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Dissolution of carbonate sediments under rising pCO,

ABSTRACT

Rising atmospheric pCO, and ocean acidification originating from human activities could
result in increased dissolution of metastable carbonate minerals in shallow water marine
sediments. In the present study, in sifu dissolution of carbonate sediments in Devil’s Hole,
Bermuda, was observed during summer when thermally driven density stratification restricted
mixing between the bottom water and the surface mixed layer and microbial decomposition of
organic matter in the hypolimnion produced pCO, levels similar to or higher than those levels
anticipated by the end of the 21st century. Trends in both seawater chemistry and sediment
composition of Devil’s Hole indicate that Mg-calcite minerals are subject to selective dissolution
under conditions of elevated pCO,. The derived rates of dissolution based on observed changes
in excess alkalinity and vertical eddy diffusion ranged from 0.3 to 1.6 mmol m> h™'. On a yearly
basis, this range corresponds to 264 to 1402 grams m™> yr~'; the latter rate is close to estimates of
the average global coral reef calcification rate of about 1500 grams m™ yr~'. Considering a
reduction in marine calcification of 40% by the year 2100, or 90% by 2300 as a result of surface
ocean acidification, the combination of high rates of carbonate dissolution and reduced rates of
calcification implies that coral reefs and other carbonate sediment environments within the next
centuries could be subject to a net loss in carbonate material as a result of increasing pCO,

arising from burning of fossil fuels.
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1. INTRODUCTION

Since the onset of the industrial revolution, the global oceans have served as a significant
sink of anthropogenic CO, (e.g. Mackenzie et al. 2001; Sabine et al. 2004) that has led to an
increase in the surface seawater dissolved inorganic carbon content, pCO,, and a decrease in pH
(ocean acidification). Rising pCO, and ocean acidification have produced a decrease in the
surface seawater saturation state with respect to calcium carbonate minerals (Kleypas et al. 1999;
Feely et al. 2004; Andersson et al. 2005; Orr et al. 2005). Future carbon cycle projections suggest
seawater carbonate saturation state will continue to decrease into the future (e.g. Kleypas et al.
1999; Andersson et al. 2005; Orr et al. 2005). As a consequence, marine calcareous organisms
may have difficulty calcifying and producing their shells, tests, and skeletons at their historical
rates (e.g. Gattuso et al. 1999; Langdon et al. 2000; Riebesell et al. 2000). It is not certain what
the ecological consequences of slower calcification and growth rates will be, but other aspects of
the marine carbonate community such as reproduction (Rodgers et al. submitted), recruitment
success (Agegian 1985; Kuffner et al. in preparation) and the physical strength of individual
calcifying organisms, as well as the carbonate structure itself (e.g. reefs), may be negatively
affected by elevated pCO, and lower carbonate saturation state, yielding marine calcifying
organisms that are less competitive and more vulnerable to environmental stress in general (e.g.
Kleypas et al. 1999, 2001, 2006; Andersson et al. 2005).

Decreasing surface seawater carbonate saturation state may also result in increased
dissolution of carbonate minerals in shallow water sediments. Preferentially, metastable
carbonate phases such as high Mg-calcite of variable Mg content are the first phases to dissolve
because they are more soluble than both calcite and aragonite. Such selective dissolution based

on mineral stability has been demonstrated in laboratory and field experiments (Wollast et al.
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1980; Balzer and Wefer 1980; Walter and Burton 1990) and inferred from carbonate sediment,
mineralogy, and petrology observed in natural environments (Chave 1962; Schmalz and Chave
1963; Neumann 1965; Alexandersson 1976, 1979). Because carbonate dissolution produces
alkalinity and increases the capacity of seawater to absorb anthropogenic CO,, knowledge of this
process is of great importance in order to understand: 1) the rate and amount at which
atmospheric CO; is taken up by the oceans (Garrels and Mackenzie 1980; Balzer and Wefer
1981), 2) the rate at which surface seawater chemistry is changing owing to absorption of
anthropogenic CO,, 3) whether carbonate dissolution can act as a buffer to alleviate changes in
seawater pH and carbonate saturation state imposed by rising pCO,, and 4) how carbonate
sediment composition will change owing to future changes in seawater chemistry.
Hypothetically, if the rate of dissolution of metastable carbonate minerals were to balance the
oceanic uptake of anthropogenic CO,, total DIC and total alkalinity would increase, but there
would be little or no net change in pH and carbonate saturation state owing to this process.
Consequently, the rate at which marine calcifying organisms calcify would remain unchanged
under these conditions (Andersson et al. 2003, 2005; Morse et al. 2006).

The general objective of the present study was to investigate the behavior and reactivity
of carbonate minerals under conditions of elevated pCO, in a natural environment. Specifically
we aimed to determine whether carbonate minerals rapidly respond and dissolve as a result of
elevated pCO,, what carbonate phases are dissolving, how rapidly do they dissolve, does
carbonate dissolution add sufficient alkalinity to the surrounding seawater in order to buffer
significantly the carbonic acid system, and what does the overall ocean acidification imply in
terms of how marine calcifying organisms will be affected in the future owing to rising

atmospheric CO,?
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In order to accomplish these objectives we investigated changes in surface seawater
chemistry in Devil’s Hole, Bermuda, which during summer develops pCO, levels similar or
higher than those anticipated in the atmosphere within the next centuries as a result of

anthropogenic activities.

2. REGIONAL DESCRIPTION

Devil’s Hole is located in the southeast corner of Harrington Sound, Bermuda, and is the
deepest part of the sound (~24 m) (Figure 1). The sound covers an area of ~4.8 km? and has a
mean depth of 14.5 m. Water exchange between Harrington Sound and the North Lagoon is
driven by tidal movements through Flats inlet, a narrow opening in the southwest corner and the
only open entrance to the Sound, but the tidal range of 0.2 m is equally influenced by flow
through subterranean channels in the surrounding cavernous carbonate land mass (Morris et al.,
1977). Based on the average depth of Harrington Sound, the nominal residence time is close to
30 days with respect to the semidiurnal tidal flow, but effective tidal mixing can be four times as
long (Brown 1978, 1980). During late spring or early summer, thermally induced density
stratification is developed in the water column throughout Harrington Sound owing to the
exponential decrease in absorption of solar irradiance with depth (Brown 1980). Vertical mixing
is impeded by this stable density stratification, which isolates the deeper parts (the hypolimnion)
of the Sound from the overlying mixed layer (the epilimnion) to a certain extent. As a
consequence, organic matter that settles through the water column is remineralized below the
thermocline and drives the pCO; of the subthermocline region or the hypolimnion to levels much
higher than we normally observe in other natural shallow surface seawater environments (Figure

2). Because the sediments are completely dominated by carbonate minerals of varying
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composition originating from marine calcifying organisms present within the Sound (e.g., corals,
coralline algae, barnacles, holothurians, benthic foraminifera, bryozoans, echinoids etc) or from
limestone rocks and eolianites surrounding the Sound, Harrington Sound and Devil’s Hole can

serve as a natural laboratory to study the behavior of carbonate minerals under elevated pCO..

