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Abstract

Acidification of the oceans by increasing anthropogenic CO, emissions will cause a
decrease in biogenic calcification and an increase in carbonate dissolution. Previous
studies suggest that carbonate dissolution will occur in polar regions and in the deep-

. sea oceans where saturation state with respect to carbonate minerals (Q) will be < 1 by
P . B e R

2100. However—easbenateim-eora-reeit-a brited

&
.

g nitn, and-the uutunqﬂun SFate with
o = . Recent reports»demonstrateﬁ nocturnal carbonate
A el dissolution, reefs, despite Q.a > 1. probably relate%o the dissolution of the minor reef
10 carbonate/}Mg-calclte), which is more soluble thart aragonite. However, the threshold

of Q for the dissolution of natural sediments has not been clearly determined, and it is

unknown whether these dissolution processes actually occur under natural conditions.

This work describes the measurement of the dissolution rates of coral aragonite and

Mg calcite excreted by marine organisms under conditions of Q_a> 1 with controlled
5 seawater pCO,. Laboratory experimental data of the present study show that/bulk :
___carbonate sediments sarr d from a coral reef start to dissolve Qa= 3.7/f.a-nd
i ; : sthfatt — Mg-calci d%ived from foraminifera and
'''' coralline algae dissolveffw Q a reaches-d=4 - coralline aragonite started
= to dissolve . We show that nocturnal carbonate dissolution of
2! S,ﬁ‘ .. coral reefs boours mainly by the dissolution of foraminifera and cerailine algae in reef

sediment.
AT S, =8 O

1 Introduction

The oceans are a large carbon reservoir that absorbs atmospheric CO, which then
equilibrates to bicarbonate (HCO;) and carbonate (CO?)‘) ions. More than 30% of
55 the CO, emitted to the atmosphere by human activities is taken up by the oceans
(Sabine et al., 2004), lowering the pH of surface water and increasiig ﬂé{saturation
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dynamic potential for the mineral to form or dissolve. The saturation state of calcium
s carbonate (Q) is defined as follows:

Q=[Ca**]x[CO5 /K3 (1)

where [Ca®*] and [COQ'] are the concentrations of Ca®" and COE' respectively, and

Kgp is a product of the equilibrium concentrations of Ca®* and CO2

Hence, the formation of the mineral is thermodynamically favorable when Q> 1.0,

1 butis unfavorable in the case of Q < 1.0. Oceanic uptake of CO, causes an increase in

hydrogen ion concentration [H"] and a decrease in carbonate ion concentration [COi"],
leading in turn to a decrease in Q.

Carbonate dissolution can be described as follows:
CaC0,4+C0, +H,0 — Ca?* +2HCO, ()

15 As a result, Q will rise by carbonate dissolution. The carbonate-bicarbonate system
acts as a buffer to atmospheric CO, levels and ocean acidification. Hence, carbonate
dissolution increases that buffer capacity. If we are to meaningfully forecast the future
change in the carbon balance between the atmosphere and the ocean, and to predict
accurately the degree of consequent ocean acidification, it is crucial that we understand

»  this buffer system. Ay w[ uc.frg;m\ W R
TDQMIC flCatIOR p-eda:med—by-manne organisms i Q
~ piseawaterhas been examined by laboratory expenments that-eontrel-L2. For exam-

ple, Langdon and Atkinson (2005} showed that by 2065 the coral calcifi
decrease by about 40 % compared with pre-Industrial levels. This estimate was based.
25 on laboratory experiments that showed the calcification rate of coccolithophorids de-
% creases with increasing seawater pCO,. ThisdecTease-wewldimpact-eathe-calcifiers
Qu*‘:’ +themsetvesas-welas omthe-ecosystems ihey consiructed.
Y ,(\—5 . 8621
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The value of Q is-different ameng-#s. mineralogy.
calsite~and-atpresent, Q_a values range from 1 1o 2 in high-latitud ns, alrlcj from
H%i%r &'¢ca

