinetics is fast and the concentration of 

the solution in the layer adjacent to the solid is at thermodynamic equilibrium. Therefore the 

solute concentration at the particle-solution interface is fixed by the solubility product. For a 

cubic particle dissolving on an inert plate, Wong et al.9 report an expression, obtained via 3D 

finite difference simulation, linking the interfacial solute concentration with the steady-state 

flux of reaction 

 Equation S11jss = 5.45DcL 

where, unsurprisingly, the total flux of material across the particle-solution boundary, (𝑚𝑜𝑙 𝑠 ‒ 1)

or in other words, how quickly the particle dissolves is dependent on the size of the particle, L 

(m-1), the concentration of the solute at the particle-solution interface ( ) and the diffusion 𝑐

coefficient of the solute, D (m2 s-1). This can be expressed in the steady-state flux per unit area, 

(mol m-2 s-1) by dividing by the geometric area of the cube exposed to the solution.𝐽𝑠𝑠

 Equation S12
Jss =

1.09Dc
L
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Equating Equation S12 with Equation S9 gives an approximate expression for  at the 
𝑑𝐿
𝑑𝑡

thermodynamic limit, where  in this case is equal to unity since under the thermodynamic 𝑅𝑓

limit the rate is dependent on the geometric size of the particle not the surface roughness

 Equation S13
Jss ≈

1.09Dc
L(t)

=-
ρ

2Mw

dL(t)
dt

Rearranging Equation S13 gives an expression of  that is proportional to the size of the 
𝑑𝐿(𝑡)

𝑑𝑡

particle.

 Equation S14
dL(t)

dt
=-

2.18DcMw

ρL(t)

Furthermore, analogous to the above, using chain rule Equation S14 can be usefully expressed 

in the form of  , where  is the projection area (A) of a cube
𝑑𝐿(𝑡)2

𝑑𝑡 𝐿(𝑡)2

 Equation S15
dA
dt

=
dL(t)2

dt
= 2L(t)

dL(t)
dt

=-
4.36DcMw

ρ

It is clear from the above that, in the case of particle dissolution occurring at the 

thermodynamic limit, the rate of change of the projection area  of the particle is (𝑑𝐿(𝑡)2

𝑑𝑡 )
independent of the size of the particle. This is in contrast with the above-discussed surface 

limited rate of dissolution where the rate of dissolution of particle length is constant. This 

distinguishing is generic and will be useful in the Results and Discussion. Note also that if the 

surface concentration is maintained constant by a mechanism other than being solubility 

controlled then the value of  will also be constant and the reaction will appear 
𝑑𝐿(𝑡)2

𝑑𝑡

thermodynamic controlled.
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SI Section 4. Calcite dissolution into various aqueous solution of 
NaCl of variable ionic strengths

Using the dissolution pattern,  versus , derived for the two limiting cases of particle 
𝑑𝐴
𝑑𝑡

𝑑𝐿
𝑑𝑡

dissolution outlined in SI Section 3, we next analyse the temporal evolution of calcite single 

particles under light microscopy.

Figure S1 shows the time dependence of the projection area of individual calcite particles 

dissolving in various NaCl(aq) solutions. The changes in the projection area and length of 

particles are shown side-by-side for comparison. As can be seen, dA/dt are linear whereas dL/dt 

not over the concentrations of NaCl studied, confirming that the dissolution of calcite is 

thermodynamically controlled in the absence of magnesium. Pearson’s r and R-Squared values 

from linear line of best fit are shown on each of the plots, further confirming that dA/dt is more 

linear than dL/dt over all concentrations of NaCl(aq). 
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Figure S1. Projected areas and side lengths of calcite particles in NaCl solutions plotted against dissolution time 
grouped by concentration. The NaCl concentration is labelled on each plot. Also shown on each plot is the 
Pearson’s r and R-Square values obtained from fitting a linear line of best fit through the data. The line of best 
fit is not shown for clarity of display.  
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SI Section 5. Solving the calcium carbonate and carbonate equilibria 
for the dissolution of calcite single-particles

As discussed in the main text, the auto-dissolution of micron-sized single calcite particles 

occurs at the thermodynamic limit as evidenced by the constant value of  measured from the 
𝑑𝐴
𝑑𝑡

dissolution experiments. By virtue of considering the steady-state mass-transport flux and the 

density of the solid particle, the total calcium concentration ( ) at the particle interface ∑[𝐶𝑎2 + ]

at equilibrium can be calculated from experiment. 

