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Microscopic substitution mechanism of Ni** in olivine lattice
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Abstract: Olivine is the most abundant silicate mineral in the upper mantle and a key host phase for nickel. It plays a key role in the
Ni distribution and cycling in the deep Earth’s interior. In this study, a series of Mg-Ni olivine solid solutions were synthesized under
high-temperature and high-pressure conditions using the piston-cylinder apparatus. Crystal structure refinement and Raman
spectroscopic measurements of these synthetic samples were conducted. The results show that their unit-cell volumes and average
M—O (M = Mg, Ni) bond lengths are generally decreased with the increase in Ni contents. When the Ni** molar content of olivine
is less than 30%, Ni*" is preferentially concentrated in the M1 octahedral site of olivine. However, with the further increase of the
Ni?" concentrations, the distribution of Ni*" in the M; and M, sites of olivine is progressively disordered. This ordered-to-disordered
substitution mechanism of NiZ* at the M; and M, sites of olivine is also observed in the Raman spectra of olivine. With the increase
of Ni** content in olivine, the vibrational frequency of lattice of the olivine systematically shifts from the slow increase at first to the
decrease later. Hence, for the natural olivine sample with low Ni content, the ordered substitution of Ni%* in its lattice determines the
occurrence and partitioning behavior of Ni** in olivine, from a microscopic perspective.
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FF ) B 4 AR 0.25%~0.27% (McDonough and Sun,
1995) , 7EH5¢ FBE 2k BT Ak FR R 2 4R OT R (A2 i
FIEE) W —A B, ] Qe 2 o iy 2R B T LA
IR AE R A TP T10001% o S8 T bR FR B R, HuBkiR
TR B E AR MARAS B IRGE T X e R Y
S3A FIERHL

A Hu 8 5 “pyrolite " # B (Ringwood
1976 ; Anderson,2007 ; Walter et al.,2022),7F410 km
Mo A LA R b MM [ (Mg, Fe),Si04 /&
EEMEERILT Y R B N60%. T N>
Mg b2tk T AR L, Ni* 0 AT 2 B B Mg i T
B - B A AR (Ni Mg )2 Si04 (b x 2k
N> 7E A 4 R B F P ST 0N L, =N/ (NPT
+Mg?"),0<x<1)(Miyake et al.,1987;Burns,1993;
Zhang and Smyth,2022). [F il #HE 1 ZNifE g
TRAT ) E B 24K (Sobolev et al.,2005; Wang and
Gaetani, 2008) ., 7E410~660 km iR J3F (14 H s % 4 47 |
O AT 23 56 S5 ARZZ Sy T 2% ) A FIARILLAE AT (Tto and
Katsura, 1989 ;Smyth and Kawamoto,1997;Smyth et
al.,2005,2006) . & i i R SE S P50 R T A TR
MaAT , N> B A 1] 73X W A 12 AR R 42 (Zhang et
al.,2018;Zhang and Smyth,2022). Kt HHs At
A RE 2K N1JT 3R [ 5K IR T i as 1 — > G
Ak

