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Dissolution of fluorite (CaF,) and/or fluorapatite (FAP) [Cas(PO4)s3F], pulled by calcite precipitation, is
thought to be the dominant mechanism responsible for groundwater fluoride (F~) contamination. Here,
one dimensional reactive—transport models are developed to test this mechanism using the published
dissolution and precipitation rate kinetics for the mineral pair FAP and calcite. Simulation results
correctly show positive correlation between the aqueous concentrations of F~ and CO%’ and negative
correlation between F~ and Ca®*. Results also show that precipitation of calcite, contrary to the present
understanding, slows down the FAP dissolution by 10° orders of magnitude compared to the FAP
dissolution by hydrolysis. For appreciable amount of fluoride contamination rock—water interaction time
must be long and of order 108 years.
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1. Introduction

Groundwater fluoride concentration (>1.5 mg/L), according to
WHO (1984) estimate, is affecting more than 260 million people
around the world (Amini et al., 2008). Geographical areas with
groundwater fluoride contamination are mostly characterized by
the presence of crystalline basement rocks and/or volcanic bed-
rocks, arid—semi-arid climatic conditions, Ca>* deficient Na — HCO3
type groundwater (Handa, 1975; Rao, 1997; Saxena and Ahmed,
2001; Edmunds and Smedley, 2005; Sreedevi et al., 2006; Amini
et al., 2008), long groundwater residence time, distance from the
recharge area (Apambire et al., 1997; Genxu and Guodong, 2001;
Jacks et al., 2005; Guo et al., 2007; Shaji et al., 2007), and hap-
pens predominantly by the weathering and dissolution of F~
bearing minerals (Handa, 1975; Rao, 1997; Genxu and Guodong,
2001; Saxena and Ahmed, 2001; Edmunds and Smedley, 2005;
Jacks et al., 2005; Chae et al., 2006; Sreedevi et al., 2006; Guo
et al., 2007). Though various minerals can be the potential geo-
genic sources of fluoride, fluorite and/or FAP has generally been
considered as the dominant mineral phases for groundwater fluo-
ride contamination (Handa, 1975; Nordstrom et al., 1989; Edmunds
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and Smedley, 2005; Chae et al., 2006; Reddy et al., 2010). Dissolu-
tion of fluorite (and FAP) can be enhanced by calcite precipitation
that takes out Ca®* from the solution by the following reaction

CaCOs3 + 2F + H' = CaF, + HCO3 (1)

thus reducing the aqueous Ca®* activity (Handa, 1975; Pickering,
1985; Nordstrom et al., 1989; Wenzel and Blum, 1992; Deshmukh
et al, 1995; Saxena and Ahmed, 2001; Shah and Danishwar,
2003; Edmunds and Smedley, 2005; Jacks et al., 2005; Chae et al.,
2006; Mamatha and Rao, 2010). The equilibrium constant of the
reaction (1) is given as Key_fluor = (aHCO;)/[(aHQ-(aF—)z] (Handa,
1975) and shows that at a given pH, change in groundwater fluo-
ride concentration is directly proportional to the change in bicar-
bonate concentration. Removal of Ca®* can also be achieved by ion
exchange (with Na") from clay minerals (Sarma and Rao, 1997) and
thus changing the saturation state of the solution and increasing
fluorite/FAP dissolution. Controlled laboratory experiments sug-
gests that microbes can also influence groundwater fluoride
contamination by dissolving minerals (like apatite, biotite, and
feldspar containing trace phosphorous as apatite inclusions for
nutrients) at a much faster rate and in the process release F~
(Taunton et al., 20004, b; Hutchens et al., 2006; Welch et al., 2006)
though field verification and the reaction rate kinetics for biogenic
fluoride release is still lacking. Because of this it is beyond the scope
of this work to quantitatively estimate biogenic groundwater
fluoride release.
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However, to the author’s knowledge, quantitative assessment
of the dissolution mechanisms proposed for fluoride enrichment
in natural waters (dissolution by hydrolysis, dissolution pulled by
Ca®* sink (calcite precipitation andjor ion exchange), and disso-
lution by microbial activity), especially through the study of flu-
id—mineral reaction kinetics are absent. Here, transient one
dimensional reactive—transport models are developed, incorpo-
rating mineral reaction rates to quantitatively estimate fluoride
enrichment in natural waters by (a) dissolution by hydrolysis and
(b) dissolution pulled by carbonate precipitation mechanisms. FAP
is selected as the representative fluoride bearing mineral, disso-
lution of which will release calcium and fluoride, and calcite as the
representative carbonate mineral precipitation of which will
sequestrate the released calcium and enhance FAP dissolution. FAP
is selected over fluorite because the dissolution kinetics of fluorite
(Zhang et al., 2006; Cama et al., 2010) is reported for extremely
low pH range (1-3) which is off limit for the groundwater pH.
Similarly for the carbonate minerals calcite is selected over dolo-
mite because the kinetics of low temperature dolomite formation
is still lacking.

