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Abstract

Ž Ž . . Ž Ž .y.Dissolved boron in seawater occurs mainly in the form of boric acid B OH and borate B OH . While the3 4

equilibrium properties of the dissociation of boric acid have been studied in detail, very little work has focused on the
kinetics of the boric acid–borate equilibrium in seawater. Here, we present a theoretical study of the relaxation of the

w Ž .seawater borate–carbonate system towards equilibrium using the experimental data of Mallo et al. Nouv. J. Chim. 8 1984
x w Ž . x373 and Waton et al. J. Phys. Chem. 88 1984 3301 . The reaction rate constants are two to four orders of magnitude

smaller than typical rate constants of diffusion-controlled reactions of other acid–base equilibria. This is presumably due to
Ž . Ž .the substantial structural change that is involved in the conversion from planar B OH to tetrahedral B OH . The time3 4

required to establish the boric acid–borate equilibrium in seawater is calculated to be ;95ms at temperature Ts258C and
salinity Ss35. Considering stable boron isotopes 11B and 10B, the isotopic equilibration time is ;125 ms. As a result,
kinetic isotope effects during coprecipitation of boron in calcium carbonate are unlikely and therefore do not affect the use
of stable boron isotopes as a paleo-pH recorder. q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Dissolved boron in the ocean contributes to the
alkalinity balance and to the buffering properties of

Ž Ž .y.seawater. Although borate B OH represents only4

about 5% of the total alkalinity at typical seawater
pH of 8.2, boron compounds have to be taken into
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account in quantitative calculations of carbonate sys-
Ž .tem parameters cf. e.g., DOE, 1994 . The boric

acid–borate equilibrium also affects physical proper-
ties of seawater. For example, sound absorption in
the ocean in the 1 kHz frequency range involves
chemical equilibria with relaxation rates which have
been identified as the boric acid–borate relaxation

Žrates e.g., Yeager et al., 1973; Mellen et al., 1980;
.Mallo et al., 1984 . Recently, the stable isotopes of

boron have received attention as they provide a
means of reconstructing the pH of the paleocean
Že.g., Spivack et al., 1993; Sanyal et al., 1995;

.Palmer et al., 1998 .
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The majority of the studies mentioned above as-
sumes that chemical and isotopic equilibrium be-
tween boric acid and borate has been established. As
will be discussed below, this assumption is valid
only on long time scales and large spatial scales. On
time scales in the order of 10y4 s and shorter and on
spatial scales in the order of 10y6 m and smaller,

Žthis assumption is not valid considering disequilib-
ria on tiny spatial scales, diffusion becomes the

.dominant process . The main objective of the present
paper is to provide a detailed study of the nonequi-
librium properties of the boric acid–borate reactions
in seawater. This goal is achieved by using data from

Žphysico-chemical studies Mallo et al., 1984; Waton
.et al., 1984 .

The results presented here should be useful for
researchers in marine chemistry and chemical
oceanography dealing with the kinetics of boron
compounds in seawater. We will answer questions
such as: what is the turnover time of the reaction

Ž . Ž .ybetween B OH and B OH and how quickly is3 4

the chemical and isotopic equilibrium established?
The latter question is of great importance for exam-
ple, in experimental studies when isotopically spiked
substances are added to, say, a seawater solution
Žthe isotope abundances of spiked materials is very

.different from the natural abundances . It is often
desired that the distribution of the isotopically en-
richedrdepleted material among the different com-
pounds of the system is completed before the experi-
ment is started. This study shows that for practical

Žpurposes usually involving time scales of seconds to
.hours , it can indeed be assumed that chemical and

isotopic equilibrium between the dissolved boron
species is established. Another objective of our study
is to provide basic input parameters for modeling
efforts of the kinetics of the carbonate system on

Žsmall spatial scales e.g., Wolf-Gladrow and Riebe-
.sell, 1997; Wolf-Gladrow et al., 1999 .

An important issue in the context of boron isotope
equilibration is the isotopic fractionation of boron
during incorporation in calcium carbonate. Based on
the boron isotope composition of biogenic CaCO3
Ž .e.g., of foraminifera and corals and of inorganic
calcite, it has been suggested that the dissolved

Ž .y Žboron species B OH is preferentially adsorbed in4
Ž . .preference to the neutral species B OH before3

Žincorporation of boron into the carbonate e.g., Hem-

ming and Hanson, 1992; Sanyal et al., 1996; Sanyal
.et al., 2000 . One of the questions often discussed in

connection with boron coprecipitation in CaCO is:3

are kinetic isotope effects to be expected during the
incorporation of boron isotopes into the carbonates?
It has been speculated whether or not the growth rate
of the carbonate crystal would affect the amount of
coprecipitation and the isotopic fractionation of boron

Žin CaCO Hobbs and Reardon, 1999; Sanyal et al.,3
.2000 . One way to address this question is to com-

pare the characteristic time scale for crystal growth
and the characteristic time scale for isotopic equili-
bration between the dissolved boron species in solu-
tion. If the time scale for crystal growth and thus
coprecipitation of boron is much larger than the time
scale for isotope equilibration between the dissolved
boron species, kinetic isotope effects are unlikely to
occur. This is because the rate limiting step in this
case is the crystal growth and not the equilibration

Ž .y Ž .between B OH and B OH . The equilibration4 3

times to be derived in the present paper enable us to
address this question which is important for evaluat-
ing the potential of stable boron isotopes as a paleo-
pH proxy.

