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Monohydrocalcite from Sediment from the Bottom of an Ancient Lake
in Mongolia: its Role as an Environmental Indicator and
Environmental Remediation Material

Keisuke FUKUSHI'

Abstract
Monohydrocalcite (MHC: CaCO;°H,0) is a rare mineral in nature and was recovered from the lake

sediments of Lake Hovsgol in Mongolia. In order to assess the performance of MHC as an
environmental indicator and as an environmental remediation material, the physicochemical properties
of MHC, for example its transformation mechanism, kinetics, and formation conditions, as well as the
uptake mechanisms and properties of hazardous anions (phosphate and arsenate), were examined in
laboratory experiments. The investigations showed that MHC in the sediments can record the past saline
conditions of lake water. In addition, MHC possesses a higher ability for both phosphate and arsenate
sorption and is a promising environmental purification material for hazardous anions.

Key Words: monohydrocalcite, Lake Hovsgol, environmental indicator, transformation, formation,
environmental purification material, phosphate, arsenate
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#14 b TiX1104, Tmonohydrocalcite (F6./ /A K&z
ANHA B TRI00EOFERIAE v b Lz,
AR TEROEZ I T/ A Fa v A MdREES IV
T LDFTHRHRB B D2V E V2D,
EEHELE/ A Fasrd A b (CHEMHC) &0
HEWE, @RXZEBRHBICHARTE ¥ — (B
FEOR B AR & —) IZEME L 722006512
ENDIED, EEOFBET IHIRBE S X7 LD H
TR ZE8IE BAEER), ROTETHEE
EHNT, BT VT HUIROM A RIS L HEEY
a7 OHHIC L O HREEH L BE T AN
LTS, EHIT, K-k A 7 iz
BT 5 RBOE(LICBIR /2 —F 7 KENREERIC
METHELINVOT TR NVE LY SN E
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EWV o T HIAEGY LR IR DN, —FH%
EDEENSE LN PV TILRBEES %&
LHLORRWESIN, FOPTHLEGBICAYTS
FREIIIMHCH &£ 5 Z L AR L7 (Fukushi
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Fig. 1 Map of the Lake Hovsgol watershed showing the site of core HDP04.
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Fig. 2 Representative XRD patterns of Hovsgol sediment from 2 to 65 degree for bulk samples. Qz: quartz, Fd:
feldspar, Am: amphibole, C: calcite, D: dolomite, M: monohydrocalcite. Clay mineral peaks can be seen at 7,
10, and 14 A, each peak corresponds to chiorite, illite, chlorite and smectite, respectively.

X3, Lo TMHCOAERL E ZEZHEFTH T
LIZLY, »OTEAMB T TAT VB LTZH L
REREAETTEAITTH D,

& LA TERIISRREMELURID D, I &
HEELROBY IAFBRRITEOERKRE $ o TV,
BT 4 BREWBFET B8, FEOTHIL
FETREZPRISBVALHER DD, EEOR
e LT, FRERMETHDITE, FELRY
L <EtYiAZe (Fukushi and Sato, 2005; Fukushi and
Sverjensky, 2007), —fl% &5 &, SEMLHITIIER
ERREIOHBIB L ORLER T = VA KT
A FReva bt A MNBRFEETIH, FELR
THHEROBMVIAKENITZ = I NA RFA R
Ta~ bt DAREKEOHEKIEL L bEW
(Fukushi and Sverjensky, 2007), MHCIIHEZREM T
HY, IAYA T T, LD L REERS:
WMThHb, LIhBoT, MHCIIHEETEOEDLRR
0 IABFEIORIREMED S B,

ko X 5 %ERT, MHCOAR - KEMSCHEE

AF v OWYIALEELEL L TENERNMNLHAL
MDICTARFREPITOCE, ZETIIZNETILE
L TNANL DMDFREIZ DOV TIRRTU L,

0. /.14 FAAILYA FOEREREH

1) B/ /4 FAAILY A FOREH (Munemoto
and Fukushi 2008)