B AT 1) A A 54 T A E 2 20 OR ] (M T O /\
RN, B, 240 4 )8 FHE 7 5 3% (Smyth et al.,
2005;Hushur et al.,2009)., XMg? #fFe’" Ca®",
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], AR EATTEM, FIM (L & Y 5 SRR B A e
225 (Miyake et al.,1987;Ottonello et al.,1989;
Burns, 1993;Zhang and Smyth,2022) , M1 52 Ml G
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TAEMIE A7 5 A Py s A ) f9 1E 20 ZR K
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— A A S A S5 F 7 THT (Bostrom, 1987, Bostrom et
al.,1989;Henderson et al.,2001;Zhang et al.,2018;
Zhang and Smyth,2020) . A5 IIEAs B0 5 XS LA
St RNRL G R B A A A, R G TF I NG E A A
ke TP GOUL A AL ) B FCRT feb s 9 s A5 D 52 )
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LHRE T IS 2 R A I A R A
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FALYNR G, W R A0 T EER ) . (Mg+Ni) = Si=2 @ 15
Mg : NiFE/RILARI 10 :0,9:1,8:2,...,1:9,
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H}11200 °C, PRIRETE] 4724 ho SR 5 &P fin B U, R
TR R AR AE e T T B 1) A D RS 254
SR A AR I HOT | SRR A O
FABREHEMMEZREA 2 i Pyrex 3
o AR I LT 104 (Mg, Ni, ) Si0, JHit
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(Mg Ni Si) & at. srArilny s i =15 kv |
W20 nA BT HREEEAR RS pm , B 5 OR LR [R]
30 s, I HeRAERTA]10 s(Wang et al.,2019) . E& 1T
FHZUUERIH ) F 4 JE bR (KRR San Carlostiiifi 1
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Table 1 Chemical compositions of the synthetic Mg-Ni olivine solid-solutions [(Mg;_,Ni,),SiOy]

Me,SiO Nio.234 Nig.a12 Nip 833 Nijigs Nij 370 Nij 700 Nij g27 Ni-SiO
Mg 7665104 Mgi588S104 Mgy 1675104 MgoosoSiOs  Mgog15Si0s  Mgo 6308104 Mgo 2015104 Mg 1735104
Si0,/%
A 42.68(3) 40.40(2) 38.80(4) 35.48(1) 34.24(5) 33.11(4) 31.99(2) 30.12(3) 29.52(1) 28.63(5)
(BT 53450
MgO/%
e 5732(5)  4785(4)  4133(1)  2778(3)  2272(2)  18.10(3)  13.52(5)  5.88(1) 3.43(4) —
(540
NiO/%
o — 11.75(3) 19.87(5) 36.74(4) 43.04(1) 48.78(5) 54.49(4) 64.00(5) 67.05(2) 71.37(4)
(BTR550
ait 99.95 99.40 99.63 99.58 99.57 99.61 98.01 99.40 99.73
Si
¥ 1.000(1 1.000(3 1.000(3 1.000(3 1.000( 1 1.000(4 1.000(4 1.000(3 1.000(2 1.000(3
ETED) (1) (3) (3) (3) (1) (4) 4) (3) (2) (3)
M,
g 2002(3)  1766(4)  1.588(3)  1.167(2)  0989(3)  0815(3)  0.630(2)  0291(3)  0.173(1) -
(J5F450)
Ni
- — 0.234(1 0.412(2 0.833(1 1.011(3 1.185(3 1.370(3 1.709(1 1.827(3 2.005(3
(ET%) (1) (2) (1) (3) (3) (3) (1) (3) (3)
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Fig.1 Comparison of the compositions of samples before and

after the synthesis of olivine

R Z H ANGOTE I A BN 2 B A 3 AMIOS 1
k& BR T N1y 700Mg0 201 S10448 , HAAE & I A5 4 5
[t > B AE99.4% LA b o T REAE LA AR I AR
FIAT D EAA BTG G, 76 i s 5 G e b LR
/N A TE S TS A b (EAR B IR AN 2 X
MiAr A B i b A S F S S IR Sl AT S 3 R I

XF T 45 A R B A S TN A L (Mg, S0y,
Nig 234Mg1.7665104, Nig 412Mg1.5885104, Ni011Mgo.989
Si045Ni,Si04) , FAT 33 e L 1 1 HTE 2L H 4l
ST 4 B B G OB CREAR 7E20~30 pm 22 [8] ), 247 50 4y
XA (single-crystal X-ray diffraction)SZ5; I
AR ARG 2SI A A1 & e D8 QUEST HL G it i
A BEAT o B A5 SR T BEHE A g BH B XU 26 % A i