2. Equilibrium: the dissociation of boric acid

Dissolved boron is found mainly in the form of
Ž . Ž .yB OH and B OH in seawater. Since polynuclear3 4

Ž .y Ž .2yboron species such as B O OH , B O OH ,3 3 4 4 5 4
Ž .yand B O OH are negligible at concentrations5 6 4

y1 Ž .smaller than 25 mmol kg Su and Suarez, 1995 ,
they can be safely ignored at total seawater boron
concentrations of ;0.42 mmol kgy1. The dissocia-
tion of boric acid in seawater can be described by the
equilibrium:

KB y qR

RB OH qH O B OH qH 1Ž . Ž . Ž .3 42

where K is the dissociation constant of boric acid.B
Ž Ž ..The pK value sylog K of boric acid has beenB

determined to be pK s8.60 in artificial seawater atB
Ž .Ts258C, Ss35, total pH scale Dickson, 1990 .

Since several authors have investigated the dissocia-
tion of boric acid, a good working knowledge on this
subject has been obtained in both fresh water and

Žseawater e.g., Buch, 1933; Owen and King, 1943;
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Hansson, 1973; Hershey et al., 1986; Dickson, 1990;
.Roy et al., 1993 . Unfortunately, the equilibrium

Ž Ž ..properties reaction 1 do not tell us much about
the kinetic pathways by which the equilibrium is
established. In order to elucidate the kinetics of the
boric acid–borate equilibrium we will make use of
results published in a series of papers by Waton et al.
Ž . Ž .1984 , Mallo et al. 1984,1985 , and Waton and

Ž .Mallo 1987 .

3. The kinetics of the boric acid–borate equilib-
rium

Ž .Waton et al. 1984 employed a temperature-jump
method to investigate the kinetics of the boric acid–

Žborate equilibrium for review, see Eigen and De
.Maeyer, 1963 . They studied the following reaction

Ž .mechanism cf. Mellen et al., 1981 :
k yq3y 6B OH qOH B OH 2Ž . Ž . Ž .3 4

and examined the dependence of the rate constant
Žk on temperature and ionic strength note that theq3

subscript 3 and not 1 is used for the rate constant
here in order to avoid confusion with the rate con-
stants k and k which are often used in connec-q1 q2

tion with the dissociation constants K and K of1 2
.carbonic acid . The temperature dependence of kq3

Ž .as determined by Waton et al. 1984 at ionic strength
Is0.1 is shown in Fig. 1. For their experiments,
they used simple NaCl, BaCl , and NaClO solu-2 4

tions and observed only a marginal effect of ionic
strength on k when I varied between 0.1 and 0.7.q3

Ž .Mallo et al. 1984 showed that using artificial sea-
Žwater instead of simple solutions studied by Waton
Ž ..et al. 1984 had a negligible influence on the

relaxation time. In addition to, e.g., Cly and Naq

ions of simple solutions, seawater also contains
Mg2q, SO2y, Ca2q, Kq, HCOy ions and more.4 3

Thus, the values of k and the temperature depen-q3
Ž .dence at Is0.1 as reported by Waton et al. 1984

Ž .should also be applicable to seawater If0.7 . With
regard to the boric acid–borate equilibration time, it
is also of minor importance whether natural or artifi-

Ž .cial seawater is considered. Yeager et al. 1973
obtained very similar results for the relaxation time
in natural and in artificial seawater.

Fig. 1. Arrhenius plot of the rate constant k . Diamonds showq3
Ž .the experimental results of Waton et al. 1984 . The solid line

Ž .represents the best linear fit to the data when ln k is plotted vs.q3
3 Ž .10 rT K . Note that the rate constant is two to four orders of

magnitude smaller than typical rate constants of diffusion-con-
trolled reactions of other acid–base equilibria.

