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Tracking single coccolith dissolution with picogram
resolution and implications for CO, sequestration

and ocean acidification

T. Hassenkam®, A. Johnsson, K. Bechgaard, and S. L. S. Stipp’

Nano-Science Center, Department of Chemistry, University of Copenhagen, 2100 Copenhagen, Denmark

Edited* by Bruce Watson, Science Center, Troy, NY, and approved March 18, 2011 (received for review July 7, 2010)

Coccoliths are micrometer scale shields made from 20 to 60 indivi-
dual calcite (CaCO;) crystals that are produced by some species of
algae. Currently, coccoliths serve as an important sink in the global
carbon cycle, but decreasing ocean pH challenges their stability.
Chalk deposits, the fossil remains of ancient algae, have remained
remarkably unchanged by diagenesis, the process that converts
sediment to rock. Even after 60 million years, the fossil coccolith
crystals are still tiny (<1 gm), compared with inorganically pro-
duced calcite, where one day old crystals can be 10 times larger,
which raises the question if the biogenic nature of coccolith calcite
gives it different properties than inorganic calcite? And if so, can
these properties protect coccoliths in CO, challenged oceans? Here
we describe a new method for tracking dissolution of individual
specimens, at picogram (10-'2 g) resolution. The results show that
the behavior of modern and fossil coccoliths is similar and both are
more stable than inorganic calcite. Organic material associated
with the biogenic calcite provides the explanation. However,
ancient and modern coccoliths, that resist dissolution in Ca-free
artificial seawater at pH > 8, all dissolve when pH is 7.8 or lower.
Ocean pH is predicted to fall below 7.8 by the year 2100, in
response to rising CO, levels. Our results imply that at these con-
ditions the advantages offered by the biogenic nature of calcite
will disappear putting coccoliths on algae and in the calcareous
bottom sediments at risk.

marine carbon cycle | ocean buffer capacity | dissolution rate | atomic
force microscopy | single particle dissolution

As atmospheric CO, levels rise, pH in the oceans decreases,
threatening marine organisms. Some species of planktonic
algae (1), the coccolithophorids, help control calcite equilibria,
contributing to the buffer capacity of the global ocean and sedi-
ments. Coccolithophorids also thrived in ancient seas, producing
the vast beds of chalk that now serve as aquifers for drinking
water and reservoirs for oil and gas. Particle size, and thus pore
size, in chalk remain very small (Fig. 1), in spite of the natural
tendency for surface free energy to drive Ostwald ripening. Ost-
wald ripening is the process where small crystals dissolve and
larger ones grow (2), for example, grain coarsening in limestone
(3). However, after 60 million years, the biogenic calcite crystals
in chalk are still less than a micrometer whereas calcite crystals
synthesised in the laboratory are a factor of at least 5 times larger,
after only hours to days (Fig. 1B). Why have chalk particles
remained so small? And does this resistance to recrystallization
protect coccoliths in acidifying oceans? This work was designed
(i) to explore the possibility that the answer lies in the biogenic
nature of the calcite and (i7) to discover its implications for mod-
ern ocean acidification and the carbon cycle.

Algae form the individual crystals they need for making
coccoliths on templates of complex sugars (4-7). Polysaccharides
extracted from cultured algae inhibit calcite growth by blocking
some crystal surface sites (8) and mature coccoliths are protected
from dissolution by an organic coating (7). Previous work has also
suggested the presence of organic material associated with coc-
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Fig. 1. SEM images of (A) chalk extracted from more than 60 million year old
sediments below the North Sea and (B) calcite formed inorganically under
ambient conditions in the laboratory (about a day).

coliths from chalk (9-11). Direct comparison of dissolution rates
for biogenic and inorganic calcite would go far to elucidate the
role of organic material, but it is not trivial to collect enough pure,
clean biogenic calcite for bulk experiments. Cultured samples
inevitably retain some proteins from the algae cells, which com-
plicates determining a pure calcite dissolution rate. In ancient
material, the proteins are assumed to have been eaten millions
of years ago when the algae sank to the ocean floor, so proteins
are not a problem, but chalk invariably also contains quartz, flint,
clay, and fossils of other microorganisms. Although single cocco-
liths have been studied previously (7, 12, 13), dissolution rates
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were difficult to extract because mass and surface area could not
be determined directly. To circumvent these problems, we devel-
oped a method that directly tracks mass change of single, indivi-
dual specimens by monitoring the change in oscillation frequency
of a cantilever to which they were glued. Periodic SEM images
verified what was there, what dissolved, and provided estimates
of surface area.

