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Dissolution Characteristics of Limestone in Laboratory Experiments

Yasuhiko TAKAYA"", Takashi HIROSE"™", Hisashi AOKI"™®
and Yukinori MATSUKURA"

Abstract

0 O The results of three laboratory experiments in a batchl] closed[] system were reexamined
to elucidate the influence of some factors related to the dissolution characteristics of limestone;
Experiment A: an experiment in which the samples] 200 g in weightcrushed to fragments
with three kinds of grain sized] coarse: a diameter of 45-32 mm ; medium: 16-8 mm ; and fine: 2-
1 mmOwere treated with distilled water under various solid/liquid ratiod] 0.25, 0.5, and 10over
960 hrs[1 40 daysd Experiment B: an experiment in which clay-size powder sample] 1.00 g in
weightOJor a block sampled 3.54 x 3.54 x 20 mm?®0Owas treated with distilled water(] 50.0 mL[
over 417 hrd] ca. 17 days[} Experiment C: an experiment in which a block sampld]5.0 x 5.0 x
40.0 mm3*0was treated with distilled water(] 250.0 mLO at various temperaturesd 5, 50, and
750 Oover 2164 hrd] ca. 90 days[]l Electric conductivity] ECOof aqueous solution, as an index of
solute concentration, was measured.

0 O Experimental results showed that(] 10 surface area of crushed samples and temperature
influence the dissolution rate less than solid/liquid ratio,[J] 20the dissolution rates at the initial
stage of reaction are influenced by both physical property of rockl] porosity(Jand water tempera-
ture, and] 30the rate-determining step at the initial stage is a mass transport procesd] e.g., dif-
fusion of ions in solution]l Therefore, it is necessary for the continuous dissolution of limestone
to prompt the transport of dissolved materials. In other words, a condition for it is to send water
undersaturated with respect to carbonate minerals into the rock surface by stirring a solution in

a batch closed[Isystem experiment.

Key wordsO limestone, dissolution, solid/liquid ratio, surface area, mass transport, laboratory
experiment
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Table 10 Major conditions of three dissolution experiments and properties of limestone.
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Fig. 10 Changes in electric conductivityl] ECOwith time during Experiment Al modified after Hirose et
al., 199501 Refer to Table 1 for legends in this figure.
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Table 200 Values of rate constant(] 2] estimated surface area] Sal, Sa20and ratio of Sal to Sa2

0 Rsalin Experiment A.
G.r aan * Sel Se2 Rsa Rsl""
size uscmD lhrE 1/2 sz cmZ
ooo C 5.03 115.01 84.26 1.37 1
O LsO C 3.97 0 0 0 0.5
C 2.12 0 0 0 0.25
M 5.40 369.00 0 4.38 1
M 411 [} O O 0.5
M 2.39 0 0 0 0.25
F 7.46 2952.03 a 35.04 1
F 5.18 O O O 0.5
F 2.87 O O O 0.25
ooooo C 2.82 103.90 78.64 1.32 1
0 GbO C 2.00 0 0 0 0.5
C 1.49 O O O 0.25
M 4.83 333.33 0 4.24 1
M 3.53 0 0 0 0.5
M 2.04 a a a 0.25
F 8.47 2666.67 O 33.91 1
F 5.21 O O O 0.5
F 3.14 O O O 0.25
oooooao C 4.37 115.87 84.06 1.38 1
0 GdO C 2.31 0 0 0 0.5
C 1.30 0 0 0 0.25
M 4.44 371.75 a 4.42 1
M 2.30 a a a 0.5
M 1.43 O O O 0.25
F 9.30 2973.98 O 35.38 1
F 4.40 O O O 0.5
F 2.75 O O O 0.25
oooo C 0.52 116.74 85.09 1.37 1
0 GrO C 0.24 0 0 0 0.5
C 0.13 0 0 0 0.25
M 0.77 374.53 a 4.40 1
M 0.39 O O O 0.5
M 0.21 O O O 0.25
F 5.94 2996.25 O 35.21 1
F 3.52 O O O 0.5
F 1.48 0 0 0 0.25

Ue. oo;M: 00 F:O00.

B9 C: coarse; M: medium; F: fine.
"Rsl: 0O0OOOOOOO

B2 Rsl: (weight) ratio of solid to liquid.
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Fig. 20 Changes in EC with time during Experiment
B modified after Takaya et al., 19961 Refer
to Table 1 for legends of rock type in this fig-
ure.

ooooo, oobobobobooooobogoo
boooooobooboobobobooooboooboon
gbooooooooob, bobooooobooo
ooooooo, bobobobooooogoo
0O ECO000OO0OO0OO0O0OOOOOOOOO, O
gboooooooobooboboo, oooobooo
5000b000oobobobOooobn, oooboo
soooooomooo, ooo, boobaoo,
O000OO0o0oO0o0o0Dbbo0oo040000000
ooooo, 26,70, 9.70, 840, 7200000
OooobOooooboooooogooon 850