The temperature dependence of kinetic rate con-
stants can often be fit by an Arrhenius equation:

ksA exp yE rRTŽ .a

where A is the pre-exponential factor or Arrhenius
factor, Rs8.3145 J moly1 Ky1 is the gas constant,
T is the absolute temperature in Kelvin, and E isa

the activation energy. A fit of an Arrhenius equation
Ž Ž .to the data of k i.e., a linear regression of ln kq3 q3

. 10 y1 y1vs. 1rT yields As4.58=10 kg mol s and
E s20.8"5.1 kJ moly1. Thus, the rate constanta

k can be expressed as:q3

k s4.58=1010 exp y20.8=103rRTŽ .q3

which yields k s1.0=107 kg moly1 sy1 at 258Cq3
Ž .Fig. 1 and Table 1 . It is emphasized that, in
contrast to many other acid–base equilibria, reaction
Ž .2 is not diffusion-controlled. This is probably due
to the substantial structural change that is involved in

Ž .the conversion from planar B OH to tetrahedral3
Ž .y Ž .B OH Mellen et al., 1983 . The rate constant is4

two to four orders of magnitude smaller than typical
rate constants of diffusion-controlled reactions which

9 11 y1 y1 Žare on the order of 10 –10 kg mol s Eigen
.and Hammes, 1963 .
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Table 1
Reaction rate constants of the boric acid–borate equilibrium in

Ž .seawater see text for details
y7 y6 y6T k =10 k k =10 k =10q3 y3 q4 y4

y1 y1 y1 y1Ž . Ž Ž . Ž Ž8C kg mol s kg mol kg mol
y1 y1 y1. . .s s s

0 0.5 20 3.2 1.1
5 0.6 34 3.8 1.4

15 0.8 96 5.2 2.1
20 0.9 157 6.0 2.7
25 1.0 250 7.0 3.3
35 1.4 592 9.1 4.8

The rate constant of the backward reaction can be
calculated as follows. The equilibrium constant of

Ž .reaction 2 is:
y

k B OHŽ . 4q3
Ks s .yw xk B OH OHŽ . 3y3

With the dissociation constant of boric acid:
y qw xB OH HŽ . 4

K sB B OHŽ . 3

and the ion product of water:

w qx w yxK s H OHw

the rate constant of the backward reaction, k , cany3

be determined from:

k Kq3 w
k s sk = . 3Ž .y3 q3K K B

Using values for K and K in seawater as summa-w B
Ž . Ž .rized in, e.g., DOE 1994 total pH scale , values

for k can then be calculated ranging from 20 toy3
y1 Ž592 s over the temperature range 0–358C Fig. 2

.and Table 1 .
It was mentioned above that the rate constant of

Ž .reaction 2 is not very sensitive to changes of ionic
strength. Thus, the value of the forward rate constant
k should hold in both fresh water and seawater.q3

Since the backward rate constant, k , is calculatedy3
Žusing the equilibrium constants K and K Eq.w B

Ž ..3 which depend on salinity, k also depends ony3

salinity. The salinity dependence is, however, rather
small: k varies only by about 10% if salinityy3

varies between Ss20 and Ss40. This is because
k is a function of the ratio K rK . Whereas they3 w B

value of each equilibrium constant changes strongly
with salinity, their ratio does not.

( ) ( )y3.1. Acid–base exchange between B OH rB OH3 4

and HCOyrCO 2 y
3 3

From what has been said so far, it is concluded
that the overall ionic strength of the medium does
not have a large effect on the boron relaxation times.
However, it was observed that the concentration of

Ž .specific ions particularly dissolved bicarbonate has
a marked effect on the boron relaxation times, indi-
cating interactions of the boron compounds with

y 2y ŽHCO and CO ions Mellen et al., 1981, 1983;3 3
.Mallo et al., 1984; Waton and Mallo, 1987 . Since

seawater contains a considerable amount of bicar-
bonate and carbonate ions, this effect has to be taken
into account.

Ž .Mellen et al. 1981 suggested the following reac-
tion mechanism for the coupling between boric
acid–borate and bicarbonate–carbonate:

kq4 y2y yR

RCO qB OH qH O B OH qHCO .Ž . Ž .3 43 2 3
ky4

4Ž .

It is important to note that this mechanism may
approximate a more complex process that involves

Fig. 2. The rate constant k as calculated from k s k =y3 y3 q3

K rK , where K and K are the dissociation constants ofw B w B

water and boric acid, respectively. Note that K and K inw B

seawater are complicated functions of temperature and salinity.
ŽThus, k is not a linear function of temperature see text fory3

.details .
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intermediate steps and a sequence of coupled reac-
Ž Ž .tions compare Mellen et al. 1983 and discussion at

.the end of this section .
Ž .Mallo et al. 1984 determined the forward rate

Ž . 7constant of reaction 4 to be k s1.5=10 kgq4
y1 y1 Žmol s at 208C note that the concentration of

