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Challenges to Advanced In-Situ Observation under
Hydrothermal Conditions: A Study on the Dissolution of Calcite

Harutoshi Asakawa'’, Takao Maki?, Masamitsu Matsumoto?, Hiroshi Uneda’, Itaru Echigo’,
Ten Mikami', Gen Sazaki*, Katsuo Tsukamoto®, Jun Kawano®, Hiroyasu Katsuno’,
Tomoki Yabutani® and Ryuichi Komatsu'

We developed the hydrothermal-optical-microscopy cell system of the flow type and the
Mach—Zehnder interferometry combined with differential interference contrast microscopy
(MZI-DIM) for the evaluation of surface morphology, and then verified the utility of these
apparatuses by the comparison with the laser confocal microscopy combined with
differential interference contrast microscopy (LCM-DIM). Furthermore, we investigated the
dissolution of calcite under hydrothermal conditions at the step level. Consequently, the
hydrothermal-optical-microscopy cell system enabled to confirm the equilibrium even under
hydrothermal conditions, and precisely measure the solubility. The MZI-DIM also provided
the evaluation of the normal dissolution rate given by the retreat of macrosteps
inside/outside pits. We, directly, revealed that the dissolution of calcite crystals at 8 MPa,
150 °C was, kinetically, governed by the appearance of etch pits by LCM-DIM. Thus, we
suggested the fruitful methods to in-situ observe step dynamics under hydrothermal
conditions at the nanometer level.
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Fig. 1 (CBA%E L 72 KBVE OBE L v AT A OAK 2777, Fig. 1A RIS, Tox OKBGEZEEMEEE LY AT
AMET7a—TITHY, BWIKRER AT > TR BIF, BEANICHEAKTS. LXalb—a ATk TRIEZEELN
DEAZFETD. V) =TT TS AT MIRENC DD EN 2R B ZH - TN D, Ry 7 TR BRI &
WAL TNDZ DD, EHEIICY Y =T NV T NLEENPER SN 5. 20 L9512, B LIoKESEFEMEEE L > R
T A TIHAR LR E ER ORE CBEELNICHRSEL Z LN THD.

Fig. 1B 1382 L OWiH K 2 HNIoR LT 5. BRFR O FEME CHECE 2 L ) ICMBAE L2 ER LT,
EADESIIBEZ 1.65 cm T, THOBRED LWICBERHMERE L, REABIE L. Fig. 1C IIRTEIC, B
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Fig. 1 Schematic drawings of the hydrothermal-optical-microscopy cell system for the in-situ observation of crystal growth /

dissolution at high pressure and temerature: (A) the outline of the system; (B) the cross-sectional view of the cell; (C)
the top view of the cell.
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Fig. 212, BH% L7o@B@A T et — M0 THBEMEEO N F R DR M2 R, Fig. 2A ONFRITRTHRIS, ~a v T v
7L He-Ne L—%—0 2 DOMFENRREINTNWD., ~"a I o F3EFAORICH Y, TS THIEMEED
HFEREEST DI ODNIRTH 5. He-Ne L—HF— 3B HOBHATH Y, BEMTHEHONLFERERET 57200
WThHD. 2OONFRPOHELNDBIIERE I AT L &GS AT TR—HE LIRS 5. Fig. 2B & Fig. 2C i3%
NENERBTF DA T LB AT TRE LR —DOA 7 — L E2RLTEY, MOTEHa L ST AL RAr—1DRAKD
M SHTHBEISNTWS. BREEIIFR CTEHEAHIE L TWS. JKHED AT TIE 1.5 mm ORE 28T 5 Z L0
ARETH B M, @fEHN AT TiE 0.2 mm ORBFBRILK SN D, Fig. 2C IRTHEIC, Fig. 2B 042 R L E 75 &KL T
BT L0 TED. MU, TEHROBOTE Y N7 A NOBUNBEI 2 BURICHRHT 5 2 E DN AEETH 5.
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Fig. 2 Transmission-type interferometry (Mach—-Zehnder interferometry) combined with differential interference contrast
microscopy: (A) schematic drawings of the optics; (B) the scale taken by wide-field view camera; (C) the same portion
in Fig. 2B taken by high-magnification camera. Black arrowheads in Fig. 2B and 2C show the identical fringe given
by the Mach—-Zehnder interferometry.
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Table 1 |[ZHI&E&ME2 7. REE T & KBEMLET (3MPa, ~180°C) THNAYA b OIEME ZREBRANCEHRILZ. K
SIET COWMEZHN T, HRORBI LT L (BEET7ALVLFEHEE, 99.5%) % 50 ml O3 A 7 /LN OFIKIZHS
MU, EA - BRI X0 faFniEiR A ERL U KBS T COBRMEE TR A NV > U L E B LVRICTEINL,
KREVERFMEBE L > AT MWK ZER S8, A OKBIKIC pH A—Z /AL, fEERAKO pH 2 K&KE, =&
TTEHAIL7-. pH OREFE(LD SIEBRKDBE LN L IEMPMNICE L2 2 L 2R L, BARHERE 77 X~5t
R HTEEE (ICP-OES) ZHWCAL T T AA A2 ORIFIIRE 2510 L7z, GBAFE ClXh Y4 hOfEfkE IR
BV (EREEEE %2 0.1 nm/min) 2 &5, JEELFHAD D OFHIMR RN ATE L, WIS OMERSEE L. ZD7-%
WELFIHD S OFHANIA T /e n - 7.

