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Jong-Sik Ryu, 2019, Magnesium isotope fractionation during surficial processes. Journal of the Geological
Society of Korea. v. 55, no. 6, p. 749-758

ABSTRACT: With the advent of analytical technique and mass spectrometry, non-traditional stable isotopes have
been widely used in earth and environmental sciences. However, little studies have been conducted in South Korea.
Magnesium (Mg) isotopes can be used as a tracer for understanding global climate change, seawater chemistry
and nutrient cycling in soil. To this end, Mg isotope fractionation during geological Mg cycling should be quantified.
This review introduces major factors (primary mineral dissolution, secondary mineral formation, adsorption, plant
uptake and carbonate mineral precipitation) causing Mg isotope fractionation during surficial processes. This
review also introduces the principle of Mg isotopes and analytical methods. Finally, recent studies are reviewed
in order to see how and to what extent Mg isotope fractionation would occur according to each factor.

Key words: Magnesium isotope, isotope fractionation, surficial process

(Jong-Sik Ryu, Department of Earth and Environmental Sciences, Pukyong National University, Busan 48513, Republic
of Korea)

QPHo) sjaHy E3e oy F oliksiet
Sa tloket 82 B(S8, 24 o)
2 Fafo] vlckz SR} ikl §
Ao ekl BEE WA HA WEg
o9lo) AskA A7zl A A7 Tt
7135 24@3l= g2 Sth(Berner ef al., 1983).
T3, mFaYlEMg)2 G54 A ol 8EH= 2
T3 A& ggFYio|tKEpstein and Bloom,

2005).

Mg= AP E 12819 AR, g EaH(F
71 &#2) 2%) Y4 F sfto|h. ¢t Mg= 24
A F&4o 2 di7|gAelA 650C 9] =33t 109
0C 9 BEHE 7ML @2 o] 23} oA & 2=
ZAA}H) 2] (electric configuration; [Ne]BSz)E 2135}
Mg +29] §x}7} MR} (valance state)@} 0.72A <]
o] 2448 7FA th(Shannon, 1976).

Mg 8 942 2|7}, 3, BEdo g2 £
3, A7 U 494 H25(MgO=25.5 wt%; McDonough
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and Sun, 1995), A2} ) 5EHA] A A(MgO=4.66 wt%;
Rudnick and Gao, 2003), 3}~ ] 21HA] 4 (Mg=
0.128 wt%; Pilson, 2013)o]t}. 2ol = E51513, X
T Mg 2] 9.9% opdo] diEol EAHRIHMcDonough
and Sun, 1995).

Mg= 24, 25, 269] A5 2= 3719 &4
PAE 7HAH, A1 Aol A 22| EAul= 78.99%,
10.00%, 11.01% (Berglund and Wieser, 2011)0] 11,
GRS 24.305 (CIAAW, 2015)0]c}. AR
4719 QAR Q) A Mg BSR4 A7E B4
i (short-lived) *Ale] B3]2 P4 =LE wA71 Y
26Mg—‘% 3= A gF vl (mass-independent) 5
¥4 o]AA|(Lee and Papanastassiou, 1974) T
£ o] o3t 2 Sestd Wk B91Ua B
H(Russell et al., 1998)0]] 4 F]ct 2L £4
713 ) SEAY Belot AR multi
collector inductively coupled plasma mass spec-
trometry; MC-ICP-MS) 2] @2 213)| X154 Mg
YA ¥3K(variation)E 2T ¢ U= 24
I Mg EHPLEMg (%) = (Mg/*Mg)sampie/
(‘Mg/**Mg)psms-1)¥1000, DSM3& Mg 59|14

41
0

id

EZFEZ; x =25, 26) 4 0] 73Rt A7
%Mg/*Mgoll tidt 7%0 o]Ake] E914 Wt 9l
20| HE 9, dutz o 2 eRAHL 71HE =9
A ZA(F A -5.6%0; Wombacher et al., 2011)2

2t3 Fohd A TR T 243

+1.8%0; Liu et al,, 2014)& ZH=CH1Y 1). Th2
HEAAL FASP Mg FAALE A2 A

FeGolA 2 FHdE 2Eo| dojuARt 2%
7oA YA 280l A dojuA] gh=tt o]
= 2=7F S71gel wet AR 93 A olu A
(zero-point vibrational energy; ZPE)7} 7+43}7]

Folth(Urey, 1947).

o] =0 - MCICP-MSE &-83 24HL
25| et AEAANA Mg EHLS &
& dorle 2o a5 ot 5y 4w W /)%
of 5t akwi Ziol.

