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Abstract--Precipitation rates of CaCO3 from supersaturated solutions in the H20 - CO2 - CaCO3 
system are controlled by three rate-determining processes: the kinetics of precipitation at the mineral 
surface, mass transport of the reaction species involved to and from the mineral surface, and the slow 
kinetics of the overall reaction HCO3 + H + ~ CO2 + H20. A theoretical model by Buhmann and 
Dreybrodt (1985a,b) taking these processes into account predicts that, due to the slow kinetics of this 
reaction, precipitation rates to the surface of CaCO3 minerals depend critically on the ratio V/A of the 
volume V of the solution to the surface area A of the mineral in contact with it, for both laminar and 
turbulent flow. We have performed measurements of precipitation rates in a porous medium of sized 
particles of marble, limestone, and synthetic calcite, with V/A ratios ranging from 3" 10-4 to 1.2- 10 2 
cm at 10°C. Calcite was precipitated from supersaturated solutions with [Ca 2+] ~ 4 mmol/L and an 
initial Pco2 of 5" 10 -3 or 1 • 10 -3 atm, respectively, using experimental conditions which prevented 
exchange of CO2 with the atmosphere, i.e., closed system. The results are in qualitative agreement with 
the theoretical predictions. Agreement with the observed data, however, is obtained by modifying the 
rate law of Plummer et al. (1978) to take into account surface-controlled inhibition effects. Experiments 
with supersaturated solutions containing carbonic anhydrase, an enzyme which enhances the conversion 
of HCO3 into CO2, yield rates increased by a factor of up to 15. This provides for the first time 
unambiguous experimental evidence that this reaction is rate limiting. We have also measured precipita- 
tion rates in batch experiments, stirring sized mineral particles in a solution with V/A ranging from 
0.03 to 0.75 cm. These experiments also give clear evidence on the importance of the conversion of 
HCO 3 into CO2 as rate limiting step. Taken together our experiments provide evidence that the theoretical 
model of Buhmann and Dreybrodt (1985a,b) can be used to predict reliable rates from the composition 
of Ca++-HCO3 solutions with low ionic strength in many geologically relevant situations. Copyright 
© 1997 Elsevier Science Ltd 

1. INTRODUCTION 

The kinetics of the precipitation of calcium carbonate is 
fundamental to understanding many natural geochemical 
systems. The evolution of the chemical composition of 
calcite-depositing stream systems depends critically on the 
kinetics of calcite precipitation (Dreybrodt et al., 1992; Liu 
et al., 1995). Calcite precipitation plays an important role 
in diagenesis (Boudreau and Canfield, 1993) of calcareous 
deep-sea sediments. Many tourist attractions, such as the 
sinter terraces of Pamukkale in Turkey, are endangered by 
pollutants, which inhibit further deposition of calcite and can 
lead to a decay of the beauty of such sceneries (Ekmek~i, 
1995). Since the deposition of CaCO3 from aqueous solution 
releases carbon dioxide it also plays an important role in 
the global cycle of CO,. (Archer and Maier-Reimer, 1994). 
Speleothems such as stalagmites, stalactites, and flowstone 
contain significant information on paleoclimate (Baker et 
al., 1993, 1995; Shopov et al., 1994; Genty and Quinif, 
1996). It is therefore of importance to understand the mecha- 
nisms of their growth (Dreybrodt, 1980, 1981, 1982, 1988; 
Baker and Smart, 1995; Ford et al., 1993). 

To understand these processes numerous studies have 
been carried out to obtain experimental rates of calcium 
carbonate precipitation (Nancollas and Reddy, 1971; House, 
1981; Reddy et al., 1981; Morse, 1983; Inskeep and Bloom, 
1985; Busenberg and Plummer, 1986; Zhong and Mucci, 

1993; Zuddas and Mucci, 1994; Shiraki and Brantley, 1995). 
Calcite precipitation mechanisms have also been investigated 
by Scanning Force Microscopy (Dove and Hochella, 1993; 
Gratz et al., 1993). 

Most of these investigations aimed at deriving a rate equa- 
tion, quantifying calcite precipitation rates in terms of the 
chemical composition of the solution at the mineral surface. 
The most widely accepted rate equation, the PWP equation 
(Plummer et al., 1978; Busenberg and Plummer, 1986) is 
believed to be valid for both precipitation and dissolution 
(Reddy et al., 1981; Shiraki and Brantley, 1995), provided 
the solution is sufficiently far from chemical equilibrium 
with respect to calcite. Close to equilibrium, inhibition pro- 
cesses are more effective and may prevent the solution from 
attaining equilibrium. The PWP equation reads 

R = KI(H +) + K 2 ( H z C O ~ )  + K 3 - K4(HCO~)(Ca 2+) (1) 

where K~, K2, K3, and K4 are rate constants and the parenthe- 
ses denote activities. Using this equation as a flux boundary 
condition, Buhmann and Dreybrodt (1985a,b, 1987; Drey- 
brodt, 1988; Dreybrodt and Buhmann, 1991), developed a 
model which predicts dissolution or precipitation rates from 
water films covering a calcite surface, which are either stag- 
nant, in laminar flow, or in turbulent motion. This model 
also considers mass transport to and from the mineral surface 
and the slow overall reaction CO2 + H20 ~ H + + HCO3. 