2. Chemical reactions

Mechanism [: For the release of fluoride by FAP dissolution
following reaction is considered

Cas(PO4)3;F +3H" = 5Ca’* + 3HP042[ +F~ (2)
FAP dissolution for this scenario is decoupled from calcite
precipitation.

Mechanism II: Reactions for calcite precipitation and FAP
dissolution can be represented by

Ca** +C0%~ = CaCo; (3)

Cas(PO4)sF + 3HT = 5Ca%* + 3HPO3 + F~ (4)

Here, calcite precipitation (reaction (3)) and FAP dissolution
(reaction (4)) are chemically coupled by Ca®*. Calcite precipitation
is triggering the dissolution of FAP by reducing the calcium activity
of the solution. Combined mass balance equation relating the
solute species in which groundwater is in contact with both calcite
and FAP can given by

5CaCO; + 3HPOZ™ + F~ = Cas(POy);F + 3H™ + 5C03~ (5)

The equilibrium constant of this reaction (5) Kcy_pap =
(aH+)3-(aCO§,)5 /[(anpof,*f'(aF’)] resembles the equilibrium rela-
tionship between fluorite and calcite (Kca1_fiour; Handa, 1975) and
provides natural and independent control on groundwater calcium,
fluoride, phosphate and carbonate composition. Precipitation of
calcite is inhibited by the presence of dissolved magnesium,
phosphate, iron and dissolved organic carbon (DOC) in the solution
(Berner, 1975; Meyer, 1984; Walter, 1986; Lebron and Suarez, 1996).
Here calcite precipitation is modelled using the inhibition effect of
dissolved organic carbon only.

3. Quantitative method
3.1. Notation
¢ = porosity.

¢; = concentration of aqueous species i (mol/L of pore volume).
cft, cf’f = initial and boundary concentrations of aqueous species i.

D = effective diffusion coefficient (cm?/s).

U = velocity of water through pores (cm/s).

Rj = reaction rate of reaction j (mol/bulk cm®s™").

§;j = stoichiometric coefficient of species i in reaction j, t = time
(s) and x = length (cm).

keap = rate constant of FAP dissolution reaction (2) (mol/cm?s™!).
kcc = precipitation rate constant due to calcite growth
(mol/cm? s™).

kuyn = precipitation rate constant due to heterogeneous nucle-
ation (mol/cm?s™).

S = surface area of mineral (cm?/bulk cm?).

KEAP = equilibrium constant for reaction (2).

Ksp = solubility product of pure calcite.

fIDOC) = function representing reduction of calcite precipitation
due to dissolved organic carbon.

f(SA) = function of surface area of the suspended particles for
heterogeneous nucleation.

Qpap = saturation index of reaction (2). Q > 1 will trigger mineral
precipitation, while @ < 1 will lead to its dissolution.

VEAP, Vcal = volume fraction of FAP and calcite consumed and
produced (cm? of mineral/bulk cm?).

PEAP, Pcal = molar density of FAP and calcite respectively (mol/
cm? of mineral).

3.2. Reaction—transport equations

The process of FAP dissolution and calcite formation can be
described by a set of continuity equations, coupled with mineral
rate laws, change of volume, and initial and boundary conditions.
For each species i in the system that take part in reaction j the
continuity equation will be

aC,'
ot

62 Ci
ox2

TS — T'¢D

oc; 1 A
_F¢U&+ZauRj (6)
i=

I' = 1073 L/cm3 appears because equilibrium constant values
used here is consistent with mol/L but mineral reaction rates in
mol/ecm®s™! (Wang et al., 1995).

