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Abstract Shear viscosity controls the dynamic behaviors of melts. Although many viscosity data

exis1 for acidic alkaline melrs, there are few viscosity data for basic and ultra-basic melts at very high temper
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atures and pressures. These data are especially important for our understanding of dynamic processes in the
very deep Earth. In the present study the cquilibrium molecular dynamics method is used to obtain the viscos-
ity of Mg,5i0, melt in the temperature range from 2169K to 3595K and pressurc from 10° Pa to 135 GP&, The
potential model used is from Belonoshko and Dubrovinsky (1496). Direct integration of Green-Kubo formula
is used for obtaining shear viscosity (Allen and Tildesley, 1%87). The control parameters [or molecular dy-
namics simulation are as follows; singie time step = (. 0002Zps. total time step = 24ps. equilibration perind
= {ps. The cutoffs were chosen according to Fincham (1983). To have an idea about the influence of these
control parameters on the calculated viscosity, we have made 7 molecular dynamics runs all at 3000K and
2.706 g/em®. These 7 runs give us an averaged viscosity of 0.0051 Pa ¢ s with a standard deviation of
0. 0017, The shear viscosity data obtained in the present study are in between the experimental data of Ur-
bain et al. (1982) and Ivanov and Stengelmeyer (1982), and are higher than the empirical formula of Shaw
(1572) and Persikov (1980) by about 0. 6 log unit. Tt is shown that the viscosity of Mg,Si(). melr has a much

smaller variance with temperature compared with acidic alkaline-type melt. At about 10°Pa. the relationship

between viscosity and remperature {or the Mg,Si0), melt is as follows

_ 4215 % 107

T 2. 699

log 7(Pa«s x 10 )

with the correlation coeflicient R2=0. 837, The viscosity of Mg, S0, melt is positvely and linearly correlated
with pressure. This type of behavior is, as previous investigations have noticed . similar to ionic and highly
depolymerized liquids. There is a viscosity change of about one order of magnitude from 10*Pa 1o 135GPa at
abour 5500K, which is also smaller compared with acidic alkaline-type melts. The relationship between shear

viscosity and pressure obtained in the present study is as follows,
H(Pavs X 10 ') = 7.267 X 107*FP(GPa % 107") 4 4. 158 ¥ 107°

with the correlation coefficient R = 0. 925.
Molecular dynamics is the only method available at present stage to obtain melt viscosity at ultra-high

1cmperatures and pressures,
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B Green-Kubo 36, BHEHHEFEMTiEHER R Allen and Tildesley (1987) M EHAR

FISEEN] (1998),
F I T A4k 1% B T Belonoshko and Dubrovinsky (1996) %F Mg,Si0, I#EE (WL F

& # BD #6E), BT,
["ru :q-‘ffr/Rif + Suf(p! + pj}exp[(rr = R,,)/(ﬂ, + 101)]

+ v (1 —¢,)D, lexp[— 2ay(R, — R ]
— 2expl~ a, (R, — R3]} + /RS,

B M AHEREREAANEF, ¢ hARBHE, oM - K Gilbert T FHMSH,
# 1kecal/ & * mol, D, a fl R, & Morse #8E&¥, C # van der Waals % #. ¢ A&+ (bond

lonicity ) :
Elj = qrqi/zvzl

Bz HELHF, flF Belonoshko and Dubrovinsky (1996) 81 Si, Mg #1 0 BE
BB gei=2.3801, gup=1.1905. gey=—1.1905,

BD #iE2 MM RE RE A T HEME T MeO-Si0, REMTAN (S0, 1 MgO) #5
HEY. SREANERE. ARRAEKARAAS RN, FXBERNY Mg,Si0, KRR
RRFE 10°Pa IR FAF Saxena and Shen (1592) #1 Lange and Carmichael (1990) A%
2, MMEFHNT 0%, EREPEHFEEAFERXNREMENSHNE, T8
THREEE A E B0 F &4 (300K ~9000K, 10°Pa~100GPa) T B4 s o5 . #
T E AR MgO-Si0, &40 0 H R HaE#E R (40 Kubicki and Lasaga, 1991), BD #8E7
He#R B AN, TERNEFZATMEETT Me.SIO0, RHERE E 78
HRBRENELDRGTHBEENERRR. KMBARERN MeSIO FESHNE 1.