Moreover, for a given interfacial concentration of calcite at equilibrium  the [𝐶𝑎2 + ]𝑒𝑞

stoichiometric solubility product  for calcite dissolution can be determined by solving the 𝐾𝑠𝑝

carbonate equilibria, described elsewhere in depth.6 The list of equations to be solved are:

Chemical equilibria

 Equation S16
CO2(aq) +  H2O(l) Ka1

⇌  H + (aq) +  HCO -
3 (aq)

 Equation S17
HCO -

3 (aq)Ka2
⇌  H + (aq) +  CO2 -

3 (aq)

 Equation S18
H2O(l)Kw

⇌ H + (aq) +  OH - (aq)

 (s)Equation S19
Ca2 + (aq) +  CO2 -

3 (aq) Ksp
0

⇌
CaCO3

              Equation S 20
Ca2 + (aq) +  CO2 -

3 (aq)Kip,1
⇌ CaCO3

0(aq) 

 Equation S 21
Ca2 + (aq) +  HCO -

3 (aq)Kip,2
⇌ CaHCO3

+ (aq)

Equation S 22
Ca2 + (aq) +  OH - (aq) Kip,3

⇌  CaOH + (aq)

Conservation of mass

 
[Ca2 + ] + [Carb] + [CaCO3

0] + [CaHCO3
+ ] + [CaOH + ]

= [HCO -
3 ] + [CO2 -

3 ] + [CO2(aq)] + [CaHCO3
+ ] + [CaCO3

0]
Equation S23
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Charge neutrality

 2[Ca2 + ] + [CaHCO3
+ ] + [CaOH + ] + [H + ] = [HCO -

3 ] + 2[CO2 -
3 ] + [OH - ]

Equation S24

The equilibrium constants  ,  are reported extensively as a function of temperature 𝐾𝑎1, 𝐾𝑎2 𝐾𝑤

and ionic strength, documented elsewhere6. The stoichiometric ion pair association constants 

 and  of calcium (bi)carbonate are, however, more sparely reported. In this work we 𝐾𝑖𝑝,1 𝐾𝑖𝑝,2

use the values reported at ionic strength of 0.7 M:  = 162 M-1 and  = 1.96 M-1.10 A value 𝐾𝑖𝑝,1 𝐾𝑖𝑝,2

of 3.3 M-1 at 0.7 M ionic strength  was calculated using the PHREEQC software where the 𝐾𝑖𝑝,3

activity coefficients are estimated using the Davies equation. [Carb] is the total inorganic 

carbon in the system due to equilibration of the water with the atmosphere. Note that Equation 

S23 describes conservation of mass and Equation S24 describes the bulk electroneutrality of 

the solution. The simultaneous equations (Eqn S16-S24) were solved until a specific value 

, the true stoichiometric solubility product of calcite, results in a total, overall calcium 𝐾𝑠𝑝
0

concentration (  that is equal to that inferred at the particle-solution interface in the ∑[𝐶𝑎2 + ])

calcite single-particle dissolution experiment. 
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SI Section 6. Solving the calcium carbonate and carbonate equilibria 
in Mucci’s ‘long-term’ experiment

In natural seawater the concentration of magnesium and calcium are present in excess at 

concentrations of 55 and 10 mM, respectively.11 To solve the speciation of calcium and 

carbonate in Mucci’s long term equilibration of calcite in seawater2 (ionic strength = 0.7 M) 

we need to additionally account for magnesium ion pairs. The list of simultaneous equations to 

be solve becomes:

Equilibria to be solved

 , see above in Section S5(𝐸𝑞𝑛 𝑆11 
|

𝐸𝑞𝑛 𝑆17 )
Equation S25

Mg2 + (aq) +  CO2 -
3 (aq)Kip,4

⇌ MgCO3
0(aq) 

Equation S26
2Mg2 + (aq) +  CO2 -

3 (aq)Kip,5
⇌ Mg2CO3

2 + (aq) 

 Equation S27
Mg2 + (aq) + Ca2 + (aq) +  CO2 -

3 (aq)Kip,6
⇌ MgCaCO3

2 + (aq)

 Equation S28
Mg(aq) +  OH - (aq)Kip,7

⇌ MgOH + (aq)

Conservation of mass

[Ca2 + ] + [Carb] + [CaCO3
0] + [CaHCO3

+ ] + [CaOH + ] + [MgCaCO3
2 + ]

= [HCO -
3 ] + [CO2 -

3 ] + [CO2(aq)] + [MgCO3
0 ] + [Mg2CO3

2 + ] + [MgCaCO3
2 + ] + [CaHCO3

+ ]
+ [CaCO3

0] + [Ca_init]
 ;  Equation S29

[Mg2 + ] + [MgCO3
0] + 2[Mg2CO3

2 + ] + [MgCaCO3
2 + ] + [MgOH + ] = [Mg_init] = [SO4

2 - ] = 55mM
Equation S30

Charge neutrality

2[Ca2 + ] + [CaHCO3
+ ] + 2[Mg2 + ] + 2[MgCaCO3

2 + ] + 2[Mg2CO3
2 + ] + [MgOH + ] + [CaOH + ] + [H + ]