3897 



3898 W. Dreybrodt et al. 

This overall reaction has been described in detail by Kern 
(1960), Usdowski (1982), and Stumm and Morgan ( 1981 ). 
Reaction times for equilibrium with respect to CO2 for waters 
of the type Ca 2+-Mg2+-HCO3, as they occur in limestone 
terrains, are on the order of 10s (Usdowski, 1982). This 
slow process will henceforth be termed conversion reaction. 

An important result of the model of Buhmann and Drey- 
brodt is that at small ratios V/A, where V is the volume of 
the solution and A the area of the mineral surface, the rates 
are controlled by this slow reaction. This can be qualitatively 
explained by the following arguments. Since precipita- 
tion of calcite is determined by the overall reaction Ca 2+ 
+ 2HCO3 --* CaCO3 + H + + HCO~ --* CaCO3 + CO2 
+ H20 stochiometry requires that one molecule of CO2 is 
released for each CaCO3 deposited to the surface. Therefore, 
the following relation holds in any case: 

V d[CO2] = AR (2) 
dt 

where [CO2] is the concentration of CO2. For sufficiently 
small V/A ratios the left-hand side of Eqn. 2, representing 
the amount of CO2 released per time becomes rate limiting. 
At large V/A ratios, however, sufficient amounts of CO2 are 
released and the rates are controlled by the surface reaction, 
represented by the right-hand side of Eqn. 2. In the case of 
V/A < 0.1 cm for stagnant, laminarly, or turbulently flowing 
solutions, the precipitation rates are drastically reduced com- 
pared to the predictions of the PWP equation. In the interpre- 
tation of calcite dissolution or precipitation in a Ca ~'+ - 
HCO3 solution with low ionic strength this important role 

of CO2 conversion has often been overlooked, and the PWP 
equations have been used uncritically. Buhmann and Drey- 
brodt (1985a) verified their theoretical results experimen- 
tally for precipitation from thin water layers of 0.01 cm 
covering marble samples as they occur in the growth of 
stalagmites. Later, Baker and Smart (1995) and Baker et al. 
(1996) successfully used the model to understand the growth 
rates of flowstone. In a recent paper, Dreybrodt et al. (1996) 
compared the theoretical predictions of the model to experi- 
mental data of dissolution rates in turbulently flowing solu- 
tions in batch experiments and stagnant solutions contained 
in porous media. They found satisfactory agreement with 
the theory. In this paper, we report similar experiments for 
values of V/A ranging from 3" 10 4 cm up to 0.75 cm to 
investigate precipitation rates. 

These experiments give the first unambiguous evidence 
that the slow conversion reaction of HCO 3 into CO2 deter- 
mines the rates in many geological situations, such as precip- 
itation of calcite in porous media and narrow joints, and 
must not be overlooked. 

2. THEORETICAL BACKGROUND 

Precipitation of calcite from solutions containing CaCO3 
and CO2 can occur under conditions where the system is 
either open or closed with respect to CO2. In the first case, 
CO2 can escape from the system by crossing a phase bound- 
ary between the solution and the atmosphere. If the surface 
area of the mineral grains to which calcite is deposited is 
much larger than the surface area of the phase boundary, the 

transfer of CO2 across this boundary layer can be rate lim- 
iting (Arakaki and Mucci, 1995). Therefore, experiments 
investigating precipitation or dissolution rates of calcite in 
porous media with large surface areas should be performed 
under closed system conditions in order to avoid transfer of 
CO2 out of the solution. 

Buhmann and Dreybrodt (1985b) calculated precipitation 
rates as a function of the calcium concentration as it develops 
in a free-drift run of calcite precipitation from a supersatu- 
rated solution with defined initial Pc% contained between 
two parallel surfaces of calcite with distance 26, in either 
stagnant or laminar flow. Later, Baumann et al. (1985) 
showed that these results are also valid for a porous medium 
of average grain size d. In this case Baumann et al. (1985) 
had to replace the width between the parallel surfaces on the 
idealised model by the average distance between two adja- 
cent grains of the porous medium. For an average grain size, 
d, this distance, 5, is given by 6 = 0.19 d. It should be noted 
that for both cases--the idealised parallel fracture and the 
porous medium--the V/A ratio is related to the distance 
between the planes by ~5 = V/A, and to the average distance, 
6, in the porous medium, by 6 = V/A, respectively. (Bau- 
mann et al., 1985). 

