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Abstract

We studied dissolution kinetics of the carbonate fraction >150 pm of sediments sampled along two bathymetric
transects in the eastern tropical Atlantic: the Sierra Leone Rise (SLR) and the Cape Verde Plateau (CVP). The reaction
was followed by monitoring solution pH during freedrift experiments lasting between 46 and 50h (20 °C,
/?7C0273100ppm and latm pressure). The alkalinity reached at the end of the dissolution experiments ranged
between 2.444 and 2.798 meq/kgsw. The dissolution time series was extrapolated to equilibrium by fitting an
empirical relation to the data. The estimated asymptotic concentration products ([Ca2+Joo x [CO2-]*, for ¢ -> oo and
aAc/at = 0) range from 4.27 x 10-7 to 6.77 x 10_7mol2Zkgdw. These asymptotic concentration products are comparable
with the stoichiometric concentration product of aragonite (6.56 x 10_7mol2kg23s) and calcite (4.37 (£0.22) x
10_7mol2kg2) derived for the same sediment material during long-term equilibration experiments. They are indicative
of the presence of trace amounts of a higher solubility carbonate phase in sediments of the shallow stations (SLR
station 4, 2637 m; CVP station M, 3104 m). While it is likely that this phase is aragonite, the presence of authigenic
carbonate precipitated in contact with supersaturated bottom waters cannot be excluded. Calcite is the main dissolving
carbonate mineral in sediments from deeper stations. The order of reaction is always greater than unity. It varies
between 1.4 (SLR station C) and 2.8 (CVP station M2), with an average n = 2.3 = 0.4. The higher order reaction is
explained in terms of a multiphase system. Specific rate constants range from 0.09 to 0.53meq/m2/d.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The variability of calcium carbonate (CaC03)
content of marine sediments serves as a proxy for
past oceanic productivity and deep-water carbonate
chemistry (Berger et al., 1989; Curry and Lohmann,
1985; Lyle et al., 1988). The record of sedimentary
CaCO03 displays strong glacial-interglacial cycles
(Farrel and Prell, 1989). On these time scales, the
sediments participate in the ocean carbon cycle by
balancing input fluxes of alkalinity derived from
continental weathering through the burial of
CaC03. The mechanism maintains the global ocean
alkalinity budget at steady state and feeds back on
atmospheric ~*C02 (e.g. Broecker and Takahashi,
1978, Opdyke and Walker, 1992, Archer and
Maier-Reimer, 1994; Sigman et al., 1998; Archer
et al., 2000) and is likely to contribute to the future
neutralization of anthropogenic C02 on thousand
year time-scales (Archer et al., 1998).

The flux of CaCO03 entering the sediment as the
remains of pelagic organisms (coccolithophorids,
foraminifera, pteropods) depends upon surface
productivity, the saturation state of bottom waters
and diagenetic reactions. The saturation state of
bottom waters is set by the carbonate ion
concentration, together with the pressure (depth
of water column) and temperature dependence
of carbonate mineral solubility (Broecker and
Takahashi, 1978; Mucci, 1983; Millero, 1995).
The release of C02to pore waters during aerobic
organic matter decay is an additional potentially
important driving force for CaC03 dissolution in
surface sediments (e.g. Emerson and Bender, 1981;
Archer et al., 1989; Berelson et al., 1990; Hales
et al., 1994; Cai et al., 1995; Jahnke et al., 1997;
Jahnke and Jahnke, 2004). Carbonate dissolution
driven by metabolic C 02 can result in a substantial
alkalinity flux from sediments deposited above the
saturation depth and was proposed as a feedback
mechanism on atmospheric pC02 (Archer and
Maier-Reimer, 1994). Our capability to interpret
the sedimentary record of CaC03in terms of past
environmental conditions, as well as to evaluate
model forecasts of future changes of the coupled
oceanic-atmospheric C cycle, relies in part on the
accurate estimation of CaC03 dissolution kinetics
and associated alkalinity fluxes.

Dissolution kinetics of CaC03 have been exten-
sively studied over the past 30 years (e.g. Morse and
Berner, 1972; Ingle et al., 1973; Berner and Morse,
1974; Berner, 1976; Morse, 1978; Honjo and Erez,
1978; Plummer et al., 1978; Keir, 1980; Walter and
Morse, 1985; Chou et al., 1989; Van Cappellen et
al.,, 1993; Arakaki and Mucci, 1995; Morse and
Arvidson, 2002). Empirical studies of the dissolu-
tion behavior of biogenic carbonates in seawater
yielded a high order dependence (« = 4.5) of the
dissolution reaction on the degree of undersatura-
tion of seawater (Keir 1980). These results were
challenged by Hales and Emerson (1997b) based
upon the reassessment of experimental data Keir
(1980) had obtained for synthetic calcite. They
concluded that the rate of dissolution is linearly
dependent on undersaturation and proposed that
the high reaction order reported by Keir (1980)
could be ascribed to uncertainties linked to the
saturation state of the experimental seawater
solution. First-order calcite dissolution kinetics
proved to be more consistent with the interpreta-
tion of in-situ pore water pH measurements (Hales
and Emerson, 1997a,b). A satisfying reproduction
of pore water profiles through diffusion-reaction
models is, however, not a proof per se of the
validity of a kinetic expression (Gehlen et al., 1999).