M
&

Hq
=

rio

&

2.

HI

Mg S

Mg 2] 2 MCICP-MSE 883t 994 4]
HPH2- Choi et al. (2013)9]] 23] 2HA)|5] = gch

Fresh water

Upper continental crust
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Fig. 1. Magnesium isotopic distribution in major extraterrestrial and terrestrial reservoirs. The vertical line represents
the average Mg isotopic composition of bulk Earth (6*°Mg = -0.25%p; Teng et al., 2010) (modified from Teng, 2017).



X EEZolA2 OfHlE SHHA 2 751

QokslAtd, okl & W7 (Bio-rad, AG-50W-X8
resin, 200-400 mesh) & o]§-s} Tt Y-S F3i
A= ) Mg Belareha 2)
@ 10 ug o1 MgE 3 Al2F 04N g4t
0.5 mL&Z &u]gtth
@ 0.15N EAF5 mLE Yol A& Y Alg} TiE
A| AR .
© 0.5N g4F—95% obAlE 3-89 10 mLE
Yol A2 Y Feet Mn& A| A%t
@ 1IN F48 mLE Yol A& W NaZ Al ATt
© 1IN Z4H2 mLE 2o <53t Mgt 228}
Mg 59194 Hli= MCGICP-MSE o|-85to] 24
sh, 24 F WS 4= k= 717] A=FHo|(instrumental
mass bias)= Mg 53 Y4 #2242 DSM-32 9|
&3 BEELAR-EEELY oF EPHE A
&3] HARIT ofuf A|=9t T YA EEEEY
FEE WHEA] 10% oJellA Aol F=told
£ FHd4e 2Eads AAT 4 drk(Huang
et al., 2009). B2¥ Mg 5992 H]= DSM-3¢] tf
3+ Ak 7| ¥ (3-notation) & 2 thS3t o] B 115}
™, A2 24 28 o] o] MEEEAS A5k &
AN E 202 B3I}

“ Mg )
M
9/ sample
& My(%o)= | 7 P2 —1]% 1000, z = 25, 26
( “ Mg
24
Mg | psis
: : Cation exchange resin (AG50W-X8)
Lt e e
Refreshing the resin 0.1584 HF 10mi, S8 HCI 30mi, DIW 2ml
. Remove resin impurifies
and forming Cl- #.g. Al Ca, Na,
saturated resin Conditioning
0.4 HEl 5ml
h 4
remove resinimpuries IS L I
fe.g. Al, Ca, Na) 0.48 HCl 1ml
h 4
o | 0.15M HF Sm
Removing impurities ' Remove T, Al

0.5M HCI-Azetone 95% 10ml

Remoave TL Al,
W Remove Fe,Mn

Fe, Mn, Na

M HNO, 2mix4
' Remove Na
Caollecting pure Mg for :
isotope analysis M HNO; 2mix6

Fig. 2. Flow chart of Mg purification process (modified
from Choi et al., 2012).

“Mget*Mgzt 8% o] 2 WAt Qlste] o
IRt YA T2 ghgof| o) ARt e 2
Hol dofd 4= QlaL, FAY7IA] Hale =8 A =
2 o] §°Mgzt 210](7.4%0; Teng, 2017)= o] = Sluk3
I ). o] Belrte AT Tt 2
< Yo7 = 78 895 1) 78 FE &3f|(primary
mineral dissolution), 2) ©]X}°4-& AJ4J(secondary
mineral formation), 3) &2}H(adsorption), 4) A&
A¥(plant uptake), 5) &AFE 335 & H(carbonate
mineral precipitation)o]] &3t T U4 & =
2 712to)| diste] 271K ©1F S5t A =
Ao Mg & HY4 b0l olalistaL, % ot o

a0kl Mg 984S A8 = e 7I1ES A

3.1 2 &E Zoll(primary mineral dissolution)