Wiz, FREF — 145 ?ﬁﬁﬁﬁ&v P M THBMEEZ VT, TIRORBEI LT L G4 - h
YA R BSOS A BIEE Lz, ERM TSR — M0 T BEMEE TIE~3 MPa, 160°C FC#igL, L —¥—3t
%ﬁﬁ%?&@ﬁ%fi~8Mhu1m°CTfﬁé%ﬁot.%&%(wh)ﬁf%%t,7Vyy1ﬁ%%ﬁ%ﬁﬁb
7= 41, WA MERO LICREESY 7 AL BaMg(COs)e: (iM% : /v kA b) 24X v ARESYE, &
OEEFEEL LD 2B X T =729, BaCles2H20 (& L7 AV AFEHEE, 98.5%) 50 ~ 26 uM, MgClz-6H20 (/+ H1k
,98.0 %) 50 ~26 uM, NaHCO3 (& L7 /L ARDEHMZE, 99.5 ~ 100.3 %) 20 ~ 0.98 uM O/KIEHZAE L. LinLan
b, ZZTIHAIRIREILES, P A MR overgrowth W3, (REE SUD AD RGBS/ 0Tz, FDOTENG, RIETH
N A MR U RO ENZ R7- L, OB L > CAMFEZ RS 5B 2615, M IIHMK IR SR 2
BEBWL, BRENKEWVIZEEEEOES Y CRERE L IERP ORE) 1IREW. ZLT, WRFPIZHLT T A
AFUPFIELIRNZ EnD, WERMLUTHRBMEZ—ETHY, HOTMITHGRHES O L bHEERMICAT v
TORIBEE AN TS LEZLND.

Table 1 \ZR9 A A > #E 1L BaCls & MgCle & NaHCOs 110> Na #7210 THSL L. 99RO REEKEA 4 L ORI A
A NIBREERSIC Lo TRT A D U OF b T AAF U OREIZHAST 1 b LIE 2 b2 R PRI, &
12, BMEDTFTTORABL Y BNHEL. 2 2 CIEFITRDMEE TIED D08, EREIE2 ST DA A g2 mEg, W7
NIV DAFRETZTTHRET D LI L. WREHERRT D720, DA A ML EH LAV T A F R0
IREEA A IO BRLS 728, FEER S/ 2T 30 /0~ 1 il B I AR 2 7.

Table 1 Experimental conditions for the measurements of solubility and dissolution rate.