In all these model calculations, transport equations were 
solved numerically. They contain the precipitation rates due 
to the PWP equation as a boundary condition of the flux at 
the mineral surface, mass transfer by molecular diffusion 
from and to the mineral surface, and the slow conversion 
reaction. 

Results are shown in Fig. 1, where we present precipita- 
tion rates for porous media with various values of J used 
later in the experiments. The numbers on the curves indicate 
the values of d. Each of the curves in Fig. 1 represents the 
precipitation rates in a free-drift run when a supersaturated 
solution brought to equilibrium with a Pco2 of 5- 10 3 atm 
starts to lose Ca 2+ in a closed system by precipitation of 
calcite and finally reaches equilibrium with respect to calcite. 

At small V/A ratios, conversion of HCO3 to CO2 be- 
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Fig. 1. Precipitation rates calculated from the model of Buhmann 
and Dreybrodt (1985b) for a porous medium for various grain sizes, 
d, as given on the curves. 
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c o m e s  rate l imiting.  Therefore ,  the rates for  d = 15 # m  are 

small .  They  increase  wi th  the  increas ing  V / A  ratio until they 

reach a l imit  whe re  both  mass  t ranspor t  and CO2 conve r s ion  
de t e rmine  the rates ( B u h m a n n  and Dreybrod t ,  1985a,b) .  It 
is mos t  impor tan t  to note  that  for grain  sizes d < 4 .  l0  -" 

cm, co r r e spond ing  to V / A  -< 8" 10 3 cm, the precipi ta t ion 

rates depend  s t rongly on d.  

In all the ca lcula t ions  above,  the water  film was  a s sumed  
to be s tagnant .  If  depos i t ion  occurs  f rom a bulk solut ion 

wh ich  is in turbulent  mot ion ,  mass  t ranspor t  by d i f fus ion  

is enhanced  by turbulent  eddies .  This  can be s imula ted  by 

increas ing the cons tan t  o f  molecu la r  d i f fus ion  by a factor  o f  
10 4 ( B u h m a n n  and Dreybrodt ,  1985a,b) .  The  results  for  

various values  o f  V / A  in this case  are s h o w n  by Fig. 2. 
They  are also valid for ba tch  exper iments ,  where  part icles  

o f  total surface area, A, are turbulent ly  st irred in solut ion o f  
vo lume,  V. Because  o f  the enhanced  di f fus ion,  concent ra t ion  

gradients  cannot  form.  Therefore ,  in the case  o f  turbulent  

mot ion,  the depos i t ion  rates increase  dramat ica l ly  up to al- 

most  10 6 mmol /cm- ' s .  They  also d e p e n d  s t rongly on the 

V / A  ratio due to the inf luence o f  H C O 3  --~ CO~ convers ion .  
It should  be no ted  here  that our  mode l  wi th  turbulent  

mo t ion  is based  on the a s sumpt ion  that  the chemica l  c o m p o -  
si t ion o f  the solut ion at the surface o f  the carbona te  mineral  

is identical  wi th  that o f  the bulk solution.  This  is not  true 
w h e n  a laminar  d i f fus ion boundary  layer  exists  be tween  the 

bulk and the reac t ing  surface.  In this case,  concent ra t ion  

gradients  resul t ing  f rom molecu la r  d i f fus ion  through this 
layer  change  the concen t ra t ions  at the mineral  surface  and 

the rates can be r educed  depend ing  on the th ickness  o f  the 

boundary  layer  d o w n  to about  10% o f  the max ima l  rate 
(Dreyb rod t  and B uhmann ,  1991 ). Exper imen ta l  ver if icat ion 

may  there fore  devia te  f rom this s imple  approach .  

3. EXPERIMENTAL METHODS 

3.1. Samples and sample preparation 

Baker-analyzed reagent CaCO3 was prepared by suspending it in 
bidistilled water to remove microparticles. The material was then 
treated for 10 s with dilute HC1 and washed with bidistilled water 
and finally, with acetone. The material was stored after drying at 
50°C for 5 h. A microscopic analysis revealed crystals of an average 
size of 15 fire, which yields a geometric surface area of 1740 cm2/ 
g, similar to the area of 1840 cm2/g obtained by BET-measurements. 