F8 F=ol &3  F 7HA Aol 23 Mg
SH4 Eo] dojdria Bt Wimpenny
et al., 2010; Ryu et al., 2011). Wimpenny et al. (2010)
S ukg-golS H|FFPA e (far-from equilibrium)
= §A0317] $iste] pH = 24 oA B
(basalt glass)e} ZH-4 (olivine)of] Tt vl X]-&
Ae st w89 ZE (L) A
24L& 27 =29 AFYE e A
o] T4 247 YAFH Bk, Mg B9 94 24

27 W= AR ek A=A of vE
7HHE FHEa7E Rk EAS Holw HheAIZE
of et A WolAl = EAS HAth &, T8 FE
&afioll o7& FHart fAF o= vk
Yoz g=He A

Ryu et al. (2011)& pH =1 27¢] v]E A o]
A B9m (B4 wt.%), HUA(L5 wt.%), ZH44(1.0
wt.%)& ZE3 4= (granodiorite)S ©]-&
sto] E2171 E=(plug flow) g A& 3313
o} FEo] Mg g zHE -0.29%o, -0.32%o, -1.8
2%00]H, ¥FS-g-M o] §*Mg ZH- ¥HS- 27| -1.59%0
oA BESAIZE met -0.17%071A] 718t o]
3 W29 5°Mg G2 Mg F9194 247
23]] £ (dissolution rate)7} ZH7] thE A FE9]
3k (mixing) o]l &J3t A2 A|AISHATE.

[e]
T

o
>
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3.2 O|xt 2= MM(secondary mineral formation)

79 Eofo] Mg B912lh 2412 tEe] Mg 5]
A 247 Afs] thw, ol sfakd sjof ofgt
U 2o JFe =z HuEtKTipper et al.,
2006, 2008, 2010, 2012a, 2012b; Pogge von Strandmann
et al., 2008; Jacobson et al., 2010; Teng et al., 2010;
Wimpenny ef al., 2010; Huang et al., 2012; Opfergelt
etal., 2012; Lee et al., 2014). Ao = B3}, 5
94 o] dojuh= W3k (direction) HI1E
FTFEmh dolsla, FHEa BES dorl= e
150l A= P 7] = =] A A]7F Qiet
THAEE 9] 3eHA] F3te] ofsf A = o)A FES
T2 HEFE0)|L, Mge= T2 F 7 FHI= JED
= U &A)3t}: 1) A Z A (octahedral lattice),
2) & FH(mineral surface) o]t 57Hinterlayer).

Tipper et al. (2006)-> A AN|A|o| £ 3}= 457)
Z(river)oll gt Mg 914 £42& 5] 241
B 7Fo] 82 Mg e duta o 2 F]uieke] 4
& WA, A 8 7 8 5 Mg e ¥
Slof] o3t B EAS Whgdtha RSttt @
7] JHAFERE S 2= 7o) 8 5" Mg gho] 7]Rieke]
§°Mg goll vlal B 0.4%0 2 AL 3t 114 &
7H e FHLL(HMg)7t AgiFor gEEw 7
A FAL2(PMg, “Mg)= B U] T 2%
Ao 2 ATk

Teng et al. (2010)2 H3E¢H(meta-diabase) o]
A A3H 53 I (weathering profile) A& 5
sfo] Mg Bolele BUL the 27 S B
H(Rayleigh isotope fractionation)& W=, o]z}
BFE YAl sl Bk §°Mg gro] 7]utero] uls)
oF 0.65%0 F3HES B35t vhd, Pogge von
Strandmann et al. (2008)2 ofo]&TE= ZX(river) ]|
et AFE F5H =2 pH (> 8)ollA] A E &4
(talc) 2} 51 A (chlorite)2 72 FHUAE A
o2 3jsinl, At E o2 Y pH (< 8)o 4 A4
E 2HElo] E(smectite)= 7% THHEE FI7H
Ch AR oleiet B4 AE ol Ee] 7
22 E4o] 7]Ql5ke 3102 HEskgch Wimpenny
et al. (2010)2 A AFS F3}o] 24 (chrysotile)
o] WAEA 7ue BULE ST A
ol B 315}