The use of synthetic calcite, which is a homo-
geneous phase with a set of well-defined character-
istics (e.g. trace element composition, degree of
crystallinity, specific surface) makes it possible to
resolve individual reactions (Chou et ah, 1989;
Van Cappellen et al.,, 1993; Arakaki and Mucci,
1995) and thus has distinct advantages in the
context of kinetics studies. However, biogenic
carbonates are heterogeneous, and non-homoge-
neous dissolution has been reported in the past
(Broecker et al., 1991; Lohmann, 1995; McCorkle
et al., 1995; Martin et al., 2000). Thus there are
potential problems with using a synthetic mineral
as an analog for a biogenic mineral phase. There is
a clear need for kinetic experiments to be carried
out with natural marine carbonates.

We addressed this need by studying the dissolu-
tion kinetics of core top sediments sampled along
two bathymetric transects in the eastern equatorial
Atlantic, on the Sierra Leone Rise (SLR) and the
Cape Verde Plateau (CVP). The size fraction
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greater than 150 pm was used. It consists of
foraminifera shells and fragments. There are two
reasons for selecting a specific size fraction, rather
than working with the bulk sediment. First, the
presence of clay minerals within bulk sediments
would most likely result in an artifact linked to
reactions at clay mineral surfaces. Second, the
importance of foraminifera in paleoenvironmental
reconstructions makes the understanding of their
dissolution behavior an important goal in itself.
This paper focuses on the kinetics of marine
carbonate dissolution. The solubility is discussed
in Part I (Gehlen et al., 2005).

2. Study area

Sediment cores were collected aboard the R.V.
Knorr (winter 1998) along two bathymetric trans-
ects in the eastern equatorial Atlantic (SLR and
CVP). Several previous studies discussed the
carbonate sediment of this region (Archer et al,
1989; Curry and Lohmann, 1986, 1990; Dubois and
Prell, 1988). The geographic locations of sampling
sites are listed in Table 1 and shown in Fig. 1.

3. Material

Sediment cores were collected with a multi-
corer. Cores for which there was evidence of

Table 1
Location and depth of sampling sites

disturbance of the sediment-water interface or
turbidity of the overlying water were excluded
from processing. Sediments were extruded and
core-tops were sliced into 1cm-thick samples.
Complete pteropod shells were observed occasion-
ally in sediments from stations A and B on the
SLR transect. No pteropod shells or fragments
were identified in samples selected for this study.
Sediments were transferred into plastic containers
and stored at 2 °C without further conditioning or
processing. Core-top sediments were sub-sampled
on shore. Sediments were gently wet-sieved in
order to separate the > 150 pm size fraction. Care
was taken to avoid breaking individual carbonate
particles. The size fractions were cleaned by
repeated sonification to remove fines from inside
foraminifera chambers, and rinsed with distilled
water before being oven-dried to constant weight.

4. Methods
4.1. Dissolution experiments

The dissolution experiments were carried out in
artificial seawater. Seawater was prepared accord-
ing to Grasshoff et al. (1983), but without adding
carbonate alkalinity. During the experiments two
batches of artificial seawater were used. Soluble
reactive phosphate levels were analyzed follow-
ing the standard molybdenum-blue colorimetric

Stat. Latitude Longitude Depth (m) rCo 2 (mmol/kgsw) Af (meq/kgsw) 0, Qc COs (pmol/kgsw)
Sierra Leone Rise

A 5@7.1N 2L00.5W 2637 2.172 2.336 1.04 1.60 113.4

C 5G1.9N 2L48.4W 3593 2.182 2.338 0.82 1.25 106.7

E 700.0N 2436.8W 4202 2.180 2.344 0.76 1.15 110.2

G 8G7.1N 24Q9.0W 4930 2.193 2.350 0.64 0.96 104.9

Cape Verde Plateau

M 18Q7.8N 2101.5W 3104 2.205 2.364 0.93 1.42 110.0

K 16Q27.2N 2L32.9W 3753 2.209 2.358 0.77 1.17 103.2

The composition of bottom waters was determined for the eastern equatorial Atlantic sites: in situ levels of 7C 02 and 4 ¢: computed Qc,
saturation index of bottom waters with respect to calcite (Mucci. 1983) and COSA in situ carbonate ion concentration (after Gehlen

et al.. 2005).
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Fig. 1. Location of sampling sites on the Sierra Leone Rise and Cape Verde Plateau.