H O is large compared to all other concentrations2

and can therefore be assumed constant. Hence, it
does not show up in the kinetic rate law—see Eq.
Ž .18 in Appendix A—and k and k have theq4 y4

y1 y1. Ž .same unit: kg mol s . Mallo et al. 1984
determined the value of k by a fit to their experi-q4

mental data using equilibrium constants for the dis-
sociation of carbonic and boric acid in dilute NaCl
solutions. As those constants are not appropriate for
seawater, we have recalculated the value for k atq4

Ž . Ž .208C by a fit of Eq. 7 see below to their results
for artificial seawater at ionic strength Is0.7, using
seawater constants. The result is k s6=106 kgq4

y1 y1 Ž .mol s at 208C see Table 1 .
ŽThe temperature dependence of k has to theq4

.best of our knowledge not been studied so far. It is
very likely that the activation energy of this reaction

Ž .is similar to that of reaction 2 since the rate limit-
ing step is most probably the change of the coordina-
tion of the boron compounds in both cases. This
assumption is in line with the observation that the
rate constants of both reactions are similar at 208C. It
follows that the temperature dependence of k isq4

equal to that of k . In summary, the rate constantq3

k may be expressed as:q4

k s3.05=1010 exp y20.8=103rRT .Ž .q4

Values for k as a function of temperature areq4

given in Table 1.
The rate constant of the backward reaction, k isy4

determined from equilibrium relations. One sees from
Ž .reaction 4 that:

y yk B OH HCO KŽ . 4q4 3 B
s s2yk KB OH COŽ . 3y4 23

where K is the second dissociation constant of2

carbonic acid in seawater:

2y qw xCO H3
K s .2 yHCO3

It follows:

K2
k sk .y4 q4 K B

Values for k as a function of temperature are alsoy4

given in Table 1.
Ž .Whereas the kinetics associated with reaction 2

are widely accepted, uncertainties exist regarding the
reaction kinetics of the coupling of the boric acid
and carbonic acid systems as indicated by reaction
Ž .4 . Based on the investigation of chemical sound
absorption in seawater by the resonator method,

Ž .Mellen et al. 1983 proposed a four-state model to
couple the boric acid and carbonic acid systems
which also includes ion pairing with Ca2q. This was
necessary to explain the observed sound absorption
measured in seawater, which requires that a volume
change is associated with the reaction in order to
couple the reaction to the pressure wave.

Ž .On the other hand, Mallo et al. 1984 performed
temperature-jump experiments from which values for
the kinetic rate constants for the proposed reaction
Ž .4 were derived. They observed relaxation frequen-
cies in the 1 kHz range and fitted their data to a

Ž .reaction scheme according to Eq. 4 . Good agree-
ment was obtained between experimental data and
their model when the results were plotted vs. boric
acid concentration, bicarbonate concentration, and
pH. They also investigated the influence of Ca2q

ions on the coupling of the boric acid and carbonic
Ž . 2qacid systems. Mallo et al. 1984 varied the Ca

concentration between 0 and 10 mmol kgy1 and
measured the relaxation frequency. They concluded
that within the experimental accuracy the relaxation
time is independent of the Ca2q concentration.

In summary, it appears that Ca2q ions—which
are needed to explain sound absorption in seawater
Ž .Mellen et al., 1983 —have little or no effect on the
proton transfer reactions between the acid–base cou-
ples of the boric acid and carbonic acid systems as

Ž .studied by Mallo et al. 1984 . Sound absorption in
seawater is a complex phenomenon and it is likely
that the considered frequency range is of importance
here. It is desired that further work will clarify the
influence of Ca2q ions on sound absorption in more
detail. At present, we believe that the coupling of the
boric acid and carbonic acid systems can be most
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adequately described by using the experimental re-
Ž .sults of Mallo et al. 1984 .

4. Relaxation times

The rate constants as summarized in the previous
section enable us to calculate the time required to
establish chemical and isotopic equilibrium of the
boric acid–borate system in seawater. The relaxation
time t used here refers to the time after which a
perturbation of the system has decreased to ;37%
,1re of its initial value. For an exponentially

Ž .decreasing function x t :

x t sx exp ykt ,Ž . Ž .0

where x is the initial value at ts0, the relaxation0

time t is given by ts1rk because at tsts1rk,
we have:

x t sx =1re,x =0.3679.Ž . 0 0

As noted in the Introduction, the relaxation fre-
quency, f , of the boric acid–borate equilibrium is on
the order of 1 kHz and therefore causes sound
absorption in this frequency range in the ocean. The
corresponding relaxation time is given by ts

Ž .1r 2p f which is on the order of 100 ms. This is
valuable information since chemical equilibria estab-

Ž .lished much faster than this time scale Q10 ms can
safely be assumed to be in equilibrium.