3.3. Mineral reaction rates

For each reaction involved in the reaction front, a basic linear
rate law is adopted whereby rate is proportional to the thermo-
dynamic affinity (Aagaard and Helgeson, 1982). For reactions (2)
and (3) the affinity is proportional to RTIn Q, where the supersat-

k
uration is Q = Q/Keq and the ion activity product Q(= H cl) is
i=1
written in terms of all relevant aqueous concentrations, ensuring
that all of them interact in the calculations. Assuming groundwater
as a dilute solution (Fitts, 2012) all the activity coefficients getting
into the rate equations are equal to 1, and molarity instead of
molality units is used in all equations. The reaction rate for each of
the individual reactions (FAP dissolution and calcite precipitation)
(Lebron and Suarez, 1996; Harouiya et al., 2007) can be given as

Reap = keapS(cyy+)*®(1 — Qpap),  where

(ccar ) (Cupoz ) (cr )
(o) KERP

Qrap = (7a)

and
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Values adopted in numerical simulations.

Variable

Symbol Values adopted (unit) (references)

Concentration scale C 108 (mol/L)
Diffusion coefficient D 107°—10"% (cm?/s) (Wang et al., 1995)
Velocity U 10-°-107% (cm/s) (Wang et al., 1995)
Porosity ¢ 0.1-0.01
Specific surface area So 6—60 (cm~!) (Wang et al., 1995)
Factor L 103 (L/cm?) (Banerjee and Merino, 2011)
FAP equilibrium KEA® 107299107299 (Harouiya et al,, 2007)
constant
Calcite solubility K& 48x107°
product
FAP rate constant K 4% 1073 (moljcm?s™!) (Harouiya et al.,, 2007)
Calcite rate constant kear 10~"!" (mol/cm? s7!) (Lebron and Suarez,
1996)
FAP molar density PEAP 0.0063 (mol/cm?) (Guidry and Mackenzie,
2000)
Calcite molar density Peal 0.027 (mol/cm?) (Banerjee and Merino,
2011)
Boundary FAP Q. 0.002-0.1
saturation )
Initial FAP saturation Q%CAP 1.0
Boundary calcite QX 23
saturation )
Initial calcite saturation Q¢ 1.0
0 Ea
keap = Kgap exp(—ﬁ) (7b)
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Real = kecS (CCaZ’CCOf’ _KSP>f (DOC)cq

+ kunf (SA) (log(Q — 2.5))f (DOC)yy (8)

If, DOC > 0.05 mM then,

Rear = kunf(SA)(log(@2 — 2.5))f (DOC)yy (9)
else,
Rea = kCGS(CCaZ*Ccof’ —Ksp) f(DOC) ¢

+ kunf(SA) (log(Q — 2.5))f (DOC)yy (10)

3.4. Volume change

The change in mineral volumes of FAP and calcite due to
dissolution and precipitation is expressed in the form

Oveap __ Reap (11)
ot PFAP

and,

eyl _ @ (12)
ot Pcal

Negative sign in Equation (11) represents FAP consumption.
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Figure 1. Results are shown for Mechanism I at two scaled time 7 = 500 (solid line) and © = 1000 (dashed line) units. (A) Calculated solution saturation profile with respect to FAP.
Boundary FAP saturation value used for this simulation is 0.002 while the initial FAP saturation used is selected as 1.0. (B) Scaled FAP dissolution rate which gives the dissolution
front velocity of 3.0496 x 107> cm/yr. The scaled concentrations of Ca?*, F~ and solution pH are shown in figures (C), (D) and (E) respectively. Simulation results correctly present
the release of the calcium and fluoride in the solution due to FAP dissolution and the consumption of H' that increases the solution pH (marked by arrows in the figures).
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Figure 2. Dissolution front velocity (in cm/yr) as a function of reactive surface area (A),
solution temperature (B) and solution saturation with respect to FAP (C).

3.5. Initial and boundary conditions

The initial and boundary conditions adopted in this study can be
represented as

Cx,t = 0)=c° (13)

C(x = 0,t)=che

4 (14)
o= 0

C(x 3t

where c}ﬁcand cf’c are initial and boundary concentrations of aqueous
species i. The initial concentrations of the aqueous species are

selected such that QiF“AilEial = 1.0 and for the boundary condition at

boundary

entry point Qp,p comes out as << 1.0. For calcite precipitation,

concentration of the aqueous species are assigned such that
Qiniial _ 1 0 put at the boundary the solution is slightly over-
saturated with respect to calcite (Q'é’;lu"dary =2.3).

