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Abstract: Diffusion is a powerful tool to understand geological processes recorded in terrestrial rocks as well
as extraterrestrial materials. Since the diffusive exchange of elements or isotopes may have occurred differently
in the solar nebula (high temperature and rapid cooling) and on the parent bodies (fluid-assisted thermal
metamorphism at relatively low temperature), it is particularly important to model elemental or isotopic
diffusion profiles within the mineral grains to better understand the evolution of the early solar system. A
numerical model with the finite difference method for the fast grain boundary diffusion was established for the
exchange of elements or isotopes between constituent minerals in a closed system. The fast grain boundary
diffusion numerical model was applied to 1) *Mg variation in plagioclase of an amoeboid olivine aggregate
(AOA) from a CH chondrite and 2) Fe-Mg interdiffusion between chondrules, AOA, and matrix minerals in
a CO chondrite. Equilibrium isotopic fractionation and equilibrium partitioning were also included in the
numerical model, based on the assumption that equilibrium can be reached at the interfaces of mineral
crystals. The numerical model showed that diffusion profiles observed in chondrite samples likely resulted
from the diffusive exchange of elements or isotopes between the constituent minerals. This study also showed
that the closure temperature is determined not only by the mineral with the slowest diffusivity in the system,
but also strongly depends on the constituent mineral abundances.

Keywords: Fast grain boundary diffusion, Finite difference method, Magnesium isotope self-diffusion, Fe-Mg
interdiffusion
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o] it HF(Fick’s Law)oll W2 Bhite] o] sk
& mEY E2 9] o] F(mass flux; ) F= TH)
(concentration gradient; -0C/ary°ll Bl&E|5H, o] uf] H]
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- _po€
J=-& )

ikl thafirl= Ll Rt FEH o' 2 o)s)E o]
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EhxH(lattice diffusion) = A2 Eik(volume diffusion)©]
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BE AR AAE TS A BE ARE Se gt
B} g 7 10Ye0A = HRH107) #i7EA] W2 A
Ao 71%38HDohmen and Milke, 2010; Joesten, 1991).
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sto]l AX AAE B3 GAtol H|nE S HERE
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L= Ao s (Fig. 1a). 3] 448 2RIAI2
FEsr] WliEel] A FEE AloloM YA Ee T
Q4] whe wk=A] ek 73 (mass balance)S ©|
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S K(Diffusion)

ol oa] FE YAE AlololA Aok Ya
9 20940 WIS 53] RdlYsr] 8] FE ¢
ze] e 7F F(plate), Y5 (cylinder), 7*(sphere)<!
7ol sl 12Fe kel o] &) Zhzte] A
ol Al (ret AZHnell e s #ske vt 2

(Crank, 1975).
2
a_czD.[a_g]
ot or

5_(7=l.ﬁ.(. .5_’3)
ot r or r-b or

fast diffusing
mineral

oc_,
t

N\

’c,2.aC
6r2 r or 2)
A7 G B, 1S A FAlo 2R A7) Ei
WA, = ARkt

FEERFEH (Finite difference method)
FERRTH-S A2] 9} A7k W FEo] wislel] of

g A EA A Q) AN R sk

TR S sl WHoE, B AFolM= Crank(1975)

S FERREH R 7leslr] 9
a3l A ()2} A7kl S @ dr, dye2 U A
A5 19T & UACKFig. 2a). AR = (idr, jdr)
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Fig. 1. Retrograde diffusive exchange between minerals in a closed system. (a) A chemical or isotopic equilibrium is achieved
along grain boundaries and diffusive exchange between minerals via fast grain boundary diffusion occurs during cooling. (b)
Chemical or isotopic zonations may develop within individual mineral grains according to their diffusivities and sizes.
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@ Initial values C,_, (b) C = Yhe1Zi (=250, _ + 48C; — 36C, + 16C5 — 3C,)
o 25X 51 Zk
§ (boundary)
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" @
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Fig. 2. Finite difference grid for the explicit method of solving the diffusion equation. (a) C;; is the concentration at a certain dis-

tance (i'dr) from the core of the grain of interest at a certain time (j-df). Concentration at the next time step (C,

;1) can be

obtained from C;; and concentration values at neighboring grid points (C5 ; Ciy j, Cij» Ciis ). (b) As temperature decreases lin-

early, that is, coolmg rate is constant (—d7/dt = n), concentrations inside of the grain at a certain temperature (T
are calculated from the grain boundary value and concentration values at the previous temperature step (7, =