(Ka_average=0.056 086 nm) , H: T./EHE JE 50 kV, H,
0.9 mA, REFMPE(20) 8°~90° WK H EhH f
JER0.5°, B R AR TN 10 s BRAFEM IS RE T
10001~ LA 1 777 5 0 s 5 | JHG v oy <7 A 5 0 85 H 349 5k
5000 (FfF1) o FIRZEMRG &R H CrysAlis Pro/
Olex2(Dolomanov et al.,2009) %44+ )SHELXL
(Sheldrick,2015) 2%, Mg*" Ni*"5Si*" [HE T AT
B F R IE T CromerFfMann (1968) , MO FH &+ 14
A 5 PR F- W0 95 T Tokonami (1965) o %4 R £ 14 4% T
TR G ARG ARSI AR UE . Ry (R LA R
(GOOF) [H 3t [l 43 5 M 3.1%~5.0% . 3.7%~5.3%Hl
1.06%~1.20%.

F A1 138 37 Horiba LabRAM HR Evolution it fs{ 3t 5
FERL2 AN, 76 2R T oRAE T 104 U £1 R i
BIPLE I . R T 532 nm P SAREOGES, I LARESR
Al — B Si— S 4 IR B 16 (520.4 em ™) XGRS R
HEATREUE | T R AL N 50~1200 em ™' a5 1 Ao
A PRI E R . BEBOLA 41800 mm ™", X Jif
BIGCTE 4> HERE BE 1A 30,8 em ™5 B K G 1 SR 4R B
B30 s, Bit4m ., 152810 H S 6E% K H Peakfit v4.12
AL AT 20 AT, 2R F R 0 (Gaussian ) i Y E 47 06
(DR

AN, Fei TR FHEEER K Nicolet iS50{H HLIH- A5 # 41
AMETE{Y (Fourier Transformation Infrared, FTIR), %4
BRE AR HEAT T FR A AN, 7£3000~4000 cm i
W, BRI BT AT 25 B 5 5 e ik
JSCIRIORS £ T PARAE N AR AR S5 R K o

3 FR A S 38 A b TR A (R ) R
P55 ™ 0 4 ) o S 50 5 6 Ao
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2.1 REEN

WS A 8 T IEAC S R4 (25 [ Phnm ) ([512)
(Ye et al.,2009;Pamato et al.,2019) , Hgt ka1 52
MMOG/\ TR (M=Mg,Ni,Fe...) Fl1 5 IR A9 Si0, Y
[T N N o R e B 7 W AR (| . B0 Y Gt
T RAPM HAM, APSITE T, LU 164107
N0, 0, MO (LBl h4 - 4 2 8) . B/NIM,O6/\ T
PR AR AR 2> 104 P T 1A 141 Mo O /\ T 1A I I AR
15 MR HI M0 6 /\ T 1A U] 540 208 B8 14~ S04 1Y 1 A<
F2M, O /\ A I D . BE VBRS04 Jm BH B
F I EIE/VE AN E (M FIM,) (Birle et al.,
1968) o X PR\ AR 9/ NFI FRPEIS A 25 5 , i A
TR 4 I BH B T 3 B e PRk 04 5 T . Fe? ' 7E
M 5 M7 1 43 A1 4 T BEAIL (B0 S B At 1 1 ) 5
HoAth —#r 4 J8 FH S F 05 P 5 3 B (Ghose et al.,
1975, Ottonello et al.,1989;Woodland et al.,1997;
McCarty et al.,2015;Zhang and Smyth,2020),
Ni? "Bl TRy B AR AR A A BB ),
1] F o My AR A, M ® " Ca® " 45 I B8 i &
PEM, v 5 (Ghose et al., 1975;Bish, 1981 ; Ottonello et
al.,1989;Zhang and Smyth,2022), iX&&[HE % I[E
P& BB T AR A, ROV b D T [ 7 AR 4G
R E I, LS 0 5 3 AR ) 2 6] 1 463 JR T R
P73 2850, B 1O RS 1 R PR R ) 4 ) B S M O AR
B0 (Miyake et al.,1987;Burns, 1993 ;Zhang et
al.,2018;Zhang and Smyth,2020),