Pressure (MPa) BaClz2:2H20 MgClz+6H20 NaHCOs lonic strength
and temperature (°C) | (uM) (MM) (MM) (mmol dm-3)
1) Solubility 1) 1 atm (0.1 MPa), 30
measurements in Fig. 3 ~85°C
2) 3 MPa, 30 ~ 180 °C
2) In-situ observation by 1) 1 atm, 20 °C 10 50 20 0.19
transmission-type 2) 1 MPa, 80 °C
interferometry—differential | 3) 3 MPa, 120 °C
interferance contrast 4) 3 MPa, 160 °C
microscopy in Fig. 4, 5
3) In-situ observation of 8 MPa, 150 °C 1) 26 1) 26 1) 0.98 1)0.16
calcites by laser confocal 2)10 2) 50 2)6.0 2)0.18
microsocopy combined 3) 65 3) 65 3)2.4 3)0.24
with differential
interference contrast
microscopy in Fig. 7
4) Appearance of etch 3 MPa, 80 °C 10 50 6.0 0.18
pits observed by laser
confocal microsocopy
combined with differential
interference contrast
microscopy (Fig. 8)
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Fig. 3 12 KRXIET & 3 MPa FTOHAYA FMSIRH LR O pH S AREOBERZ R L. Fig. 3AICKEETT
B L7 O pH ORI L E k9. 30 ~ 80 °C @ pH = 6 DKIZHIKD IV A FEIRINT 5 &, R LTZIREEA 4
VA COs% + H — HCOs DEEMRBEEAT IS D 7=, Az pHIZHM L7, BE% 5 ~ 30 5B+ 5 &, pH o
BT/, pHIZ— I > 7-. Fig. 3BC (TR T4£IC, 3 MPa FTIEIRGET & RARICIRHIED pH IR & & b
L7z, BXZ 30~40 042 &, pH OBINEFESCNCR Y, pHIZT—EIL/R o7, REJETFIZH~T, 3MPa F
To pH ZBITHERLH Th o7z, SEHNT TRV V=7 VT2 RA L CRIRETERT 5 2 &0 b, WIREHEED Y ) —
TV OEPUC L o C, WROREHLBEL Ro ZEMNHFKE EFHEEND. RiZ, ZE L pH ORERFEEZ
KIEHZT e m v b L= (Fig.3D). K&EE F TOLE pH ITIRE OB ENED Lz, Z o RIIEIRIC/RDIZEE
R BEBER P DT D 2 & T, RBA A RENBA L LFATES. 3 MPa FCORE pHITKKETLY
B o7, 3 MPa F CORE pH IZIRE OB Lz, —J5 100 °C 282 % &, ZE pH IR O 4
WHEEIn L 7=,

Fig. BEIZKRIET & SMPa FCTELNIZ AT A N OAFIERANO CaiRE 277, KIJUETOH VYA ~Ofafnh
vy AREITREOBEIMI SN THEM Uz, 28 pH 13REBA 4 v OFEEHE EXISET 5 Z & D, SfERN O
Caztl COs2EIIFE (L FERERMRIC 2 o7z DD, REEA 4 > OISO AR & L TEX B b, Cazre COs*
DR E DT E D DIRIE I NS T DOEFRIERE 2 5 CE 508, REEEO —i%im & LT LN D IREDBINILE S ¥
R ERE DWW 1T IR FEDOBR AN T 7 AOREEOBINC L~ BT -0 L RIS,

—J, 8 MPa FCI, fafibiLy v AREIXREOHEMIHEWED Lz, 100 °C 2825 &, fafihL s v AREX
REOBEIMZAHENEM LT, £, ZEpHOHHA LITEAE LT, KRIETFE 3MPa FTOANAYA b7V
VULREZEKTDHE, SMPa FTOHNAYA FPOFHANL LT AREIIRGIETFTLY b2 ~3F Ko7, Zok
512, Fox MBI LT 7 a0 —RUOKBE RIS B L S 27 AMIRMREOHBNCH R L WS Z R oTs.