730C1+11+16C1+1/ C1+2,j
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A AlE AEA AlRYste] A Geljof Th(Fig. 2b).
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nek AFrH O 2 HAshe 79-(—dTdt = nT)°] =
=AZE AlE 27 vt R

() = Tpeak*”'t
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Zl2F 78 (Mass balance)
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L}o] E (titanite)2] 2k F994 202 HEH
=5 3 7| A (Bonamici et al., 2011)9} H| /'3
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i
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2FeE A3} Bonamici €] (2011)14] -3 W& =9} K44 o]ur CIALE)A 3} v waA] §1F0 Zro] 2718l
719) ZHe 45°CIRA S ATHFig. 3a0) insen). Wk W, whE QA S wEle) A8 e 45T 5 9
145 ¢ — 15.4
E (a) Titanite (b) Quartz
14.0 £ 152 +
13.5 -; 15.0 £
130 'g ’g\ 148 +
16 T
= E 9 146
120 + T
;-? P 144 +
o 11.5 -; @ measured (Bonamici et al., 2011)
110 £ 9.7 +- —50°C/Myr (Bonamici et al., 2011) 142 +
B ——45°C/Myr (this study)
105 _ 9.5 + + + 14.0 +
10.0 ;//_\ 138 fmmmmm e e e
9.5 F t t t 136 F——— e :
-90 -45 0 45 90  -1000 -500 0 500 1000
14.0 145 -
(c) K-feldspar (d) Clinopyroxene
138 == mmmmmm e e e e e e — oo 14.0 1
136 T 135 +
134 13.0
°°o 12.5
© 132 + .
13.0 + 12.0
12.8 + 11.5
126 ey 11.0 + +
-5000 -2500 0 2500 5000 -1000 -500 500 1000

Distance (um)

0
Distance (um)

Fig. 3. 8'°0 zoning profiles of (a) titanite, (b) quartz, (c) K-feldspar, and (d) clinopyroxene obtained by numerical modeling in
this study, where the mineral components consist of the Diana metasyenite (Bnoamici ef al., 2011). Comparison of 80 profile
from the numerical model in this study with that from Bonamici et al. (2011) shown in the inset of (a). All parameters and ini-
tial values used in the literature were applied to the model in this study. Dash lines denote the whole-rock 830 value (13.8%o)

from the literature.
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2022). 71 F AFolMs Eitol] oJd FE YA U
Ho] Fx M3k (5), (6)F 23+ A 3= (second-
order accuracy)® ALkl ov £ AFox = 423
AY=2 oA ALttt tRt, 53] AldkelA 7S
A JEFS A= FE 1A T ek
AE 2 (14)¢F 2] 212 7 AT o] AR
7] wjiol] ALt Aol frojm|gh xtol= gl o
ANMe 71E F AFelA FA] 2l A4 3 dds] v
A=A Kgh i o m yEEjof @ HE E

BEEFsY

CH ZEEZ[0|E AOA AREMQ| OlOUlz-26 =4
s}

AN 7Y eE S29 AE-GFulE 58
& (Ca-Al-rich inclusion; CAI)®] & 54194 A&
459 631 TARAO R o] 5 BYA] Yol & 7HataL
A THAmelin ef al., 2002; Connelly et al., 2012). CAIS]
dFuFrldlE SUAe AFE FEl, B A4
A GFE-262 SFuE-270] BI(SAVPALZE oF
523x107°02 A AR AAAH, ¥Al0] *Mg
o2 FIMEE] ¢ 139ha)ste AL o] &gk *Al-
Mg T A AlEES A B AF 2]
hd seke] X8t P E FA sk 7MY dE] AR
3 dt}Jacobsen et al., 2008; Kawasaki et al.,
2019; Kawasaki e al., 2020; Kita et al., 2012; Kita et
al., 2013; MacPherson et al., 2012; Nagashima, Krot
and Komatsu, 2017).

-

TR o] 2 ZE2}0] E(carbonaceous chondrite) -
AR F<(Fe-Ni metal)o] o] ¥3ke]o] 9l CH
S| EoA A& E = CAIE *AIFAl ¥ 7F <F
5x107°2 UF-5 ALlstae tlFE 5x10°2 0} 2k
o], o]& thiE-Ee] CH ZEglo|E CA} *Ale] A%
F 2 ol FAEJAU, B4 o]F ¥Al*Mg 5
A Alglo] Wk 7] wWiE o2 A7 ITH(Krot
et al., 2008).