ﬁ 1 Mg;Si(L H BD ﬁﬁgiﬁ
Table 1 Parameters of BD potential for Mg,Si0), melt

% €, b ry Iy Ay Ry [
0-0 0. 35432 0. 36614 4. 35200 9. 822 1. 0984 1-17956 12. 78778
O-Mg 0. 35432 0. 27874 3. 29380 14. 400 1. 6200 199000 0. 00000
0-Si 0. 35432 0. 40640 3707 2. B3R1 1.9032 1. 82710 0. 00000
Mg-Mg 0. 35432 0.19134 2. 23560 0. 000 2. 1418 2. 80044 0. 00000
Mg-51 0. 35432 0.31900 2. 48887 0. 000 2. 4248 2. 63754 0. 00000
5i-51 0. 35432 0. 44666 2. 74214 0. 000 2, 7080 2. 47464 0. 00000
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IREFRHEE T 96, 192 1 288 4> Mg, SiO, 43, FifR3 M4 REM. X REHE 2514 672,
1344 B 2016 M. Stein and Spera (1996) A H % BEH F YA T 1000 B 12E R4
e RA, XSS RERETHY 400600 B 10%~100%, 3 HEFTEEHE,
Wasserman et al. (1993} Hl Ogawa et al. €(1990) 7£{§ B Born-Mayor 3 fERF TR, #1 B 0t
A H B S 2R IONE X, AIE 96, 192 1 288 40 TEFIR B 44 SSACF (WTHE
HEM*XEE) USRI HARS M, FFRBREREEAL, XA % 2T
2R R A B TSI S H R, B B B I K 0. 0002ps,
$14 120000 45 T REATFHETHEE A 20000 4, BHERE I ALILA, H—7
HEER, £ RAARZEE. F-ARTEXRRE (Ewaid sum) RAMETH « 53, K
o B R FREWAGERE . Fincham (1993) 88 T -MERTWESHMERITE, £
bhy a i T RE .
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AR S R R BT LTI ) ) A R Y BB B 5 IR BT 5 B BTSRRI (1998) %
fol. fE AT BT B IR R 220 — 0 1 ZEIRAE N 000K FIEERE N 2. 7g/em’ KM 2
BUETT T HARBHEF TREEEN TR (R 2. FEHEEF2ER 0.0053Pa < s, fr
HEMWEN 0.0017 Pa e s,

r.=

3 RS

TEHE K 2169K~5595K, FE 1% 10°Pa~135GPa f &M FHBE T MeSi0, M AHEEM
KRR (E 2, B 1ARE Y 10°Pa) THEBSREENXR. EREMN 2169K~5485K #
WEAAE | AHERMTE. EiTEH, RIOMBESRSE THEEARTHMOTRE
A

4.215 X 1¢°

TK) — 2.699

fog #¢0.1Pa » s) =

ZABREHXEE R =0.837,

Urbain et al. (1982) S5 (rotating cup method, Bochris and Lowe, 1953) 3¢
BIRB T L Mg,SI0, B4 (Si0;=234. 9mol %, MgO=65. lmol %) KA KM F . Ivanov
and Stengelmeyer (1982) FIIREIH:F iF )& T A BH U AE RGO RE T . RITATHES T80
NEHEBHHEEENS F LA SLBLER2 M, L Shaw (1972) 1 Persikov (1990) 2% j
B 0.6 M¥ sy (F 1), Wasserman et al. (1993) F Born-Mayer BUVEEM ERE1 941,
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# ) 750~1250 AEF . £ 5GPa, 3500K ~4250K 2 8], WH T Me0-510, B4 (MgO=
20mol % ~80mol %) AIRNHFHE . ALlTAES RS AT EH A0,

#2 MgSio, ARG FES FRDZEMTBER

Table 2 Equilibrinm molecular dynamics simulation results for Mg, Si(), melt

HE (K) FE (g/em?) T8 B =¥ KM (Pass)
2591 2. 7000 96 100000 0. G005 0. 042
3871 2. 5400 98 100600 0. 00G5 0.0021
21649 2.8300 96 100000 0. 0005 0. 0190
5343 4. 8971 96 120000 0. 0002 0. 0110
5440 4. 5000 96 120000 0. 0002 0. 0072
3662 4. 2377 56 120000 0. 0002 0. U056
3475 3. 8652 96 120060 0. bz 0, 0N
3585 3. 3498 96 120000 0. G062 0. 0024
5483 2. 2800 96 120000 0. 00c2 0. 0014
2619 2. 7586 96 120000 0. 0002 0. 0057
176 2. 3148 G6 120000 Q. 0002 0. 0012
3188 4. 5000 46 120000 0. 0002 0. 0064
3076 2. 7000 96 120000 0. 000z 0. 0081
4103 2. 5400 96 120000 0.0002 G, 0632
3188 4. 5000 96 12000 0. 0002 Q. 0064
3070 2.7000 a6 220000 0.0002 0. 0067
5474 4. 5000 192 120600 0. 0002 0.0063
3050 2.7000 192 126000 0.0002 0. 0038
3069 2. 7000 96 220000 0. 0001 0. 0032
3482 4. 8971 94 220000 0.0001 0. 0120
2274 2. 8300 192 120000 0. 0002 G, 0230
2613 2. 7600 192 120000 0. 0002 0. 0048
3032 2. 7000 288 120000 0. 0002 0. 0045
2388 2. 7000 192 120000 U, 02 0. (1063