3. METHODOLOGY

3.1 Fieldwork and laboratory analyses

Several day cruises were conducted to Devil’s Hole during the summer of 2004 and
2005. Seawater was collected from multiple depths using a single 5 L niskin bottle. For each
sampling time, sub-samples of the water from the Niskin bottle were collected and subsequently
analyzed for dissolved oxygen (DO), dissolved inorganic carbon (DIC), total alkalinity (TA), and
salinity. On a few occasions, samples for total calcium concentration and H,S were also
collected. Dissolved oxygen samples were immediately drawn into 115-ml BOD flasks and fixed
with Winkler reagents to avoid atmospheric gas exchange. The temperature of the seawater in
the bottom of the Niskin bottle was recorded at this time. Seawater dissolved oxygen was
determined by automatic Winkler titrations based on a UV endpoint detector system according to
the procedures used by the Bermuda Atlantic Time Series program (BATS; e.g. Knap et al. 1993,
1997). The mean difference between pairs of replicates was ~1.14 umol kg™' (n=5). Samples for
dissolved inorganic carbon and total alkalinity were drawn immediately after DO samples into
200 ml Kimax brand glass sample bottles and poisoned with a saturated solution of mercuric
chloride (HgCl,; 100uL). Each bottleneck was prior to sampling taped with teflon tape to assure
a tight seal to prevent atmospheric equilibration. DIC content was analyzed using an infrared

DIC analyzer employing a Li-Cor 6262 NDIR analyzer as detector (for details, see
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http://www.bbsr.edu/Labs/co2lab/research/CO2_instrumentation.html). The 1o precision of total

DIC was 0.13% (~2.64 pmol kg™'; n=30). TA was determined by potentiometric acid titrations
(DOE, 1994) similar to the procedure described by Bates et al. (1996). The 1o precision of TA
analysis was 0.075% (~1.70 pmol kg™'; n=12). Both DIC and TA were determined relative to
certified reference material (CRM) prepared by Andrew Dickson at Scripps Institution of
Oceanography. Seawater for salinity determination was drawn into salinity glass bottles and
analyzed by an autosalinometer according to the BATS protocol (e.g. Knap et al. 1993, 1997).
Calcium samples were drawn and stored in 40 or 60 ml amber plastic bottles. Complexometric
titration with EGTA based on potentiometric endpoint detection was used for calcium
determination (Kanamori and Tkegami 1980), and was standardized with CaCl, standard solution
from Fisher Scientific. The mean 1o presicion on triplicate analyses was 0.30% (~33 pmol kg ';
n=6). On one occasion H,S samples were collected simultaneously with dissolved oxygen
samples when anoxia was suspected. The samples were fixed according to the same protocol as
dissolved oxygen samples and analyzed according to the titrimetric method originally proposed
by Andersen and Foyn (1969) and described by Fonselius (1983).
3.2 Calculations of carbonate dissolution and vertical eddy diffusion coefficients

3.2.1 Carbonate dissolution

Carbonate mineral dissolution can be inferred from observed anomalies in seawater total
alkalinity and calcium concentration normalized to a fixed salinity. Under aerobic conditions and
constant salinity, carbonate dissolution and precipitation reactions are the dominant processes
affecting total alkalinity in seawater. Photosynthesis and respiration slightly affect total alkalinity
because of the associated uptake and release of nutrients, which are part of the minor dissolved

constituents that contribute to seawater total alkalinity (e.g. Brewer and Goldman 1976; Dickson,



Dissolution of carbonate sediments under rising pCO,

1981; DOE 1994; Zeebe and Wolf-Gladrow 2003). These changes are in most cases negligible
relative to the changes imposed by carbonate dissolution and precipitation. Consequently, under
constant salinity, net carbonate mineral dissolution (or precipitation) can be determined from
observed changes in seawater total alkalinity, a method most often referred to as the alkalinity
anomaly technique (Smith and Kinsey 1978; Chisholm and Gattuso 1991). Under anoxic
conditions, microbial reduction of sulfate into sulfide can result in a significant increase in total
alkalinity (e.g. Thorstensson and Mackenzie 1974; Morse and Mackenzie 1990). Furthermore,
anaerobic decomposition of organic matter generates ammonia (NHs), which also could
significantly contribute to the total alkalinity. Thus, alkalinity changes under anoxic conditions
may not only reflect carbonate dissolution, but also microbial sulfate reduction and ammonia
production, which may have to be corrected for in order to determine the extent of carbonate
dissolution based on changes in total alkalinity. However, regardless of the influence of
processes other than carbonate mineral dissolution on total alkalinity, carbonate dissolution can
be unequivocally ascertained by considering changes in calcium concentration at a fixed salinity.

In the present study, evidence of carbonate dissolution was obtained from observed
anomalies in both total alkalinity and calcium concentration normalized to a salinity of 36, as
well as from trends in sediment content and composition based on data from Neumann (1963,
1965), who investigated processes of recent carbonate sedimentation in Harrington Sound. His
data have been reevaluated in the present study. As is demonstrated in the results section,
changes in total alkalinity agreed well with the extent of carbonate dissolution predicted from
changes in calcium concentration. Therefore, rates of carbonate dissolution were calculated by
adding the observed rate of change in excess alkalinity between consecutive sampling times to

the average calculated rate of vertical diffusion of alkalinity out of the subthermocline layer
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during the same time period. Excess alkalinity was estimated by integration of multiple linear
regressions fit to the subthermocline alkalinity data (see Appendix). Vertical flux (F) of
alkalinity per unit area and unit time was calculated based on Fick’s first law of diffusion:

F=-Dx94 (1)
dz

where D is the diffusion coefficient in m* s™' and dTA4/dz is the vertical concentration gradient of
total alkalinity in the depth range of the thermocline in units of mmol m™ per m. Molecular
diffusion was neglected in the current calculations because of its small effect (D~10° m* s™")
relative to the effect of turbulent mixing and associated eddy diffusion coefficients (D~10"° m”
sﬁl).