P 5994 ¥ (equilibrium isotope frac-

X
hu

=
=

o

Z=A|

=~

tionation)2 YA} A=Fo] A3t X& o 4 X](bond vi-

brational energy)oll T]X|+&= FgFo 2 whAYslH, &

(covalent bonding), 2 H$J<=(coordination num-
ber) o} W[ |3}, B2 T eh ALFA 7hue

EAUAE AuHo 2 2|94 2 YA
=l th(Schauble, 2004). 82 Mg o]-&(Mg” )< &
EALeL ZAA FEi 2w fiste] Mg-O A4 ol7t
208A¢1 A 5235} o] FE(Mg(H0)6™) 2 &
st (Pavlov et al., 1998), Agtel-> THA| A=}
Y MgXct oFslth(Bock ef al., 1994). wretA] &}t
2 Falol ofs o) BBl XY u £AL £
Qi BUA A2 ol ZA3A = e 5
Slflat 4§02 WAL B,

Wimpenny et al. (2014)-2 ZHA| 29| =84
(brucite) T TS Boto] T A AL
THYEA7E AFE S oI A AL, SRAITHI0Y &
23127} WS-8 ol o] 5™ MgZk RHA™Mgprucite-solution)
7F A5 <F 0.5% Y= B35 TE Ryu et al.
(2016)-2 At AT} Srae] 1:19] vj&2 Ag
B 2Rtctol £ (lizardite) 2} T o] AbwA|zo] 3
o) BRABS Fhed] T 219 vlg2 Agkw
A= 2}to| E(kerolite) T/ H-2 53to] F FE 9
HEFE 5= 542 Tolgart BHH| Az} o]
AgRL sttt Ea B2 Fe) 2 BHE
o higlo] w8 golo] u]s) HERE) 5*Mg
arol oF 0.5% REEE the B2 FH9s B
g olgatel ATk ARATE o G20t
HES- g7} =019l A Bl A(isotope fractionation
factor)&= 7|12 EYATE 53l 92 Z3(Teng et
al., 2010; Huang et al., 2012)9} A X|StHTH 1 3).

3.3 £l (adsorption)

HEFES Yutd o g ZFlayer)o|u Tsheet)
GAoHe SO APAIeH ALO BHA|R TAE}
(Merkel and Planer-Friedrich, 2008). H &35 U
F27] g (o, Ao 2J3k it X] 8k, Mg
o3t AP XS SO FUASE GEdlo], BB



XEEZMS| D& E9/Y4 2 753

TR} E7t0] Af Fo] HelE 2 oleg
S2HAZIth(Merkel and Planer-Friedrich, 2008). ©]
wRlo] 82 ol 2e) AL AT B9
EH-S o7t} (Schwarcez et al., 1969). A& &
of, A satshEe] EHlo] FAo2 2ls) W(Fere
2] +0.85%0 (A Fesorbed-aqueous), -2 (Cu)= H )
+1.0%0 (A®Clsorbed-aqueous), FA(Zn) | +0.5
3%0 (A% ZNsorbed-aqueons) 2] F B4 Bedo] Yojt
o] B =]} ch(Balistrieri et al., 2008; Pokrovsky et
al., 2008; Mikutta et al., 2009). 0|23t F&}of o5t
Yo Aogt Fo YA BE A= vl &9 2t
o]of| J3t A © & 3|4 Eth(Schauble, 2011).
HESE w9 Mg™ 2o 73t 3istd 2%
< FAdstar ohFst 3 ZgHA| (surface complex)
£ AAdetch(Begum et al., 1998). 3F&E FHO|L 7}
ARk ol £ A (A 2hs(silanol; =SiOH), &
Z0)i(aluminol; =AIOH)) 342 7+&213E Kaolin
mineral)of] F§40]&0] F2E= F8 F2o|tH(Ma
and Eggleton, 1999). 7}& | 1}o] E (kaolinite) 39
of 78] &2t AFE Fte] 9 o] 22 &H A
ARl Aehsat dFulzol 22t w9l 49 28 7t
2w 2L A A5} tH(Peacock and Sherman,
2005). Cuo} Mg o] HH5o] H]3:5}7] o] Mg™
AA] H]=3 v S 7HA ] F2H Ao 2 A4S
FAcHHuang et al., 2012). kA 7R&AFE2] Mg-O

b &
ol
7l

3.0 T T T T T
L
] (S
2.0 O G : i
—_ 4 Kaolinite ruung w o200
8 Tt Saprolite i w mm
9_; B Herolie e a2oe
§9 1 B Lizardite mw w w20 4
g 1.0 1 4
£ ] |
o i
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Fig. 3. Clay-water Mg isotope fractionation factors
found in literature. Solid and open symbols display ex-
perimental and field data, respectively (modified from
Ryu et al., 2016).