The system of Equations (6)—(8), (11) and (12) are scaled (Wang
et al.,, 1995; Banerjee and Merino, 2011) using time scale (T); length
scale (X) and concentration scale (C) details of which is described in
the Appendix L

3.6. Calculation strategy

The scaled system of equations (iv, vi and viii; see Appendix I)
using the scaled initial and boundary conditions (xi, x; see
Appendix I) is solved using one dimensional implicit forward and
central finite-difference scheme until the concentrations converge
(<107>). Each numerical simulation is a ‘virtual experiment’ of FAP
dissolution and fluoride release yielding a set of profiles of aqueous
concentrations, mineral modes, and reaction rates as functions of
time and space.

3.7. Parameter choices

Many parameters enter into each simulation: temperature,
advective velocity, diffusivity, porosity, surface area, rate constant,
equilibrium constant, saturation of the aqueous solution with
respect to FAP and calcite, dissolved organic carbon, imposed initial
and boundary conditions, etc. Each parameter has been given
values within a certain range (Table 1). The results are sensitivity
experiments for a given set of parameters and the yield of reacted
crystalline rock or the velocity of reacted front is compared.

4. Results

Mechanism I: Simulation results of FAP dissolution (by hydro-
lysis) at two scaled time slices 7 = 500 and t = 1000 are shown in
Fig. 1. Time scale (T) and length scale (L) for this simulation come
out as 2.851099 x 10% s and 2.99683 x 10~ cm respectively. Sim-
ulations show that aqueous concentrations of Ca**, F~ and solution
pH increase at the dissolution front (Fig. 1C, D, E marked by arrow)
due to the dissolution of FAP by consumption of H*. The solution
saturation with respect to FAP (Fig. 1A) comes out <1.0 at and
behind, and 1.0 ahead of the dissolution front, implying that FAP
can only dissolve behind the dissolution reaction front. The tran-
sient profile of the scaled dissolution rate (Fig. 1B) shows that in a
scaled time interval (A7) of 500 units (=45.2 years) the FAP disso-
lution front migrates over a scaled length (AA) unit of 46
(=0.00138 cm), which gives the dissolution front velocity of
3.0496 x 107> cm/yr.

Dissolution of FAP is sensitive to the change in solution tem-
perature and under — saturation with respect to FAP (Qpap << 1)
(Fig. 2B, C). Decrease in groundwater temperature by five times
(from 25 to 5 °C) decreases the FAP dissolution rate approximately
by 2.08 times while decrease in under — saturation (from 0.002 to
0.1) decreases the rate of FAP dissolution by approximately 1.2
times. On the other hand increase in the reactive surface area FAP
(from 6 to 60) increases the dissolution rate (Fig. 2A) by 2.2 times.

Mechanism II: Simulation results for the coupled FAP dissolution
and calcite precipitation are shown in Fig. 3 for two scaled time
slices 7 = 500 and 7 = 1000. The dissolution of FAP released Ca®* in
the solution and increases the solution supersaturation with
respect to calcite from ~2.3 to 3.0 (Fig. 3A, B). Increase in super-
saturation will lead to calcite precipitation that will sequestrate
Ca®* and thus lower the aqueous Ca?* concentration and also the
saturation index with respect to calcite which are reflected in the
simulation results (marked by arrow in Fig. 3C, D and Fig. 3A, B) and
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Figure 3. Results are shown for Mechanism II for two values of DOC concentration (0.01 mM and 0.07 mM) at two scaled time 7 = 500 and = = 1000 units. (A) and (B) show the
calculated saturation profiles of FAP and calcite. Boundary saturation value used for FAP is 0.002 while the initial saturation used is 1.0. For calcite the boundary saturation is 2.3
while the initial saturation is 1.0. Profiles of Ca?* and F~ are shown in (C) and (D). (E) and (F) show the scaled FAP dissolution and calcite precipitation rates. The FAP dissolution front
velocity comes out extremely low, 6.14 x 10~ cm/yr and 1.34 x 10~"' cm/yr for DOC = 0.01 mM and 0.07 mM respectively. Simulation results for this mechanism correctly
represent the inversely proportional relationship of F~ and Ca®* and directly proportional relationship of F~ and CO%’ (G).
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Figure 4. (A) Trends in global temperature and exposed igneous rock surface areas in
the last 600 Ma (Phanerozoic) (adapted from Guidry and Mackenzie, 2000). Surface
area available for weathering of shield rock decreases with time (from late to present)
while that of volcanic rock remains roughly constant throughout. Temperature shows a
declining trend (from late to present) and marked by dramatic climate change (from 20
to 8 °C) between 200 and 350 Ma. (B) Fluoride flux (of order 10?2 mol F/Ma) released
from the weathering of crystalline rocks at given temperatures over last 600 Ma.
Equation (7) is used for FAP dissolution, solution saturation is selected as 0.002 and
average weathering depth is selected as 100 cm.