Specimens were attached to cantilevers (initial resonant
frequency, f,~ 330 kHz; spring constant, k~40 Nm) with
approximately 100 pg of glue. Specimen mass was much less than
cantilever mass, so change during dissolution, Am, could be
derived from the resonance frequency difference (14, 15):

k(1 1
Am=—|5-=]. 1
=52 (7 7) .
‘We used pure, optical quality Iceland spar as the inorganic cal-
cite control for comparison with pure lab grown calcite, commer-
cial calcite powder, cultured samples of Coccolithus pelagicus,
and intact fossil coccoliths from chalk. Each tip, with its speci-

1 1 1 1 1

men, was submerged in 2 mL of solution for several minutes,
rinsed with filtered, calcite-saturated ultrapure deionized (DI)
water and dried. Oscillation frequency was measured in air. Each
submerge-rinse-dry-measure sequence began with a fresh aliquot
of solution and provided one datum on the plots of Fig. 2
and Fig. 3.

Results and Discussion

Fig. 24 shows an example of mass loss with time for a single crys-
tal extracted from pure, synthetic calcite powder (Fig. 2B) in DI
water. The results for all of the experiments are listed in Table 1.
Specimen mass was derived from the difference between the in-
itial cantilever-glue-specimen and the cantilever-glue at the end
of the experiment (Fig. 2C). Measurement of mass loss is extre-
mely precise, with uncertainty in the femtogram (10~'° g) range.
It was these differences in the rate of mass loss for the various
samples that we used to make the conclusions for this work. How-
ever, to be able to compare our rates for single particles with
those of previously published, macroscopic experiments, we have
also derived the dissolution rate by normalizing the rate of mass
loss with surface area.
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Fig. 2. Dissolving calcite. (A) Mass loss of pure, synthetic calcite crystals in pure DI water; (B) SEM of the single particle (mass ~4.4 ng) glued to a cantilever;
(C) glue residue after dissolution; (D) mass loss of one Iceland spar calcite cleavage fragment exposed to ASW in tests where Ca concentration was slightly above
saturation and where the solution was Ca-free and finally pure DI water; (E) calcite mass approximately 420 pg; and (F) glue residue after dissolution was

complete.
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Fig. 3. Dissolving coccoliths. (A) Mass loss from one cultured coccolith exposed to Ca-free ASW (Q,iite €Stimated in each solution aliquot at the end of the
dissolution period, i.e., representing each data point, <10-8) and then to pure water (estimated Q. in each aliquot <10-'2); (B) a coccolith from C. pelagicus
imaged at t = 6,000 s; (C) after complete dissolution, an organic relic beautifully reflects coccolith structure and morphology; (D) mass loss from a 60 million
year old coccolith (Arkhangelskiella sp. cf. cymibiformis); (E) initial SEM image, then exposure to Ca-free ASW, pH 8.4 (t > 1,500 s) removed loose particles
(arrows), presumed to be nonbiogenic calcite, but the coccolith remained; (F) the same coccolith after 3,200 s, just before exposure to pure water; and

(G) complete dissolution left an unstructured relic.

Surface Area Estimates and Dissolution Rate. Dissolution rates
depend on surface area as well as dislocation density, the number
of edges, crystal orientation, and the nucleation density of etch
pits (16). Most of these variables are difficult to estimate, so
therefore contribute to uncertainty in normalizing dissolution
rates. For these experiments, we determined the specimen-solu-
tion contact area using dimensions derived from SEM images,
which introduces several more sources of uncertainty: Images
transform 3-D objects to 2-D, so the angle of view distorts dimen-
sions; pictures were only taken from one side, so material behind
the field of view was neglected; and the surface area that was
protected by glue, although small, was difficult to estimate. For
the cultured coccoliths, we derived surface area by analogy with
an elliptical plate. In addition to the actual specimen that we
dissolved, we also used average measurements for the two ellipse
axes and thickness from SEM and atomic force microscopy

Hassenkam et al.

(AFM) images taken perpendicular to the flat dimension from
other specimens of the same species and batch. For the fossil
coccoliths, dimensions were taken in the same way from other
samples of the same species in the source chalk. For the calcite
specimens, we derived surface area by two methods from SEM
images and from their mass and a simple model.