1" | | | 1 | | 1 | | | | | | 1 | 1
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I8— || A i AAAAAAAA$
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0 20 40 60 80 100 O 20 40 60 80 100 0O 20 40 60 80 100
Time (min) Time (min) Time (min)
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1 Nee ¢ O g 3MPa  f
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Fig. 3 Evaluation of solubility of calcite at 1 atm and 3 MPa: temporal course of pH during the dissolution of calcite at 1 atm
(A) and 3 MPa (B,C); pH in saturated solutions of calcite as a function of temperature (D); solubility of calcite, focusing
on Ca?" (E). The lines and curves in Fig. 3DE were drawn for the guide to eyes. Error bars of the ICP-OES
measurements were the 10 % of individual values.
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Fig. 4 |35 T3 L 0 THRBEIEE 2 A 7Y v P LI REBEMEEZ VT, B LEZ YA PEEEZRLTY
%, KEOCEBEMSE LAV T, 1atm, 20 °C T T 10 pM BaCls, 50 uM MgCle, 20 uM NaHCOs DK & (14>
E = 0.19 mmol dm™3) DIV ALKEEBEL L2, Fig. 4A I YA b OO T BEMEESRE ~T. BlsLi- oy
4 MEBEIF (1014) HOBERE CHS. BELTNAHRY, REENY ¥ AOLBIIHE SN h o7z, [FA—Fifiz &R
TR — T THRBEMEE 2 IV CBIZ L7-. Fig. 4B |3 Fig. 4A © ANMATE Z LK LB ZR L TW5. o Ti= s b
FAMIE o THHASNIZ 5 AD~ 7 m 2T v 7 (BRAEH) ([CTHRNAEEICHY > TOOHFIERSND. w7 n
ATy FAEED S THRITEBR TN TS, BERIRICZ2 > TO S TR (HXE) X He-Ne L —¥—0DiEE
(632.8 nm) EXIET D72, MRAIOESZEHEL LTI/ u AT v 7OFEICL D TEHHOTHEELZFNT S & (Fig.
AB DR , bADOVIa AT v 7OESEZHAITE 2. TWROBEENL IO 5RO~ 0 AT v 7 ORIZE X DKW
ATy TNFHET D EFRIN, SEFRHEBEINEF O, MREINODRRELL T T 7 ADMIENEET S L g shb. Ko
5 ARD /AT v 7OAFHESIZ218 nm T, 218 nm EWIHESIT 2T HFES U4 FE S ¢ 0.304 nm??) (247
YT 5. AIIEESNTWAE —AD~ 7 e A 7T v 7OEINTBELE 40 nm THDH. ZITRDHZ 40 nm & W HHEIT~ Y
OAT v T ORIZH D THAIBDTESDAT v 7OFEZBR LM THE. 0 L5, Fer 3l Li-EHiT
Wt — o TWBMEEZ WD Z L2 - C, Mo THBEMEIC L > Tk Sz~ 7 v 27 v 7O " & & RFICEE
TE, B TIILADIEETOREENL 7 41 P — % ZORAITE S Z ERbI o7z,

Fig. 4 Calcite surfaces in a solution of 1 atm and 20 °C observed by transmission-type interferometry—differential
interferance contrast microscopy: (A) the whole figure of the calcite surface observed by differential interferance
contrast microscopy; (B) a transmission-type interferometry—differential interferance contrast microscopy image of
macrosteps in the white rectangular of Fig. 4A. Black arrowheads and dashed lines in Fig. 4B depict the positions of
individual macrosteps and fringes, respectively.

FEBIZ, TR T — Mo TUWBEMETE O C, KBS T oAV MEmFER L 05#%5 L7=(Fig. 5. Fig.
4 OIRIED BINE - MEAETTV, Fig. 5A 1L 1 MPa, 80 °C FCOI N A "REZ R LTS, Fig. 4 L [FEERIZ, 10 uM
BaClz, 50 pM MgClz, 20 uM NaHCO3 D/KEEHR (1A 38 = 0.19 mmol dm3) Z# 7G5 STk Y, Fig. 5A 1% Fig. 4 »»
b6 LRI S L7z, Fig. 5B I Fig. SBA N EUARNZIEK L7c b D& rT. OO B+FIXELM EIZIED D
T (BRI OHLERLTWS. Fig. 5B-F IR, T 10 RE O I TR UALED DI - 72,
ZOFBRITA+TFIEIZyFEY FOPLTHY, Ty FEY NOBRIZE > TRHEEDEMRLTNWDL Z 2R LTS, —
¥, @OA+FIEFEHRMOBIBOTLERLTEY, QOAFFOMBEIL S AMBMAFET D, TEHROMEIIK L
Time-Space plot & {ERK 9 4UE, FEMEEEZ b EMICFHIICE 2 30, = Z CIEFHANATRE L M C& 2 T2 L
1 MPa, 80 °C FCOBLZHOIEE ;M ORMEE (HEREE) 28HE L. 20E, O0Ba+Fr680 5 T
NG HRAEEEIXB L ZF 69 £ 17 nm/sec. E RO BNT=. QD ATF I TR B RO - HIRMEE TR X% 20
£ 10 nm/sec. Tho72. 2D X I, OOATFEFLE LZREEEIZOO A T4 b & LIZRfEE IC TR &
3D 4 fFENE Dot B, FRRTWE MO TSI A AW L, L% 40 nm mIDOV I 2 A
Ty TEAGELTE LI L EE XD L, Fig. 5B-F TQERATFLET LA TE TRV Z B AT v 7O S 3D
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2t 40nm LR THD EHiEESNhD (Fig. 4).