1—1) [FLHIC
MHCII¥EREFTD TH Y, BRI SF TIIEERME
L L2V, BROKPICFEET D LMY A R
77 I A h~EREBTTHRE(LT S (Taylor, 1975),
L7235 T, MHCITHIBRBHERI R & 22 DRTF
M Z -2 EEZL LN, TORERTIZLAL
B ENTE Wb o, KRB TIZENER)
SMHCOZEMZIMTHZ L2 ERE L, BLE
FMOBAICHAL R HERICBIT AMHCOEEE
gL FOFEEIZOWTHRINEITo I,
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1—2) RBAX

AHFFE TRV BMHCIX0.06M CaCl,, 0.06M MgCl,,
0.08M Na,CO; DR & ¥R % 48KF[#125 £ 0.5°C THAR
EH, ERL-BERE BRI L TELNZLO
Thbd, BONTHEEHA AL AKIZE Y LB
L7tk B ARRIR I LU TOERICA W,

AR L 72MHC & T EERIRE (50°C, 40T, 25C,
10°C) \Z38% L 720.01M NaClX & EMEAK A Bk
H:80mg/40mliZ 72 5 & 5 I BRI BBNICES
7z, MHCR BN, HHICREBIROpHE, 7
AEREAWTHA LRSEHZD S22 U, &
BEKMEIZOE, A Fa—F—RNIZBWTRH—
DERABIREHEAE LEREEL0SCTERL
oo FUSRBIIER O TR LBERGIZ LY
BEROEEE S5 L TEHEERR L, GohizE
WERATA R T ACTEIZEM LXRD THH
ExITo1, BONIZEXRD/AFY — % L THHER
B AWC, RERBTICEENAMHCET F
dF7 A FDOEEEIT> 72, XRDIIRigaku RINT1200

ZFEAL, CuKefR, 40kV, 30mATHIE L7,

1-3) BREER

KR TIT o 2R TOERIBE LM T, MHCOZE
BT 7374 P Thotlz (F1), MHCOXRD
NRE—UNOEB L REICHE S MHCOERE{L
X, WTFROBESLMHICBWTY, TR L —
ERHEENELET, ZORABKICEENEL L,
B RO R TMHC I B 2ICE L Lz (K3), 20
AELZERBVOBRKILIT 7354 FOE— 7 HRE
NBHER & —F L, MHCOBATHEWT T FF 1 |
DOEMIPFER STz, FIMHCORD Iz fiE &
NaEf (77374 hO—7 RHETAHETO
BEfE) &, MHCO B — 27 B LR 5 £ TORE
IR & LIRED FRICHEWVED Lz (K3), @
EIIRBITHOEERBENRERD EEX LN, HFIh
L REE % step 1, WA 5 R &step 2& 95,
AKBEFIZBTAMHACD T T dF A b ~DEYE
WL, MHCOBRE, RN ODT 7314 O

#£1 MHCOZEHEREBEESR (Munemoto and Fukushi, 2008).
Table 1 Mineralogy, amount of MHC and aragonite calculated by the external standard method (Munemoto and

Fukushi, 2008).