3.2.2 Vertical eddy diffusion coefficients

Based on changes in water temperature at different depths and times, the vertical eddy

diffusion coefficient D(z,t) has been estimated in many lakes from the equation (e.g. Li 1973):

F(z,t)= T(Mj dz=—D(z,t)x (%j , 2)

Ot z

where F(z,?) is the total heat diffused through a unit horizontal area per unit time at depth z and
time ¢, 07/0z and O0T/0t are the partial differentials or the observed changes in temperature as a
function of depth and time, respectively, and z; is the depth where 07/0¢ = 0 or the bottom depth.
Equation (2) is only valid under conditions for which: 1) there is no vertical advection of water,
2) the net horizontal heat transport is negligible small, and 3) the heat exchange between water
and sediments is small (Li 1973). Brown (1980) concluded that the heat budget for the
subthermocline water mass in Harrington Sound, in addition to turbulent mixing, is significantly
affected by both sediment conduction and sediment reflection of irradiance as well as downward

irradiance. Consequently, direct application of equation (2) to temperature data from Devil’s
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Hole may erroneously estimate the eddy diffusion coefficients at this location. In order to
account for the additional factors significantly contributing to the heat budget in Devil’s Hole,
careful measurements of both downward and upward irradiance as well as the temperature
gradient of the sediment pore water are necessary. Taking these parameters into account and
adopting the sediment temperature gradient observed by Thorstenson and Mackenzie (1974),
Brown (1980) concluded based on a heat budget balance that the eddy diffusion coefficient of
the subthermocline waters of Devil’s Hole during the summer of 1979 ranged from 2x107° to
6x107° m? s™! between 18 and 24 m depth.

Another approach estimates vertical eddy diffusivity based on buoyancy calculations
(Denman and Gargett 1983):

K.=025eN7, €)
where K. is the eddy diffusion coefficient, € is the turbulent energy dissipation and N is the
bouyancy frequency. N is essentially a meaurement of the local stratification and can be
calculated from the equation:

N = (g/py) (8plo2), 4)
where g is the acceleration due to gravity (9.8 m s2), py is density of the water and dp/éz is the
vertical density gradient. Using this approach, vertical eddy diffusion coefficients were
calculated for each sampling date in Devil’s Hole during the summer of 2004 and 2005. The
turbulent energy dissipation € was taken as 2x10™° m” s based on microstructure measurements
in the late summertime thermocline of an open ocean location during conditions of low winds
(Dillon and Caldwell 1980; Denman and Gargett 1983). We realize that the turbulent energy

dissipation in Devil’s Hole may have been different than that of this location, but the calculated
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range of eddy diffusion coefficients was similar to the range estimated by Brown (1980) (Table
1); the latter was therefore used in order to calculate a range of vertical alkalinity flux.

3.2.3 CO; system parameters

Dissolved inorganic carbon system calculations were calculated at in sifu temperature and
salinity conditions based on total alkalinity and total dissolved inorganic carbon concentration,
and stoichiometric carbonic acid system constants defined by Mehrbach et al. (1973) and refit by

Dickson and Millero (1987) using the program CO2SYS (Lewis and Wallace 1998).

4. RESULTS

4.1 General physiochemical properties and trends

In August and September of 2004 and 2005, the water temperature of the mixed layer in
Devil’s Hole remained relatively constant and ranged from 29 to 30 °C (Figure 3). At a depth of
13-18 m, a strong thermocline, which extended all the way to the bottom, was present. The water
temperature decreased by 5 to 6 °C in the thermocline. In both years, the depth of the onset of the
thermocline migrated downward in the water column over time. Salinity was constant in the
mixed layer for each sampling time, but showed differences between consecutive dates. In 2004,
the surface layer was less saline than the subthermocline layer, and in 2005, the opposite was
observed. The salinity of the hypolimnion was relatively constant for consecutive sampling dates
of each year. T-S diagrams confirm these observations and clearly separate the mixed layer from
the subthermocline water mass (Figure 4), which also is apparent in density profiles that
demonstrate significant stratification (Figure 3). In 2005, T-S properties of the subthermocline
water mass more or less conformed to conservative mixing between two end members, i.e. the
epilimnion and hypolimnion. The trend was more complex in 2004, indicating very little mixing

between the mixed- and subthermocline layers.
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Dissolved inorganic carbon (DIC) and total alkalinity (TA) concentrations were constant
in the upper mixed layer (Figure 3), but increased significantly in the subthermocline layer. In
contrast, dissolved oxygen (DO) rapidly decreased in this layer and the bottom water was
observed to be anoxic on a few occasions (Figure 3). Concurrent with anoxic water samples, the
presence of hydrogen sulfide was noticed by smell and by the formation of a black precipitate
(HgS(s); Goyet et al., 1991) upon addition of HgCl, (aq) to the DIC-TA samples collected at 23
and 23.5 m on Sep 16, 2004. Similar observations were made on Aug 16 and Sep 6 in 2005 for
samples collected at 23.5 m. H,S analysis of two bottom water samples collected on Sep 14,
2005, yielded an approximate H,S concentration of 2 pmol kg™' at 23 m, and 46 pmol kg™ at
23.5 m potentially contributing 4 and 92 meq kg™ alkalinity, respectively, at these depths on this
date. Similarly, a H,S concentration of 7 umol kg~' was observed at 23 m depth in the summer of
1979 (Balzer and Wefer, 1980). The total alkalinity data in Figure 3 reflects the titration
alkalinity only and has not been corrected to account for the loss in alkalinity associated with the
precipitation of mercuric sulfide (=2 x total sulfur; TS = [H,S+HS+S*]; Goyet et al. 1991).
Thus, the in situ total alkalinity of anoxic samples in Devil’s Hole was actually higher than
presented here. Therefore, in any calculations of the carbonate chemistry involving DIC and TA
in the present study, samples showing evidence of H,S were omitted.