method (Grasshoff et al., 1983). They were below
the detection limit (20nM/kg). The seawater was
brought to the desired initial alkalinity by adding
the corresponding volume of a 0.1 M NaHCO03
stock solution. Experiments were run for approxi-
mately 50h in the free-drift mode under constant
pC02at 20 °C and with a solid to solution ratio of
1-100. The ;iC02 of the gas mixture ranged
between 3100 and 3132 ppm with a manufacturer
given precision of 0.3%. At the onset of the

experiment, the seawater was equilibrated under
constant stirring with a commercial N2-C 02 gas
mixture until a stable pH was obtained. A known
amount of CaC03was added to the reactor. The
system was closed and stirring was started (glass
propeller). The solids were kept in suspension by
the combined effect of stirring and bubbling of
the gas mixture. The reaction was monitored by
following the evolution of solution pH. The
spéciation of the carbonate system was computed
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combining measured pH and known pC02 A
sample of the experimental solution was with-
drawn at the start and at the end ofthe experiment
and analyzed for alkalinity. We combined mea-
sured alkalinity (4% and known p C 02to compute
solution pH (Fig. 2) and carbonate alkalinity to
check the internal consistency of the carbonate
system. If necessary, measured pH values were
corrected to correspond to those calculated from
At and p C 02 (maximum magnitude of correction
of 0.02 pH units). The offset between measured
and calculated pH wvalues appeared to be a
characteristic of the particular glass electrode.
Dissociation constants as recommended by
DOE (1994) were used for all calculations. All
pH values were reported on the total ion scale
(pHt, mol/kgsol)

At the end of the experiment, the seawater
solution was filtered (0.45 pm) and the solid
fraction recovered. The carbonate material was
rinsed with distilled water and oven-dried. In order
to evaluate the effect of sample heterogeneity, we
duplicated experiments for SLR station A and
CVP station M. For the duplicated experiments
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Fig. 2. Comparison between measured and computed solution
pH. The computed values were obtained by combining
measured alkalinity and pC0 2. Bold line =1:1 line measured
and computed solution pH; dotted line = +0.02 pH units.

AT, M1, we selected a greater time interval between
individual pH measurements. The details of
experimental conditions are presented in Table 2.

4.2. Analytical procedures

The pH of the experimental seawater (pHt)
solution was monitored with a combined glass
electrode and a high-precision pH-meter (Radio-
meter Analytical). The pH electrode was calibrated
using two or three NBS buffers combined with a
seawater TRIS buffer (Dickson, 1993a, b; Millero
et al,, 1993). The standard error of pH measure-
ments associated with electrode calibration was
below 0.01 pH units (range 0.001-0.01). The
stability of pH measurements was checked by
monitoring the pH value of a TRIS buffer over a
period of 20 h. The electrode was calibrated three
times during this interval (z= 0, 6, 20h). The pH
value of the TRIS buffer yielded by repeated
calibrations fluctuated by + 0.01% (equivalent to
0.8 x I0-3 pH units). Between calibrations, the pH
drift over 14h amounted to 0.6% of its initial
value (equivalent to 0.05 pH units). Despite the
overall stability of the electrode system, results of
several experiments had to be corrected for a linear
electrode drift between calibrations. An electrode

Table 2
Details of experimental conditions

Station Salinity pC 02 Ca2+ Ato (meq/

(ppm) (mmol/ kgsw)
kgsw)

Sierra Leone Rise

Al 33.66 3104 10.61 1.791

A2 33.66 3132 10.13 1.804

C 32.06 3104 9.57 2.008

E 32.06 3100 9.57 2.008

G 32.06 3100 9.57 2.008

Cape Verde Plateau

MI 33.66 3104 10.13 1.973

M2 32.06 3100 9.57 2.008

K1 32.06 3100 9.57 2.008

Salinity, pC 02, total alkalinity (meq/kgsw, standard deviation
~0.01 meq/kgsw). All experiments were run at 20°C, latm
pressure, using artificial seawater.
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failure occurred during the dissolution experi-
ments M2 and G. The results could be exploited
nevertheless since the pH and the solution
composition from spéciation (4¢ and ~C02) at
48 h were consistent.

The chlorinity and total alkalinity (4¢) of filtered
(0.45mm millipore filters) solution sub-samples
were determined by potentiometric titration. For
the chlorinity analysis, the artificial seawater was
titrated with AgNO03. The total alkalinity was
analyzed following Gieskes and Rogers (1973) by
titrating a sub-sample with standardized, commer-
cial dilute HC10.01 (0.2 x 10_4)N. The seawater
calcium concentration was determined according
to Tsunogai et al. (1968) on randomly selected
samples. In order to control the mass balance, the
calcium production during dissolution as derived
from measurements was compared to the one
computed from alkalinity change. The two ap-
proaches yielded consistent results. For each
titration five replicates were analyzed resulting in
a standard error of mean better than 0.2% (range:
0.1-0.2%).

4.3. Data treatment

The time-dependent evolution of pH was con-
verted to carbonate alkalinity (4¢, meq/kgsw) by
combining pHt and ;;C 02. Dissolution time series
were quantified by fitting an empirical relationship
to the time-dependent evolution of carbonate
alkalinity (4c, meq/kgsw):

Ac(t) —(zico ™Mc,co)exp( aaf) 4 A GX @))

with

Act= Al for t —0 and 4 ¢t — A cjac for t —moo.