Age Mg 430l &) Mg-O At} 78 57
2 BoJ4r} HelH 0 2 BB Erlo] FAEL A
A8t tHHuang et al., 2012).

Liu et al. (2014)2 @72 S+ F8fof 23t 2
Axfol=0) 5 Mg gho] 7H& Lol @ d=oly
0| E(halloysite) 2] e¥(wt.%)d 2] /S Ho]
Agk ZAfol =(gibbsite) o] ke | AT S 2
AL IS 0l Bolo] WAIEE FAAL
E9LE HuH 02 ek AN s

Opfergelt et al. (2012)-2 HAIQt F3tof| 2J&) A
A9 A EF(bulk soil)d HE FEO Mg 5L
4 B4 Foto] HEZEC| 7Rt EY FAL 5
Aee7t BIAEUS HAFATHH 4a). EZL
A Eko] §*°Mg gto] w3 (exchangeable) Mg F
3} whul e ghe ko] 34 234 (exchangeable
complex)®] Mg &2+ 71L& Y ULE A5
2 A|ASIFTH 2 4b). Opfergelt et al. (2014)=
ofo|EHE Bk gt F7HATFE St ES W
HEFE(clay fraction), EF BHo]| 2t wsh
A Mg U EF=(soil water) 5= 7]Hetof v]3] 7+

& FHYaTE RIS s o= F
AL 5HYAT7E dZ2H(allophane) T}t #g]5ko|=
2to] E(herrihydrite) 2} -2 &= JE & (short-
range ordered mineral)of <2 02 F 2} gz}
S 3 AH2 AAEF ch(Huang et al., 2012). 1
U Pogge von Strandmann et al. (2012)+= ofol&
e B9 626Mg Zro] /g (exchangeable) Mg
&t v wekd 2FelA|(exchangeable com-
plex)= FAL FHHA29] T2 AT AAl8t
ek

Wimpenny et al. (2014)2 F+2F 22 t}Z 37)
HEGEQ AHELO]E(smectite), DEto]Efillite),
7h& 2| Ho] E(kaolinite) of] tiEt && A E S 55}
FAE F99as TUA A3 Yol 27EH, F
& FHo|U 7 7 T Har SRS A
A8kt ot FE oY S7H] e Mg9
THYEL 242 FE FH G Mge] F9da
2/4& Hhgdshs ZolA 7L T Ha] A
F2to] obd 2 AAIEITE X F7HA] AFATE &
sto] F9¥a 2E 9 WaK(direction) ¥} Aglol
ojxpFEol| Mg®] F2tat 222 B et 591
A4 EH(Z ] 1.8%0; Liu et al., 2014) oF7|&
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spelat 4= 9l
3.4 AE MF(plant uptake)

Mgi= A2 2bol] 4532] $L2 %4 (chlorophyll
AT AE Al s AT e £H0)
QJolet 4 9lth Mg B9 U4S ABE3HA] 14| &
AZQ A MR T3] S B Ty
of olgt E9194 A WA Lolof gt AR
2 A= G2 F(cyanobacteria), 4 ¥H|=HE
F(coccolithophore), ¥ (wheat)ol| A &3+ =4
of Mg E9I94 BHE Bolo] A8aL vl
(growth media)of| B]8}| 718} T ¥t F3H
EX44& 7 th(Black et al.,, 2006, 2008; Ra et al.,
2010). B2, AoFsolEnglish ivy)e] QoA =
S8 454E ol v AL LT 73k
EX44& BEAth(Black et al., 2007). 3]F T=F(red
algae) 2] GE4 HA| dflrof vl FA-E T L
7} £35ke E44& B Ith(Ra and Kitagawa, 2007).
JYEE HE40 FH94 E2E2 AE S A
7o) wje} 2 o] wheH(direction)o] CHE-S 3 4
Uk

Black e al. (2008)& A Alo]| 7|8 A182] §*°Mg
gro] Wikt £, A2 Yol M= Mokt 52
(exudate)> 91, &7], B2l v|sf| FAL L
7h pokRe RS, oF Fato] A8 ofat
Mg &5 % A& U o5 (transport) o]l &J5] &9
4 Bdo] dojkS A5 Bolou-Bi et al. (2010)
= HigFA T F-2 5 (phlogopite)oll A gt T
(rye grass)¥ E7|&(clover)e] Mg 5H U4 £