To test for consistency between estimates from SEM images,
we used the synthetic calcite and assumed spherical geometry for
the rounded rhombohedral crystals, such as is shown in Fig. 24.
The dissolution rate would then be linked essentially to one para-
meter: the radius. This trick removes the need for determining
the area because the mass of the sphere gives the surface area
through the radius. The mass loss for a sphere with a uniform
surface would have the following relationship with time:

Am(t) = p%‘ﬁ[ro — s (o), 2]
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where Am(t) represents the residual mass after time, #; p, the den-
sity of calcite (2.71 g/cm?); and [ry — &r(¢)], the radius at time, ¢,
after dissolution of an incremental part of the radius, ér. Dissolu-
tion rate per unit area is assumed to be constant, so the rate of
decrease in the radius is constant:

or(t) = Re, [31
where R represents the thickness of the layer lost per unit time.
By inserting Eq. 3 into Eq. 2 the dissolution rate can be found by

extracting the third order fitting coefficient, K3,

i,
dpr’

Fitting the mass loss with time curve with a third order poly-
nomial gives an average rate of mass loss. For the curve shown
in Fig. 24 for pure calcite, mass loss is 4.3 A/s. For comparison,
the thickness of a calcite step that is one molecular layer high on
the rhombohedral face is 3 A. Converting to conventional units
for bulk dissolution experiments gives a dissolution rate of
11.5 umol/m?s. From the SEM images, we estimated the surface
area to be about 8 x 10~® m?. Assuming that the initial changes in
surface area are small, a linear fit to the early data from the same
curve gives a dissolution rate of 8.1 yumol/m?s. The closeness of
the dissolution rates derived from the polynomial and the tangen-
tial fits provides confidence that the surface area assumptions
are not too crude.

As a specimen dissolves, its surface area gradually decreases,
so for all measurements we used only data from the first part of
the curves where dissolution began for determining the rate of
mass loss. In all cases, we used the surface area estimated from
images. Although repeat surface area estimates gave results that
were within a few percent, the true level of error is nearly impos-
sible to estimate. Therefore, we have not reported uncertainty
for surface area, nor for the dissolution rates derived using them.
In fact, the research questions of this study were designed to pro-
vide yes or no answers, not requiring a definition of uncertainty.
Conclusions are based on the rates of mass loss, which are very
precise. We compare dissolution rates only at the order of mag-
nitude level.

[4]

Calcite Dissolution. The Iceland spar calcite was optically pure
and had less than 1% impurities, mainly Mg?>*, Mn2*, Sr**,
and Fe?* (17). We selected a fresh cleavage fragment with about
the same mass as the cultured coccoliths. In ultrapure DI water,

where pH was 5.6, dissolution was 10 ymol/m?s (Fig. 2D and
Table 1), which was close to that of the pure lab grown cal-
cite (8-11.5 umol/m?s).

The dissolution rate for commercial calcite powder is slow in
comparison (2.7 ymol/m?s) (Table 1 and Fig. S1). This slow
rate can easily be explained. Although reagent grade commercial
calcite powder contains less than 1% inorganic impurities, there
is a considerable concentration of organic compounds. During
the manufacturing process, simple organic additives such as citric
acid or sugar are added to inhibit crystal growth, thus enhancing
nucleation and ensuring a fine-grained, fluffy powder preferred
by customers. This organic material is observable on the crystal
surfaces (18) and although commercial calcite powder is inorga-
nically produced, the added organic compounds inhibit dissolu-
tion, making it behave much more like biogenic calcite. However,
we determined the dissolution rate of this material so we could
confirm that our single specimen results are comparable with
data for commercial powder from bulk experiments reported
in the literature [close to 5 umol/m?s at pH 8 (16)]. Dissolution
rates for commercial powders are expected to vary because each
supplier uses a different, often secret, recipe for developing their
product.

The standard recipe for artificial seawater (ASW) (19) pro-
duces a solution that is supersaturated with respect to calcite.
For a few experiments, we produced a solution with pH = 8.2 and
75% of the CaCl,, to make it only slightly supersaturated, so no
dissolution was expected (Fig. 2D). In ASW at the same pH,
but initially free of Ca (Qyire = 0), the Iceland spar dissolved,
but at a rate slower than at pH 5.6, also as expected.