The alkalinity 4 ¢jc corresponds to the alkalinity
extrapolated to infinite time (dAc¢/dt —0) and is
thus an estimate of the apparent solubility of the
carbonate sample. We refer to it as asymptotic
alkalinity. The asymptotic alkalinity, a and /3 are
free parameters. They were adjusted by minimizing
the sum of least squares. The rate of alkalinity
production follows from dA4c/dt.

The asymptotic concentration product was
derived from the spéciation of the carbonate

system computed by combining estimated Acw
and known ;;C02. It is defined by

[Ca2+]c0 x [CO2-]7 Q)

with [Ca2+]", x [CO3

tion product for + —m00.
The concentration of [Ca2+]oo was estimated

from the total alkalinity production A4t —

At'M— Atfi, as [Ca2+]oo = [Ca2+]0+ 0.5 x 4AA¢t.
The carbonate dissolution rate is then

, asymptotic concentra-

R=-df =k(\-af 3)

with R the dissolution rate (meq/kgsw/time); k the
dissolution rate constant (meq/kgswtime); n the
dimensionless order of reaction and U the ratio
asymptotic over stoichiometric concentration pro-
duct.

The dissolution rate constant, R, was normal-
ized with respect to the specific surface area of
carbonate samples (m2kgsoiid) and the solid to
solution ratio (kgsoid’kgsw) to yield Rs, the specific
rate of dissolution in meq/m2time. Reaction
order, n, and specific dissolution rate constant, ks
(meq/m2time), were estimated by linear regression
analysis from the logarithmic form of Eq. (3) after
normalization with respect to the specific surface
area and the solid to solution ratio

log Rs= nlog(1l- Q)+ log ks 4

with Rs the normalized dissolution rate (meq/m2/
time); ks the specific dissolution rate constant
(meq/m2time) and n the dimensionless order of
reaction.

5. Results

Total alkalinities of samples taken at the end of
dissolution experiments are given in Table 3. The
measurement corresponding to experiment MI
(final) is not reported. The measured At of the
sample taken at the end of this experiment was
2.00meq/kgsw (¢t — 51 h), which corresponds to a
pHt of 7.19 calculated from A¢ and pC 02 The
comparison with the measured pHt (7.34) reveals a
lack of consistency. The low value of A¢ is
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Table 3
Dissolution experiments

Station At (meq/kgsw) Agrv (meq/kgsw)

Sierra Leone Rise

At 2.789 2.95
A2 2.699 3.00
C 2.488 2.55
E 2.444 2.52
G 2.456 2.54
Cape Verde Plateau

M1 n.d. 3.00
M2 2.586 2.85
K1 2.517 2.55

[Ca2+]x x [COVn ACaCOj (%) Time (h)
mol/kgsw)2

6.77 x 10~7 0.50 50

6.56 x 10~7 0.37 49

437 x 1007 0.26 49

427 x 10- 7 0.30 49

434 x 10- 7 0.24 49

6.77 x 10- 7 0.46 51

5.50 x 10- 7 0.30 48

437 x 10- 7 0.27 46

Atf total alkalinity (meq/kgsw, Standard deviation 70.01meq/kgsw) measured at end of times series; Ac x, asymptotic carbonate
alkalinity; [Ca2+]g, x [CO%]IX. concentration product computed for the asymptotic solution composition; ACaC03, mass loss during
dissolution experiment (% ofinitial solid mass); time (h), duration of experiment The total alkalinity for experiment M 1 is not reported

(see text for further details).

attributed to a dilution of the sample, possibly
with distilled water during its processing.

The evolution of the solution pH (pHt) as a
function of time during dissolution experiments is
presented in Fig. 3. During experiments SLRAI,
SLRA2, CVPMI1 observations were recorded
manually; later on the pH-meter was interfaced
with a personal computer. Periods without data on
curve SLRA2 correspond to time intervals without
observations. After calibration, the signal recorded
by the pH electrode needed +15 min in order to
return to its pre-calibration value, resulting in
small spikes on the pH curve. The overall shape of
the time-dependent evolution of pH is similar
among stations. The rapid increase during the first
10 h is followed by the slower evolution thereafter.
The curves tend towards a plateau with increasing
time. The pH time series recorded for sediments of
SLR station A stands out among the experiments
with a high final pH of 7.33 reached after 49h of
dissolution. The remaining stations level off at
a lower pH wvalues. There is no clear trend
with depth.

Fig. 4 exemplifies the time dependent evolution
of Ac for SLR stations A, C and CVP stations M
and K. The shape of the evolution of carbonate
alkalinity (4¢) as a function of time is identical to
the one discussed for pH. An electrode failure
occurred during experiment CVPK, which ex-

plains the lack of data in the second part of the
curve. The plain lines are computed following
Eq. (1). There is an overall good agreement
between computed time series of 4 c and the data.

The order of reaction and the specific rate
constant of dissolution are derived from linear
regression of the double logarithmic plot accord-
ing to Eq. (4) (Fig. 5). During the 60 min following
the introduction of solids a fast increase in pH is
observed. It translates into a slight non-linearity of
double logarithmic plots during the initial part of
the curves. This rapid change in solution chemistry
most likely reflects the combined effects of wetting
of dry solid surfaces and dissolution of fines
adhering to the carbonate particles. It is excluded
from linear regression analysis. The reaction order
(n) and the specific rate constant of dissolution (7s)
are computed from linear regression to Eq. (4).
Results are summarized in Table 4 together with
the associated errors.