3to45i itide regions where coral reefs ar ofm ed. rbonate
ion at low latitudes (e.g., coral reefs}-liﬁ’s.ng?-b:ee%n expected.=Hemaver, net dis-
lution under conditions of Q_a > 1 has been observed at several coral reefs (Boucher
et al., 1998; Leclercq et al., 2002; Kayanne et al., 2005; Yates and Halley, 2006; Naka-
mura and Nakamori, 2009 g hgse[nprevﬁus studies |ﬁf3’%‘dlhat dissolution inthecase
Q.E.Q-a_ﬁlmm the'd g almte Wﬂﬁeﬁe—ﬁ-&-@%ﬁe—mh

1w by forami 2 i ; ! i i nc
//are'ﬁm&gmmmmmmm—ﬁﬁe&m—a-ﬁ:ﬁ%). When the Mg content

is greater than 8 %—12 %, Mg-calcite dissolves more readily than aragonite (Plummer
and Mackenzie, 1974; Bischoff et al., 1987; Morse et al., 2006).
The solublity of Mg-calcite is varied with content of magnesium. In general, minerals
15 with higher Mg content shows higher solubility. Moreover, the selubility of synthetic
and biogenic Mg-calcite is different in laboratory experiment, and there is variability in
the solubility of bicgenic Mg-ca!cite from different organisms (Morse and Mackenzie,
1990).
Morse and Mackenzie (1990) divided the solubilifies of Mg-calcit
2 categories: (1) Plummer and Mackenzie (1974) solybility; (2) the

into three major
st fit“ biogenic
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L}.’f\,\:ﬁf v 2 Methodology j\yjoq
\:;L\ﬂ 2.1 Experimental design _.\,A'(
%

_ o
6(’\’3‘3\\""“ > conneeting-these-urits: seawater tank, dissolution chamber, CO, gas unit, and flow-
15
o

=&

S Lw\x) mu

15
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enwronment, it is pCO, whick hang Q_a; consequentl bora studies ﬁ@/
ep set in orde nmé\su.c_y/ﬁr:th theenvironment.

he aim of this work is to clarify the relahonshrp between Q_a and the rate of Mg-
calcite dissolution. We measured the dissclution rate of coralline aragonite and Mg-

s calcite excreted by several organisms under conditions of Q_a > 1 using an experimeat—.. [
olled p002 in seawater In thls paper we measure threshold of

Vi

e
arbon (C_T).

The experimental system (Fig. 1) consists of four mmﬁﬂmﬁmmd@&s-lmes
through analyzer for A_T and C_T. Each of these units is described below.

2.1.1 Seawater tank

(w*?o
> gas was introduced fremamzagﬂrmﬂ-and.was-dﬁsewed-m seawater by using
a 3.5-m coiled tuber] Seawater-was-stored N e TaTTK Wit & Tectangutarbottie (91, ~
Seawater pCQ4 was checked using a membrane tube and a non-dispersive infrared
2 gas analyzef (NDIR) (Saito et al., 1995)

A~ Y sgm feW WK
Due"'\\'

Usrng a pump, seawater was introduced to the dlssolutlon chamb Afrom the seawater

;ank Dissolution samples were set in this chamber, w
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292, “Dissolution chamber

kkﬂ‘ SV—\a\\ \holer %o oUu—D F‘U’:_ nu«,b\:l*"‘” 4+ pu?
\A\ 0 Yaa ‘\L“ ‘V‘)\ e a W\"l”
Q{t O uw\-‘tr\dﬂv\ AT r«{LuJQ H hm_.. Kr‘

§Wa 200 pm mesh f|Ite/rl so.as-ret-to lese any

(
L]

sample.