WIT, B4k % 3 MPa, 120 °C ICZ % L7= (Fig 5G). Fig. 5G 35 L O 5H I3 FUBBEMEE S 2 R LT\ 5. fifm#E
AT v F 'y FBRBESRICAER L T EEFaggE s (Fig 5H). FIC, #EMEmEICT SRR L L Tho Tz,
EEOMY L v X THERTENIE, BAICHLRFEEZERTE D EPHENS.

BASINC, BIZER% 3MPa, 160°CICA T L7z (Fig. 5. Fig. 51 13&@ A T¥5t — Moy T B G2 R L TR Y,
Fig. 5J 1384 T HBHMEEG 2R LT\ 5. BB ORGE IR OEE R I B OWBEA N 2 7. Fig. 51 22538 L% 12000 s

(3 MFf) BICITEMEBELO 7 7 v MEBRITKIERT TIEE AL LB TER)>72. Fig. SBA/NSER L Z 77860 s (B
F% 21 Bf) BICEREEILL, BREBEELNLIMYHLT, Mo THEMsEcEEd 5 L (Fig. 5J), —Hic~2
0 ATy RSN, ENCES BTSN, Fm0 9BOERIIERICT TIiCkhotz. ZDXIIT, K
MPa, %X 100 °C OEUKITHEAMERE R TE A S 21 BEFLETT 7 v 2890 %iE< ML S ¥ 21T EOMAREMHEL A
LTWHZ Enbirote.

A:1MPa80°C
(in 3852 s from Fig.

250pm

]
G:3MPa120°C, 3440 s ; J: EER#%
A b 77860 s

| .
Fig. 5 Temporal course of calcite surfaces under hydrothermal conditions observed by the Mach—Zehnder

interferometry—
differential interferance contrast microscopy (Movie S1) : (A) the whole figure of the calcite at 1 MPa, 80 °C (in 3852
s from Fig. 4) ; (B) the magnified part in the white rectangular of Fig. 5A; (C) in 20 s from Fig. 5AB; (D) 40 s; (E) 60
s; (F) 80 s; (G) 3 MPa, 120 °C (in 3440 s (ca. 1 h) from Fig. 5AB); (H) in 9440 s (ca. 2.5 h) from Fig. 5AB; (1) 3 MPa,
160 °C (in 11094 s (ca. 3.5 h) from Fig. 5AB) ; (J) ex-situ observation of the calcite after hydrothermal experiments
(in 77860 s (ca. 21 h) from Fig. 5AB).

tglz, b—V IR TSI 2 VT, KEEME T TO®%IBAT » 7O OBk Lz, Tz, KEL
ST COWBMA T =X LT U CEEMICERAET 5720, ERETHH Mo THEME CBE SR L L —VY—
HefE SIS T BRI EE DB ZR Mg & Hele L7=. Fig. 6 13 8 MPa, 150 °C FCHIZE L= W/ A MEmFEORKEN 2R
LTHY, 10 uM BaCls, 50 uM MgClz, 6 uM NaHCOs D/KIFIE (14 #E = 0.183 mmol dm™) Z#iE: L7=. Fig. 6A
BB LR oefgE2 R, ELrOHBRENES STV ARRICHEBEEOEAEIIES THa Y 7 2 Mo
TW5. KREE, 20°C TTOERBBLNSILZ 5 K/MAT T, 8 MPa, 150 °C (£ THE - ML 7-.