Natural marble (Naxos, Greece) and limestone (Swiss Jura) were 
broken down and sized by wet sieving with deionized water to 
fractions between 100 #m and 125 /~m, 180 #m and 250 #m, 350 
#m and 500 pro, and 500 #m and 710 #m. The samples were treated 
with dilute HCI (0.01 molar) for 10 s, rinsed in bidistilled water 
and finally, with acetone. We also prepared some samples without 
acetone wash and used these immediately. Within the limits of error 
they showed the same behaviour in the precipitation rates as those 
treated with acetone. They were then dried and stored for further 
use. Their surface area was determined from the geometrical surface 
area of rhombohedrons. The sized fraction from 100 125 #m had 
a surface of 312 cm2/g. Accordingly, values of 163 cm2/g, 82 cm2/ 
g. and 58 cm-~/g were obtained for the fractions 180-250 ~tm, 350-  
500 #m and 500 7[)0 #m, respectively. These values were also 
found within an error of 10% by BET measurements. Carbonic 
anhydrase from bovine erythrocytes was purchased as lyophilized 
powder from Sigma Chemical Co. and was used as obtained. 

Supersaturated solutions of CaCO~ with Ca 2+ concentrations sev- 
eral mmol above equilibrium were prepared by dissolving Baker 
calcite in thermostated bidistilled water of a given temperature 
through which CO2 (Pea, = 1 arm) was bubbled until the desired 
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Fig. 2. Precipitation rates calculated from the model of Buhmann 
and Dreybrodt (1985b) for a solution in turbulent motion. The num- 
bers on the curves denote the V/A ratios. 

Ca a+ concentration was reached. This was monitored by measuring 
conductivity, as will he discussed in the next section. The solution 
was then filtered and pure nitrogen was bubbled through it to reduce 
the CO2 concentration to the desired value so that the solution be- 
came supersaturated with respect to calcite. By means of the program 
Equilibrium, which calculates the chemical composition of the solu- 
tion for an open system from the calcium-concentration and Pco~ 
(Dreybrodt, 1988), we then obtained the pH value corresponding 
to the desired Pco~ in the solution. During degassing of CO2 from 
the solution, pH was monitored until this desired pH value was 
reached. We thus obtained solutions several mmol above equilibrium 
with respect to calcite. Before using the solution we again filtered 
it through micropore filters with 0.45 #m pore size. At the time the 
experiment was started, an aliquot of the solution was taken and the 
calcium concentration was determined by immediate titration using 
standard methods. The calcium concentration was analysed by 
EDTA titration with calcium indicator Cal/Ver ® with an accuracy 
of _+3%. 

3.2. Apparatus 

The first experiment type was carried out in batch runs using the 
free-drift technique in which calcite particles were kept in suspension 
by vigorously stirring the solution with a Teflon propeller at 350 rpm. 
Figure 3 shows the experimental setup. The solution is contained in 
a Teflon vessel with a volume of 262 cm s, and no further space is 
available for air. The vessel is sealed to be airtight. The experiment 
was started by filling the vessel with the supersaturated solution of 
CaCO3 of defined initial partial pressure of CO,. The temperature 
was kept at 10 + 0.1°C. Immediately after filling, a defined amount 
of a sized fraction of marble or Baker calcite was introduced. The 
vessel was sealed by a stopper and the stirrer switched on. This 
experimental step was completed within 1 rain. During the experi- 
mental runs the calcium concentration, c, was monitored by measur- 
ing the conductivity, o, to an accuracy within -+1%. The linear 
relation between c and cr was determined in the following way. First 
we calculated the chemical composition of the solution at equilib- 
rium with a CO2 atm of 5 .10  3 and 1 . 1 0  3 as it develops in a 
free-drift run under closed system conditions for various values of 
Ca 2+ concentrations, c. This was done using the program Equilib- 
rium (Dreybrodt, 1988). Thus we obtained pH, [HCO; ] ,  and 
[COl ] as a function of c. These values were then used to calculate 
the conductivity by using WATEQ.4F. In the region of our experi- 
mental conditions we found the relation: 

c = 6.07"10 3-or - [).3 (3) 

dreybrodt
Hervorheben
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Fig. 3. Experimental setup for a batch run. A vessel of Teflon ( l ) 
is sealed by a lid (2).  The lid carries a motor (3) .  Its shaft (5) ,  
also covered by Teflon, is sealed with respect to the atmosphere. 
The conductance is measured by the conductivity cell (5) .  The lid 
is also provided with a port for filling the vessel (not shown).  

to be valid within _+1%, where c is in mmol /L  and a in #s /cm.  
This is in agreement with the empirical relation found by Langmuir 
( 1971 ) for pure carbonate groundwaters. 