@)

26 26
0 Mgexchangeab\e <3 Mgpmmary

M@exen™ ,,v:".\"w\_ NH4*
/ 'S-econdar \
+ "‘:‘ - _y;:l H* ‘,:"__ _\"... Ca*t
o . -‘.‘:/ Secondary
MGexch N =

-/

++

Interlayer

= Bt AE T vigELd e FHEEs &
H A= EAT A E2 FAL FHYAE A
o7 Fes HoFAth 3L, o] Fee v
3 FAL FHELE FIE S8 /18R A
3, Mg o5, W5 <3} 22 AE3HA 14 of 9
gt AU AT ZAA (T Al' A
A& W Mg o]Fol s | +1.66%02] F9e2
Hio] dojdS B 135}HtH(Bolou-Bi et al., 2012).

2}

3.5 ERMY &S
itation)

Mgt si4: o) BAte B2 A 9 B
g50) SyAsmA o Bardle) Mg EHHL
248 A dl4= 24 (Foster et al., 2010; Higgins
and Schrag, 2015), A A& Mg <2 Tipper et
al., 2006; Higgins and Schrag, 2010; Beinlich et al.,
2014; Pogge von Stradmann ef al., 2014), 52|z}
38+9] AsKPokrovsky et al., 2011; Kasemann et
al., 2014)E olafieh= A AAR=Z S84 4= Utk
ol2fgk o= WllH(calcite), FEIUAIO|E(magnesite),
Y AF| S }o] E(nesquehonite), ¥4 (dolomite),
@ A}o] E(dypingite), 484 (brucite), anto]
E (epsomite) 2] Aol &J7t Mg S9Hd4 S8
Aesa) Sls ARA A7k gol sawe
(Immenhauser et al., 2010; Li et al., 2011, 2015;
Mavromatis ef al., 2012; Pearce et al., 2012; Wimpenny
et al., 2014). Wimpenny et al. (2014)%} Li et al.
(2011)E A7t s AtollA AR DA F
ol 7H& S¥art 73k A B3 o]

Z|#(carbonate mineral precip-

A XA

26 26
5 Mgodahedra\ >0 Mgmmera\

26 26
5 Mginrer\ayer <0 Mgmmera\

Tovanesrs N8/ 5/ N/ NS/

Octahedral

(Al, Mg, Fe)

OH-

Fig. 4. Conceptual diagram of Mg distribution and its isotopic variations: (a) Mg distribution and its isotopic variation
in soil; (b) occurrence of Mg and its isotopic variation in the TOT Mg-clay (modified from Opfergelt ez al., 2014).



X EEZoIMe 0jaulE E9ldA B 755

= 22 A7 ) Mg-0 28727} Mg S8}l 9]
Mg-O A7 e net o] ok Agtele 23 o)
QI3 7P B9I4E AHH o2 Fs}7] Tl
oh g Sol, 484, ohdAelE, WeAl
Mg-O A g Z+2F 2100-2.093A (Catti et al.,
1995; Chakoumakos et al., 1997), 2.101A (Schauble,
2011), 2.115A (Antao et al., 2004)0] 1 Mg $=3}o]
29 AFATE 2.08A (Pavlov et al, 1998)o]th.
Mg&hf eAtg ol Hlsl WA -A] 73t 91
2 EH (A Mgeaite uia=-3.5%0) 2 Z4(Ca) ] 15}
Ao o= o] A Mgzt X|gh=]o] THA A=}
Woll $1xe of f8% §E] 202 AA=
Iy A& syel| B9 tHRto|E FE AR
W Mg-O 237 2|7k Mg 4=38}0]22] Mg-O Z3A
ZET o= 7 Fodart F3E £440]
ok @A7IR] A2 0E F5to] thgRt gk
FTEY AR F9Ya 73 B4 o 22
£A2 Uehdt): ofgkaiLo]E(aragonite) > Hl-2
A > a2 AR E > WA
4. & o

o] =RoA A& A Mg F9da FES
doyl= a3ls: 1) 8 FE -83f|(primary mineral
dissolution), 2) ©|x=g& A4 (secondary mineral
formation), 3) &2Hadsorption), 4) A& 4| (plant
uptake), 5) BHAFH 3FE Z A (carbonate mineral
precipitation) @ Z} @2150] 23] FYU4L £
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