A

| RN
1 X yo,we«ﬁu ted lose o e % b{{‘

2.1.3 CO, gas unit

Gas mixtures of CO, at concentrations between 400 and 2210 ppm were generated

s by mixing CO, free gas (passed through soda lime traps to remove trace CO,) with
pure CO, using two mass flow controllers, and then dissolved in seawater. We used
an NDIR, (LI-COR, LI-820) to monitor pCO, in the seawater.

el -

o o’w) SN 9

2.1.4 Flow-through analyzer

e

The sample seawater was introduced directly through the flow-through analyzer (Ki- =

1 moto Electric Company Limited) by switching the flow line (Kimoto et al., 2001; Watan-
abe et al., 2004). A Certified Reference Material standard seawater (A. Dickson, Uni-
versity of California) was used to calibrate the flow line. Sodium carbonate solutions
made on site were used for the C_T calibration. The precision of analysis for A_T and
C_T was +3 pmol kg"1 for each.

15 2.2 Experimental procedure

1. CO, gas (420-2210 ppm) was prepared from the CO, gas unit.

2. Seawater in the tank was circulated inside the seawater line (bypass line) for 10—
12 h to allow the seawater and introduced CO,, to equilibrate. The pCO, was then
checked with a pH electrode (annular ring type, pHC2401, Radiometer Analytical,

20 France) and also by NDIR.

3. After the pH and pCO, had stabilized, A_T and C_T were determined before the
dissolution experiment began.
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‘and tubing at the end of each run. This is a problem because interpretation of the

results requires a reasonable mass balance. Je-assess-the amonnEefretaied warter,

4, Samples were placed in the dissolution chamber, and seawater was circulated
inside the seawater line (dissolution line).

5. A_T and C_T were measured again after several hours, at the end of the experi-
: 3 =
s i éu\"u"m@ et ¢
3
2.3 Samples

For the dissolution experiment, seawater was collected from a depth of 500m at
34.7°N, 139.4° W (near lzu Island, Japan). The seawater was filtered using a 0.45 pm
capsule filter. The carbonate samples used were coral, coralline algae, and sediment
sampled from Shiraho reef at Ishigaki Island, Japan (24°22'N, 124°15'E). The sedi-
ment was collected during August 2007, and the coral and coralline algae were ob-
tained during October 2007.

The major size fraction of coral reef sediment was from -1.0 to 0.0 ¢(1-2mm),
from which 800 particles were separated for each dissolution experiment. The miner-
alogy of each sample was identified by X-ray diffraction (XRD) analysis. The sample
consisted of coral, foraminifera; and coralline algae (see Fig. 2). The MgCO, con-
tent was estimated by the position of the peak X-ray strength (Goldsmith and Graf,
1958). The magnesium contents of coralline -algae and foraminifera were 16.5+0.4
and 13.3+0 4 mol %, respectively, and the coral was pure aragonite.

2.4 Calculation

The A_T of seawater increases by 2 moles for every 1 mole of carbonate dissolution.
The carbonate dissolution rate is measured by analyzmg t{ue change in A_T; hcrweveT

nat_only carhonate dissoltierbut-atse salinity changs? affect the A_T. K
necessany-to-exetudethe-influenee-of-salinity. Using EQ. (3), A_T was standardlze

a constant salinity, and the dissolution rate was then calculated:

nAT =AT x Saverage/ssample
8625

where nA_T is the normalized total alkalinity (zmo g'w), representing the total al-

each experiment. C_T was also stan-

dardized to sallmty and nC T (normahzed dissolved inorganic carbon, gmol kg™~ }was
obtained. Salinity was measured using a salinometer (PORTASAL 8410A, Guildline
Instruments Limited). IAPSO (International Assoeciation for Physical Sciences of the
Ocean) standard seawater was used for calibration. The precision of salinity analysis
is £0.003.

Dissolution rates were calculated as follows&ﬂ; Ao Caows2 C,f‘ o
ot el

R=AnAT/2xm,xMx100/(mgxt) 4 e P "“‘Mé\ v (4)
H'_—____‘—*—w

where AnA_T is the dlﬂergiee’lﬁ nrii durlgg the experlcr]ent,,m is the weight of sea-
water, M is the molecular wetgh‘[‘T‘ca Gium carbonate (=100), m, is the weight of the
carbonate sample, and ¢ is the duration of the experiment. Because A_T and C_T are
both analyzed directly in the experimental system, the amount of seawater in the ex-
periment system decreases during the experiment. m is the average weight over the
course of the experiment. <7\
pCO, and Q_a of the seawater were calculated from A_T, C_T, seawater temperature,
and salinity using the calculation program CO2sys (http://cdiac.esd.ornl.gov/oceans/
co2rprt.html; DOE, 1994). The full pH range (0-14) was used in all calculations, em-
ploying the equilibrium constants (K, and K,) reported by Mehrbach et al. (1873).