Anoxic water samples were associated with a large spike in total alkalinity and DIC
content relative to overlying oxygenated water (Figure 3). This spike in alkalinity could reflect
the presence of sulfide alkalinity that did not precipitate out on addition of HgCl, (aq) or
ammonia production from decomposition of organic matter. However, based on the H,S
concentrations observed in Devil’s Hole, HgCl, (aq) was added in excess to the water samples

collected, and most likely the mercury reacted with the sulfide and removed quantitatively the
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alkalinity owing to this constituent. Moreover, according to Mortris et al. (1977), ammonium
concentrations (NH;") in the hypolimnion waters of Devil’s Hole may attain values of 20 pmol
kg™, which are negligble relative to the total titration alkalinity and cannot account for the large
alkalinity spike. Thus, it is hypothesized that the large spike and steep gradient in total alkalinity
probably reflect the existence of a benthic bottom boundary layer, as observed by Thorstensson
and Mackenzie during numerous scuba dives to the bottom of Devil’s Hole (F. T. Mackenzie,
personal communication). This conclusion is supported by the fact that the DIC data showed a
similar gradient.

Following the observed trend in DIC, pCO, increased from values slightly higher than
equilibrium with the atmosphere (~380 patm) in the mixed layer to levels ranging from 1000
patm to close to 2000 patm at 23 m depth in the subthermocline layer (Figure 5). In contrast to
the pCO; trend, pHy decreased from a pH >8 in the upper layer to pH values ranging from ~7.5
to 7.7 at 23 m depth. Seawater saturation states with respect to carbonate minerals decreased in
the subthermocline layer reaching values close to equilibrium with aragonite at 23 m depth
(Figure 5). Consequently, waters were undersaturated at this depth with respect to Mg-calcite
minerals with greater solubility than aragonite and these phases potentially could dissolve.

4.2 Evidence of carbonate dissolution

Calcium concentration in Devil’s Hole was constant in the surface mixed layer, but
significantly increased with depth in the subthermocline section of the water column (Figure 6).
Evaluating calcium concentrations as a function of total alkalinity data (both parameters
normalized to S=36 and excluding anoxic samples) collected in the months of September in 1978
(Balzer and Wefer 1981) and 2004, a significant linear relationship between these variables was

present during both years. The slope of the combined data sets was equal to 0.42 (r*=0.80),
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which is close to the theoretical slope of 0.5 considering dissolution of a carbonate phase
comprised of only Ca®" and CO;> ions, such as calcite and aragonite. The close agreement to the
theoretical value demonstrates that the influence of sulfate reduction and the production of
ammonia and other minor constituents on total alkalinity in the oxic portion of the hypolimnion
was negligible. If samples from the anoxic portion were included in the evaluation, the slope was
equal to 0.34 (r2=O.84), which may reflect a minor influence from processes other than carbonate
dissolution on total alkalinity, but it could also simply reflect the relatively large variability
inherent in the calcium data (Figure 6). However, because the majority of the alkalinity increase
is balanced by a corresponding increase in calcium, it can be concluded that the excess alkalinity
in Devil’s Hole originates mostly from dissolution of carbonate minerals. Furthermore, it is
likely that biogenic Mg-calcite minerals that contain a significant percentage MgCOs (up to 30
mol%; Chave 1954), and are more soluble than both calcite and aragonite (e.g. Bischoff et al.
1987, 1993; Busenberg and Plummer, 1989), are preferentially the first phases to respond to
elevated pCO; and undergo dissolution (Morse et al. 2006). The observed slope of 0.42 based on
the data from the oxic portion of the hypolimnion in Devil’s Hole corresponds to dissolution of
an average carbonate phase of 16 mol% MgCO;.
4.3 Rates of carbonate dissolution

Rates of carbonate dissolution in Devil’s Hole were calculated based on changes in
excess alkalinity and the vertical diffusive flux of alkalinity out of the hypolimnion. In 2004,
excess alkalinity increased between consecutive sampling days by 0.1 mmol m™ h™', and in
2005, changes in excess alkalinity ranged from 0.1 to 0.3 mmol m 2 h™' (Table 2; Figure 7). The
observed changes were close to but somewhat lower than the minimum estimates of vertical

diffusion of alkalinity, which ranged from 0.2 to 0.6 mmol m > h™' calculated based on an eddy
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1

diffusion coefficient of 2x10™° m* s™'. The upper estimates of vertical diffusion ranged from 0.5

to 1.8 mmol m2 h™' based on an eddy diffusion coefficient of 6x107° m?* s

. Consequently, in
the calculation of carbonate dissolution rates, turbulent diffusion of alkalinity was the more
important variable than observed changes in excess alkalinity. Taking both of these parameters
into account, the rate of carbonate dissolution in the subthermocline waters of Devil’s Hole
ranged from 0.3 to 1.6 mmol m™> h™' (Table 2).

4.4 Sediment composition

According to the data of Neumann (1963, 1965), the sediments of Harrington Sound are
dominated by aragonite (65 wt%), followed by calcite and low Mg-calcite (<8 mol% MgCOs; 26
wt%), and finally high Mg-calcite (>8 mol% MgCOs; 9 wt%) (Figure 8). Aragonite appears
dominant for all grain sizes and at most depths although a decreasing trend is observed from the
sand-sized classes to the silts. In this range, the relative abundance of both low Mg-calcite and
high Mg-calcite increases. The relative abundances of the different carbonate phases remain
relatively constant in the silt to the clay-sized sediment classes. However, a distinct trend of
decreasing high Mg-calcite as a function of depth is clearly present in this size range. The
difference between shallow and subthermocline sediments is statistically highly significant
(Figure 8; ANOVA, p<0.01). Furthermore, a decreasing trend in MgCOs content with depth is
observed from the mode mol% MgCO; of the second calcite peak determined from XRD
analysis (Figure 8). This peak represents the higher MgCO3; composition of a sample that has a

bimodal Mg-calcite composition.
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5. DISCUSSION

The observed increase in pCO, owing to microbial decomposition of organic matter and
the subsequent decrease in seawater saturation state with respect to carbonate minerals of the
subthermocline waters of Devil’s Hole may be analogous to the future effects on the global
ocean arising from anthropogenic emissions of CO; to the atmosphere and absorption of part of
this CO; in surface ocean waters. The pCO; in the bottom waters of Devil’s Hole reached levels
close to 2000 patm (Figure 5), which are significantly higher than the pCO, of approximately
700 patm projected for the atmosphere at sea level by the end of the 21st century assuming a
business-as-usual emission scenario (IPCC 2001; note that for shallow, well-mixed surface
waters with little or no influence from terrestrial input, seawater pCO, will not be significantly
different from the overlying atmospheric pCO,). In a similar scenario, the pCO, observed in
Devil’s Hole is close to levels projected for the 23rd century, reflecting maximum atmospheric
CO; concentrations anticipated from burning of the complete reservoir of conventional fossil
fuels (Archer et al. 1998; Caldeira and Wikett 2003; Andersson et al. 2005). An increase in pCO,
and CO; (aq) arising from either organic matter decomposition or atmospheric invasion will react
with COs*™ ions according to the general reaction:

CO; + H,0 +CO5* = 2HCO;~ (5)
As a consequence, the saturation state (€2¢) with respect to carbonate minerals will decrease

because of the consumption of COs> ions:

_ [CaZ+ ]lfx X[Mg2+]x X[CO:;Zf]
X K*

sp

Q

(6)

where [ ] indicates total concentrations of calcium, magnesium and carbonate ions, respectively,

and Ksp* is the stoichiometric solubility product based on ion concentrations. If (2>1 at in situ
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conditions with respect to a particular mineral phase, the seawater is said to be supersaturated
with respect to that mineral phase and if 2<l, the seawater is undersaturated. Undersaturation
implies that the mineral phase potentially could be subject to net dissolution.

The seawater saturation state of Devil’s Hole reached levels close to equilibrium with
aragonite (Figure 5), and consequently the seawater was undersaturated with any mineral phase
having greater solubility than aragonite. Depending on the Mg-calcite solubility curve adopted,
this corresponds to a Mg-calcite phase with greater than ~8 mol% MgCO; (Plummer and
Mackenzie 1974) or ~12 mol% MgCOs (e.g. Bischoff et al. 1987,1993; Busenberg and Plummer
1989; see Morse et al. 2006 for a detailed discussion of the problems associated with Mg-calcite
solubility). Consequently, based on the seawater carbonate saturation states observed in the
subthermocline waters of Devil’s Hole, Mg-calcite minerals containing a significant mol%
MgCOs; are expected to undergo dissolution. Furthermore, the pCO; and the carbonate saturation
state of the interstitial pore waters of Devil’s Hole surface carbonate sediments, which have been
carefully characterized by Thorstenson and Mackenzie (1974), were most likely higher and
lower, respectively, than what were observed in the water column owing to microbial
decomposition of organic matter in the sediments.

As anticipated from the subthermocline seawater carbonate saturation state, calcium data
and total alkalinity data unequivocally confirm that dissolution of carbonate minerals indeed is
taking place in the subthermocline regions of Harrington Sound. The observed calcium and
alkalinity ratios suggest that the average composition of the dissolving phase contains significant
mol% MgCOs (Figure 6). Moreover, despite abundant production of fine-grained high Mg-
calcite minerals by Amphiroa, Peyssonelia, lithothaminoids, holothurians, benthic foraminifera,

bryozoans, echinoids and other organisms in the shallow regions of Harrington Sound, there is
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little mineralogic evidence for their presence in the fine-grained fractions of the deeper
sediments (Neumann 1963, 1965). In addition, a decreasing trend in the relative abundance of
high Mg-calcite for the silt- and clay-sized sediment fraction is clearly evident as a function of
depth of the surface sediments (Figure 8). The sediment composition at different regions within
Harrington Sound is certainly influenced by its source regions, and it could be argued that the
observed high Mg-calcite trend of the fine-grained fractions is simply a reflection of this.
Neumann (1963, 1965) noticed a distinct depth zonation of major benthic organisms in
Harrington Sound and important Mg-calcite producers such as those previously described are
very abundant in the shallow parts of the Sound. However, most of these organisms are present
only down to a maximum depth range of 10 to 17 m, although echinoids and annelida are
abundant within this depth range. Aragonite producing organisms are abundant throughout the
depth range from the sea surface to 17 m depth. The zone between 10 and 17 m has been
classified as the Oculina zone because of the large abundance of the mud living coral Oculina
valenciennesi (Neumann 1963, 1965). Below 17 m, no significant calcareous organisms are
found, except for one pelecypod species (Transenella conradina), which comprises the entire
coarse fraction of sediments within this depth zone. In general, there are few calcifying
organisms producing hard structures made of calcite or low Mg-calcite. Most of these are
planktonic, such as coccolithophorids or foraminifera, but plankton tows in Harrington Sound
have not revealed any significant abundance of these organisms (Neumann 1963, 1965). Hence,
the majority of low Mg-calcite in the sediments originates from erosion of the surrounding
limestone or eolianite. If in fact the observed decreasing trend in relative abundance of fine-
grained high Mg-calcite minerals with depth were due to its dispersal from its shallow source

regions, the same trend should be observed for low Mg-calcites. This is not the case, and in face
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of the abundant supply of high Mg-calcite minerals within Harrington Sound, the only plausible
explanation for the paucity of Mg-calcite, and especially the fine-grained biological detritus of
these phases, in the subthermocline sediments is selective dissolution (Neumann 1963, 1965), a
conclusion also supported by the observed changes in subthermocline seawater chemistry.
Furthermore, Balzer and Wefer (1980) demonstrated based on saturometry experiments
increasing undersaturation and dissolution of coral (aragonite), oyster (~8 mol% Mg-calcite), and
sea urchin (~12 mol% Mg-calcite) as a function of depth in Devil’s Hole. These authors also
deployed bell jars on the bottom of Devil’s Hole and concluded that the majority of carbonate
dissolution occurred at the sediment-water interface rather than in the sediments because the
release rate of alkalinity of 0.6 mmol m™ h™' could not be supported by the chemical gradient
observed in the top 5 cm of the sediments.

In summation, both the subthermocline sediment data and the seawater chemistry data of
Devil’s Hole agree and unequivocally demonstrate that carbonate sediments are subject to
dissolution under conditions of elevated pCO,. Several lines of evidence suggest that the average
composition of the dissolving phase is represented by a high Mg-calcite phase:

(1) Subthermocline seawater is undersaturated with respect to Mg-calcite minerals
with a greater solubility than aragonite.

(2) Subthermocline seawater calcium and total alkalinity ratios are less than 0.5.

(3) The relative weight percent of high Mg-calcite decreases with depth of the surface
sediments for silt- and clay-sized sediment grains.

(4) The mode mol% MgCOs of the second calcite peak of surface sediments in

Harrington Sound decreases with water column depth.
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The results confirm that high Mg-calcite minerals are the first responders to rising pCO, and
their abundance in contemporary shallow water carbonate sediments could decline due to
selective dissolution. Furthermore, Agegian (1985; Mackenzie and Agegian 1989) observed in
controlled microcosm experiments that the Mg content of the red algae Porolithon gardineri
varied linearly as a function of seawater carbonate saturation state. If this trend is true for other
calcifying Mg-calcite producers, the average Mg composition of carbonate sediments could also
decline owing to decreasing Mg content of the sediment source material originating from shells
and skeletons of calcifying organisms.