Amounts Amounts of
t(C) Time(sec) Mineralogy of MHC  aragonite

Amounts Amounts of

t("C) Time(sec) Mineralogy of MHC aragonite pH

(mmol) (mmol) (mmol)  (mmol)
50C 0 MHC 0.70 25C o MHC 0.70
1800 MHC 0.56 7200 MHC 0.64 10.78
3600 MHC,Ara  0.32 0.19 14400 MHC 0.69 10.69
5400 MHC,Ara  0.19 0.48 21600 MHC 0.67 10.64
7200 MHC,Ara  0.10 0.57 28800 MHC 0.69 10.64
9000 Ara 0.70 36000 MHC,Ara  0.66 0.019 10.62
40C 0 MHC 0.70 43200 MHC,Ara  0.67 0.025 10.59
3600 MHC 0.65 50400 MHC,Ara  0.65 0.042 10.58
7200 MHC,Ara  0.59 0.061 57600 MHC,Ara  0.55 0.076 10.61
10800 MHC,Ara  0.36 0.30 64800 MHC,Ara  0.51 0.11 10.51
14400 MHC,Ara  0.15 0.61 72000 MHC,Ara  0.36 0.25 10.48
18000 MHC,Ara  0.11 0.69 79200 MHC,Ara  0.15 0.53 10.48
21600 Ara 0.70 86400 Ara 0.70 10.52
10°C 0 MHC 0.70
432000 MHC 0.63
518400 MHC 0.74
604800 MHC 0.76
691200 MHC 0.74
777600 MHC,Ara  0.50 0.15
950400 MHC,Ara  0.20 0.43

1036800 Ara 0.70
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Fig. 3 RD patterns of collected samples after 14400, 43200, 72000 and 86400 seconds at 25 °C (Munemoto and
Fukushi 2008). A: aragonite, M: MHC. (b) Changes in amounts of aragonite formation as function of time up
to 1,200,000 seconds. The figure in the inset shows the changes in the formation of aragonite up to 22,000
seconds. The line indicates the regression for the pseudo-zero-order reaction for aragonite crystal growth.
The open circles indicate the periods when both aragonite and MHC coexist from XRD patterns. The closed
circles indicate the periods when aragonite and MHC sorely occur.

KRB LIOT 7354 FOBREENOHER IS
EEZHND, 25COEETIZHBVYTMHCE BRIZ
WL 72, BB OpHIT $ sy A — % — TMHC D ¥
BpHHAE TETAHZ EBR/H LN (R, 2D
Z ¥, MHCOREFZEE 138D TEL, MHCHTF
FET ARG TIERITE ICRafuRES R S
TWBEEZBND, step 208137 Z T A bD
ERReE—ET5, LENRSTstep i, 7734 b
B L CRMAFURREIZH 2T S, 77 A b
DETFERBRZ D57t AREETH Y, step 21318
BCEE LIRS EEE LT 7314 MBRET S
T ANERL RS> TWBZ LRI NS, =
SO AOBREERF®HIZIT L= AT 2y Mh
HIEMHLTRAF -2 REL 2 LKV EFHES
(4), BT vt 213108.1k)/mol, 7 7 A
kDR 7 v A 1380.6kI/mol & BAE S STz,

2) B/ A FAALYA OERKSFEH (Nishiyama
etal., 2013)
2—-1) [FLBHIC
MHC i3 HERZ B BRE CIIERITHTH LR

ERBESY CTH Y, MEKRETIIEITESATOER
PEEHHNTVD (K5), MHCOEMREL, KD
N LRSI ORTEMRTH B NV A FROT
SadFA4 MY BLIHTEVOLTHY, Lid LITHEM
THEIND VIV LIS L3HTHEWD, 2
WAREEE % AT AMHCYS, & W IERE OB TAR
TEDONIZNETHL MR- TV,

772, MHCO#EBEHEEIIMgIZ A S22 S 2
bbT, BENERB IORATOER.S, MHCO
ARICIER P ICMgD GERRETH D Z L AVR
X TW5 (Fukushi ef al. 2011; Kimura and Koga
2011), MHCAERRIZB T AMgOEEMOEEIZRY
TeHFFEIT S £ TiATH 3L T & 72 (Kimura and Koga
2011), LA*L, RAROFZ TOMHCDAERLGM % i
BT A 7-HITiE, Ca¥™" Mg COF¥ DHEDH 5L
RTBHZENEETH D,

AR TIE, MHCOAEREGEFHALMNCTHI &
B L OMHCERIZ BT AMgDO®ZEZH L0275
7= 912, CaCl,—MgCl,—Na,CO;VEHR D> b D R eI 72
RIS G AERERE 1T 72,
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Fig. 4 Arrhenius plot for the nucleation and crystal growth of aragonite during the transformation of MHC (Munemoto
and Fukushi, 2008). The broken line is the regression line for nucleation, and the solid line is the regression
line for crystal growth.