AT &L EOAMMAEZK LS DM Fig. 6B-E & Fig. 6F-1 Téh 5. Fig.6B 3L UF O AL Fig.6B 8L OF Lo
anbbORANCHRST-RESINDIEHS T 7 7 A VERLTWD. Fig.6B-EldTyFEy FORKRIKFENEZRE L TN D.
By hOFLOA+TFELY L0 AE (Fig. 6B OFiR). Fig.6B O > MIfEeH/IE /2o 72. Fig.6B-EDE ¥
MIBEY &5 By b ERMFAGRFINE ST, By FRDLTMHMINEIL o7, BIZ, Vy hORNBNIZIEMEAT v 70
AL, BHFnb~raxT7 v 7BEy NOBIZ > THIE L7, Fig. 6F- TIEEMBRIHICBICFET A~ a AT
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v 7 (BREEE) PAAFFICENWVEIRT AT EZRLTWS. A+FOMBICERTOL 25 LY ABENINFIET 5.
ZOESIE, AT T LRNNTHAY A NOBERBREBEZBETL L, It A NIy hORRIO~w I m AT v T b
etched hillock FICBEICTFET B~ 0 A7 v 7 D%IBD 2 FFEOIRMEEINEEMR I 2. ¥IZ, Fig. 6 OfEREND
Fig. 5B-F TBIEINT-OD0A+FENSGRILMARICAER LI FEiEE—y F Y NOBRERA TWD LRI, @
OHFFIZAN - THRIBT 2 TR O EABMNSERT A7 0 AT v 7O®BBEREZ TV EEIBND.

Fig. 6F-1 OFEREBEICBEICFET A~ 27 0 A7 v FIXnx B AT v 7 L UTFEIE L TWend, FEERBLS 5 FEf o RIC
AT > 713 b L, Fig. 6F ORI ERIS, MRiH EICERBEMEI O fRAELL F O 7 7 AfEE L EFZ 720 etched
hillock # K L7- EHEEL XD, F72, etched hillock [XHHFIZEEBI AT » T DO#KIBIZT T, ¥y oMl
BIBAT v I E > TCHREEEETDHIEND, w7 0AT v P OBIEBA D =X LDOERE —DIZFHFETEX 2. £ T,
TR EFERI ORI D 2FEO~ I AT v =Yy FORNMENMID~ 7 v 2T » T ORIRIZHRIL, ~7aRxT
v T DRI & fRAT LTz,

A:8 MPa150 °C (in 5h from start

[8)r
[1014]

[481]
_ @J1014]
- [441
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Fig. 6 Dissolution of calcite crystals observed by LCM-DIM (Movie S2): (A) the whole figure of calcite; (B-E) 500
(magnification in the rectangular of Fig. 6A), 750, 1000, 1250 s. (F-1) 0 (magnification in the other rectangular of Fig.
6A), 500, 1000, 1500 s. Time in Fig. 6 corresponds to that in Movie S2. Crystarographic orientations in photographs
were shown by arrows. White cross marks and black arrowheads depict the positions of screw disslocations and
dissolution steps (dark contrast given by LCM-DIM), respectively. Yellow dashed lines in Fig. 6B-E were located to
emphasize on the position of dissolution macrosteps. Identical macrosteps were numbered in Fig. 6B-E and Fig. 6F-
I. The insets of Fig. 6B, 6F correspond to the presumed height profiles along the dotted arrows of a-b in Fig. 6BF, and
the schematic profiles were drawn as a guide for eyes.
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Fig. 6B-E & Fig. 6F-1 14811 ALICih» THIBAT v 7 OffEZ IS L7 w v L, EREEA DERAT v 7
@%Lﬁﬁ%ﬁﬂtt(ﬁgﬂ.t/%mw&%mr%%éhév&nx%yf@mﬁmﬁﬁﬁmwg(Hgnm>@%
(I E) ZFHAIL, L=, By hORNAIO~ 7 0 2T v 7OBIBEEIIE Y FOSMIIO~ 7 1 25 v F D% IEHE
FEIZ AR THERIIC K E <, MEOSMHIZE Y hOSMIDO~ 7 0 27 v T OEESARIC R T/NE o7z, FRICHAT,
' rOPRAID~ 70 AT V1 E AT T HEIRE D5 Hi D/ NSNZENS, FIX RN —E DS D~ I AT v 7 D34 &3 DA

HHEEZEZHND.