AOA= CAIS} HIS=aH| Bl A2 7kollA 35
(condensation)°l] 2]} 3/d¥ &2 Z(Chizmadia, Rubin
and Wasson, 2002; Krot et al., 2005; Ruzicka, Floss
and Hutson, 2012), Krot €] (2014y= CH Z=2lo]E U]
AOAS] *Al*Mg 5994 A&=HE dAste] CH &
o] E CAIL] B2 PAIPAl ¥1E A3t} 319
th. CH E=210|E AOAE Al/Mg Y7} 1l¢- e o7
E73H (forsterite), 734 (spinel), Al-Ti-53]4](Al-
Ti-diopside)t Al/Mg Y17} mli-¢- =2 3732 (anorthite)
o7 FAE] 3o} Al-Mg 5HYA Al Al 3
S5t} CH 2E210)E AOAS] £ A3 XAIFAl Bl=
- TheFalA VRO, o]= AUMg HI7T a9 X
MA1-*Mg 718} tholoj1jlel|A] 71871 (*AIFAlNE A
ks 3449 Mg (ALl Bl 2ls) A= 34
H Mg} P EDA PMee] HE FFEEEI Y|
3k o] v thkdk B2 2 Ho)7] wjio|th(Krot
et al., 2014).

CH Z=2po|EoA] A= Fe-Ni 54 YAll=
Ni, Co, Cr Z1do] UEh}=t], o]= CAl 4 oF 59
Thd & Ad] FEol| 2|g 3 (impact-generated vapor
plume)el] o3l dojtom Hi 2% °F 1100°CA
AIZFE 0.01914 1°Ce] W2EEolA vHEold = Q)
o}al B 3 5] tH(Campbell and Humayun, 2004; Camp-
bell et al., 2001; Meibom et al., 2000; Meibom et al.,
1999; Petaev ef al., 2003). Fe-Ni 54 A7} S0
Al THEoiA = A2 3HoA 7] FAE AOAS]
A Mg S U A A EF o] WEHE S 7RsAde] Sl
t}. o] us]7] Sl w QYA St mdl S o]
AOAE ZRIAIZ 7P 3L a7k vhavls 59194
At A ARES AAlsTE 271 24, AA 2103
Zdo] F2tu|El= Krot 9] (2014)] Table 63} 2t}

FA AL A FH3 2% F 1100°CoAA A1 ZHS
0.01°Ce] Wz&ollA o= AlZF Yol Al-Mg 5994
Alglo] whe] 7] Al#fslarl oF 2 Ao ¢hdE

AstElE AL A 5= AJHFig. 4a). Z2 F

koM
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(a) cooling rate = 0.01°C/hr; T = 1100 °C
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N
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\ 1 week

(b) cooling rate = 1°C/hr; T = 1100 °C °
300 >

250 +

200 +

-
a
I

525Mg* (%q)

100
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0

0 1 2 3 4 5
Core Distance (um) Rim
Fig. 4. Mg-isotope compositional change in anorthite with time,
resulted from the closed-system Mg-isotope diffusive exchange
between anorthite and Mg-rich minerals in AOAs (spinel,
forsterite, and Al-diopside) at cooling rates of (a) 0.01 and
(b) 1°C/hr, respectively.

2EoA A o ® mE YRR 1°CelM =
oF 17 A AV Hd) 2=6 b2 3102 o
Efb 14 Aol g sl thEA] Esle A
© & U-2T}Fig. 4b) Wb, CH =gl 9] CAIS}
AOANA L= Bk 2A127AL U7} 3120l 4] v
A =(< 1°C/hr) YZ&= 2004 ot F9leda
ko2 Al-Mg E9194 Al=Hlo] sl 0|2k
= weE dige A & 5 ok

-2 JA G4 A 2eS 283 Krot 2] (2014)
oA 2] g Fdh B 8-S I
T}, 1 o= thek ok A, AL(SF 1100°C)el
AMe e rldlE 994 Bl nnlsith
CH Z=2to|E AOA®| 4 ZE<] HAA 534,
AR AETA Atele] wilg FHdA B
(A= SZGMgspineI’ SZGMgdiopsidc. orserte) o 1100°CO A 2}

Vol. 36, No. 3, 2023

U BB B9I9% o] Lol ool HEs]

ofs) ¥Ho| H=t] L Flo] mi¢- AL, wEhA QA=
7] w2 (~10-20%0) HH JE] FAA ol d
oJytial sleEte 1 B3 o3k {19 oY e
2 L M T gAY X 2ds v
£7] SlsiAe HEdHE s9lda B aEsof 5t

E3] HgdH 594 B¥o] IA dojue= A
3= REEA] o] @S 3] Bdof wkgds|
oF & Zlo|t}.