P12 WA ) A RS HA 1] (FE T AR M g, SIOMUE A1 Ak
LIRS IEAER)
Fig.2 The crystal structure of olivine (based on the structure

refinement of Mg,SiO, olivine from this study)

FRREE  BRE TS AT S T B B AL

AT H RO A R A B SR SR (a b il S
PRFRY) BENG 5 B AR At 34 510 A SR (Bostrom,
1987,1989;Henderson et al.,2001 ; Zhang et al.,2018)
T E A — B0 3a~3d) . TN ERAING B T
242 (0.069 nm) & /N TMg?*(0.072 nm) (Shannon,
1976) , H ft B PR BRUBA 26 N8 dk 1) 18 0 7 72 8 /1
HaLje bl L S AR BV BEN 5 5 i 28 b A 5t
BB IR SE R RN % BE R IONI B 7, 13k
A2 5053 I A50.0067% .0.0114%F110.0241%. Tfib
b oxoF B3 R W O DU 5 Ry A AR M T R R 22, T LAIA
SRAENEE IR 430N T30% 13 Fil A, FLRh R SR AR 32
N> A 1 B0 T 24 NG JR M BOR F-30% 0, bt
B d i BB O 1 %0 B8 R BN Bl K 4 %70.0086% o A
AR S R AN BH S T2 K/ I B I DR, N> S i
BURME HE A RS J5 , #0010 AN M T A
{37 & (Zhang and Smyth,2022) . {H& 4 B AINI> BE/R
IBUNT30%HT , 204 82%~88% [INT> i AM, i #
7 24 BN IR A0 BA 2 S0% 0 T3 — Fo ] [ A1 2
70%~76% (Rajmani et al.,1975;Bish, 1981 ;Bostréom,
1987 ; Ottonello et al., 1989 ;Henderson et al.,2001),
A e B N> ARG I, N> BB F7EM, RIM,
AL ] BRI % A A 18] “ TE AL ™ e A2 14
o AN VR BT A BER i Mg =Ni® " B B L
FRRE 5 1 15 bl 1< B A LR AT AN T 24 25 4 48
S, O ) TG A 1 B - RO 0 35T il vy W ik A
Ja o AL IR AR R - RN A1 [ (Fe,Mny_),S104]
[ A UL H] , AMN, S10, 4 JE e | 24 Fe? B EE
IR /NT30%), BRI JE B Fe 1 #5 A T 2212 14
K AR F e S 1k — 25 8 i 4% | % ) 2 TR AR
o T EULHIAY R S ECALT E H BEFe I B T
2£42(0.078 nm) W& /N TMn?"(0.083 nm) (Shannon,
1976)

il AR SR AE A5 BIMg,2S104  Nig 234
Mg, 7665104 Nig.412Mg; 5885104 Nij 011Mg0.9895104
FINi,Si04 4% 5T (M, Si,0,, 0, F103) 4% (x,,2)
A M /M /N TS 8 BH S 7 A 3 (B 3R2) . M
AR [T PR EE 2R AR B AT, ML N AR (57 s A Sy A A S
A5 T M /TR AR A7 A58 0 S U TG 4R 7 6 T 437 F 3 15 Fe
B4 A7 B F (Hushur et al.,2009), Mg-Nitfihs 7
TEHEA [ A 80239 ol A A DR AR RO RE SR 254 S Ay
J 10 28 () P HEFUY o My 5 M08 ERIN A
B2 BN AR L RIS . S RANS
i AR A, N> 5 i i AR B AR /N ML T A7
B URBL BN I i B U B RN i
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Fig.3 Variations of the unit cell parameters with the Ni** concentrations in the synthetic olivines