coincides where the rate of calcite precipitation is maximum
(Fig. 1E, F). Time scale (T) and length scale (L) for DOC = 0.01 mM
come out as 4.166 x 10% s and 5.55 x 10~ cm respectively; while for
DOC = 0.07 mM it comes out as 3.42 x 10'° s and 1.6 x 10~ cm
respectively. The calculated FAP dissolution front velocity for
DOC = 0.07 mM is of 1.34 x 10~ cm/yr [in scaled time interval (A1)
of 500 units (=5.47 x 108 years) the dissolution—precipitation front
migrates over a scaled length (A2) unit of 46 (=0.007 cm)] while for
DOC = 0.01 mM it comes out as 6.2 x 10! cm/yr [in a scaled time
interval (At) of 500 units (=614 x 107 years) the dis-
solution—precipitation front migrates over a scaled length unit (A1)
of 73 (=0.004 cm)] implying that only 1.34—6.2 cm thick FAP will
dissolve in 10'! years which is a very slow rate of mineral disso-
lution. This result also suggests that increase in inhibitor DOC
concentration (from 0.01 to 0.07 mM) slows down the FAP disso-
lution rate by slowing down calcite precipitation. Simulation re-
sults also correctly show the positive correlation between the
calculated aqueous concentrations of F~ and CO%’ and negative
correlation between F~ and Ca®* (Fig. 3G).

5. Discussion and conclusions

Release of fluoride in groundwater is attributed predominantly
to the dissolution of fluoride rich minerals (notably fluorite and
FAP). Transient one dimensional reactive—transport models are
developed to quantitatively estimate groundwater fluoride
enrichment by dissolution mechanisms. Simulation results
demonstrate that calcite precipitation can indeed trigger
FAP dissolution. Results correctly show that groundwater F~ con-

centration is directly proportional to CO3~ concentration and
inversely proportional to Ca®* (Fig. 3G). The correlation amongst

F-, Ca’* and CO%’ can be explained by the following

reaction  5CaCOs + 3HPO3™ + F~ = Cas(PO,)5F + 3H" + 5C0%".
Equilibrium constant  for  this reaction  will be
Kcal_rap = (aHv)3~(aCO§,)5 /[(aHpoi,)?(aFf)}, indicating that (at a
given pH) any change in groundwater fluoride concentration is
directly proportional to change in carbonate concentration and
inversely proportional to the phosphate concentration. Inverse
correlation of phosphate and fluoride is reported recently from
Assam, India and Langtang area, Nigeria (Dutta et al., 2010; Dibal
et al., 2012). One of the possible mechanisms of groundwater
phosphate removal can be by the microbial activity which uses P as
a nutrient required for construction of DNA, RNA, ADP, ATP, phos-
pholipids, and polyphosphates (Taunton et al., 2000a,b; Hutchens
et al.,, 2006; Welch et al., 2006). Results also show that the rate of
FAP dissolution and release of F~ by the geochemical pull of calcite
precipitation is extremely slow and FAP dissolves at a rate of

10~ cm/jyr. Addition of other inhibitors, like PO?{ and Fe?*
(Berner, 1975; Meyer, 1984; Walter, 1986; Lebron and Suarez, 1996)
(not considered here) will further reduce the calcite precipitation
and subsequent FAP dissolution and fluoride release.