Coccolith Dissolution. We chose C. pelagicus because for a modern
species its diameter is relatively large (~12 pm), similar to those
found in chalk. In DI water at equilibrium with air (pH 5.6,
Qe = 0), specimens dissolved readily, with rates similar to
the pure, inorganic Iceland spar (Fig. 34 and Table 1). Ancient
coccoliths, when exposed to DI water, such as the specimen of
Arkhangelskiella sp. cf. cymibiformis (20) shown in Fig. 3D,
behaved in the same way. For most fossil specimens, the rate
of mass loss was in the same range as for cultured material
(200-400 fg/s) (Table 1 and Fig. S2). In low pH solutions, far
from equilibrium, their biogenic nature offers no hindrance for
dissolution. The dissolution rate estimates for ancient coccoliths
are high (18-20 umol/m?s), a factor of 2 higher than that of
pure inorganic calcite, which we attribute to large uncertainty in
estimating surface area. Fossil coccolith morphology is extremely
complex so an error in surface area by a factor of 2 would not be
unrealistic.

Table 1. Initial specimen mass, rate of mass loss, estimated surface area, and dissolution rate

Pure water, pH 5.6

Ca-free ASW, pH 8.2-8.4 Ca-free ASW, pH 7.8

Surface Rate of Dissolution Rate of Dissolution Rate of Dissolution
Mass area mass loss rate mass rate mass rate
(pg)* (um?) +o(fg/s)’  (umol/m?s)  lossxo (fg/s)  (umol/m?s)  loss +o (fg/s)  (umol/m?s)
Pure synthetic calcite 4,440 845 648 + 4 11.5 105 +4 1.4
Inorganic Iceland spar 420 100 103 +2 10.0 57 +2 5.2
calcite
Commercial calcite powder 13,700 2,450 650 + 2 2.7
C. pelagicus cultured 408 325 268 + 14 9.0 0x2 0 -
390 300 246 + 22 7.6 0+8 0 -
531 - - - - - 38+6
Ancient coccoliths 830 180 377 £ 16 20.6 0x6 0 -
200 130 243 + 37 18.7 0+8 0 -
127 160 68 + 6 4.2 0+0.7 0 -
500 126 - - - 82+ 14 6.5
440 150 - - - 72 + 6 4.8

*pg, picogram (107'2 g)
*fg, femtogram (10~'> g)
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In Ca-free ASW at pH 8.2, modern and ancient coccoliths
behave the same, and unexpectedly, they are stable, in spite of
solution undersaturation with respect to calcite. In the initial
Ca-free ASW, Q,icite Was zero and by the time the sample was
extracted from each of the aliquots, we estimate that Q, .. Was
about 1078, far from equilibrium. The noise in the data (Fig. 34,
t < 6,000 s; and Fig. 3D, 1,500 < ¢t < 3,200 s) during the ASW
experiments results from adventitious particles (~10-20 pg) that
attach and detach. SEM images taken initially (Fig. 3F) and after
exposure to Ca-free ASW (Fig. 3 B and E) confirmed that the
coccoliths were intact. Some fossil coccoliths are accompanied
by small particles (such as those indicated by the arrows, Fig. 3F).
These dissolve in Ca-free ASW (Fig. 3D, t < 1,500 s), their
solubility and morphology are reminiscent of nonbiogenic calcite
and account for minor mass loss during the early stages of fossil
coccolith dissolution. Because the SEM image from the end of
the Ca-free ASW experiments proves that the coccolith itself
remains intact, one can conclude that there is an important dif-
ference between the stability of the biogenic coccoliths and the
inorganically formed calcite. SEM images (Fig. 14) reveal that
although euhedral crystals of calcite exist in chalk, and are prob-
ably nonbiogenic, coccolith fragments are abundant, which sug-
gests that whatever inhibits coccolith dissolution in Ca-free ASW
also plays a dominant role in keeping chalk particles small.

The stability of the biogenic calcite in Ca-free seawater at
pH 8.2 contrasts dramatically with the dissolution of pure, inor-
ganic calcite at the same pH. The SEM image, Fig. 3C, suggests
why. After dissolution, a relic remains. This insoluble material
is an exquisite reflection of the original coccolith morphology.
Reproducibility experiments proved that all cultured coccoliths
left such a coating, but some collapsed after dissolution. The mass
of the relic material could not be determined precisely because it
is less than the noise level in the experiment (10-20 pg). For con-
sideration, the mass of a 30-nm thick organic coating covering
an area of about 300 pm? would be approximately 10 pg. Such a
protective layer is consistent with evidence of organic coatings on
cultured coccoliths presented by Henriksen et al. (7). The mate-
rial remaining after dissolution of fossil coccoliths lacked form
and was difficult to differentiate from the glue on the cantilever,
but comparing Fig. 3G with Fig. 2 C and F, Fig. S3, and Fig. S4
provides a hint that formless, insoluble residue also remains after
dissolution of ancient coccoliths.