(modified after Bostrom, 1987 ; Henderson et al.,2001 ;Zhang et al.,2018)
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03 Ai i AL A B | 5 N2/ G B T AR A T
Wik eI A R WING T B BUR A2 75 1 /i 4 J=y 350
fitf (Zhang et al.,2018) . Burns(1993) Ay E M
Ni* M, 7 8 H Y S AR A e RE 20— 122 kI/(grion),
B T A M 7 B 9 -114.2 kJ/(g-ion) , B4 AT
M — O T A &4 5 /N i A rp i) A IR S e i
Ni* " 420N F M, dm Ak TN FEM TR
% (Shannon, 1976) . AU G XRDHKG B4 R 45
AT IRE A EE R , E7‘5§'14:Ni0.234Mg1.766
Si04 N1y 412Mg; 55810477, 87%~88% AYNI* B 1 1E
A TM AR E | TTFENT 011 Mgo.059Si04H7, A
M, 17 B NI 5 H TR 2 75%

W RS BRI RS RS M —0
(M=Mg/Ni) f1Si— O% K ULIfF 3. FEMIME A1 it i &h
B0 RS2 M ST I ES TR . M
Mg, SiO4 i W FINi, Si0, , FEK BB N 3 1 EM, —
O M —O3FIM; — O3, H K BB (AR YK J20.0060
0.004410.0027 nm, 1 F Al M — O58 & 1) 022 {1l —
7£0.0016 nmPAN o Ni* e 5 FARBIH /N A4

SER M TR &5 BT TS A 35 gk A M,
P XFM — O K BN a5 ) < i ] 25 7 28
A58 BT\ T A S S R A M — OB G R B X
A Bf W AR R RE 1Y JR GO, DA S B A X R M A
Mg® " =Ni*" FHE F B ad 8 o SRR — 30, I FLask F
FRTT DL BEHINE 17 (Mg,Si0.4) BB 77 (Ni,Si04)
SEARHAT. BT M) — O 5 M, — O F- By K
BN S A A 4, X 5 AR B Rk
INRFA—F(E4) . HARE G XRDI 45 R 5]
NIRIEHHE (Bostrom 1987 ;Henderson et al.,2001;
Zhang et al.,2018)fH—%. BAM,—O VK R
Gitk oKk TM, — OV 1 , (LN & 3 i iy
R B 22 KT M, — O, iX R EH P F M, — O FIM, —
O S AE FH B8 B 2 rp iy b 3 A1k

AN  FHEL T MO6/\IHIHA , S10, VU TH RN 2 NI
PR, P EE 3 A AR Z Mg =Ni* HE FHUR
1 1 NG e Rl L W TR AN Nl 51 -2 e (S AR5
59" (Birle et al., 1968 ; Smyth and Bish, 1988) . AKX =ik
JE HL R XRDI 25 SRR B BN & 3, Si— O
S 244K AM g, Si0, 90,1635 (1) nmZE 12 38 fin 5 17
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Fig.4 Variation of average M—O lengths with the Ni**
contents in Ni-Mg olivine solid solutions (modified after

Bostrom, 1987 ; Henderson et al.,2001; Zhang et al.,2018)
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BEFIRZER 295
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P2 OIS R AT B W) AR % R ) 45 48 B 5T Y
AT TR o MO B 1A fb b g & 284 5L
(MgSi4Oy6) , XN T 844 AiAS IR B AL = . 34 2
B 36 & AR (11A+11B 1, +7B5,+7B3,) |
3SALLAMEVERL (9B 1y +13Boy+133,) AT IR Pk
2 (10A,) (Fateley et al., 1971 ; Farmer and Lazarev,
1974 ;1ishi, 1978 ; Hofmeister, 1987;Rao et al.,1988;
Liu et al.,2024) . ol £r wh A a8 57 A i 9 sl r
AT 73, X8I A IR S ST Rl 3y =3

FRREE  BRE TS AT S T B B AL

(1)454 g 3 sh = (1attice modes, <482 cm™',
5At5B g t4Bo,t4B3,t7A 7B, 6B, +7B3, ) , f
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