This is the case for the recombination of Hq and
OHy:

K w q yR

RH O H qOH 5Ž .2

Ž .ion product of water and for the equilibrium be-
tween bicarbonate and carbonate:

K2y 2y qR

RHCO CO qH 6Ž .3 3

for which the rate constants are diffusion-controlled
and the relaxation times are on the order of a few

Ž .microseconds see Eigen, 1964 . Additionally, aque-
ous carbon dioxide does not have to be considered at
all since the equilibration time for this species is

Ž .much longer ;10 s, see e.g., Zeebe et al., 1999
Žthan that of the boric acid–borate equilibrium ;100

.ms . Consequently, the only reactions that need to be
considered for the kinetic rate law are:

kq3 yy R

RB OH qOH B OHŽ . Ž .3 4
ky3

kq4 y2y yR

RCO qB OH qH O B OH qHCO .Ž . Ž .3 43 2 3
ky4

It is shown in Appendix A that the relaxation time
for these reactions can be calculated using the con-

Ž .servation of total dissolved inorganic carbon SCO ,2
Ž . Ž .total boron B , total alkalinity TA , and the equi-T

Ž . Ž .librium constants of reactions 5 and 6 . The result
for the relaxation time t of the boric acid–borate
equilibrium is:

y1 yw xt sqk OH qa B OH qkŽ .Ž .3q3 y3

2yqk CO qab B OHŽ .Ž .3q4 3

yyqk HCO qab B OH 7Ž . Ž .ž /4y4 3

where

1
as 8Ž .2qw x1qbq H rK w

and
2y qw xCO H rK3 w

bs . 9Ž .qw x1qK r H2

Approximate values of carbon system parameters at
pHs8.2, SCO s2 mmol kgy1, B s0.42 mmol2 T

Fig. 3. Relaxation time of the boric acid–borate equilibrium as a
y1 Žfunction of pH at constant SCO s2 mmol kg T s258C,2

.Ss35 .
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y1 w yxkg , Ts258C, and Ss35 are: HCO s1.7=3
y3 y1 w 2yx y4 y110 mol kg , CO s3.2=10 mol kg ,3

w qx y9 y1 w yx y6H s6.3=10 mol kg , OH s9.6=10
y1 w Ž . x y4 y1mol kg , B OH s3.0=10 mol kg , and3

w Ž .yx y4 y1B OH s1.2=10 mol kg . Using these val-4

ues and pK s13.22 and pK s8.92, one obtains:w 2

t,95ms.

The relaxation time of the boric acid–borate equilib-
rium as a function of pH is shown in Fig. 3. The
variation of t with pH is moderate when compared

Ž .to, e.g., the variation of the CO aq. equilibration2
Ž .time with pH, see Zeebe et al. 1999 ; t is decreas-

ing at higher pH due to the higher concentration of
hydroxyl ions in solution.

The temperature dependence of t at constant
pHs8.2 and SCO s2 mmol kgy1 is shown in2

Fig. 4a. As expected from the temperature depen-
dence of the rate constants, the relaxation time de-

Žcreases with increasing temperature elevated tem-
perature allows more molecules to surmount the
energy barrier of the activation energy, therefore

.leading to higher reaction rates .
The dependence of t on SCO at constant pHs2

8.2 and Ts258C is shown in Fig. 4b. The relaxation
time decreases with increasing concentration of

Ž .SCO . As is obvious from Eq. 7 , the relaxation2

time is inversely proportional to the concentrations

Fig. 4. Relaxation time of the boric acid–borate equilibrium as a
Ž . Ž .function of a temperature and b SCO at constant pHs8.2.2

of HCOy and CO2y. Thus, an increase of SCO3 3 2
Ž w yx w 2yx.which leads to an increase of HCO and CO3 3

produces a higher reaction rate and hence a smaller
relaxation time.

Using the information given so far, we can also
Ž .ycalculate the turnover time of, e.g., B OH for the4

Ž .y Ž .chemical reaction between B OH and B OH in4 3
Ž .yseawater. The turnover time of B OH is given by4

Ž .ythe concentration of B OH divided by the forward4
Ž Ž . .reaction rate cf. Eq. 18 of Appendix A :

yw xŽ .B OH 4
t stov y 2yw x w x w x w xŽ . Ž .k B OH OH qk B OH CO3 3q3 q4 3

,150 ms.

Ž .yIn other words, an amount of B OH which is4
Ž .yequal to the total concentration of B OH under-4

goes chemical reaction within 150 ms.

5. Stable boron isotopes 11 B and 10 B

Boron has two stable isotopes with natural abun-
11 10 Ž .dances B: 80.18% and B: 19.82% IUPAC, 1998 .