= [HCO -
3 ] + 2[CO2 -

3 ] + [OH - ]

+2 ;   [SO4
2 - ]

  Equation S31
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The stoichiometric ion pair association constants ,  and  at 0.7 M ionic strength are 𝐾𝑖𝑝,4 𝐾𝑖𝑝,5 𝐾𝑖𝑝,6

112 M-1, 387 M-2 and 1040 M-2, respectively.10 A value of  (=89.3 M-1) at 0.7 M ionic  𝐾𝑖𝑝,7

strength was calculated using the PHREEQC software. In Mucci’s long term equilibrium 

experiment the experimental apparatus is sealed (closed system) and it is not in equilibrium 

with the atmosphere. Therefore, [Carb] in the equation above is the total inorganic carbon 

initially present in the solution. The effects of an open and closed system with respect to calcite 

dissolution are discussed elsewhere.12  and  is the initial concentration of [𝐶𝑎_𝑖𝑛𝑖𝑡] [𝑀𝑔_𝑖𝑛𝑖𝑡]

calcium (10 mM) and magnesium (55 mM) present in bulk seawater. Sulphate anions, , 𝑆𝑂4
2 ‒

is introduced to preserve charge neutrality of magnesium ions. Note that Equation S29 and 

Equation S30 describes conservation of mass and Equation S31 describes the bulk 

electroneutrality of the solution. The simultaneous equations were solved with the true 

stoichiometric calcite solubility product,  (= ), as a variable until the apparent 𝐾𝑠𝑝
0 [𝐶𝑎2 + ][𝐶𝑂3

2 ‒ ]

stoichiometric calcite solubility product,  ( ), equals to 4.4 x 𝐾 0
𝑠𝑝, 𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡

= ∑[𝐶𝑎2 + ]∑[𝐶𝑂3
2 ‒ ]

10-7 M2 as reported by Mucci 2. 

The true stoichiometric calcite solubility product, , that in agreement with Mucci’s reported 𝐾𝑠𝑝
0

 is 5.4 x 10-8 M2. The fraction of calcium and carbonate ions existing as free ions and 𝐾 0
𝑠𝑝, 𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡

as ion pairs are summarised in Figure 2 C) in the main manuscript.

Table S1. The chemical speciations in Mucci’s seawater solution after ‘long term’ equilibration with calcite 
particles. 
Chemical speciations Equilibrium concentrations / M

H+ 1.4 x 10-11

OH- 4.4 x 10-3

HCO3
- 7.3 x 10-8

CO3
2- 5.4 x 10-6
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Ca2+ 9.9 x 10-3

CaCO3
0 8.7 x 10-6

CaHCO3
+ 1.4 x 10-9

CaOH+ 1.4 x 10-4

Mg2+ 4.0 x 10-2

MgCO3
0 2.4 x 10-5

MgOH+ 1.5 x 10-2

MgCaCO3
2+ 2.2 x 10-6

Mg2CO3
2+ 3.3 x 10-6

SO4
2- 5.5 x 10-2
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SI Section 7. Calcite dissolution at 0.3 M ionic strength with varying 
[Mg2+] 

Figures S3 and S4 show the time dependence of the projected area of individual calcite particles 

dissolving in various concentrations of Mg2+ at 0.3 M ionic strength. The changes in the 

projection area and length of particles are shown side-by-side for comparison. As can be seen, 

over all the concentrations of Mg2+ studied, 0 mM to 100 mM, dA/dt is linear thus confirming 

that the dissolution of calcite in the presence of Mg2+ is apparently thermodynamically 

controlled, as seen in the absence of Mg2+. Note the slight deviations in dA/dt close to the 

complete dissolution of the particles (ca. < 20 µm2) is likely due to the shift of the particle away 

from the optical focal plane.
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Figure S3. Projected areas and side lengths of dissolving calcite against time for different concentrations (0, 2, 
6, 10 mM) of magnesium salt present. The concentration of Mg2+ is labelled on each graph. Also shown on each 
plot is the Pearson’s r and R-Square values obtained from fitting a linear line of best fit through the data. The 
line of best fit is not shown for clarity of display.  
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Figure S4. Projected areas and side lengths of dissolving calcite against time for different concentrations (15, 25, 
54.6, 100 mM) of magnesium salt present. The concentration of Mg2+ is labelled on each graph. Also shown on 
each plot is the Pearson’s r and R-Square values obtained from fitting a linear line of best fit through the data. 
The line of best fit is not shown for clarity of display.  
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SI Section 8: Kinetic magnesium inhibition mechanism
In this section, we explore an alternative calcite dissolution inhibition mechanism to that 

presented in the main text, where the presence of Mg2+ lowers the rate-constants of calcite 

dissolution/precipitation, an alternative mechanism to that of adsorption on the calcite surface 

as discussed in the main text.