3 Cw_mmmystem
33 Evaluation-fer remaining water

Due to the design of the system, a small amount of seawater remains in the pump
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Dilat expefiments-were-perfarmed with-seawater a rer. After initial seélvater 1 P
loading, Ahe conddctivityAvas mégsured] and the sy, mptied! was/ S
then/loaded’ with pure Avater dnd|the/conduCiivity 4 fred. Usi sipg 7 A
salinity as a conservative ttater, the’ corddctivt éeay/ edto assess{ = / > =
i s : : / g | Lk
5 how ugH sdlt wa /-feft in the systent,an > the \[ /L/r?f_C_ 5 R 7‘,3{2,\,( et
sy’ . Thi ret-abeat 10 ml of water was, retained
in the system after emptying: (I Dol IS | Jﬁu, m .
S @ Mass P S CACCULETEY
3.2 Evaluation for salinity chan}e ko _75.;' g

M(Lﬂ-/\, /
L s

10 )r;? n/ Ahig is"a problem because nity is-uSed to-ifter h ults ofthe eri-
ents. k
e A : O water-are—eontroties

[ Bubbling of-

i ini ge-i i s. Table 1
contains a series of\CO, volume flows with the resultant saliniti 3. lt-is-clemrdat
-tire“salinity Encreasegin direct proportion to the gas mass flow.filﬁﬁféﬁﬂe,t—f‘_ﬁie cal-
ibrated the salinity during the experiment according to the salinity after the experi-
ment, from the relationship between the gas mass flow and the r.

o Y

o

VN T
)Q(_/(/k ) 20
S A

.01 sing a gas flow of ; see Table T).
Figure 3 shows a time series of A_T without salinity calibration, and Figure 4 shows a

time series with calibration. A_T increased for the blank experiment without a carbonate

25 sample, but after salinity calibration the change in nA_T was about 2-3 pmolkg"1, and
this value was within the error range of the measurement. -The-results-forall-ef-the

dissolutierrexperiments-were-ealibrated-using-this-procedure.
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4 Results . f”CO"‘

» etV e
Mmﬁ& are listed in Table 2. pEOzamt-Cr T wereTatcrated
AremA-T-armd-€-F-The results of the bulk dissolution experiment are shown in Figs. 5
and WDWW the experiments, nA_T
Jr—e s varied between 6 and 25 pumolkg™". No increase in nA_T was observed when pCO,
e " was 420 ppm, and the change in nA_T was greatest when pCO, was about 2030 ppm.
e Figure 6 shows the average dissolution rates, calculated from nA_T changes, plotted
o ‘)S against averaged Q_a. The average dissolution rate was fastest (0.004 % h'1) when
VL0 Q_a was 1.3 and slowest when Q_a was 3.7. N
e 10 Similarly, Fig. 7 shows the results of dissolution experiments on foraminifera, %
coralline algae, and coral. In all cases, the dissolution rate increases as Q.a de- -
creases. Threshould of foraminifera and coralline algae are 3.0 < Q_a < 3.2, and that
of bulk sediment is 3.7 < Q a < 3.8. The dissolution rate of coral shows no significant _

change when 1.5 < Q. a<2.0. - i

s 5 Discussion __,-‘(_\":'\"1 }\) E

m,dj‘ésoluﬁon rate was highest for coralline algae, followed by foraminifera
and then coralf@bngjatem- ith-previous work (Morse-et al., 2006, 2007, Bischoff et-ak—"~
1993), the-results shew-that/Higher dissolution rates were observed for samples with i}
higher Mg-calcite contents, c~d § Cond 3D~ W[ fres ro wolls &

20 Begcause 1bq graify sizegand ather properties of the samples were,as consistent as
po}s'!ﬁglig, -eg!i repces in digsol S e @%@@M
by diffetences’in the instability (L€., sefubility) of*tfie minefals.