6. Discussion
6.1. Dissolution time series
The final At reached at the end of dissolution

experiments (Table 3) might not represent an
equilibrium between the solid and the dissolved
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Fig. 3. The evolution of the solution pH as a function of time
during dissolution experiments, (a) Sierra Leone Rise bathy-
metric transect: stations A (SLRA, 2637 m), C (SLRC, 3593 m),
E (SLRE, 4202 m), G (SLRG, 4930 m); (b) Cape Verde Plateau
bathymetric transect: stations M (CVPM, 3104m) and K
(CVPK, 3753 m).

phase, so we use the asymptotic alkalinity, 4 GA) to
estimate the apparent solubility. The correspond-
ing asymptotic concentration product ([Ca2+]00x
[CO”oo) is derived from the spéciation of the
carbonate system computed by combining 4G
and pC02 (Table 3). Independent solubility
estimates were obtained from long-term equilibra-
tion experiments using samples from the SLR and
the CYP transects (Gehlen et al., 2005). We
computed an average stoichiometric concentration
product for calcite of 4.37 (+ 0.22) x I0- 7molY
kg2w from 13 independent experiments. Applying
the ratio between Xsp(arag)/Xsp(calc) of 1.5 (Muc-
ci, 1983) gives a stoichiometric concentration
product of aragonite equal to 6.56 x 10- 7mol%

kgsW With the exception of the shallow stations A
and M, asymptotic concentration products com-
puted for SLR and Cape Verde samples corre-
spond to the stoichiometric concentration product
of calcite. Calcite appears to be the main dissol-
ving phase in these samples.

The asymptotic concentration products for the
shallow stations A and M are close to Xsp(arag).
This stands in contrast to the results from long-
term equilibration experiments starting from
undersaturation with respect to calcite. The
independent experiments yielded stoichiometric
solubility products for both stations that were
not significantly different from those obtained for
the deeper sites. They corresponded to -calcite
solubility. The asymptotic concentration products
close to X*p(arag) obtained during the short-term
kinetic experiments suggest the presence of trace
levels of a higher solubility carbonate phase such
as aragonite or Mg-calcite. This carbonate phase
appears to dominate short-term dissolution experi-
ments. During long-term equilibration experi-
ments, it was fully dissolved before calcite
solubility was reached.

The presence of aragonite appears to be the
most likely explanation. We did not, however,
detect aragonite by X-ray diffraction analysis
(Gehlen et al., 2005). The detection limit of XRD
for aragonite is « 1 weight %. The maximal mass
loss during dissolution experiments of station A
was 0.5%, thus below the detection limit (Table 3),
and minor admixtures of aragonite cannot be
ruled out. Alternatively, the asymptotic concen-
tration products might indicate the presence of a
higher solubility carbonate precipitate. Decom-
pression during core retrieval is known to cause
carbonate precipitation out of pore waters (Mur-
ray et al., 1980). Asymptotic alkalinities would
thus reflect the dissolution of this precipitated
phase. Pore water DIC data (Martin et al., 2002)
suggest that decompression-driven carbonate pre-
cipitation could account for at most 0.01% of the
bulk CaCO03 content, far below the mass loss
during dissolution experiments. Moreover this
process would affect all samples and not be
restricted to shallow stations.

The asymptotic solubility values for stations A
and M could be due to the dissolution of
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authigenic carbonate phases that precipitated in
surface sediments in contact with supersaturated
bottom waters. The rapid formation of a Mg-rich
carbonate phase and its subsequent recrystalliza-
tion was documented during long-term equilibra-
tion experiments (Gehlen et al, 2005). The
saturation index with respect to calcite (Table 1)
ranges from 1.62 (station A) to 1.43 (station M). If
precipitation occurred at shallow stations A and
M despite the known inhibitory effect of phos-
phate and DOC, we would expect the formation of
an inorganic carbonate phase (coating) which
would be in equilibrium with the bottom water
composition. These abiotic carbonates are likely to
have an average Mg content between 8 and
10mol% (Mucci and Morse, 1990). According to
Berner (1976), a magnesian calcite of 8.5mol%

M gCO03has a solubility close to that of aragonite,
which is consistent with the high asymptotic
concentration products of stations A and M.
Jahnke and Jahnke (2004) present a review of
benthic fluxes of 02, 4¢, Ca2+ and nutrients. The
CYP station M is part of their study. Comparing
sites from a variety of geographic regions, the
authors found that at locations with high carbo-
nate sediments and overlain by supersaturated
bottom waters, At fluxes are greatly depressed
compared to those expected from the reminerali-
zation rate (metabolic dissolution). At station M, a
total of 4 chamber deployments yielded close to
zero fluxes of At and Ca2+, despite substantial
inputs of organic C from the nearby Mauritania
upwelling. A possible explanation calls for
the inorganic precipitation of CaCO03 at the
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Fig. 5. Examples of double logarithmic plots of the normalized dissolution rate Rs versus (I —Q). (a) Sierra Leone Rise bathymetric
transect: stations A (SLRA, 2637 m) and C (SLRC, 3593 m); (b) Cape Verde Plateau bathymetric transect: stations M (CVPM, 3104 m)

and K (CVPK, 3753 m).