 Equation S32CaCO3(s)⇌Ca2 + + CO2 -
3

The 1D model and boundary conditions in consideration are illustrated in Figure S5 a). The 

simulation was discretised using the finite difference method and solved backwards-implicitly 

using a LU decomposition method described elsewhere13. The interfacial flux (j) at the particle 

interface is defined by 

   Equation S33
flux j (mol m - 2 s - ) =  - �DA

d[A]
dx |x = 0 = kf - kb[A]x = 0

where  is the diffusion coefficient of species A (1x10-9 m2 s-1). Figure S2 b) shows the 𝐷𝐴

instantaneous flux at the particle interface as a function of  at time t = 10 s. Note that Ksp is 𝑘𝑓

constant and  =  so that  increases proportionally with . The mass-transport rate 𝑘𝑏
𝑘𝑓 𝐾𝑠𝑝 𝑘𝑏 𝑘𝑓

constant  for a 1-D system is equal to the Cottrell equation . In the limit of a high kf 𝑘𝑀𝑇 ( =
𝐷
𝜋𝑡)

(i.e. kf & kb >> ), Equation S3 reduces to  (Equation S5) and the analytical expression 𝐾𝑀𝑇 𝐾𝑠𝑝𝑘𝑀𝑇

of flux  (= ) is in excellent agreement with the simulation result shown in Figure S5 b).𝑗
𝐾𝑠𝑝

𝐷
𝜋𝑡

As can be seen in Figures S5 b), a six-fold slower in the overall observed rate of dissolution 

(mol m-2 s-1) as seen in Figure 6 would result in a transition from the thermodynamic regime 

into either the mixed-regime or the surface limited regime. This was not seen since dA/dt 

remains linear over all concentrations of Mg2+. We therefore conclude that the alternative Mg2+ 

inhibition mechanism discussion herein is unlikely the case.
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Figure S5. Schematic of the predicted flux (see SI Section 6) vs kf (mol m-2 s-1). a) schematic of the model and 
boundary conditions. b) flux at the particle interface as a function of the forward dissolution rate constant kf. 
Other simulation parameters: Ksp = 1 mol m-3, kb = kf/Ksp, DA = 1x10-10 m2 s-1. 
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SI section 9: partially blocked surface
In the main manuscript the partial coverage of magnesium on calcite surfaces is suggested to 

behave analogously to a ‘partially blocked electrode’ surface14-16. In the case of the latter, 

illustrated in Figure S6 (a), the surface concentration of the analyte on an electrode surface is 

consumed at an unperturbed (active) electrode surface. The ‘blocked’ sites are inert and do not 

perturb the concentration of analyte. The perturbation of the analyte concentration at the active 

surface causes materials to diffuse from the semi-infinite bulk, shown by the dotted contour 

lines. As the material near the electrode surface is fully consumed diffusion occurs from further 

away from the electrode which causes an increase in the diffusion layer thickness (δ) with time. 

The diffusion layer overlaps when the diffusion layer thickness δ becomes larger than  (the 𝑑

separation between different sites) in the long-time limit or if the separation of the sites 

becomes smaller (d << δ).14-16 This scenario is illustrated in Figure S6 a) where the 

consumption of the analyte is uniform across all surfaces (active and blocked).

In the case of the calcite dissolution in the presence of Mg2+, on a molecular scale, the surface 

calcite crystalline units are either pristine or with magnesium physisorbed. The adsorption of 

magnesium appears to lower the effective solubility product of calcite by ca a factor of 6 as 

shown in Figure 3 C). However, since the rate of dissolution of calcite in the presence of 

magnesium under the concentrations studied remains at the thermodynamic limit then the 

interfacial concentration of calcium at different surface sites, with and without magnesium 

adsorption, is necessary different as illustrated in Figure S6 b) by the colours of the 

concentration contour lines. Since in the case of Langmuirian adsorption, the probability of 

adsorption is similar at all sites then the separation (d) between the pristine and Mg2+(ads) 

surface sites is on the order of Å. Note that this is much smaller than the hundreds of microns 

of diffusion layer thickness (δ ≈ ) over the timescale of calcite dissolution (~hours).  𝐷𝑡

Therefore, to a good approximation, at distances far away from the calcite interface the 
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diffusion layer between two different calcite surface sites overlaps very significantly and thus 

the overall concentration of calcium at equilibrium at the surface is intuitively perceived as the 

weighted sum of the individual sites as shown in Equation 19 in the main text.

Figure S6. a) Illustration of the diffusion layer at the onset of electrolysis in the case of a partially blocked 
electrode. b) analogue representation of the surface calcite site in the presence of Mg2+(aq). The dotted lines 
represent the concentration contour lines.
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