B NOIMU D~ IR T DRI A DFIEL Th, R AT > T HAF IV A% BT 52 LN E N BR D 5
—#xCdh5b. Fig. 6B-E & Fig. 6F-1 FO/LNT-~v /AT 7 O%IRHELHHT 5L, e 23 £ 4.8 nm/sec. (Fig. 7A) &
20 + 9.7 nm/sec. (Fig. 7B) Th-o7z. ilx BAHL, — ALIRHEIEWVARNIINCAZSA, Fig. 6B-E oo Nflo
~ruATy 7 (BREIEE) X 25 pm % 750 s 23 CHIRLZAS, Fig. 6F-| OB Y OAMUNCIEIE T D~ a7 v (BAEIEE) 1%
25 um % 1500 s 23 THIBLZ. 2O I21IZ, Y hONRIDO~IaRT 7 D% IBEE I~ TE Y OIMAlD~ 70277 D%
SR IT R L Z 2 )T

eZBDI=8, WIZ, 26 ~130 uM BaCls, 26 ~ 130 uM MgCls, 0.98 ~ 4.9 uM NaHCOs DK (A A 3R ¢ 0.16 ~
0.24 mmol dm3) ZEER I, BWRAT v 7 O%BEE 2 R FHI L7z, Fig. 6B-E & Fig. 6F-1 & [FEkIC, B> b
PRl &AMl D~ 27 1 2T 7 D% IBEE DRI DA A TRERFYEE Fig. 7TCIZE L oT-. A A8 0.16 & 0.24 T
MEFTBE T & o T AEAREIL 5 FRE T, Fig. 7TAB IZHAEAEIT D70 <, FERIIKRENRBMEZTRLTND. RS, Ew b
DOHMUD~ 7 0 2T v FOBEZFHEIT 5 Z EN L -7, Fig. 7C IORTRRIS, HIRE (4 U5E) IKHT, v
v FOWNRDO~ 7 a AT v 7 OHBEEEIIE y hOSMID~ T v 2T » 7ORIBHEE LK LT, BLE 1.5 E05 2
RN N Z & DR SN, ZORBRIEI I NNV A N OBEFFRRESEEROICE Yy SOBRICKELIN TS Z & %2R
LTW5. By FOAMID~= 27 0 2T v IR % etched hillock DEEEINAE >y FOEFHILEARETHD LWV H Z LN
FIRE LTEZLND. FEMEBMICIT L FIELTEEBAT o 7 MR L COERE CTRIICAE R LB S EH O MBI OV
L7z~ 2B 7y 7 O%iRICE> TREOERIDBRESH, EvhOSMIDO~IarT v 7 O%IBEENRESND. L EX Y, K
25T, BOKPTOHNAYA FOBFRETORT v 77X A F I 7 R & EMEIZH LM L.

50||||||||||||||||||||- |||||||||||||||||||||§50 'EEN RN EEERE ENENE EREE!
‘240 A _ B §40— C Macrosteps inside pits |
=1 C [=
§3O 3 ©30- |
= o ©
a-10 E <104 -
0 3 ?C,)) Macrosteps outside pits
- O TTTTJTTTTTTTTTTTTTTTT
[rrrr[rrrrrrrrrrrri frrrr[rrrryrrrr[prrri 1 1 1 1
0 500_ 1000 1500 2000 500_ 1000 1500 20063 00 01 02 03 04 4)5
Time(sec.) Time(sec.) lonic strength (mmol dm )