- 2 '.; = ‘.“’.'
".
e Saline lake S 0, é. :
= Deep sediment ™
Cold seawater
A Cold spring water
v Speleothems 4
0 2,000 mi o
e
0 2,000km

E5 Bk EIZHF BMHCH S5 (Fukushi et al.,, 2011).
Fig. 5 Distribution of reported MHC formation in the world (Fukushi et al., 2011).
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F—ZAWTURMER L, $i, W 2r0%k
HTIE12, 48, B XL UCORRIREE Uiz, HER%, &
BIROpHZ RIE LBEASEIC L Y B SBEE1T -
Teo EFIZATA RATTRACHEIRD X OB
L, BELSE7-4%, HFRXREH (Ultima 1V, CuKa,
40mA, 30kV, Rigaku Corp.) IZ L 0 % RIE L7,
FEeEEREFHEMSE (SEM: JSM-5200LV, JEOL
S-3000N, Hitachi High-Technologies Corp.) 3 & T8 %
NV —EAIXHR Y8 (EDX: EMAXS00, Horiba
Ld) 2RV, ERHORERE, TRKoho%
fTolz, ARIZLTRT AN Y =F 4 —HEIC &
VIRBBEZRIEL, BEKAEI/ u~ 77 41—
(HPLC, 8020 series, Tosho Co., Inc.) Z & ¥ Ca, Mgk
LUNaBEZRIE LT, 72, RIGEKRDpH, Ca, Mg,
Na, CIB L U'COsBEZ ASE L L THiERLE 2 —
FThe Geochemist’s Workbench (Bethke, 1998) % F\»
T, FREEELHE Lo, BT HE S5 Ca, Mg
BLUCOsT, FIHIBEN S RKISERT OMEE %3]

CZETREL -,

2—-3) #HREER

XRDGH OFER, £RBIIMHC, 77 FFA h &
I AL EBRELTELD, VAL T 7T T
A FBRRELTZLD, FBEOIBERICHGETEE
(X6) s MHCO B~ SHER TE 12 b DO F T, [H
AP DOMg/Catt 7304 X D BV & XXV — 7 MERN
&<, HEEAKEV, TS IHE/REOMHC
TAHIEILLTE,

MER - ) HIMg B B, BEEhICFIHI[COs1/[Cal %
Lot b OERTITRT, MghS0.0IMLL RIS
T BT, MHC T 9] 8 ¥ R4 X 25 47 3
[COs]/[Cal > 1D & FITAERT B Z L BHERTE T,
E72, MgIRER LOHIHLCO]/[Cal 3 L bicEmn
EHCEFEEELTL, SOCEVEELRETHS
72, Munemoto and Fukushi (2008) X°Kimura and Koga
(2011) TITON-MHCEREH b, AEBROTH

T —[ T I T
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Fig. 6 Representative XRD patterns of the samples (Nishiyama et al., 2013). All XRD patterns are categorized four
mineral assemblages. They are vaterite and calcite (a), aragonite and calcite (b), MHC (c) and amorphous
material (d). C: calcite, V: vaterite, A: aragonite, M: MHC, Am: amorphous material.
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&tk 1< —%7 % (X7). Kimuraand Koga (2011) H8ITRISIEIROMg L CO> TEROBEHREZT LT
TlE~nA Fa~vZ 349 A b (Mgs(COy),4(0H), W5, KDDL Y AREEESH OMg & COy™
4H,0) AMHC & HTEL TTETW A MR, TOEWE EROBBRICREHNAERAIZARV, —F, MHCE X