With regard to the dissolved boron species in seawa-
Ž . Ž .yter, it follows that about 80% of B OH and B OH3 4

contains the heavy isotope 11 B, whereas about 20%
of these molecules contains the light isotope 10 B.
The question to be addressed in this section is: what
happens if the system is perturbed by, say adding
boric acid to the system which has a different iso-
topic composition than the species in solution—i.e.,
how quickly is isotopic equilibrium established? It is
emphasized that the times calculated here for isotope
equilibration refer to a closed volume of seawater,
i.e., no fluxes due to mass transport are considered.
Such fluxes are of great importance when for exam-
ple, carbon isotope exchange between seawater and a
gas phase is considered, which affects the isotopic

Žequilibration time significantly e.g., Broecker and
.Peng, 1974 .

Before getting into the calculation of the equili-
bration time for the stable boron isotopes 11 B and
10 B, some general remarks might be useful. Consider
the following reactions for the dissolved boron
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species containing the heavy and the light isotope,
respectively:

kq3 y11 11y R

RB OH qOH B OH 10Ž . Ž . Ž .3 4
ky3

kX
q3 y10 10y R

RB OH qOH B OH 11Ž . Ž . Ž .3 4Xky3

where kX and kX are the reaction rates of theq3 y3

boron species containing the light isotope 10 B. The
reaction rates of the species containing the light
isotope are usually a little larger than those of the

Žspecies containing the heavy isotope e.g., Melander
.and Saunders, 1980 . The differences are, however,

generally on the order of per mil and do not affect
Ž .the relaxation time noticeably see below . With

respect to stable boron isotopes, the system consists
of two independent compartments: one compartment

11 Ž . 11 Ž .ycontaining the species B OH and B OH , the3 4
10 Ž .other compartment containing B OH and3

10 Ž .yB OH .4

There are no direct reactions between the two
compartments since each isotope is conserved during
reaction. The systems are chemically coupled by the
reaction with OHy. It follows that isotopic equilib-
rium is achieved when chemical equilibrium is
achieved in each compartment.

The equilibration time for the system can be
calculated analogous to the procedure outlined in
Appendix A for total boron. The new feature being

Ž . Ž .that reactions 10 , 11 and

kq4
y11 112y R

RCO q B OH qH O B OHŽ . Ž .3 43 2
ky4

qHCOy 12Ž .3

kX
q4 y10 102y R

RCO q B OH qH O B OHŽ . Ž .3 43 2 Xky4

qHCOy 13Ž .3

have to be considered. It is noted that the rate
11 Žconstants for the B-species k , k , k , andq3 y3 q4

.k are assumed to be equal to the rate constantsy4
Ž .for the total boron species as used in Section 4

which contain a mixture of 11 B and 10 B according to
their natural abundances. As already said, small dif-
ferences in the reaction rates have virtually no effect
on the relaxation times.

Since we are dealing with two compartments in
Žthis case as opposed to one in the case discussed in
.Section 4 , there are two more variables of which

one variable can be eliminated by, e.g., the conserva-
tion of the total 10 B concentration. Since the calcula-
tion of the relaxation time of the system containing

Ž11 .different isotopes t is similar to that given in
Appendix A, the details shall not be elaborated here
Ž Ž . . 11see Zeebe et al. 1999 for particulars . Finally, t

is given by a quadratic equation which has the
solution:

1rtq1rt
X

y111
t sŽ .a ,b 2

X 21rtq1rt 1 1
" y q .) Xž /2 tt t t12 21

14Ž .

Note that the index a and b refers to the solution
involving the ‘q’ and ‘y’ sign, respectively. The

X Ž .quantities t and t are given by Eq. 7 where
11 Ž . 10 X ŽBs B in case of t and Bs B, k sk in casei i
X.of t , respectively. Furthermore,

11 11y1t sk a B OH qk ab B OHŽ . Ž .3 312 q3 q4

y11qk ab B OHŽ . 4y4

10 10X Xy1t sk a B OH qk ab B OHŽ . Ž .3 321 q3 q4

y10Xqk ab B OHŽ . 4y4

Ž . Ž .where a and b are given by Eqs. 8 and 9 , see
Section 4. Using typical values of the carbonate
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system parameters at pH 8.2, Ts258C, and Ss35,
the relaxation times are calculated as:

11
t ,95msa

11
t ,123 ms.b

The relaxation time 11
t ,95 ms and 11

t ,123a b

ms corresponds to the relaxation of the total boron
Ž . 10compounds see previous section and B com-

pounds, respectively. The reason for the slightly
longer relaxation time of the 10 B compounds is the
smaller concentration of 10 B compared to 11 B.

The values of the rate constants of the isotopic
species used in the calculations shall be briefly dis-
cussed here. To the best of our knowledge, the ratio

X Ž10 .of the kinetic rate constants k B compounds to k
Ž11 .B compounds has hitherto not been measured.