The calculated range of carbonate dissolution rates in Devil’s Hole varies by a factor of
five (0.3 to 1.6 mmol m™> h™"). The source of this uncertainty mainly arises from the error
associated with the value of the eddy diffusion coefficients and the calculation of the diffusive
flux of alkalinity out of the hypolimnion. Changes in excess alkalinity were of the same
magnitude as the lower diffusive flux estimate and did not vary significantly between
consecutive sampling dates. The estimate of vertical eddy diffusion coefficients by Brown
(1980) ranged from 2 m” s™' at 18 m depth to 6 m”> s™' at 24 m depth in the summer of 1979.
Assuming this trend is representative of the turbulent conditions of the summers of 2004 and
2005, adopting the higher estimate to calculate the alkalinity flux based on the gradient
predominantly observed in the 17 to 21 m depth range may significantly overestimate the actual
alkalinity flux. Thus, the lower dissolution estimates for each date may more accurately represent
the actual rates of carbonate dissolution in Devil’s Hole ranging from 0.3 to 0.7 mmol m™ h™'
(Table 2). However, eddy diffusion coefficients calculated for the depth range 17 to 21 m based
on the bouyancy method were similar to the upper estimate of Brown (1980) in the summer of

2004, but were closer to the lower estimate in 2005 (Table 1). Taking these differences in eddy
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diffusivity into consideration, the range of the derived rates of carbonate dissolution in Devil’s
Hole ranged from 0.3 to 0.9 mmol m > h™'. Because of the uncertainty associated with the eddy
diffusion coefficients, the minimum estimate of 0.3 mmol m> h™' and the maximum estimate of
1.6 mmol m™ h™' should be viewed as a lower and an upper bound under the present
environmental conditions, respectively. The rate of carbonate dissolution derived from the
alkalinity flux into bell jars placed on the bottom of Devil’s Hole in the summer of 1979 was
equal to ~0.3 mmol m™ h™' (Balzer and Wefer 1980).

Despite the unusual high pCO, in Devil’s Hole and the large range of the rate of
carbonate dissolution derived in the present study, this range is similar to dissolution rates
derived from sediments of other tropical and subtropical environments, as well as from
experimental setups. In a recent summary based on 15 different settings including both
experimental and natural carbonate sediments (Table 3; Kleypas et al. 2006), the derived rate of
dissolution of carbonates ranged from 0.1 to 7.0 mmol m ™ h™'. The average was 2.3 mmol m™
h™' with a standard deviation of 4.8 mmol m™ h™". Note that even the upper bound of the present
study is significantly lower than this average value, although it should be pointed out that 80% of
these data were in the range of 0.1 to 1.5 mmol m ™~ h™'. Most results were derived based on the
alkalinity anomaly technique, measuring alkalinity changes in the water column overlying the
benthos either in situ (e.g. Barnes and Devereux 1984; Boucher et al. 1998), in field incubation
chambers (Halley and Yates 2003, 2006), in experimental mesocosms (Leclercq et al. 2002) or
the biosphere 2 (Langdon et al. 2002), making the assumption that the observed changes in
alkalinity reflect net carbonate dissolution. Based on a different approach, Walter and Burton
(1990) estimated the rate of dissolution for substrates of red algae (18 mol% MgCO3), echinoids

(12 mol% MgCOs) and corals (aragonite) submerged in natural carbonate sediments at depths
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ranging from 0-30 cm for 1 year. Based on weight loss, the calculated rate of dissolution of the
red algae ranged from 0.4 mmol m > h™' in an area of substantial sea grass cover to 0.8 mmol m >
h™' in an area dominated by mangrove. Neither the echinoid nor the coral substrate showed
evidence of dissolution rates as high as the red algae and mass loss of these substrates ranged
from 2% to 9% of the dissolved mass of the algae. The observed differences in dissolution rates
between substrates were consistent with their mineral composition and reactive surface area
(Walter and Burton 1990). Based on vertical gradients in pore water chemistry ([Ca®"] and TA)
of carbonate sediments in the Bahamas, Burdige and Zimmerman (2002) determined carbonate
dissolution rates as a function of sea grass density. Their estimates ranged from 0.01 mmol m™
h™" in ooithic sands with no sea grass coverage to 0.04 mmol m > h™' in an area of high sea grass
density. The higher dissolution rate in the latter area was attributed to enhanced oxygen transport
into the sediments through the roots and rhizosomes of sea grasses driving aerobic
decomposition of organic matter and consequently carbonate dissolution owing to the production
of CO,. In summary, estimates of the rate of carbonate dissolution from a wide range of
different regions and settings, using different approaches, range by almost three orders of
magnitude.

Despite significant differences in the pCO, of the water overlying the sediments, the
similarity in dissolution rates determined in this study compared to the majority of other studies
suggests that the extent of carbonate dissolution is mainly controlled by microbial processes in
the pore water-sediment system and at the sediment-water interface rather than the carbonate
chemistry of the water overlying the sediments. In favor of this hypothesis, Lecqlerc et al. (2002)
concluded based on mesocosm experiments that the pH and carbonate saturation state of

interstitial pore-waters were little affected by changes in the surface seawater carbonate
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chemistry. Andersson et al. (2005) reached similar conclusions based on numerical simulations
using the Shallow-water Ocean Carbonate Model and suggested that the extent of carbonate
dissolution is mainly controlled by microbial decomposition of organic matter (e.g., Moulin et al.
1985; Morse and Mackenzie 1990). Consequently, if these conclusions are true, future increases
in atmospheric CO, and associated changes in surface seawater carbonate saturation state may
only have a small effect on the rate of sediment carbonate dissolution. However, although the
pCO; of the hypolimnion in Devil’s Hole was similar or higher to those pCO; levels anticipated
in the next century, the environmental conditions were not those of a typical coral reef or shelf
region. In fact, several aspects suggest that the derived range of carbonate dissolution rates could
be significantly underestimated. Primarily, the circulation and mixing of the subthermocline
region in Devil’s Hole are very limited. Thus, alkalinity produced from carbonate dissolution is
allowed to accumulate and to some extent buffer the system. This results in slower rates of
carbonate dissolution. In a well-mixed system, the alkalinity increase would be rapidly diluted
and carbonate dissolution would proceed at a higher rate, which has been clearly demonstrated
by the numerical simulations of Morse et al. (2006). Furthermore, because of the restricted
mixing, oxygen becomes depleted in the bottom waters of Devil’s Hole. As a consequence,
decomposition of organic matter proceeds at a lower rate than if these waters were continuously
reoxygenated. Therefore, less CO, is being produced from this process, and consequently, less
carbonate material is being dissolved (Moulin et al. 1985; Morse and Mackenzie 1990; Burdige
and Zimmerman 2002). Thus, it is possible that under future pCO; conditions, dissolution rates
in typical carbonate environments could actually be significantly higher than those rates