TS Krot 9] (2014)014 & ko] dojub= &<t
A1 B E ANE AP E PMge 8] 234t
Figure 4014 & = Uo] Aol mi-9- & A7H
NZ=GF AlIZE ~ = ) rllgr Fakel] sl 3174 <]
Al-Mg 5994 Al 2Eo] weksy, 1 AJ7ko] 20419
k7ol vls) 3 F7] wio] *Ale] S = As
*Mge] Hsh= FAIE 4= ot AT, vl A W 2
%(500~600°C)oll Al 23 AJZHCF 19 9hd) F3F 59
A2 Fato] dojul= 7 $-(Kawasaki et al., 2018)0l+=
Fito] dofih= 5 PAl A= Q18 *Mg ¥IskE
T2 Bdlof §EEA] wigdsjopdt gt

g F91e A bl o8k *Al Mg FHUA
Al weks RdEsE] QsiA FrH R A 3
E7F 922] Bl (partitioning)Z 8ok & Aot}
o & Eof, nilF 344 A 5oL AlolE
7} mpgR] ek7] wiitol] WA 2R ot A wha vk}

2 FEE o5 ot} 0|2 s 343} vi
vlgro] Eol7k FE2] YAl Mg B 7} WHabHA AR
A Mg S A Al=do] A wekE 4 Akdto
and Messenger, 2010). Wt ¥4 o9} vl 4
LA FAS FAlol 73] Bdlof] whkads)jof g

UM =03t AAES vkl YA A A
rdoj Hkgslr] QJsiMe P MgE FEE A
£ oHE T FYD2H M Me)S FEEA ik 4
2] 2o X ALkl o] & v o) §*Mg= WSk}
oo} g},

,
=

et

CO ECZP|ES| E=E-A0A7 R 7 ZEZH
Fe-Mg &< =fth
FhEdo] 2 Fxglo|Eo] 74 £ AOAE &
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S Eo|u CAlLl M8 27171 27 wZell A
(parent body)ollX 22 FHAel o) A 318k 24
ol g & Qo EWg A=E EXs=d vi%
43} th(Chizmadia, Rubin and Wasson, 2002). Han <]
(2022)= 7HEMo| 2 FEO|E oAM= A
EE9 7|7} o} EiAdol ¥ ®1zsk CO E=2tol
E FollA S vwA gol k2 Zlog dex
Kainsaz®] AOAd FE313t} 53] AOA 74 3+
ol shel, & mlo]aRME Z7]9] Al &
3] A= Fe-Mg 295 WHE YAl S S 4
B3] dgstazl st wheE A Sk ZdlS Fe-
Mg 45 ghtol]l o5k 74 FETF A4 wghel] 483
I UthE 2 4 (18)-(20)014 Bt

CO F=golEA Fe-Mg 4% F4ta) 4 w3k
o] dojd F AE FEEL type | E=E] 1EHT
293} A1) 4] (orthopyroxene), type 11 £=829] 74
A, AOA®] A3 ©A181 A 714 (matrix )] ZHeHA]
o|t}. CO ZEBPO|E F EHAE A9 w4 gk A
o2 4l ALHA 77307¢] 3 BEEC] 38} 244
mdle] 7] 2702 AN A WA 5= 7]
£ AFENA F43 2F 500°C(Imae and Nakamuta,
2018; Jones and Rubie, 1991; Schwinger, Dohmen
and Schertl, 2016), 25 = AFeqdFHog 74
(4 (8)3t= 71 <A--(Schwinger, Dohmen and
Schertl, 2016)°14] AIQFEF n=0.053S ZH= #8513
o} A ARt ARSSE SR EE2 Han 9] (2022)
©] Table S13} 7t}

Kainsaz?] type | ZEE2] I ETA A A==
Fe-Mg %4 (Fig. 5ay> A EZFA S Feal e At
W3]4o] Fe-Mg 4% e o= A& Wsfishe
7Pl oF AR A Aot 2 IRt AP A
Fe-Mg “4%. g4HDohmen et al., 2016)> L EZF
(Dohmen, Becker and Chakraborty, 2007)°l] H] 3] wj
£ =2 (Fig. 5b), type | ZEEANA 5 A3
o] IELHEANS B SRl 7] wiiel €
It 7golgr AR Type | 289 IEZHA
Z APERA 7 HE e A4 22 (20)= e e
A exsked, AEAHAAY ol g A A
(X,<0.1) ZHEA 3 APERIA] ALo] ] Fe-Mg Hll Al
= 79| 10]7] wWEo|tk(von Seckendorff and O'Neill,
1993).