Table 4

Dissolution experiments: reaction order, n and log(£s) derived
from linear regression along with the associated errors; specific
rate constant, ks

Station n Error log(/+) Error ks (meq/m2/d)
Sierra Leone Rise

Af 23 0.1 -5.2519  0.0519 048
A2 23 0.06 -5.2595 0.0374  0.48
C 1.4 o.01 -5.9833 0.0142  0.09
E 23 0.02 -5.2105 0.0132  0.53
G 22 o0.01 -5.7723 0.0134  0.15
Cape Verde Plateau

Ml 2.6 o0.11 -5.4138 0.0636  0.33
M2 28 0.03 -5.4266 0.0197 0.32
K1 1.8  0.02 -5.7399 0.0170  0.16

sediment-water interface in contact with super-
saturated bottom waters (Jahnke and Jahnke,
2004). Running a diagenetic model with reason-

able transport and reaction rates, these authors
demonstrated that inorganic precipitation would
be a feasible explanation for the benthic flux data.
Combining measured 02 fluxes and associated
CO02 production, we estimated the amount of
CaCO03 precipitation needed per year in order to
result in zero At fluxes at the sediment water
interface. Starting out from an average 0 2 flux of
(7.8 + 1.6) x I0- Smol/cn”/yrl and applying Red-
field stoichiometry, Jahnke and Jahnke (2004)
calculated an average CO02 production of
(6.0+ 1.3) x IO- 5Smol/cn”/yrl. Part of the CO02
produced by metabolic activity escapes to the
bottom waters without interacting with the carbo-
nate fraction. Assuming a dissolution efficiency
of 30% (R. Jahnke, pers. com.), we calculated
a metabolic dissolution flux of 1.8 x I0*“5mol C/
cm3/yrl. Precipitation is expected to occur in
contact with bottom waters and to be concentrated
at the sediment-water interface. For the purpose
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of our first-order calculation, we assume that the
authigenic carbonate is distributed homogeneously
over the top cm. It follows that in situ precipita-
tion can account for at most 0.01% of the
carbonate content of our sample material. While
at the present stage we can not rule out the
presence of authigenic carbonate phases, they are
not a likely quantitative explanation of asymptotic
concentration products determined for stations A
and M. The presence of trace levels of aragonite is
thus the most probable explanation of our results.

6.2. Reaction order and rate constants

A comparison of the reaction order and specific
rate constants estimated from replicates of stations
SLRA and CVPM (Table 4) shows the good
reproducibility of our experimental results. De-
spite the heterogeneity of natural sediment sam-
ples, experiments using different sub-samples of
the same station yield similar estimates of reaction
order and specific rate constants. Specific rate
constants range from 0.09 to 0.53meq/m2/d. We
estimated reaction orders varying between 1.4
(SLRC) and 2.8 (CVPM2) for samples from the
equatorial Atlantic (average n —2.3 £ 0.4).

The dissolution of biogenic carbonate has been
described previously as a higher-order reaction
(e.g. Morse, 1978; Keir, 1980). Based upon a re-
evaluation of Keir’s (1980) results for reagent-
grade calcite, Hales and Emerson (1997b) sug-
gested that calcite dissolution in seawater follows
first-order kinetics. They argued that the high
reaction order of Keir (1980) could reflect un-
certainties in the saturation state of the experi-
mental seawater. At this point of the discussion, it
is interesting to recall that the dissolution of a
homogeneous solid sample will result in a non-
linearity with respect to undersaturation only due
to the change in specific surface area during
dissolution (Wollast, 1965). The observed order
of reaction will further depend on particle
geometry and, in the case of a powder, on its
granulometric distribution.

Marine carbonate assemblages are multi-phase
systems, characterized by heterogeneities at the
level of the individual carbonate shell (variability
in composition and structure due to ontogenesis),

as well as at the level of the particle mixture
(different species and different particle history).
The well-documented with-depth evolution of
assemblages in terms of species composition,
reflects the heterogeneity at the level of the
carbonate particle mixture (Berger, 1970; Berger
and Killingley, 1977; Bonneau et al., 1980; Berger
et al., 1982). Similarly, the evolution with depth of
trace element composition as a result of differ-
ential dissolution reflects the heterogeneity at the
level of the individual particle (Rosenthal and
Boyle, 1993; Lohmann, 1995; McCorkle et al.,
1995; Bassinot et al., 2004).