The initial calcium concentration of the solution was measured 
by standard titration and used for calibration. The precipitation rates 
were then calculated from 

V d c ( t )  
- -  - R ( 4 )  

A dt 

Note that under our experimental conditions the surface onto which 
calcite is deposited does not change by more than 3% for batch 
experiments and by 0.03% for the porous medium. Before differenti- 
ation, the experimental time variation, c ( t) ,  of the concentration was 
fitted to the expression 

c( / )  = A~e n.~ + A2 + A~t + A4t 2 + Ast" + A(,t ~ (5) 

where A¢~, At, A:, A3, A4, As, and Am are fitting constants. We 
obtained excellent fits with correlation coefficients of r 2 = 0.999 
and residuals of less than 2%. This procedure avoids excessive noise 
resulting from numerical differentiation of the original data points 
and thus resembles an effective smoothing of the data. 

The second experiment type of employed precipitation of calcite 
in a porous medium which contained a stagnant solution contained. 
The experimental setup is shown in Fig. 4. The upper drawing repre- 
sents a longitudinal section of the setup. A WTW-conductivity cell 
(Tetracon LF 325 ) ( 1 ), also shown in top view below, is surrounded 
by a cooling vessel (5)  to keep the temperature constant to _+0.1°C. 
The electrodes (4) of the cell are located at the walls of a slit which 
is 3 cm long and 0.6 cm wide. This slit is filled with 3 g of sized 
calcite (3) .  To start the experiment, 2 cm 3 of the supersaturated 
solution are poured into the calcite medium, and air bubbles in the 
porous medium are removed by stirring for a second. The porous 
medium is covered with an airtight lid (2)  to ensure closed system 
conditions. This procedure takes less than 10 s. To obtain precipita- 
tion rates, the same electrode is used to measure the decrease in 
conductivity. Each experiment was carried out 3 times. The results 
were reproduced within an error of  10%. To estimate the V / A  ratio 
from the average particle size, we assume the particles to be rhombo- 
hedra with diameter, d, of  its largest surface diagonal. Thus one 
obtains V / A  - 0.19- d. To ensure that the device was closed with 
respect to CO2, a solution of CO2 in distilled water with Pco2 - I 
atm was introduced into the empty cell. It was then sealed and the 

fl - -  ' 1 

4 

Fig. 4. Upper drawing: Experimental setup for the experiments 
with porous media: The conductivity cell (1)  is surrounded by a 
cooling vessel (5)  using thermostated water. The space (3) between 
the electrodes (4) is filled with sized calcite grains. After filling this 
space with supersaturated solution, the setup is sealed by the lid 
(2) .  Lower drawing: The W T W  cell ( 1 ) showing the space between 
the electrodes in top view. 

conductivity of the solution was measured. Observation of a constant 
conductivity within +0.5% during a period of 2 days indicated that 
the maximal relative loss of CO2 was less than 2 .8 .10  5%. 

4.  E X P E R I M E N T A L  R E S U L T S  

Figure  5 dep ic t s  the  t ime  var ia t ion  c ( t )  o f  the  Ca  2+ con-  

cen t ra t ion  and  the  fits u s i n g  Eqn.  4 ( so l id  l ines )  for  the  

ba t ch  e x p e r i m e n t  wi th  t u rbu len t  m o t i o n  o f  the  so lu t ion .  T h e  

n u m b e r s  on the  cu rve s  refer  to the  V / A  ratio. T h e  rates  

ob ta ined  f rom d i f fe ren t i a t ing  the  fit e x p r e s s i o n s  (Eqn .  5 )  

f r o m  such  e x p e r i m e n t s  are dep ic t ed  in Fig.  6. T h e  sol id  l ines 

s h o w  the  prec ip i ta t ion  rates  o f  Bake r  calc i te  wi th  va r ious  

V / A  rat ios  g iven  by the  n u m b e r s  on  the  cu rves .  T h e  theore t i -  

ca l ly  p red ic ted  d e p e n d e n c e  o f  the  rates  on  the  V / A  rat ios  
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Fig. 5. Decrease of calcium concentration, c ( t ) ,  during precipita- 
tion of calcite to particles from a solution in turbulent motion. The 
numbers on the curves denote V / A ,  the ratio of the volume, V, of  
the solution to the total surface area, A, of  the particles. The solid 
line represents the fit by Eqn. 5 through the data points. 
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in the batch experiment from time variation, c(t) ,  as shown by Fig. 
5. The solid lines show experiments using Baker calcite, whereas 
the dotted lines depict runs with marble (d = 112 #m). The numbers 
on the curves denote the V/A ratio. 
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Fig. 8. Precipitation rates as a function of Ca concentration in a 
porous medium experiment from time courses, c(t) ,  as shown in 
Fig. 7. The numbers on the curves denote the average grain size, d. 
The curves approach an apparent equilibrium at about 3.3 mmol/L. 
The theoretical predictions using the modified PWP equation (Eqn. 
6) are shown by open circles and stars (425/~m). 

(see Fig. 2) is qualitatively well seen. Closer inspection, 
however, reveals that the experimental rates are too low, 
especially close to equilibrium. The dotted lines illustrate 
experiments where marble with an average size d = 112 #m 
was used. These show analogous results. 