BRI OBWNIER L TWA L EZBND, DR EWE P ER LIBERICIZIRVEER S 5.
T T y T T T : T
0.06} ® -
A A

= i s ° o ® MHC
= O low crystalline MHC
= 0 amorphous material
=t o A calcite + vaterite
s 0.04- 4+ aragonite + calcite
g o 4 caleite (Kimura and Koga, 2011)
3] ® MHC (Kimura and Koga. 2011)
2 @ MHC + hydromagnesite (Kimura and Koga. 2011)
S i ® ® MHC (Munemoto and Fukushi, 2008)
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= 0.02- -
saeay @
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g °
= +tq e O @

AA 4

LA 1 s 1 L
00 i 2 3 4 5
CO, /Caratio in initial solution

®7 #HEREOCa/COsH L UMgREMEEIZE T2 MMEAEHEDHT (Nishiyama et al, 2013).

Fig. 7 Distribution of the mineral assemblages as a function of the Ca/COj ratio in the initial solution and initial Mg
concentration obtained from the present study (Nishiyama et al., 2013) and previous studies (Munemoto and
Fukushi, 2008; Kimura and Koga, 2011).
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Fig. 8 Activity relation between Mgz" and COs% in reacted solutions (Nishiyama et al., 2013). Different symbols
represent different mineral assemblages.
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BB SHTIMEE S -1 ETHIENW I E2FLTY
5, ZOERIT, 1ELOM LIELDCOZZEL
gL EEIOEN T LEAEWRT S, IPOERITR
A EFA b (MgCO;:3H,0) DEMEELAZRL T
%5, MHCMERE L 721 O OMg L CO» DiE
BIIR AR+ A MBE L CFEl £ 213008880
Thd. XATHRFTA MIEREHRTHY, AT
BFA LA Fa<wZ 34 MZEETHH LW
<O #HEENTWD (Hopkinson er al., 2014;
Konigsberger er al., 1999) . ZAWFFE T & FARKKF R 2360
BERICBWTAS Fav 7394 FOEREHERR L
THEY, ZRERATETA b LOERIZE>T
TERLDOTHEILBFHMENE, XRDIF—
I RIEDOMEIE A FER TE 2o 7203, TRED
EARMRBEIESM P ER L TWH EEZBNRD,
AR DRBEE TR BMHCITIESR
BENOOEETERLTWA Z LRI SN 5, K7
2k DL, ERE L E KM REEEI Y O A & VB
ELTW2, #BEOZILEWET OMgDEFEL,
iK% ET 5% %5385 (Rodriguez-Blanco er al.,
2012), Mg FET 2 TOIEREDOCak /i, Bt
KPPAE SN TV LSO BKRIN YT LREBIEICE
Bi_2LE20Nn%, SEM-EEDXOHER LY, Mg
EMHCEFIZHEIC ML TWAHZ LRBEREH
72, FEREHEOEE L-%IZAERK LZMHCIZMg
REEHEIZ L » CTHbh, ThBE5R5EKREEE
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BTOHRUNER L2V, MHCOARIZ IZMghtEs
WOKENRKLETH S0, MHCITE HEBESME
TEICBREIND LEZBND, RATOEHOAK
D ERTEKMgREEEOIAENRMLERZ EBLD
MHCOMEZ EMIZ L > THAS NS,