At shallow depths, the presence of aragonite
results in two end-members with different rate
constants of dissolution and different solubilities.
As aragonite disappears from the assemblage by
dissolution, we are left with an assemblage made
of calcite shells. While the assemblage is now
described by a single solubility, different fractions
may still be characterized by different specific rate
constants. This possibility cannot be directly tested
by our kinetic experiments, since we measure a
'bulk’ dissolution rate. However, the evolution
with depth of physico-chemical parameters pro-
vides compelling indirect evidence in support of a
range of dissolution rate constants. This evidence
includes depth-linked changes of the -calcite
crystallinity of the size fraction (Gehlen et al,
2005), size-normalized shell weights (Bassinot et
ah, 2004) and the Mg/Ca of Globigerinoides ruber
(Beck et al., 2002), which are all consistent with the
existence of calcite phases with distinct properties
and their differential loss during dissolution.

A simple thought experiment shows how experi-
mental determinations of dissolution reaction
order will be influenced by the existence of phases
with identical solubilities but different dissolution
rate constants. Consider a two-phase system with a
single solubility, in which phase A has a faster
specific reaction rate than phase B, but is less
abundant. During the initial part of the experi-
ment, the total reaction will be dominated by
dissolution of phase A. The observer will record a
linear (« = 1) dependence on solution composi-
tion. If the duration of the experiment is suffi-
ciently long, phase A will vanish and the reaction
will be dominated by dissolution of phase B. The



1472 M. Gehlen et ai j Deep-Sea Research 152 (2005) 1461-1476

overall reaction will slow down and the reaction
will no longer be linear with respect to (1 —Q). For
the observer, this behavior is now described by a
higher-order reaction (n —2). The shifting relative
contribution of concomitantly occurring reactions
will thus determine reaction order and specific
rate constants of individual experiments, and in
general, a higher-order reaction is expected to
result from such a multi-phase system (Ho and
Aris, 1987).

Keir (1980) presents dissolution rate data for
synthetic calcite and aragonite, and for the
corresponding biogenic phases (monospecific for-
aminiferal samples and mixed pteropods) and
sediment fractions (granulometric size classes).
Keir used a stirred-flow reactor under steady-state
conditions (chemostat) while we used the free-drift
approach described above. Keir’s experiments
were run at atmospheric pressure and 20 °C in
artificial seawater, as were our experiments. He
determined the reaction order of calcite dissolution
from experiments with synthetic calcite. The
resulting estimate of n(—4.5) was used by Keir
to evaluate results obtained for biogenic and
sedimentary material. Keir’s original results are
reproduced in Table 5a. We first used Keir’s
original data on undersaturation (I —Qc¢) and the
dissolution rate normalized to the specific surface
area of the sample to derive n and the specific rate
constant of dissolution by linear regression of
these data to Eq. (4) (Table 5b). In a second
approach, we recalculated (1 —Qc¢) from the
solution composition given by Keir (1980) and
the stoichiometric concentration product of cal-
cite, Ksp(calc) from our dissolution experiments
Gehlen et al. (2005) (Table Sc).

The reaction rate order and specific rate con-
stant of dissolution was derived as described
before. The errors associated with estimates of n
and ks from Keir’s data are larger than those from
our study. This is probably due to the differences
in experimental approaches. During a free-drift
experiment a large amount of data are recorded
over a range of undersaturation. In contrast, the
chemostat approach allows for the direct determi-
nation of the rate corresponding to a given
solution composition. Approach 1 (Keir’s data,
our estimation procedure, Table 5b) yields values

Table 5
Re-evaluation of data by Keir (1980)
Station n  Error Log(Ay) Error ks (meq/nr/d)

(a) Keir (1980). original data

G. sacculifer 4.5 1.81
G. bulloides 4.5 5.26
G pachyderma 4.5 10.3
Rio Grande Rise 4.5 64.7

(b) QOc after Keir (1980)
G. sacculifer 40 1.0 0.1126 0.3497 130
G. bulloides 32 0.65 0.2446 0.2629 1.76
G. pachyderma 43 0.73 09298 0.2717 8.51
Rio Grande Rise 4.9 0.90 19581 0.4194 90.8

(c) Qc after Gehlen et al.. 2005
G sacculifer 33 090 0.0379 0.3272 1.09
G. bulloides 2.5 052 0.1124 02471 130
G. pachyderma 3.4 058 0.7948 0.2535 6.23
Rio Grande Rise 3.6 0.70 1.6962 0.3874 49.7

First set. original data. specific rate constant as given by Keir
assuming n = 4.5; second set. Q after Keir. n and As estimated
from Keir's original data using his stoichiometric concentration
product; Q after Gehlen et al., n and As estimated front Keir's
original data but with the calcite stoichiometric concentration
product by Gehlen et al.. 2005.

Monospecific foraminifera samples of Globigerinoides sacculi-

fer. Globigerinoides bulloides. Globoquadrina pachyderma; Rio-

Grande Rise = 125-250 pm sediment fraction.

of n ranging from 3.2 to 4.9. Given the uncertainty
associated with these estimates, setting n —4.5
(Keir, 1980) is acceptable. We note that the
parameters n and ks are not independent. For a
given rate of dissolution, changing »n will result in a
corresponding change in ks. This explains the
differences in ks estimates (Table 5b) compared to
values published by Keir (1980).