The time variation of  the concentration for the second 
type of  experiments employing porous media is shown by 
Fig. 7 for two grain sizes. The solid lines represent the fits 
to the data points. After a steep decrease, the Ca 2+ concentra- 
tion slowly approaches a quasi-equilibrium far from the 
chemical equilibrium, depicted by the dotted line. This slow 
quasi-linear decrease was observed in long-term runs to per- 
sist for times up to several days, without reaching chemical 
equilibrium. 
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Fig. 7. Decrease of calcium concentration, c (t), during precipita- 
tion of calcite in a porous medium. The solid lines represent the fits 
according to Eqn. 5. Two experiments with d = 112 pm and d 
= 425 #m are shown. 

The rates obtained from such runs are plotted in Fig. 8. 
The curves initially show a linear reduction of  the rates with 
respect to [Ca2+], but then at about 3.3 mmol /L  they bend 
to very low rates far from equilibrium at 3.02 mmol /L .  
Inhibition of precipitation thus becomes apparent. Further- 
more, the observed rates, although they resemble the theoret- 
ical predictions (Fig. 1), are qualitatively too low. The de- 
pendence of the experimentally observed rates on the V / A  
ratio, however, gives clear evidence of the rate-limiting role 
of the slow conversion reaction HCO3 + H ~ ---, H20 + C02. 
We have also performed these experiments with an initial 
calcium concentration of 3.8 m m o l / L  and Pco~ = 5 . 1 0  3 
atm, and also 4.2 m m o l / L  with initial Pco, of  1 • 10 3 atm. 
The results, not shown here, are similar. The values of f~ 
= IAP/K~, where IAP is the ion-activity product of Ca 2+ 
and CO3- and K~. is the calcite solubility product with respect 
to calcite, covered the region from 1.5 -> ~ -> 68. Further 
experiments have been performed using limestone (Swiss, 
Jura),  which also exhibited analogous behaviour. 

To give additional evidence for the importance of the 
conversion reaction of  HCO3 into CO2 we have used super- 
saturated solutions of  CaCO3 containing the enzyme car- 
bonic anhydrase (CA)  at two concentrations, 0.067 /~mol/ 
L and 0.67 #rea l /L ,  respectively. This enzyme enhances 
the conversion reaction dramatically (Lindskog et al., 1971; 
Stryer, 1988) and we have recently used it (Dreybrodt et 
al., 1996) to enhance dissolution rates in a similar experi- 
ment. From the Michaelis-Menten equation, the accelerated 
rate constant of CO2 conversion K~.~6~ is obtained (Stryer, 
1988) by K~'62 = ke" [E] / (Km + [CO2]),  where k~ is the 
turnover number of the enzyme and K,, the Michaelis con- 
stant. Their values are ke = 6. 105s J and Km= 8 . 1 0  3 real/  
L at 25°C. We performed the experiment at 10°C and with 
initial Pco~ = 5 • 10 3 atm. In this run, the CO2 concentration 
increases from initially 1.6- 10 .-4 mo l /L  to 8" 10 4 mol /L  
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Fig. 9. Precipitation rates as a function of Ca concentration in 
a porous medium experiment from supersaturated solutions in the 
presence and absence of carbonic anhydrase. The solid lines denote 
experiments with d = 425/~m, the dashed lines denote experiments 
with d = 605 #m. Note that at calcium concentrations of about 3.3 
mmol/L the curves bend, indicating a switch to inhibition region B 
(see text). 

when equilibrium with respect to calcite is achieved in the 
closed system. Therefore, [CO2] in the denominator of the 
above equation can be safely neglected. With [E] = 0.67 
#mol/L we obtain K ~  2 = 50 s 1, which, when compared 
to the value Kco2 = 0.03 s 1, is larger by a factor of 1666. 
Since in a catalysed reaction equilibrium is not shifted, the 
backward reaction HCO3 + H + ~ H20 + CO2 is also en- 
hanced by this factor. 

If the conversion reaction is accelerated sufficiently, it 
should no longer be rate limiting and therefore the presence 
of CA should enhance the precipitation rates. Figure 9 illus- 
trates that this is the case. The solid lines represent the pre- 
cipitation rates from a porous medium experiment with mar- 
ble (d  = 425 #m). The lowest of these is obtained using a 
supersaturated solution without CA. The two upper solid 
lines represent precipitation rates under the same experimen- 
tal conditions in the presence of CA to the supersaturated 
solutions at concentrations of 0.067 ~mol/L and 0.67 #mol/ 
L, respectively. The dashed curves show the results of exper- 
iments with d = 605 Izm without CA and with 0.067 #mol/ 
L CA. For calcium concentrations above 3.3 mmol/L a sig- 
nificant increase of the rates is visible, but at lower concen- 
trations, the curves bend and the influence of CA becomes 
negligible. This shows that close to equilibrium (Ceq = 3.02 
mmol/L),  surface reactions become rate limiting and also 
indicates inhibition of these reactions. 