0.010

och (a)
0.0094 OGr
ABs oTf
0.0084 OGd OSs
< OA A
Dn An Dc
0.007 4 u}
Ls
A powder sample
OGb Rh -
0.006 O sedimentary rocks
O plutonic rocks
ODi A volcanic rocks
0.005 T T T
0 5 10 15 20

Specific surface area, m%/g

0.014

0.012 +

0.010

0.008

block sample

0.0067 o O O sedimentary rocks
O\Gr Ls O plutonic rocks
O'Dn )
Ch A volcanic rocks
0.004 . -
0 10 20 30
Porosity, %

03M@al00BOODOODOODOODOADDODO
oooooooooo,199000000
oo0omoOoOoooooooo 10000
OpO0O0O0BOODOODOODDODOODOO AO
oooboOoooooooo,199e0000
ooood

Fig. 3(1J all Relationships between A and specific
surface area of powder samples in Experi-
ment BJ modified after Takaya et al., 199601
Refer to Table 1 for legends of rock type in
this figure.
0 bU Relationships between A and porosity
of block samples in Experiment BJ modified
after Takaya et al., 199601
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after Takaya et al., 1996[1 Refer to Table 1
for legends of rock type in this figure.
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Table 30 Activation energied] Ealfor calcite dissolution and mass transport.

Ea Temp.
kol pH Solution -0 Reference
Mineral dissolution
calcite 35.1 8.0-10.1 KCD 0.7MO 5-50  Sjébergl] 19760
54.0 neutral to alkaline KCDJ 0.1, 0.8MO 1-62  Sjoberg and Rickard] 1984b0]
46.0 O O O O
41.9 017.0 PCO.; 0 0.1 atm 5-60  Plummer et alJ 19780
33.0 017.0 PCO; 0 0.1 atm 0 25 0
6.3 07.0 0 0 25 0
16.2 0 5.3 N, atmosphere 25-40  Wallin and Bjerld] 1989al]
25.2 0 4.8 CO, atmosphere O O
19.3 0 3.8 0 O 0
13.0 acid HCII 0.003-0.1NO 1-62  Sjoberg and Rickard] 1984b0]
8.4 0 4.0 HCD 0.04-0.1NO 5-60  Plummer et ol 19780
Mass transport
Transport in solution 0 21.0 Lasagal 19840
Diffusion in pore-water 45 25  Nakashimal 1995)

& grain-boundary

gooocBOO, OOODOOODODOOO
OO0 ECOODoOGID0ODOODOOOOODOOO
gbobobooooboooobobobobo
g, oobooooooooboobooooooo
00000, 0o ECODODOOOODOOOOO0
gooobooobo, coboooooboooboo, bo
gboobooboooooooobobobobo
gooboobooooooog, oboboobo
gboboboooooboooo, oboboobo
goboboooboobobooboooboonbo
gog, obooooooooboobobobo
gboboboooboobooboobobooboo

goooboobooooooooboooboob, 0o
gooooooooOoobOOoobOoooo BO
U, gbobooooboooobobobobo
OECO0OD0ODDOODOOOO, DOobooogog
00o0oooooooooo coo, EcoOdd
gbobobooooboooobobobobo
goooooo, cbboboobooobooo,
gooboboooooooobooboobobo
gboboobobooo, boboobobobobo

dddoooooooooooooboooooo
00, doooooooooooooooooo
Jodooooooooooobobobobobbooo
0, oooooooooooooboooooo
doooooooooo, oooooooooo
oo oo, Mmoo
doooooog, oooooooboooooo
dodooooooooooooooooooon
od, oooooooooooboobobo, bboo
doodooooooooo, oooboooooo
ooooooo, oooooooooooooo
goooooooooooooboo, bbooo
ododd, oooooooooooboooooo
dooooooooooooono, booooo
goooooooooooooboobooo, oo
dddoooooooooooooboooooo
dooooooooooooono, booooo
gooooooo, oooooooboboobooo,
19990 0 O O O O Matsukura and Hirose, 19990
dodooooooooooooooooooon
Jodooooooooooobobobobobbooo



goooobooo, boooo, bobobo
gbobobooooboooobobobobo
gbobobooooobooboobobo

voo O 0O

gooooob, oooboooobooboboobo
gogo3boooobobooboboboboooo,
gobooboooboooo, oooo, boboobo
gboobooboooooooobobobobo
gooboboooooooobooboobobo
goao
0ioooobooooooooooooobooo
goooboobooooooooo, boboobo
gbobobooooogoo
g20000000000D00OO0OO0Ob0OO
gooooooboobboog, booooo
U, gobobobooooooog
gsgoooooooooobooobooooo,
gooboboooooooobooboobobo
U, gboboooooooooboo, boobo
gboobooboooooooobobobobo
goobobobooooooon

oono

ooobooooooooo, ooboooooooo
goooboooobcooboocOoobooooobooo
0, obobooooooboobooooobooooo
oooooo

gooao

Amrhein, C., Jurinak, J.J. and Moore, W.M.L0 1985[1
Kinetics of calcite dissolution as affected by carbon
dioxide partial pressure. Soil Sci. Soc. Am. dJ., 49,
1393-1398.