On the other hand if FAP is dissolving only by hydrolysis, (i.e. FAP
dissolution is decoupled from calcite precipitation), then FAP
dissolution rate is of the order of 10> cm/yr which is 108 orders of
magnitude faster than the coupled mechanism described above.
Results also show that the release of fluoride by hydrolysis mech-
anism is proportional to the pH of the solution (Fig. 1D, E). Disso-
lution of FAP by hydrolysis is strongly dependent on temperature,
reactive surface area and solution saturation state (Fig. 2A, B, C). For
the decoupled FAP dissolution process using rate Equation (7), the
calculated (following Guidry and Mackenzie, 2000) amount of total
pre anthropogenic fluoride flux released from the crystalline rocks
to the groundwater (as a function of time, temperature and avail-
able crystalline source rock) is shown in Fig. 4A, B. Results show
that in the last 600 Ma fluoride flux is of the order of
10?2 mol F~/Ma and is decreasing with time due to the decrease in
the available shield surface area and temperature as calculated by
Bluth and Kump (1991) using published global depositional lith-
ofacies maps and by Berner (1997) using GEOCARB II model.

Calculations proposed that for appreciable amount of fluoride
contamination, rock—water interaction time must be greater than 10°
years. This result corroborates well with the present understanding
that fluoride concentration is proportional to the degree of water
—rock interaction that enhances the dissolution of fluoride-bearing
minerals in the rock (Nordstrom et al., 1989; Saxena and Ahmed,
2001; Chae et al., 2006), and is supported by the low solubility
product of fluoride bearing minerals (example, fluorite solubility
product is 107197 Edmunds and Smedley, 2005) and slows mineral
dissolution rates (calculated for minerals like fluorite and apatite,
Chairat et al., 2007; Harouiya et al., 2007). Hence long groundwater
residence time (in this study it comes out of order 10° years) is
necessary for groundwater fluoride contamination. For example,
Saxena and Ahmed (2001) put forward that the increase in fluoride
concentration towards deeper wells can be attributed to the increase
in groundwater residence time with increasing depth, which en-
hances the dissolution of fluorine-bearing minerals in rocks.

In summary, though both the mechanisms (dissolution by hy-
drolysis and dissolution pulled by calcite precipitation) can contribute
to groundwater fluoride contamination, dissolution by hydrolysis is
more efficient in releasing fluoride in groundwater. To buildup
appreciable amount of fluoride concentration rock—water interaction
time must be of order 10° years. Such groundwater is usually associ-
ated with deep aquifer systems and a slow groundwater movement. It
is worth noting that the numerical solutions obtained using one
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dimensional reactive — transport equations are dependent on mineral
rate kinetics, temperature, reactive surface area and the saturation
state of the groundwater with respect to calcite and FAP and the as-
sumptions (like diffusivity, velocity, porosity) included in the model to
arrive at a set of results, hence the results are not unique solutions.
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Appendix I
Scaling of the equations

The system of Equations (6)—(8) are scaled using a time scale (T),
length scale (X) and concentration scale (C) such that

_ b, X G -
T_T7A_X7and71_c (l)
where, time scale is defined as T = P (ii)

k]SO
0.5
and, length scale is defined as X = Tl:b SDC (iii)
\j20

Concentration scale (C) is assigned a value of 10~% mol/L,
probably a typical order of magnitude of aqueous concentrations in
the models.

After scaling, Equation (6) is converted into a pseudo — steady
state equation of the form

Pvi i, ¢ _ .
o7 Tart 2 = 0 (iv)
_ T¢UC  T'puCT

and Equation (7) is converted in the form of

where 7; = kS, and r; = v;(Q; — 1) (vii)
and Equation (8) is represented in the form

ov;

] _ . ces
= T (viii)
The scaled initial and boundary conditions after scaling can be
represented as

C(x,t = 0)=7ic (ix)

C(x = 0,t)=7bc

- oY (x)
Cx = —i—OO,t)=>ar =0

where yﬁfand y?fare scaled initial and boundary concentrations of
aqueous species i.

Note that the self-consistent scaling results in a differential
equation of mass conservation with only one parameter, 6, given by

Equation (13), which combines many of the relevant individual
parameters like infiltration velocity, porosity, concentration scale
(C), length scale (L), and time scale (T).
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