5. DISCUSSION 

Comparison of the experimental data obtained from the 
batch experiments with turbulent motion with the theoretical 
predictions (cf. Fig. 2 and Fig. 6) reveals qualitative agree- 
ment. The experimental rates, however, are too low. In turbu- 
lent flow the hydrodynamic conditions in such experiments, 
however, are not well defined. Laminar boundary layers sep- 

arating the surface of the particles from the turbulent core 
provide additional diffusional resistance to the flux of dis- 
solved ions into the solution, and rates are reduced. Drey- 
brodt and Buhmann (1991) have extended their model to 
include such boundary layers. Since the thickness of these 
boundary layers, however, cannot be determined in batch 
experiments, this model cannot be applied. The experimen- 
tally observed reduction of the rates, however, is in agree- 
ment with the assumption that such boundary layers are 
present in the batch experiments. 

We therefore restrict our further discussion to the porous 
media experiments where in contrast to the batch experi- 
ments, such complications due to hydrodynamics cannot 
arise. Although there is qualitative agreement between the 
experimental results and the theoretical predictions (cf. Figs. 
1 and 8), quantitatively, there are deviations. As predicted 
by the model, the initial rates depend critically on the pore 
size of the medium, indicating the importance of the conver- 
sion reaction. The relative magnitudes for various d, how- 
ever, deviate significantly. Furthermore, the observed rates 
are too low by a factor of roughly 2. Finally, they become 
extremely low at concentrations still far distant from equilib- 
rium, with Q close to 2. Below this value precipitation is 
strongly inhibited. After a first steep decrease of the concen- 
tration, there is a further lengthy, slow decrease, and the 
system slowly approaches equilibrium. A similar inhibition 
behaviour has been observed by Burton and Walter (1990), 
Mucci (1986), and Reddy (1977) for inhibitors such as 
phosphate. Thus, two regions of inhibition seem to be appar- 
ent. In region A, far from equilibrium, the rates are reduced 
moderately by approximately a factor of 2 until a quasi- 
equilibrium is reached. 

From thereon (region B), a further reduction of the rates 
becomes operative, as is shown by the bending of the curves. 
This is seen especially well in the experiments using carbonic 
anhydrase (cf. Fig. 9). In this case the influence of the 
surface controlled reaction is dominant and its reduction 
close to quasi-equilibrium is clearly marked in Fig. 9. The 
reason of this inhibition is not clear, since no inhibiting ions, 
such as phosphate, were contained in the solution. 

To describe the behaviour of the precipitation rates in 
region A, we modify the PWP equation in the following 
way: 

R = KI(H +) + K2(H2CO*) 

+ K3 -f 'K4(Ca2+)(HCO:~) (6) 

where f < 1 is a factor which reduces the rates of the 
backward reactions and thus simulates inhibition. By this 
modification, the new apparent equilibrium is shifted to 
higher Ca 2+ concentrations, since the forward reaction is 
dominated by ~c3, which is independent of the chemical com- 
position of the solution. Calculations of the chemical compo- 
sition of our solutions by Equilibrium and WATEQ4F have 
shown that ion pairs can be neglected, and also that for our 
experimental conditions, [Ca 2 +  ] = 2 [HCO~ ]. Assuming 
that the inhibited rates become zero at [Ca2+]app from Eqn. 
6, we find •3 =f"  K4[CaZ+]Zpp. On the other hand, from Eqn. 
1, true equilibrium is found as t<3 = K4[Ca2+]eq. Therefore: 
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( [Ca2+]~q ~2 

f =  \ [Ca2+]app J (7) 

2+ where [Ca ]eq is the true chemical equilibrium and 
[Ca 2+ ],pp is the apparent quasi-equilibrium, limiting inhibi- 
tion region B. Modifying our theoretical model by Eqn. 6, 
we then adjusted f in such a way that the experimentally 
observed rates were obtained. Table 1 lists these estimated 
values of f for the experiments using Baker calcite, marble, 
and limestone for various ff and a Pco2 of 5- 10-3 atm or 
1 • 10-3 atm. It turns out that all values obtained are constant 
within an error of _+15%. For both marble and limestone, 
the average value of f = 0.7 _+ 0.1. In the case of Baker 
calcite, f v a l u e s  with f =  0.7 _+ 0.02 result. Thus the modifi- 
cation of the model allows for prediction within inhibition 
region A of all experimentally observed rates with a preci- 
sion of  about 10% with only one fitting parameter, f .  This 
is illustrated by the open circles in Fig. 8, which represent 
the rates as calculated from the theoretical model using Eqn. 
6. The stars belong to the experiment with 425 #m. The 
values of f are the average values listed in Table 1. This is 
an entirely empirical treatment, which does not elucidate the 
reason for the inhibition which is present in both natural and 
synthetic materials. 