Although cultured and ancient specimens were stable in
Ca-free ASWat pH 8.2 or higher, both types dissolved completely
at pH 7.8 in spite of organic coating (Fig. S4 and S5). Rates of
mass loss and dissolution at the lower pH (Table 1) were in the
same range as pure calcite dissolving in solutions at pH > 8. In
light of ocean acidification from increasing CO, emissions (13,
21-23), this result is important. Although some algae species ben-
efit from increased CO, (24), our results supplement those of
Riebesell et al. (25), that more acidic oceans will put coccolith
stability at risk. Models predict that ocean pH will decrease below
7.8 sometime between year 2060 and 2100 (24), but some areas of
surface ocean, where seawater concentrations are locally differ-
ent, are likely to dip sooner to levels promoting coccolith dissolu-
tion. Another aspect is the stability of coccoliths on the seafloor.
Under normal conditions, algae flourish at the ocean surface,
where seawater is oversaturated with respect to calcite. When
they die, they sink. Below the lysocline, also called the carbonate
compensation depth (CCD) (3,000-4,500 m below sea level), they
dissolve (26). If overall pH of ocean water decreases, the lysocline
will rise in the water column, increasing the volume of water
where coccoliths are unstable (27, 28). At pH < 8.2, where calcite
is undersaturated, for every CO, molecule that contributes to in-
creased ocean acidity, one carbonate ion will be released from
calcite to seawater,

CaCO; + CO, + H,0 « Ca?* + 2HCO,", (5]

Hassenkam et al.

consuming buffer capacity also in the calcareous mud that forms
bottom sediments.

Implications. In spite of being different species, and separated in
age by more than 60 Ma, ancient and modern coccoliths behave
remarkably similarly. Biogenic calcite is more robust than inor-
ganic calcite; inorganic calcite dissolves in Ca-free ASW at
pH 8.2, whereas biogenic calcite does not. However, in the same
solutions, biogenic calcite dissolves when pH decreases from >8.0
to 7.8, which has several implications. The organic material that
protects coccoliths from dissolution at conditions slightly under-
saturated with respect to calcite contributes to inhibiting the
recrystallization that is necessary for diagenesis. This organic
material has kept chalk particles very small, even in comparison
with inorganic calcite crystals only a day old. In modern oceans,
coccoliths are an important sink in the carbon cycle. In scenarios
where oceans are acidified, either by the natural equilibration of
CO, from air or by anthropogenic attempts at carbon sequestra-
tion in deep ocean waters, our results imply that if pH drops to
7.8 or lower in volumes of the ocean where calcite is undersatu-
rated, the protection offered by the biogenic nature of calcite
will disappear, putting coccoliths on algae and in the calcareous
bottom sediments at risk.

Materials and Methods

For the ancient material, we selected coccoliths from very lightly crushed
core plugs. The chalk came from a known oil-bearing formation in the North
Sea basin, but for the location where this particular core was taken there
was geological and analytical evidence that oil had never come into contact
with the sample. The specimens that we used were taken from inside the
core to avoid contamination from air, drilling fluid, and fingers. The fossil
coccoliths were 100-800 pg, so we chose a large modern species for compar-
ison. We cultured C. pelagicus, PLY no. 182G, from the Plymouth Algal
Culture Collection, in F/2 medium with artificial seawater, at 18 °C under con-
stant illumination (29). For harvesting, we centrifuged the coccolithophore
culture, removed the supernatant, and rinsed the pellet with Iceland spar
equilibrated water to prevent dissolution of the coccoliths. The solid material
was then spread onto a glass slide. Single coccoliths were located using an
optical microscope and mounted onto the cantilever.

For the pure calcite control, we used a chip of optical quality Iceland spar
calcite (Ward's Scientific), that was about the same mass as the cultured
coccoliths. We also precipitated pure calcite crystals by mixing solutions of
CaCl, and Na,COs. Literature values for the calcite dissolution rate have
most often been determined on commercial calcite powder, which is free
of trace element contamination, but which contains organic growth inhibi-
tors, such as citric acid or sugar, added during manufacture to promote abun-
dant nucleation and high surface area. The growth inhibitors undoubtedly
affect dissolution rate, but we also experimented with this material so that
we could compare with literature values for bulk calcite dissolution rates.