Fe-Mg 3% &4t 2t type [ Z=F 7H2]9] Fa
(Fe/(Mg+Fe)x100) $=F Wsh= AA| &z Ao} 2

l‘

d

o

i
)

)
1o o

o

)

o

¥

A2 gch(Fig. 5¢). 7180l EA8h= e 27+
o9 Z2| ¥ CO FEBIEE st 1M B&
oA ol 7P WAL Fed 7P Wol 23sal 9o
o] A|Z=HloA] Feo] -3k 2440} 7he TS gt}
Fe-Mg 3% &4bol| e} Fa ghaFo] <F 8 mol% F=
7V & 4 Uth(Fig. 5d).

olgA w2 A FAF 2l type [9] LEZTA]F
APEEA, type 119] 74, 714 ] 7hhA] 9] Fe-Mg
24 HstE & BAbsled], 48402 3717t 2
AOASQ] 72X 9] Fe-Mg 4] WH3lE AAet 13 o
Z2A oS3}, 7] ALl 2 AOA 749 Fa
SRS oF 1 mol%ellA] 50 mol%7HA] F53sl=Hl (Fig.
5e), °l= AOA 7HaA]o] HA| Al=Hlo|A] xRSk H]
go] AL, YAre] A7|% Ao} FRIAA Fe-Mg
3 bl w2 Y4 wEke] JIS 7Y A Ao
7] w7l oz AZET AOANAN ks
AFRIA Atole] g da Eul(2] 0)E 2=l
wE} ZA W3] df 2ol (Loucks, 1996) 4% R
I BIATE. SRR TALSIA oA Fe-Mg 3. Sk &
T (Miiller et al., 20137} 734 e] 1A KT} oF 504
75 AE O =g)7] "ol folr)e Mshks YeRRA|
&SI tHFig. Se9] inset).

Kainsaz AOA 7+3H4] ] Fa 32 Fig, 50 Hol&
AAY FAFNA <F 8 mol% Holn ejgow 7+
T2 AH =obA oF 20 mol%dl] o2t} o] 23] &
do] o =3 A (Fig. Se)a= 3] th=r} Han <
(2022)0X4 = ©] xpol & AHslr] Hslixe g &
7 THE CO Z=o|ES] AOA Aol 249 %
A}, =719} 38t 24, 283 F=(porosity)S A A A
o]3L W3] 7t A7 ot vkar A A TH
grek Azbga o] AjFA TSR &= Fe-Mg HH3H
(reaction front)°] 7| TEZATY YHEZ g3
71 B A719 FET YAl WA & U
Z1o]tH(Cole et al., 2004). Ao 2= o]H HRE-FhAak
48 71E w2 gA B 2l WEehs wEo]
TEu}

o]8] gt Al & B35, Han &) (2022)914 =
AOA®] Fapdxtadn] 7 B2e Fal E1sk 749
AR 5SS et e A (fayalite)t 52 A
(chromite)2] &) ZHE G o]o] E4= HAzLE
o] AR FHBIATE 22 fA7F EAllShs 3
A Ak om gt Lert 97 Sl Wil
(Costa and Chakraborty, 2008; Hier-Majumder, Ander-

!

o
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Fig. 5. Model zoning profiles (solid lines) for Fe contents in olivine and pyroxene based on the closed-system Fe*-Mg*" interdif-
fusion between matrix, chondrule, and AOA minerals from the Kainsaz chondrite. Initial Fe contents (dotted line) of mineral
components are assumed to be the same as those in the most primitive CO chondrite ALHA 77307. The model profile for (a)
type I chondrule olivine surrounded by pyroxene, (b) type I chondrule low-Ca pyroxene, (c) type II chondrule olivine, (d) oliv-
ine in the matrix, and (¢) AOA olivine and diopside (inset), assuming a simple global thermal metamorphism on the Kainsaz
parent body. Since the model profile for AOA olivine (e) is completely inconsistent with observed profile (closed circles in (f)), a
hydrothermal alteration is required to result in diffusion profile at the rim of AOA olivine.

son and Kohlstedt, 2005), type I ==&} type II &
=8 7abM o] Fa dhekol] AeES Zx] oS e ok

L2 (350°C)NM = FE3] AOA 7 H2A19] Fe-Mg
A & e e 4l mdg B B
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