The interpretation of results of the dissolution
experiments in terms of the dependence on
(I —Qc¢) is very sensitive to uncertainties in the
saturation state of the solution. Accordingly,
Hales and Emerson (1997b) suggest an over-
estimation of the stoichiometric solubility product
of calcite by Keir to be at the origin of the high
reaction order. Uncertainties in (1 —Qc) originate
either from the choice ofcarbonic acid dissociation
constants selected for the calculation of the
spéciation of the carbonate system or from the



M. Gehlen et ai j Deep-Sea Research 152 (2005) 1461-1476 1473

selection of'the stoichiometric solubility product of
calcite Ksp(calc). Both are discussed in detail by
Gehlen et al. (2005). The need for homogeneity in
experimental conditions (e.g. natural versus artifi-
cial seawater) when selecting dissociation con-
stants and stoichiometric solubility products leads
us to select ifsp(calc) reported in Gehlen et al.
(2005). This ifsP(calc) value is 9% lower than the
mean of Keir’s estimates. As a result of the lower
Ksp(calc), the recalculated values of »n range
between 2.5+ 0.5 and 3.6+ 0.7 (Table 5c). The
comparison between Tables 5b and ¢ provides an
estimate of'the sensitivity of the calculation to Ksp.
While the new estimates of n are lower than the
original ones, they are still greater than unity. Due
to the limited number of data available for each
sample and their scatter, the reaction order cannot
be determined with great confidence.

The revised ks (Table 5c) are also lower than
Keir’s original estimates (Table 5b). They are
compared to estimates from this study in Fig. 6.
While the rate constants estimated for G sacculifer
and G bulloides are roughly 4 times higher than
those estimated for SLR and CVP samples, an
exceptionally high estimate was obtained for G
pachyderma. The uncertainty associated with
foraminifer data is, however, large and the results
have to be viewed with caution. Since n and &k,

1.0 12
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f 0.6
E
S 6.0 ‘ .
E 04
-nf
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Fig. 6. Comparison of specific dissolution rate constants
determined during this study and re-evaluated estimates by
Keir (1980). Error bars correspond to the error associated with
the linear regression used to estimate As. Note the different
scales of E-axis.

cannot be estimated with great confidence from
Keir’s data, we decided to calculate the specific
reaction rate Rs at Qc —0.8. The resulting specific
reaction rates of Keir’s foraminifer samples and
our data set are compared in Fig. 7. Error bars are
included to show the effect of combined uncer-
tainties on n and ks. The range limited by the error
bars is not centred on the rate estimate because of
the non-linear reaction kinetics. Values of Rsup to
5.Imeq/m2yr were determined for the SLR
transect. The rate calculated for Keir’s Rio Grande
Rise sample is excluded from the figure. It equals
53meq/m2yr and has an associated uncertainty
range between 7.0 and 402meq/m2yr. Our new
rates are comparable to the estimate of G
sacculifer. They are lower than those of G
bulloides and G pachyderma, but fall within
the range of uncertainty associated with these
results. While the uncertainty associated with
the older data limits the comparison between
results, it highlights the need of additional experi-
mental work. Clearly, the puzzle of marine
carbonate dissolution behaviour can be resolved
only through carefully controlled experimental

investigation.
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Fig. 7. Specific rate constants computed for Q = 0.8. Results
from this study are compared to estimates by Keir (1980). Error
bars indicate the cumulative error associated with estimates ofn
and ks.



1474 M. Gehlen et al. | Deep-Sea Research I 52 (2005) 1461-1476

7. Conclusion

We studied the dissolution kinetics of the
greater than 150um size fraction of sediments
from the eastern tropical Atlantic samples along
two bathymetric transects: the Sierra Leone Rise
and the Cape Verde Plateau. The asymptotic
alkalinity derived from free drift experiments
carried out for approximately 50h at constant
pCO; (3100 ppm) suggests the presence of trace
amounts of a higher solubility phase in sediments
of the shallow stations (SLRA, 2637m; CVPM,
3104m). While it is likely that this phase is
aragonite, the presence of authigenic carbonate
precipitated in contact with supersaturated bottom
waters cannot be excluded. Calcite is the main
dissolving phase in sediments from the other
stations. The asymptotic concentration products
derived from free drift experiments are compatible
with the stoichiometric concentration product of
aragonite (6.56 x 107" mol*/kgZ,) and calcite (4.37
(+0.22) x 107" mol*/kgZ,) derived during long-
term equilibration experiments.

The order of reaction derived from dissolution
time series was always greater than unity. It varies
between 1.4 (SLRC) and 2.8 (CVPM2), with an
average n = 2.3 &+ 0.4. The higher reaction order is
explained in terms of a multiphase system. It
results from the concomitant dissolution of
carbonate fraction characterized by variable reac-
tion rate constant.

Specific rate constants range from 0.09 to
0.53meq/m?/d. Estimates of k, obtained for
replicate experiments of stations SRLA and
CVPM show no within station variability, which
suggests that differences between stations are
significant.

The combination of independent long-term
equilibration experiments and kinetic experiments
carried out on the same material provides a new
and improved picture of the dissolution of marine
carbonates.
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