estimated in Devil’s Hole during the summers of 2004 and 2005.
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If one assumes that the density stratification in Devil’s Hole had developed by the end of
May and lasted until the last day in September (122 days), and the rates of dissolution remained
constant throughout this time, the estimated rates of dissolution correspond to a loss in carbonate
mass of 87 to 468 g m ™ for this time period. Considering the entire area of subthermocline
sediments below or at 20 m depth (0.48 km?), this corresponds to a loss of 42.3 to 224.6 tons of
CaCOs. At first this may seem to be substantial, but if one considers the top centimeter of the
sediments and assumes a porosity of 80%, the amount of carbonate dissolved corresponds to 1.5
to 8.1% of the total carbonate mass in this sediment layer. According to Thorstenson and
Mackenzie (1974), the average sedimentation rate in Devil’s Hole has been approximately 70
c¢m/1000 years based on radiocarbon dating of peat at the base of the sediments, but the rate may
be considerably higher at present.

If one were to assume that the derived rates of carbonate dissolution in Devil’s Hole are
analogous to the rates of dissolution that we may observe in carbonate environments under future
high pCO; conditions (see previous discussion), extrapolation for an entire year corresponds to a
loss in carbonate material of 264 to 1402 grams m~ yr . The latter estimate is a significant
fraction of current estimates of the average calcium carbonate production of the global coral reef
environment (0.6x10° km? Smith 1978) of about 1500 g m™ yr' (Milliman 1994; Iglesias-
Rodriguez et al. 2002), although local estimates are as high as 2000 to 15000 g m™ yr ' (e.g.
Gattuso et al. 1993, 1996, 1999; Bates, 2002). Based on experimental calcification-carbonate
saturation state relationships, future projections suggest that calcium carbonate production may
decrease by as much as 40% by year 2100 (Buddemeier et al. 2004) and by 85-90% by year 2300
(Andersson et al. 2005). In such a scenario, the upper dissolution estimate of the present study

will already exceed carbonate production during the 21* century and the lower estimate will
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exceed the estimated production by year 2300. Consequently, net accumulation of carbonate
material on coral reefs may already be decreasing owing to rising pCO,, but at some point in
time, all other factors remaining constant, when dissolution of carbonate material exceeds its
production, net accumulation will be negative and coral reefs will start to loose carbonate mass.
It has been proposed that increased dissolution of high Mg-calcite minerals could act as a
buffer to restore changes to surface seawater pH and carbonate saturation state owing to rising
atmospheric CO,, thereby alleviating any negative effects imposed on marine calcareous
organisms (Barnes and Cuff 2000; Halley and Yates 2000). However, despite significant
dissolution of high Mg-calcite minerals and production of alkalinity from this process in Devil’s
Hole, the seawater saturation state with respect to aragonite was sufficiently low according to
experimental relationships between carbonate saturation state and calcification rates to affect
negatively the rate of calcification of marine calcifiers under similar future conditions (e.g.
Gattuso et al. 1999; Langdon et al. 2000; Leclercq et al. 2002). Thus, the observational results of
the present study suggest that dissolution of high Mg-calcite will not buffer the surface ocean
from changes imposed by rising atmospheric CO,. Similarly, Andersson et al. (2003, 2005;
Morse et al. 2006) concluded based on numerical modeling results that although dissolution of
metastable carbonate minerals would increase in the future owing to rising atmospheric COs, this
process would not produce sufficient alkalinity to buffer the global coastal ocean significantly on
time-scales of decades to centuries. Even if the rate of dissolution of shallow water high Mg-
calcite minerals were able to keep up with the current oceanic uptake of anthropogenic CO; (~2
Gt yr'"), and assuming this rate remained constant, surface ocean pH and aragonite saturation
state would remain unchanged for about 60 years before the entire reservoir of reactive Mg-

calcite had dissolved (Morse et al. 2006). Consequently, any negative effects on marine
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calcifying organisms arising from increasing pCO, and decreasing carbonate saturation state will

not be resolved by dissolution of metastable carbonate minerals.

6. CONCLUSIONS

Evidences from both seawater chemistry and sediment mineral composition in Devil’s
Hole, Bermuda, show that high Mg-calcite minerals are preferentially dissolved under conditions
of elevated pCO, in the natural environment. Estimated rates of dissolution under pCO,
conditions anticipated by the end of the 21st century and beyond range from 0.3 to 1.6 mmol m™
h™". On a yearly basis, this range of estimates corresponds to 264 to 1402 grams m 2 yr ', the
latter value is close to present day estimates of average global coral reef calcification of 1500
grams m > yr . If the rate of calcification were suppressed by 40% by the end of the 21st
century, or 90% by the end of the 23rd century, which has been proposed as a result of rising
pCO, and decreasing surface seawater carbonate saturation state, net accumulation of carbonate
material on coral reefs and in other carbonate dominated ecosystems will at some point in time
within the next century or two become negative. Consequently, these environments will be
subject to a net loss in carbonate material owing to modifications in surface seawater pH and
carbonate saturation state imposed by anthropogenic combustion of fossil fuels and rising

atmospheric pCOs,.
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APPENDIX
The appendix demonstrates the calculations of excess alkalinity (ATA) based on linear
regressions of normalized alkalinity profiles (S=36) for each sampling time in Devil’s Hole in
2004 and 2005 (Figure 7). Excess alkalinity was calculated by subtracting the pre-formed
alkalinity (TA") from the total depth integrated alkalinity (STA) over the depth range considered.
The pre-formed alkalinity was assumed to equal the average mixed layer alkalinity during the

first day of sampling for each year.
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Excess alkalinity 08-02-05
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FIGURE CAPTIONS

Figure 1. Map of Harrington Sound, Bermuda. Flatts inlet (F.1.) is shown by the arrow and the

location of Devil’s Hole (D.H.) is marked by a star.