Nevertheless, a few comments should be given. It is inter- 
esting to note that inhibition region A covers saturation states 
with ~ > 2 in all our experiments, whereas values with f~ 
< 2 are characteristic for region B. This is in accordance 
with the observations of  Busenberg and Plummer (1986),  
who found two regions of  precipitation. Region I, covered 
by solutions with 1 < f~ < 1.5, shows extremely low rates 
of precipitation, whereas region II, with f~ > 1.5, exhibits 
growth rates, following a rate law 

R = K 4 ( C ' E -  (Ca2+) (HCO3) )  (8) 

where C is a constant and E is the product of  Ca 2+ and 

H C O ;  activities at equilibrium. This law turned out to be 
valid in the region 1.5 > Pt > 100. From Eqns. 7 and 8, 
one finds C = 1/f .  Therefore, this is very similar to the 
modification of  the PWP law in Eqn. 7. The difference is 
that C > 1 reflects an enhancement of  the forward reaction, 
rather than an inhibition of the backward reaction as our 

Table 1. Inhibition factor f for various experiments 
with porous media. 

Experiment f 

Pco~ = 5.10 ~ atm 
Baker, 15 #m 0.72 ± 0.02 
marble, 112/~.m 0.54 _+ 0.05 
marble, 215 #m 0.6 ± 0.05 
marble, 425 #m 0.77 _+ 0.08 
marble, 602 #m 0.72 _+ 0.07 
limestone, 40/~m 0.54 + 0.05 
limestone, 150 #m 0.65 ± 0.07 
limestone, 602 #m 0.74 _+ 0.02 

Pco~ - 1 • 10 -~ atm 
marble, 112/lm 0.67 _+ 0.06 
marble, 215 /ma 0.62 _+ 0.06 

treatment implies. But formally, Eqn. 8 is equivalent to 
Eqn. 6. 

Recent experiments using scanning force microscopy on 
synthetic calcite crystals exposed to super-saturated solu- 
tions (Dove and Hochella, 1993) have revealed that precipi- 
tation regions I and II exhibit different mechanisms in 
growth. Growth in region II is determined by the formation 
of  surface nuclei, which spread, coalesce, and continue grow- 
ing. Addition of phosphate inhibits these processes. Since 
we use natural material, it is likely that impurities located 
at the mineral surface also play an inhibiting role, thus reduc- 
ing the effective surface where the nucleation can take place. 
The influence of  such inhibitors was recently observed 
(Svensson and Dreybrodt, 1992) for dissolution rates on 
marble and limestone samples. Growth rates in region I have 
low sensitivity to the saturation state and surface nucleation 
appears to be relatively unimportant. Our measurement of  
long time runs in this region reveals an almost constant 
rate, with a small linear decrease in time. At a calcium 
concentration of 3.1 retool/L,  rates of about 6 . 1 0  K~ retool/  
cmZs were observed. At the present state, our treatment aims 
are to develop a plausible explanation of  the reduction of 
the observed rates. Futher work is necessary to explain the 
origin of the inhibition. 

6. CONCLUSION 

The results of this study demonstrate that precipitation 
rates of calcite are dependent on the geometrical structure 
of  the geological environment. Due to the influence of the 
slow reaction H + + H C O ;  -~ H20 + CO2, the rates are 
determined by the ratio of  the solution volume to the mineral 
surface area. Thus, for very fine grained carbonate sediments 
in contact with stagnant or laminarly flowing solutions with 
V / A  ~ 10 4 cm, rates can be reduced by two orders of 
magnitude from the maximal possible values determined by 
the PWP equation. Even for grain sizes of  about 1000 #m, 
rates are still reduced by one order of  magnitude. 

Our findings emphasize the importance of considering the 
geometric conditions in all geological systems where esti- 
mates of precipitation rates are needed. The same holds when 
precipitation occurs in small fractures with openings between 
10 #m and 1000 #m in both laminar and turbulent flow. Our 
experiments show further that for solutions with Q > 2, the 
rates can be reliably predicted by modifying the PWP equa- 
tion in such a way that the back reactions causing precipita- 
tion are reduced by a factor of ~0 .7  for natural materials. 
Taken together, these results and those previously reported 
for dissolution (Dreybrodt et al., 1996) give clear evidence 
that the model of  Buhmann and Dreybrodt (1985a,b) can 
be used reliably to predict rates in those regions, where the 
PWP rate equation or its modified versions are valid. 
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