B Si0, F NaAlSiO, B ERIEEAIEZE (Urbain o1 al., 1982) 5 Mg.Si0, i
TR (20, RATR & R TR Me.SI0, B SEE AL REXNMEET D R
M4 Si0, Ml NaAlSiO, ML, B85 Me.SiO, FRMEE IR T L. ERETE LT
1300K B+ SiO, ¥i# ¥ KEE (L 20 A EER . AF NaAlSLO,, FEREE KT 600K BT 4
AR b 10 M RURYE, T Mg SIO, Kyl AR B (k1K 8] 3300K B, KR A B L — 138
R TRIEEATHERERE LR EHER K. _

R £ RLRY RUENEESBEEMEECR, EEERESEIN X R
BER. HEEENBESENNER. TACHET LR R FHRe R AL
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Fig-1  The relationship between viscosity and temperature at about 10°Pa for MgsSi0, melt. Filied diamonds repre-
sent data obtzined in the prsent study, the thick line 1= the lincar square fit of these data. Open circles are experimental
data from Tvanov and Shtengelmever (1982} for dunite, filled curcles from Urbain et al. {1682) lor the melt of composi-
uon 510, =34. 9mol ¥ . MgO=83. Imol %, dashed line is from empirical formula of Persikov (19812, and finally thin

line with crosses from Shaw (1472)

(Persikov, 1991; Richet and Bottinga, 1995, Wolf and McMillan, 1995), — s AR RE,
REBERMIEEENRESEANLALUFE® FARMRE, BB S 59880
WM. MR E R IR R . X HE— RS GE, K84
BB 2GPa MEERBESEAOME LR, — BB ETRER T EE 05, Bk
BECEREE A, AIGHER ARBMETIRY . T RRrEmm e s R iR ks, o
ETRRERD BH BB E BRI, RATHEWE S EREAH 550K T, EhY
10°GPa~135GPa (I8 IE 71) Mg, Si0, fE 8 (8 3). L 5500K & H T HiE Mg.SiO,
fERFHEN (135GPa) F{hgh F4# A4k & (Holland and Ahrens, 1991; Belonoshke and
Dubrovinski, 1996) LAE SRS L, BH5REH Me.SIO, MEEFHE /P
wenni A, R ERA N,

7(Pa -5 x 1071) = 7.267 X 107°P(GPa X 10 '3 + 4. 138 ¥ 10~

ZHREHEARAR RP=0.925,
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Symbols for MgaSi0), melt are similar as in figure |

BNMEHEXKAEA, ERE0EERERZERE —AEAKE, SiEE AN
— M RBEM L. ST ATERRHE R SEIH R & AT H X MO 4k L3 /) (Richet and Bot-
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Fig. 3 The relationship between viscosity and pressure for Mg;Si0, melt obtained in the present study

M. FLANAEAER M EA2 I MgSiO, SR+ O, Mg M Si g5 RUASHAT
R SEERDAREEAIBRDYBRTEADIFIH, TROTBREBED TR
fiAREG EAL RSB E AN TR RS IELE dng TR ABTE
O X AHA RS E EEEAR Y A MEEER RN MRS It R A EE
B

EEB R S REE NS ST SR RN RERE 75 4.

i BAEHERRR. ERHRR . ZARNBITREAABARAEE LERS T
MAEEE. A0 THEBR TERAETERES (N9725205), EFREHLBHERE
(95-f-39) KRR, EHEMIIRRRE.,

2 £ I W

okt kiRl 1098 SEREFKANOFENTFRITFHHENE. BEER, 14 (D:1~10

Allen MP and Tildesley SK. 1987. Computer Simulation of Liquids. Clarendon Press. 385

Belonoshko A B and Dubrovinsky L S. 1996, Molecular and lattice dynamics of the MgO-S8i0; system using a wransferahle
snteratomic potential. Geochim. Cosmochim. Acta, 60 (10); 1645-~1§56