Figure 2. Vertical profiles of temperature and pCO; in Devil’s Hole at or close to the timing of
the maximum stratification of the seasonal thermocline (September 6, 2005) as well as after the
overturn of the thermocline (September 27, 2005). The pCO; of the subthermocline water is
significantly higher than what is normally observed in natural shallow surface seawater

environments.

Figure 3. Water column physiochemical properties of Devil’s Hole, Bermuda, during August
and September of 2004 and 2005, showing temperature (T), salinity (S), density (p), dissolved
inorganic carbon (DIC), total alkalinity (TA), and dissolved oxygen (DO). Thermally driven
density stratification of the water column is clearly visible in the temperature and density
profiles. DIC and TA data marked by a dashed symbol indicates that the samples were anoxic
and contained H,S, which precipitated out as HgS (s) upon addition of HgCl, (aq). The loss in

alkalinity accompanying this reaction has not been accounted for in the data shown here.

Figure 4. Temperature-salinity plots of Devil’s Hole in the summer of 2004 and 2005. The warm

surface mixed layer is easily distinguished from the cold subthermocline layer at each date.

Figure 5. Water column pHy, pCO, and aragonite saturation state in Devil’s Hole, Bermuda.
Because of thermal density stratification, microbial remineralization of organic matter in the
hypolimnion produces CO, that increases the pCO, and decreases pH and carbonate saturation
state analogous to those changes imposed on the surface ocean owing to absorbtion of

anthropogenic CO, (ocean acidification).
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Figure 6. A) Calcium concentration and B) total alkalinity as a function of depth in Devil’s Hole
on September 16, 2004. The subthermocline layer is shown by the shaded area. C) Normalized
calcium concentration (N-[Ca®]; S=36) as a function of normalized total alkalinity (N-TA) in
Devil’s Hole in September 1978 and 2004. The straight lines show the predicted theoretical
slopes if the average composition of the dissolving mineral phase was pure calcite or aragonite (0
mol% MgCOs3), 15 mol% Mg-calcite, or 30 mol% Mg-calcite. Error bars indicate the average 1o

precision of triplicate samples (n=5). See Figure 3 for an explanation on the dashed symbols.

Figure 7. Total alkalinity profiles of Devil’s Hole in 2004 and 2005. Linear regressions were
used in order to integrate and estimate the excess alkalinity present in the hypolimnion on each
date (see Methodology and Appendix). Changes in excess alkalinity between consecutive
sampling dates were used together with estimates of diffusive alkalinity flux to derive rates of

carbonate dissolution. See Figure 3 for an explanation on the dashed symbols.

Figure 8. A) Relative carbonate composition of surface sediments in Harrington Sound,
Bermuda, with respect to aragonite (dark gray), low Mg-calcite (light gray), and high Mg-calcite
minerals (black), as a function of grain size (top x-axis) and depth (bottom x-axis). B) Weight
percent high Mg-calcite grouped into shallow (8.4143.0), intermediate (16.9+0.9), or deep
sediments (21.5+1.8). For silt and clay sized sediments, the high Mg-calcite composition is
significantly less in deep and intermediate sediments than in shallow sediments. C) Mode mol%
MgCOs; of 2nd calcite peak (bimodal Mg-calcite composition) observed from XRD analyses as a

function of depth. All the data are adopted from Neumann (1963, 1965).
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Table 1. Eddy diffusion coefficients calculated from equation (3) based on density data during the summers
of 2004 and 2005

Eddy diffusion coefficients, k,

10°m? st
Depth (m) 2004-08-24 2004-09-16 2005-08-02 2005-08-16 2005-09-06
17 - 4.4 2.2 2.5 5.5
18 5.0 4.8 1.8 1.7 3.3
19 - 6.1 13 11 0.9
20 6.2 24 - 19 19
21 - 2.1 - 2.2 1.7
22 2.0 3.0 2.0 10.9 2.1
23 - 0.7 2.1 4.2 2.7

235 24 1.6 - 2.0 3.2




Table 2. Calculated excess alkalinity, range of vertical alkalinity diffusion, and rate of dissolution in subthermocline waters of Devil's Hole during August
and September 2005

Date Integration depths  Excess alkalinity = A Excess alkalinity Vertical alkalinity diffusion (mmol m™ h'l) Rate of dissolution (mmol m™ h'l)
mmol m™ mmol m2h™* Min Max Min Max

24-aug-2004 13.5-23.5 415 - 023 0.70 ; -
13.5-22.0 242 -

16-sep-2004 18.8-23.5 477 0.11 031 0.94 0.14 0.94
18.8-22.0 166 -0.14

2-aug-2005 16.0-23.5 499 - 0.17 0.52 - -
16.0-23.0 440 -

16-aug-2005 16.7-23.7 532 0.10 023 0.68 0.29 0.70
16.7-23.0 469 0.09

6-sep-2005 17.8-23.5 700 0.33 0.60 181 0.68 1.58

17.8-23.0 601 0.26




Table 3. Carbonate dissolution rates reported from carbonate environments and mesocosms (modified
from Kleypas et al., 2006)

Location Environment Dissolution rate Reference
mmol m? h™

Bahamas Ooithic sand 0.01 Burdige et al., 2002
Bahamas Seagrass 0.04 "
Bermuda Carbonate sediments 0.3-1.6 This study
Biosphere 2 Hi Mg-calcite sediments 0.2 Langdon et al., 2000
Florida Patch reef, 10% coral cover 0.5 Yates and Halley, 2003
Florida Patch reef, top 0.1 "
Florida Seagrass 0.4 "
Florida Sand bottom 0.3
Florida Seagrass, red algae 0.4 Walter and Burton, 1990
Florida Mangrove, red algae 0.8 "
Great Barrier Reef ~ Reef flat Barnes and Devereux, 1984
Great Barrier Reef ~ Back reef zone 3 Kinsey, 1978
Hawaii Patch reef, 22% coral cover 15 Yates and Halley, 2003
Hawaii Patch reef, 10% coral cover 1.1 "
Hawaii Coral rubble 1.2 "
Hawaii Sand bottom 0.3
Monaco mesocosm  Sand community 0.8 Leclercq et al., 2002
Moorea Sandy bottom reef flat and lagoon 0.8 Boucher et al., 1998
Reunion Island Back reef zone 7 Conand et al., 1997

*The results from the present study and those results of Burdige and Zimmerman (2002) has been

added to this table
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