For all solutions, we used ultrapure DI water (MilliQ). Its resistivity was
18.2 MQcm. Glass- and plasticware were washed and rinsed with DI water
to minimize contamination by adventitious carbon. For preparing the artifi-
cial seawater, we used reagent grade salts and followed the recipe of Kester
et al. (19). ASW is supersatured with calcite, risking precipitation during the
experiments, so we used 75% of the recommended CaCl, to make a slightly
supersaturated solution for a couple of experiments. For most of them, made
with Ca-free ASW, we simply omitted the CaCl,.

We designed the experiments to examine mass loss at conditions very
far from equilibrium. For calcite, the saturation indeX, Sl.cite OF Qcalciter IS
defined as

Ca’*)(CO,%-
SLeatcite = Qcalcite = % ’

where [ represents the activity of species / and K represents the thermody-
namic equilibrium constant at standard temperature, pressure, and infinite
dilution. In the initial aliquots of DI and Ca-free ASW, Qe Was essentially
zero. If a full coccolith, 500 pg mass, dissolved in a single 2 mL aliquot of DI,
Qcaicite Would be ~107195_ If it dissolved in Ca-free ASW, Q. ite Would be
~107%, but dissolution was carried out during 10 to 100 steps, each in a
separate, fresh aliquot, so by the end of each dissolution step, Qccte in
the aliquot would be one or two orders of magnitude lower, very far from
equilibrium.
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Mass Measurements. To measure the mass and mass loss of individual speci-
mens, we measured changes in the oscillation frequency of an AFM cantilever
with the specimen attached. We used Olympus AC160TS cantilevers and
the micromanipulators of an Asylum MFP3D AFM on a stand-alone base.
The spring constant for each cantilever was derived from its thermal spec-
trum (30).

To attach the specimen on the cantilever, we dipped its end into a tiny spot
of glue (Dana Lim Universal Epoxy 335), so that about 100 pg adhered, then
we fished a likely particle from the thin layer of material spread on a clean,
glass microscope slide. We used an optical microscope to find the particles,
but the resolution was not good enough to see their quality. Specimens were
chosen mostly by their accessibility to the cantilever. After the glue had cured
for a day, the resonant frequency of the particle-cantilever assembly was re-
corded in air, using the standard AC-mode tuning routine of the software
(Asylum MFP3D in Igor Pro 6.02). Initial specimen mass was then determined
using Eq. 1. Some samples were examined using SEM to inspect for quality.
From these samples, we could estimate surface area. Preparing the samples
was tricky. In a couple of cases, glue covered the specimen, but it was
observable on SEM images and data from dissolution experiments on these
specimens clearly showed no mass loss in Ca-free ASW or in DI water.

All experiments were made at room temperature, 23 °C. All solutions
were at equilibrium with atmospheric CO, and pH was measured just before
the experiment began. The pH electrode was calibrated just prior to each
experiment using standard buffers at pH 7 and 10. For each dissolution,
2 mL of the chosen solution was filtered through a 0.22 um acetate filter into
an open AFM liquid cell, so the solutions were at equilibrium with CO; in air
at all times. The cantilever-specimen assembly was subsequently submerged
for a time that varied from 2-10 min, depending on the experiment, then
it was rinsed with filtered, calcite-saturated DI water, and finally dried by
removing the remaining droplet by touching it with the corner of lint- and
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oil-free absorbent paper. The resonant frequency was recorded again. The
sequence was repeated, using a fresh aliquot of solution each time and each
sequence resulted in one datum for mass loss with time. The difference
between the final and original cantilever mass provided the mass of the
glue. The amount of calcite dissolved in each aliquot, and pH change, were
negligible. The system was always very far from equilibrium, i.e., Qcacite ap-
proaching zero. Mass loss rates were derived from a linear fit to the relevant
parts of the data. The results recorded in Table 1 have uncertainty +10.

In most cases, we inspected the sample and cantilever with SEM before,
during, and after the dissolution experiment. We did not coat the samples
with a conducting film to improve imaging. To test if the electron beam
had modified sample dissolution behavior, some dissolution experiments
where performed without inspection by SEM. There was no detectable
difference.

Measuring single specimen dissolution rates is extremely time consuming
and very tricky. In total, we made about 50 experiments. In some cases,
the sequence ended when the specimen flew off the cantilever during a
measurement. In other cases, foreign particles attached to the cantilever
or tip, destroying the mass/time relationship. When the purpose was to prove
only the reproducibility of mass loss with time, SEM images were not taken,
so surface area and dissolution rate could not be estimated.
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