Bockris J O M and Lowe D .. 1953. An electromagnetic viscometer for molten silicates at temperatures up to 1850C. ].
Sei. Instr. . 30. 403~-405

Earle S and Shearer PM. 1997, Observations of PKKP precursors used to estimate small-scale topography on the cote

mantle boundary. Science, 277 (5326): 667~&70



118 5 " O R 1598 &

Fincham [). [9%4. Optimization of Ewald sum for large systems. Molecular Smulation, {3 (1) 1~9

Holland K G and Ahrens T J. 1997. Melting of (Mg, Fe);Si0), at the core-mantle boundary of the Eatrh. Science. 275:
1623~-1625

Ivanov O K and Shtengel'meyer § V. 1982, Viscosity and crystallization tetnperawute of nltramalic melts. Geokhimiva, §;
330~337

Kendall ] M and Silver P G. 1996. Constraints {from scismic anisotropy on the nature of the lowermost mantle, Nature,
381, 409~412

Kesson S E. Gerald ] D F and Shelly ] M. 1998. Mineralogy and dynamics of a pyrolite lower mantle, Nature, 393, 232~
253

Kubickt | D and Lasaga A C. 199]. Molecular dynamics of pressure and temperature effects on Mg=i0; and Mg, Si0, melts
and glasses. Phys. Chem. Mineral. . 17, 661~673

Lange R [. and Carmichael 1S E. 1990, Thermodynamic properties of silicate liquids with emphasis on density, thermal ex-
pansion and compressibility, In; Modern Methods of Igneous Petrology; Understanding Magmatic Processes <eds, |
Nicholls and ] K Russell), Rev Mineral, . 24. 2564

Lay T, Williams Q and Garnero E. 1998. The core -mantle boundary layer and deep Earth dynamics. Nature. 392, 451~
168

Ogawa H, Shiraishi Y, Kawamura K and Yokokawa T. 1990. Molecular dynamics siudy on the shear viscosity of molten
Na, () + $10., ], Non-Cryst. Solids, 119; 151 ~158

Petsikov E 8, 1991. The viscosuty of magmauc liquids: Experiments, generalized pattern. A model {or ealculation and pre
diction. Applications. In: L L Perchuk and I Kushiro. (editors). Physical Chemistry of Magmas, Advances in Physical
Geocherstry, 9. 1~40

’oe BT, McMillan PF, Rubie DC, Chakraborty 5. Yarger J, and Diefenbacher J. 1987. Silicon and oxygen sell-diffusivities
in silicate liquids measured to 16 Gigapascals and 2800 Kelvin, Science, 276 (53160 12451248

Revenaugh ] and Meyer M. 1997. Sersmic evidence of parual melt within a possibly ubiquitous low-velocity layer at the base
of the mantle. Science, 277 (53261, 670~673

Richet P and Bottinga Y. 1995, Rheology and configurational entropy of silicate melts, Reviews in Mineralogy . 32; 67~83

Saxena S K and Shen G Y. 1991, Asscssed dats un heat capacity, thermal expansion, and compressibility for some oxides
and silicates. J. Geophys. Res. §7 (B13): 19813~-149625

Shaw H R, 1972. Viscosities of magmatic silicate liquids: An empirical method of prediction, Am. J. Sci. , 272 870~893

Stein D) and Spera FJ. 1995, Molecular dynamies simulations of liguids and glasses in the system NaAlSiO-5i0),; Method-
ology and melt structures. Am. Mineral. o 80. 417~431

Stebbins JF. McMillan PF and Dingwell DB. 1985. Structures Dynamics and Properties of Silicate Melts. Reviews in Min-
eralogy. vol32

Urbain G, Bottinga Y and Richet P. 1§82, Viscosity of liquid siltea, silicates and alumino silwcates. Geochint, Cosmochim.
Acta. 46: 1061~1072

Wasserman E A. Yuen D, and Rustad J R. 1993, Compesitional effects on the transport and thermodynamic properties of
Mg()>-510; nuxtures using molecular dynamics. Phys. Earth Dlanet. lnter. ., 77 189~203

Williams Q and Garnero E J. 1996, Seismic evidence {or partial melt at the base of the Earth’s mantle. Science. 273: 1528
~1330

Williams Q. Revenaugh [ and Garnero E. 1998, A correlation between ultra-low basal velocities in the mantle sad hot
spots, Science, 231 246549

Wolf G H and McMillan P F, 1995. Pressure effects on silicate melt structure and properties. Reviews in Mineralogy . 32,
305561

Zerr A, Diegeler A and Boehler R, 1998, Sclidus of Earth's deep mantle. Science, 281. 243~248