Fig. 7 Retreat rate of macrosteps in the direction of [48?] at 8MPa and 150 °C: (A) Temporal course of macrosteps inside
pits at the ionic strength of 0.183 mmol/dm3; (B) temporal course of macrosteps outside pits under the condition of
Fig. 7A; (C) effects of ionic strength on the retreat rate of macrosteps under conditions of Table 1-3). The linear
approximation in Fig. 7AB was performed to obtain the retreat rate of individual macrosteps.
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7269, Z0XkHz, PRICKTAEEEZZTANDTZOICIE, 7o —AoEiREEMGSEOF AN MNERA K TH -7,
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EEFNTED LHEEIND. SBOMET—~D—2ThHD.
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AFM B X 0 i S iz kda<e AlsSisO10(0H)s (B4 ﬁﬁ)%%%)@W%$%3ﬂmkﬂﬁfhot.Dwe%
VR EEN U 72, SRESFIEE OB 1) BEBRIC L » TREME IS ET D~ B AT v 7 O%iR, 2) &zt
ﬁ&bkﬁy%@Eﬁ,@EWb®ﬁéﬁéﬁﬂt_é_&%ﬁ%LTkD,30@%@%EW AN=ANENHE L.
Fox 1T 2) ORBMEORIRE AF IV A~ 70 AT >y F L~V TR LTI EHEESR L TOA. By FOAMAITBIZE SN~ /a5
VT D%IRIE Y FONBIO~ 7 02T T O%IBIZ BN 2D, Fig. 6 (Movie S2) (3 hOSMIICRIE SN~ /nAT Y
TR E R AIZE Y RO A AR R IR S MBI FEE ~ B AT v T L~ UL TRLUTNAEF 4 135 2 T0D. Box 13 O
Sk, NaCl <Chle 7 =17 93972 8 O — AR 2 TR IN L= BB A7 R 2 W T, VI A SDIEIRS AT A% HBNNTT S
FETHS.

—75, 500 J7H O T — 0 THEME THOAKBERE T TOLA F I 7 A2+, ERbTE 52 & 2R
Lk.%ﬁ@&fm77HX7/7®&4% 7 AZKEEE A, 10 ~ 50 pm ORIBTE v NBBEARKT 5. HIZ, AT
v ZHREE £ 0 V. BRI TS - MY THEMBEEESRN LM AT v 7ERIHTE RV, $ 10 nm 76
P72 7 v OEE RO URHCBURICHRIET 5. ZhbOBER I VAT VY A N OBEREREZ LT 5 E
TERI TR — 8 F UM 1A 72~ 1= LSl 72, E7-, B@TFuEt — ) FuRsames R R o S 1
WERAETDOICK L, b—W— SO TSNS I RN OERICEHMET 2 Z &b, BRBITHH — o T3
BEMBE & L — W — B S TEEMEI 2 R U EBRSGG CHEATHIZTAWICA R EZME LD O L Hf/F T 5.

—77, BT — s T BAMEEIC & A 5 (Fig. 2B) LIAHEF S A5 (Fig. 2A, 4, 5) & 2117223, HIRT
IXEE 2000 A F DENGIFIZOWTHREREMIEL T 2 LN TETWARY. BfFD A TRV IER Sz Tk
DONERLY 7 B AT v T OMOGTH 2 bTRANEIERBEIRA T TT VXNV A—L LT THEOMNME L~ O AT v 7O
WHTWa Ly T A MEREBELRTE R0, LI Ey hOFOTEROKIEE D LT, &gl AT OfHANE
ZhEWREL T D, FRR TG — M0 THBBEMEBI ORI~ D5 &, FEHOBRED /A4 X, &ER T OREN
TR OPEROF AMEEZRFET 5 ECREFICR o7z, 5k, HF RO RMRCEK /A X (Baek—LrR) OoL—
W—DfFH, KBGLFFMEEE LY 2T A~OEJRGER L 7 ORBE R L, FORBIEEELTICHEL TV TET
H5b.

L—— L S THBMSEBRICB W THLRER DY, AT v 7 LU ZOBBERORNRIIEL, 4, 5B 1H
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Fig. 8 Etch pits at 3 MPa and 80 °C observed by LCM DIM Arrows show crystallographlc orlentatlons
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1)  Movie S1: Dissolution of calcite crystals under hydrothermal conditions observed by the Mach—Zehnder
interferometry—differential interferance contrast microscopy (Fig. 5).

Link: https://drive.google.com/file/d/1fW_tHujEqj_H6c5gGC9gt8hM9IQAmM CFbw/view?usp=sharing

A :_r.‘

2)  Movie S2: Dissolution of calcite crystals at 8 MPa, 150 °C observed by LCM-DIM (Fig. 6).
Link: https://drive.google.com/file/d/19A2x12z76dx6aqTDgCEpnLx52EQnErTil/view?usp=sharing

(2025 4 3 A 5 H=H)
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