5.1 Relationship between solglibility and Q_a
/-_—-

We compared the soluhiliiies%ea%red in previous studies (Morse and Mackenzie,
2 1990) with those obtained 'rn/\he present study from the threshold of coralline algae
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and foraminifera. The solubility of Mg-calcite of biogenic origin is shown in two different
ways: Plummer-Mackenzie solubility (Plummer and Mackenzie, 1977) and biogenic
best-fit solubility (Walter and Morse, 1984; Bischoff et al., 1987). For example, the Q
value of Mg-calcite (16 mole % MgCOj3) is 0.2 by the former method and 0.8 by the -
s latter when Q.a=1.0. This discrepancy may originate from differences in pretreat-—7
ment and the experimental method (Bischoff et al., 1993; Morse et al., 2006). For
example, carbonate samples were washed in an ultrasonic bath and then dried for the
Plummer—Mackenzie method, whereas for the biogenic bestfit solubility they were not
only washed in an ultrasonic bath, but also chemically treated with H,O, to remove
1w organic matter.

In the present work, —log(Ks,) of coralline algae (16.5mol+0.4Mg%) and
foraminifera (13.3 mol+0.4 Mg %) are -7.80 and —7.82, respectively. Our samples
were cleaned only by ultrasonic bath and dried at 40 °C for about 12 h, following Plum-
mer and Mackenzie (1974). The solubilities calculated in the present study are sim-

15 ilar to those estimated using the Plummer—Mackenzie method, and are comparable
to those obtained from field data because the minimum processing employed in this
study results in a state similar to that in the sediment. Such analyses of the solubility
of foraminifera and coralline algae are important because dissolution in the sediment
may influence observations and hence the results of palasoceanographic studies.

THI= =5
C OrdFiA f)J%k:; O

20 5.2 Evaluation of Mg-calcite dissolution

The relationship between dissolution rate and Q_a, as obtained from the present ex-
periments, is as follows:

Bulk: Dissolution rate (% h™') = —0.0015 x Q_a+0.0056 (5)

Foraminifera: Dissolution rate (% h™') = -0.0027 xQ_a+0.0081 (&)

s Coralline algae: Dissolution rate (% h™') = —0.0045 x Q_.a + 0.0143 (7)
8629
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Lolge TS p e 2
— DO
v
\“'-n.
According-to Egs. (5)(7), threshold of bulk sediment, meaning bulk dissolution rate
is equal zero, is 3+ < Q.a < 3.8, and that of foraminifera and coralline algae are 3.0
<Q.a<3.2. Difference of these values comes from “other minerals™s
The sediment samples consists of 75 % foraminifera, coralline algae, cm

" [ . 4 : S8 Rl <
':)f"‘\”f\l faiole f\ ?L V‘u“)’i\—(}{-o* 0 U Y
6 Y e

5 aragonite, and 25 % sea urchin (3 %) and “other minerals” (22 %); the latter two com- 9&{- { i\&’—
ponents were not included in the calculations. The sea urchin is Mg-calcite with a low i
MgCO; content (8.0 mole %), corresponding to a small contribution to the dissolution
rate. The "other minerals” are considered to be calcite or Mg-calcite in composition be- : Fh
T VA8

cause they did not color with dyeing and over 95 % of sediment at the Shiraho coral reef
w i carbonate. In this study, we could not distinguish “other minerals” from foraminifera
or coralline algae, meaning that we may have underestimated the dissolution rate.