3) 2T RJIVHlBHERMICED Shi-MHCDE

RIBEREE L TORE

7T AT NVHTIXEGEICHAE L Y HAKRAHMES,
MR DORDNT-FAERTH -7 Z L MRS
TV % (HDP members, 2009), &7 5 i HRT) 1435
bihd &, AR GEFERS BRI DAL
M, BERSITEIAMNEEH SR, #MOER
EXEFT5IL, REBEORE, WALKIIESRE
L VBRI BREEND, FHFETHL IR
7= & 91, MHCOAERRIZIZEMEDOBVE K< T 3
YU LRBEEOERE LEL T 5, KNZITHER LA
=1— RThe Geochemist’s Workbench (Bethke, 1998) %
RAWT, BEOTZ 7 AT NVBOKENS, KEkE
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FRATERFA FRAFEBFICERTE 551X, BEL
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Fig. 9 Modeled calculations of the relevant mineral formations (a) and changes of total dissolved solid (b) from the
water in Lake Hovsgol as function of concentration factor.
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MHCIIHEREMHTH Y, EH O DERFERIZES
B HEBEETH > THKOFEET THIITED
A4 —F—CHRELTHITTHE, —FH, 77
R T VB HERRY D> D IXE T ERNCAE S T 2 REIZ
MHCHB RWEERTWS, 2, ZhEEDBEH
BIMHCOMRETE SN0 2?2 ZRIEHWEFEHLNIC
TETWARWY, BERDO L SIZ, VU OFEIIMHCO
EEERETIHE DD, BED L ZAWKFD
RHEHBIMHCOEE 25T L R TE 20, &5
EF—F—DRELZBRATE H0FEEN RN, &
BOWEBMLEL SND,

M. /A FOALYA FMZKDZEEAA DI
YA&H

1) B/ NA FAALYA FZKD VBEOERY A
& (Yagi and Fukushi 2011, 2012)

1—1) [FLHIC

U NIEMI L > THAFRERTHY, {LEEE
ELTYVEAWS Z & TRBAERIIRENICHE
M43, LaL, @Y ofikBERECE
FAERBLESEEIL, ERACEELREEY
52 %, KEREICBIT 2 ERBLOMBMIZIZE, B
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Fig. 10 Sorption isotherms for the sorption of PO4 onto MHC at different Mg levet (a), ionic strength (b) and
temperatures (c) (Yagi and Fukushi, 2012). The numbers in parentheses denote the initial PO4
concentrations. Lines in the figure show curves regressed using the Langmuir equation.
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X X On Langmuir
o — Solubility line of ACP (the present study)
| Temp:25C  ----s1,,,-10.93
" 1 s 1 L 1 L i L
8.4 6.6 6.8 7 7.2 7.4
0.5loga, .. + pH
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Fig. 11

Solubility diagram of the reacted solutions as a function of O.5IogaCa2+ +pH and - O.5IogaCa2+ —loga

H,PO;

(Yagi and Fukushi, 2012). The symbol "o" shows plots from which PO, sorption deviated from the Langmuir
isotherm, whereas "x" shows plots from which PQO4 sorption were on the Langmuir isotherm. The straight
lines show the regressed solubility with 23b—b = 2 with log Ksp = -12.7 (see the text). The dotted line

corresponds to the Slyap = 10.93.
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Fig. 12 Changes of the solubilities of reacted solutions after PO4 sorption with reaction times obtained from sorption
kinetics experiments as a function of 0.5Ioga0a2_ + pHand - 0.5loga, . —loga,, .- (Yagi and Fukushi, 2012).
2y
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Fig. 13 Schematic representations of PO4 (a-c) and As (V) (d and e) sorption mechanism on MHC. (a)
Coprecipitation of PO4 during transformation of MHC to aragonite or calcite at low level of PO4. (b)
Adsorption of PO, to MHC and inhibition of transformation of MHC at medium level of PO.. (c) Precipitation
of amorphous calcium phosphate and inhibition of transformation of MHC at high level of PO.. (d)
Coprecipitation of As(V) during transformation of MHC to aragonite or calcite at low to medium level of As(V).
(e) Inhibition of transformation of MHC. As little sorbs to MHC at high level of As(V).
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Fig. 14 Representative XRD patterns of the reacted samples (Fukushi et a/., 2011). The numbers indicate the initial

arsenate concentrations. A: Aragonite, C: Calcite, M: MHC.
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Fig. 15 Sorption isotherm for arsenate on MHC (Fukushi et a/., 2011). The values in parentheses are the initial As
concentrations.
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