Ž .From the work of Kakihana et al. 1977 , it follows,
however, that kXrk has to be larger than 1.020
because the equilibrium fractionation between
Ž . Ž .yB OH and B OH is ;1.020. As a first guess it3 4

was assumed that the ratio of the kinetic rate con-
stants kX to k is kXrks1.030, i.e., the kinetic
fractionation is 30‰, which gave 11

t ,95 ms anda
11 Ž .t ,123 ms see above . Assuming a much largerb
Ž . Xarbitrary value of k rks1.080 yields very similar
results: 11

t ,94 ms and 11
t ,119 ms. This demon-a b

strates that the differences between the rate constants
of molecules containing the heavy and the light
isotope of boron are too small to affect the relaxation
time significantly.

5.1. Kinetic isotope effects during coprecipitation of
boron in CaCO3

Using the isotope equilibration times between the
dissolved boron species as derived in the previous
section, we can now discuss the possibility of kinetic
isotope effects during the coprecipitation of boron in
CaCO . As already said in the Introduction, it is3

Ž .ybelieved that the charged species B OH is prefer-4
Žentially adsorbed in preference to the neutral species

Ž . .B OH before incorporation of boron into the car-3
Žbonate based on empirical evidence e.g., Hemming

.and Hanson, 1992; Sanyal et al., 1996, 2000 . This
Ž .yscenario, in which the isotopically lighter B OH 4

species is taken up in isotopic equilibrium with

Ž .B OH , can be considered the equilibrium fractiona-3

tion case.
Let us now consider kinetic fractionation. In this

Ž .yscenario, B OH shall also be the sole species4

adsorbed on the carbonate. However, the light
10 Ž .ymolecules B OH are adsorbed more readily than4

11 Ž .ythe heavy molecules B OH . If this isotopically4
Ž Ž .y.light boron lighter than dissolved B OH is buried4

Žimmediately below subsequent layers of CaCO i.e.,3

no further exchange with the dissolved boron species
.is allowed , kinetic isotope effects are to be ex-

pected. If on the other hand, exchange with the
Ž .dissolved boron species is possible and rapid , ki-

netic isotope effects are unlikely to occur. In order to
evaluate the likelihood of the two scenarios, one has
to estimate the relative velocities of the processes.
Thus, the crucial quantities are the characteristic time
scale for crystal growth and the characteristic time
scale for isotopic equilibration between the dissolved
boron species in solution.

The characteristic time scale of the crystal growth
t can roughly be estimated by:c

d
t , 15Ž .c

D HrD t

˚ ˚ y10Ž .where d;5 A 1 As10 m is the thickness of
an atomic layer of CaCO and D HrD t is the linear3

extension rate of the crystal in the direction of
growth. In foraminifera and corals, D HrD t is on the
order of mm dayy1 and mm yeary1, respectively
Ž .Hemleben et al., 1989; McConnaughey, 1989 . This
yields characteristic time scales for the crystal growth
of 43 and 16 s, respectively. In inorganic calcite, the
growth rate may vary significantly, ranging from

y6 y1 y2 y1 Ž10 to 10 mol m h e.g., Zuddas and
.Mucci, 1994 which translates into D HrD t;4=

10y5 –4 mm hy1, where the molecular weight, 100 g
moly1, and the density rs2.7=106 g my3 of
calcite have been used. The characteristic time scale
of inorganic crystal growth may therefore range from
0.5 s to 13 h. Since the time scale for the equilibra-
tion between the dissolved boron species is t;1=

10y4 s, the time scale for crystal growth in biogenic
and inorganic calcium carbonate is about three to
eight orders of magnitude larger than t . Thus, ki-
netic isotope effects during coprecipitation of boron
in CaCO are unlikely because the rate limiting step3
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is clearly the crystal growth and not the equilibration
Ž .y Ž .between B OH and B OH . This assumes that the4 3

isotopic exchange between surface bound boron
species is of the same order of magnitude as the
isotopic exchange between dissolved boron species
in solution.

6. Summary and conclusions

In this paper, we have presented a detailed study
of the kinetics of the boric acid–borate equilibrium
in seawater. The reaction pathways and the rate
constants of those reactions were hitherto widely
unknown in marine chemistry and chemical
oceanography. We have obtained information on this
subject from physico-chemical studies which investi-
gated sound absorption in seawater. The theoretically
calculated relaxation time for chemical and isotopic
equilibrium is ;95 and ;125 ms, respectively, for
typical seawater conditions at temperature Ts258C
and salinity Ss35. It follows that for practical

Žpurposes i.e., when time scales of minutes and
.hours are considered , it can safely be assumed that

the dissolved boron species and the stable boron
isotope composition of those species is in equilib-
rium.