Berner, R.A. and Morse, J. W 19741 Dissolution ki-
netics of calcium carbonate in sea water IV: Theo-
ry of calcite dissolution. Am. J. Sci., 274, 108-134.

Chou, L., Garrels, R.M. and Wollast, R[1 19891 Com-
parative study of the kinetics and mechanisms of
dissolution of carbonate minerals. Chem. Geol., 78,
269-282.

Dove, M.P. and Hochella, M.F[J 1993(t Calcite precipi-
tation mechanisms and inhibition by orthophos-
phate: In situ observations by Scanning Force Mi-
croscopy. Geochim. Cosmochim. Acta, 57, 705-714.

Dove, P.M. and Platt, F.M.[0 19961 Compatible real-

time rates of mineral dissolution by Atomic Force
Microscopy] AFMO Chem. Geol., 127, 331-338.

Ford, D.C. and Williams, P.W[J 198901 Karst Geomor-
phology and Hydrology. Unwin Hyman, London.

Gratz, A.J., Hillner, P.E. and Hansma, P.K.(0 19931
Step dynamics and spiral growth on calcite. Geo-
chim. Cosmochim. Acta, 57, 491-495.

Hillner, P.E., Gratz, A.J., Manne, S. and Hansma, P.K.

0199201 Atomic-scale imaging of calcite growth and
dissolution in real time. Geology, 20, 359-362.

JOo00O0o0o0O0oDOoOoooobw9sooonoog
goodoooooOoOooooooooo, 16, 43-
510

Jennings, J.N.O 19850 Karst Geomorphologyl[] 2nd
ed.[] Basil Blackwell, Oxford.

Lasaga, A.CJ 19841 Chemical kinetics of water-rock
interactions. J. Geophys. Res., 89, 4009-4025.

Matsukura, Y. and Hirose, T[] 19991 Five year mea-
surements of rock tablet weathering on a forested
hillslope in a humid temperate region. Eng. Geol.,
55, 69-76.

Nakashima, S.0 19950t Diffusivity of ions in pore
water as a quantitative basis for rock deformation
rate estimates. Tectonophysics, 245, 185-203.

Plummer, L.N. and Wigley, T.M.L[1 19761 The disso-
lution of calcite in COs-saturated solutions at 250
and 1 atmosphere total pressure. Geochim. Cosmo-
chim. Acta, 40, 191-202.

Plummer, L.N., Wigley, T.M.L. and Parkhurst, D.L.

0 197801 The kinetics calcite dissolution in CO.-
water systems at 5° to 6000 and 0.0 to 1.0 atm COs.
Am. J. Sci., 278, 179-216.

Jo0000D0OO0DOoOO0OOoOOOoOoOoooi992ntt O
gooo0ooooooOoobooooooag, 42,
241-2470

Sjoberg, E.L.0 19761 A fundamental equation for
calcite dissolution kinetics. Geochim. Cosmochim.
Acta, 40, 441-447.

Sjoberg, E.L. and Rickard, D 1984al} Calcite disso-
lution kinetics: surface speciation and the origin of
the variable pH dependence. Chem. Geol., 42, 119-
136.

Sjoberg, E.L. and Rickard, D.0 1984b[t Temperature
dependence of calcite dissolution kinetics between
1 and 620 at pH 2.7 to 8.4 in aqueous solutions.
Geochim. Cosmochim. Acta, 48, 485-493.

Stumm, W. and Morgan, J.J[1 19961 Aquatic Chem-
istry: Chemical equilibria and rates in natural wa-
terd] 3rd ed.[] Wiley Interscience, New York.

Sweeting, M.M[ 19721 Karst Landforms. Macmillan,
London.

Joodo0oooooooooooe oooooad
Oo00000ODOO0oO0O0obOoOoOooooOooooon
0, 17, 193-202.

Jjodo0oooooooooooz0e 0ooo0OOd
goooobooboobooboobooo, 29,
245-258.



gooooobbbooooobbboooobooog
0000000 DO0o00bbO0o0ooDbDooD999 O
gooooooboboooooboboooouooboobo
oooog, 108, 45-58.

Wallin, M. and Bjerle, 1.0 1989alt A mass transfer
model for limestone dissolution from rotating cylin-
der. Chem. Eng. Sci., 44, 61-67.

Wallin, M. and Bjerle, I.00 1989b[1 Rate models for
limestone: A comparison. Geochim. Cosmochim.
Acta, 53, 1171-1176.

gopooooopooi199st co,Dpooooooon
gooobobooboo, 27, 21-28.

020050 110 7000, 20060 30 200000