5.3 Comparison between field observation and this study

uS & Fumchas
We compared our resultof reletionstipbetween-bulk dissolution rate apd Q_a, with pre- -

; /—M%Emwﬁﬁ@@@m- Betatseour-laberatery
r’“-'c:}’\ 15 IS de = m I:

i I Upper watertie.
5 o | T/ I Aee3 2 : 5 2 NS : s
{;..L/\MPLN l’é ¢ calette Tsinfitenced-orty—by-eohsrn-s . Hdissolution rate R[mmol m™ h™! (S
7 7 f&’ ¥y
e i

7
Sarre-Sear S SorveSTanawitoot OStaerh

’T«te} described as follows:

R[mmol m= h~'] = DRbulk [% h™'] x 0.01 [m] x 1[m?] x 2700 [kg m™3] x 0.45 = 102
w =1215xDRbulk(= -0.0015 x Q_a + 0.0056)according to Eq. (5)

=-18xQ.a+6.8 (8)

um& of calcium carbonate is 2700kgm™ and porosity of coral reef sediment is
0.45 (Morse and Mackenzie, 1990). ey
Calcification for coral and other calcifiers is observed even during night and de-
= ~eregees total alkalinity (Gattuso et al, 1999). Hence, total alkalinity increase by
8630
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carbonate dissolution can be observed when gross dissolution is larger than gross
calcification. Table 3 shows observed dissolution rate and Q_a. Estimates of net car-
bonate dissolution range from 0.2 to 3.6 mmolm™h~' when Q_a ranges from 1.0 to
3.1. Andersson et al (2009) calculated gross carbonate dissolution rate by using long-
term experiment data and estimated that total dissolution equalled 1.6 mmolm > h™"
and 3.74mmolm™h~" in the control (average © _a was (2) and in a treatment mesc-
cosms (average Q a was (1), respectively. From Eq. (8), we can estimate that gross
dissolution rates are 3.2mmelm™>h~" and 5.0mmolm™>h™", respectively when Q_a
are 2.0 and 1.0. Our result is consistent with previous filed studies.

5.4 Future impact for Mg-calcite dissolution

Andersson et al. (2003) suggested that carbonate dissolution has little effect for buffer-
ing anthropogenic CO,. It is because they applied the solubility value for 15mol %
Mg-calcite from Bischoff et al. (1993). Because their solubility of Mg-calcite is "bio-
genic best-fit solubility”, Mg-calcite does not dissolve even if Q_a decreases below 3.0.
Kleypas et al. (2006) suggested that continuous burning of fossil fuels and future
uptake of CO, by the ocean are predicted to reduce Q.a to 2.0-3.0 until 2100. Our
research suggests biogenic Mg-calcite such as coralline algae and foraminifera is more
soluble than aragonite and its threshold of dissolution is 3.0-3.2. Mg-calcite dissolution
occurs only during night at present, but it will occur during all day in the near future.
Kayanne et al. (2005) estimated community calcification rate as 70-
127mmolm~2day™" in Shiraho Reef. If average Q.a of daytime becomes 3.0,
calcification rate will become 30-50% lower than present rate. On the other hand,
according to our result, carbonate dissolution rate will be 1.4 mmol mZh! (see Eq. 8),
which equals at least 33.6 mmol m=2 day"ﬂ. Because sand area is about one-third
larger than coral area in Shiraho reef (Kayannne et al., 2005), carbonate dissolution
will exceed calcification in this reef as average Q_a of daytime decreases below 3.0.
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Table 1. Relationship between change of gas flow, salinity and A_T.

Gas Flow [cc min™']  ASalinity [h™']  AAT [umolkg™ h™'J"
50 0.0045 0.308
300 0.0085 0.584
500 0.0264 1.803
* Assuming that initial A_T = 2350 pmol kg™
8635
Table 2. Condition for each experiment.
Samples temperature seawater(g):  pCO, [ppm] Bv=-23 @ o F;)t :
sample(g)
Bulk sediment  26°C 310:1 420, 590, 750, 820, 35,29, 25, 24 1.9,
1110, 1290, 2030 17.1.2
Foraminifera 26°C 310:1 510, 570, 1240, 2210 A2 2R 7T
Coralline algae 26°C 310:1 570, 830, 1070, 2000 29,23 1.8,1.2
Coral 26°C 310:1 1070, 1550, 2100 1.9,1.6, 1.1
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Fig. 2. Component of sediment sample.
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