The equilibration times as derived in the present
paper were used to shed light on kinetic isotope
effects during the incorporation of boron into car-
bonates. Kinetic isotope effects are unlikely because
the rate limiting step during coprecipitation of boron
in calcium carbonate is the crystal growth and not

Ž .y Ž .the equilibration between B OH and B OH .4 3

Thus, the d
11 B of the carbonates should be largely

independent of growth rate effects. This result is of
importance for evaluating the potential of stable
boron isotopes as a paleo-pH proxy. Provided that

Ž .ythe charged species B OH is preferentially ad-4
Ž Ž . .sorbed in preference to the neutral species B OH 3

before incorporation into the carbonate, the isotopic
composition of boron in the carbonate should be
close to the equilibrium composition of dissolved
Ž .y 11B OH in solution. Since the d B of dissolved4
Ž .yB OH in the ocean is primarily controlled by4

Žseawater pH on time scales smaller than the resi-
dence time of boron in the ocean, ;15 million

. 11years, Vengosh et al., 1991 , also the d B of the

carbonates should be primarily controlled by the
seawater pH. The latter statement is one of the
fundamental assumptions for the use of stable boron
isotopes as a paleo-pH recorder. Our study corrob-
orates this assumption.
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Appendix A. Calculation of the relaxation time t

On the time scale of the relaxation of the boric
acid–borate equilibrium, the chemical reactions that
need to be considered for the kinetic rate law are:

kq3 yy R

RB OH qOH B OH 16Ž . Ž . Ž .3 4
ky3

kq4 y2y yR

RCO qB OH qH O B OH qHCO .Ž . Ž .3 43 2 3
ky4

17Ž .

w Ž .yxThe kinetic rate law for, e.g., B OH reads:4

y
d B OHŽ . 4 yw xsqk B OH OHŽ . 3q3d t

y
yk B OHŽ . 4y3

2yqk B OH COŽ . 3q4 3

y yyk B OH HCO . 18Ž . Ž .4y4 3

This is a first order, non-linear differential equation
w Ž .yxfor B OH . In order to solve this equation analyti-4

cally, we use the linear form of it and express all
Ž .concentrations of the right hand side of Eq. 18 in

w Ž .yx Ž .terms of B OH . Then, Eq. 18 can finally be4

rewritten as:

d x 1
sy x

d t t
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w Ž .yx w Ž .yxwhere xs B OH y B OH is a perturbation4 4 eq
Ž . w Ž .yxsmall deviation from equilibrium of B OH and4

t is the relaxation time of the system after which the
perturbation has decreased to ;37%,1re of its
initial value. The solution is:

x t sx exp ytrt .Ž . Ž .0

In order to express all concentrations of the right
Ž . w Ž .yxhand side of Eq. 18 in terms of B OH , we use4

quantities of the system which are conserved in the
q Žcourse of the reaction. Including H which is re-
.quired for the calculation of pH , there are six

chemical species or variables: HCOy, CO2y, OHy,3 3
q Ž . Ž .yH , B OH , and B OH . Using the conservation3 4

Ž .of total dissolved inorganic carbon SCO , total2
Ž . Ž .boron B , and total alkalinity TA :T

y 2ySCO s HCO q CO2 3 3

y
B s B OH q B OHŽ . Ž .3 4T

y 2y yw xTAs HCO q2 CO q OH3 3

y qw xq B OH y H 19Ž . Ž .4

and the equilibrium relations:

2y qw xCO H3
K s2 yHCO3

w qx w yxK s H OH 20Ž .w

there are five equations and six variables, enabling
w Ž .yxus to express all concentrations in terms of B OH 4

Ž .see below .
Ž .The linear form of Eq. 18 for a small deviation

w Ž .yxfrom equilibrium of B OH reads:4

d x
yw xs qk g OH ya B OHŽ .Ž .3q3d t

2yyk qk g CO qe B OHŽ .Ž .3y3 q4 3

yyyk HCO qd B OH x 21Ž . Ž .ž /4y4 3

Ž wx .where all concentrations ‘ ’ refer to equilibrium
concentrations. The Greek letters a , g , d , and e

w yx w Ž . xrepresent the derivatives of OH , B OH ,3
w yx w 2yx w Ž .yxHCO , and CO , with respect to B OH at3 3 4

equilibrium:

1
as 2qw x1qbq H rK w

gsy1

dsab

esyab 22Ž .
where b is given by:

2y qw xCO H rK3 w
bs .qw x1qK r H2

Ž .Eq. 22 has been derived by differentiating the
Ž Ž .expressions of the conserved quantities Eqs. 19

Ž .. w Ž .yxand 20 with respect to B OH and solving the4

resulting set of equations for a , g , d , and e . Using
Ž . Ž .Eq. 21 and remembering that d xrd tsy 1rt x,

one finally obtains:

1
yw xsqk OH qa B OHŽ .Ž .3q3

t

2yqk qk CO qab B OHŽ .Ž .3y3 q4 3

yyqk HCO qab B OH 23Ž . Ž .ž /4y4 3

which was given in Section 4.
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