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Abstract

Numerical simulations are used to characterize structures and observational signatures of thermo-chemical convection with
three component of differing densities nominally corresponding to regular mantle (the depleted Mid Oceanic Ridge Basalt
(MORB) source), primitive mantle and recycled crust. Strong heterogeneity, similar to that observed in seismic tomography
models, is generated near the CMB by sweeping of the highest density ‘recycled’ component into piles by convective
downwellings. Meanwhile, the medium density ‘primitive’ material is widely dispersed by the convection and forms ‘blobs’.
Two types of upwelling plumes are observed: large plumes arising from the top of dense piles and small-scale plumes arising
from the base of the transition zone resembling seismic tomography images of upwelling plumes [Zhao, Earth Planet. Sci.
Lett. 192 (2001) 251], although the origin of these plumes is unclear. The horizontal spectra of the seismic velocity had
anomalies at different depths are most similar to tomographic models when dense basal piles are present. Comparing to
geochemically-required residence times, the source of HIMU (this type of rock has high ratio of helium isotope anomaly)
Ocean Island Basalt (OIB) is more likely to be dense ‘piles’, while lower mantle blobs have been proposed as a location of
primitive material. Thus the combination of blob structures and deep mantle piles may be plausible way of simultaneously
satisfying geochemical and seismological constraints on mantle structure.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ture imaged by global seismic tomography models
(see Tackley (2000). Some possibilities are: (i) a
Recently, several models have been proposed toglobal, mostly hidden undulating layer of primitive
explain geochemical constraints on mantle structures material at a mean depth o6f1700 km {an der Hilst
while simultaneously being consistent with the struc- and Karason, 1999; Kellogg et al., 1999; Albarede and
van der Hilst, 1999 (ii) isolated “piles” of anoma-
- lous material corresponding to the “superplumes” im-
* C_orrespo_nding auth_or. P_resent anress: Department _of Geo- ages in seismic tomographic modeEa¢kley, 1998,
physical Suences, University of Chicago, 5734 S. Ellis Av- 2002 and (jii) blobs of primitive material distributed
enue, Chicago, IL 60637, USA. Tel+1-310-825-9296; fax: !
+1-310-825-2779. throughout the lower mantleBécker et al., 1999;
E-mail addresstakashi@ess.ucla.edu (T. Nakagawa). Manga, 199% The plausibility of these models has
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not been systematically investigated using numerical nally primitive material as “P-type”, and nominally

models of mantle convection, but a global layer has recycled eclogitic crustal material as “E-type”.

been argued against based on the lack of seismic scat- This paper focuses on the signature of the vol-

tering at that depth\{idale et al., 200}, the strong umetric heterogeneity associated with two types of

(but unobserved) seismic signature that such a layer dense material, considering the visual patterns, and the

would have based on numerical modelintagkley, statistical diagnostics of spectral heterogeneity map

2002, and the difficulty in explaining Earth’s thermal (Tackley et al., 1994in a two-dimensional cylindri-

history with such a layer preseriitNamara and van  cal geometry. We also discuss geochemical mantle dy-

Keken, 2000. namics model using our modeling in comparison with
In addition to these relatively large-scale modes of geochemical constraints.

compositional heterogeneity extending at least 500 km

from the core—mantle boundary (CMB), the [ayer

at the base of the mantle (skay et al., 1998for a 2. Model and parameters

review) is strongly heterogeneous, which may indi-

cate the presence of compositionally anomalous ma-  the model assumes a two-dimensional half-cylind-

terial restricted to 200-300km above the CMB, al- jca| geometry, which the surface area at each bound-

though two other explanations have also been pro- 51y s adjusted similar to a spherical geometry

posed, namely thermal (including partial melting) or ¢y jingrical-spherical rescaling), and infinite Prandtl

phase transitionSidorin and Gurnis, 1998However, mber and extended Boussinesq approximations,

in this study it is considered that strong heterogene- gjqying depth-dependence of thermal expansivity

ity of D" is generated, at least in part, by composi- anq iffusivity. Since three-dimensional simulation

tional heterogeneity, an interpretation that is consis- jnq)yding tracer particles is too expensive to carry out

tent with mineral physicsKarato and Karki, 2000 practical computational time, two-dimensional cylin-
density structure of the mantle obtained by inverting qjca| shell based on the cylindrical-spherical rescal-
normal mode splitting of free oscillation datéslii ing proposed byan Keken (2001)s one of the best

and Tromp, 1999, 20Q1and thermal constraints on g tion for simulating a spherical shell-like geometry.
the signature of subducted slabs at the CWE(aux A three-component chemical composition is assumed,
etal, 1998‘_ . requiring two compositional variables. Meanings and
Geochemical constraints (e.gHofmann, 1997 yq4jues of the non-dimensional parameters are given
require the presence of at least two types of j, Taple 1 which also includes nominal dimen-
compositionally-anomalous material, one with a gjona| values. The standard non-dimensionalization
high U/Pb ratio (HIMU), generally interpreted to be depth of the mantler¢ — r;), and thermal diffusion
“primitive” undegassed material although a recycled {me_scale and velocity are used, leading to the fol-

explanation has been proposedofice and Ricard,  |oying non-dimensionalized forms of the governing
1999, and one corresponding to recycled crust, i.e., equations:

the endmembers HIMU, EMI and EMII (for defini-
tion, seeHofmann (1997) Thus, the models pre- 1 52 2 29
sented here include two chemically-anomalous com- ( >
ponents, one of which nominally represents primitive ~ 5
material, perhaps left over from the initial differen- x | n(T, 2) <£M _ rﬁ <}%>>}
tiation of Earth Stevenson, 1990 and the other of L

which nominally represents recycled crust, perhaps 1 92 19

segregated at the CMBChristensen and Hoffmann, + <;W + r_Z@)

1994; Ferrachat and Ricard, 2001; Ohtani and Maeda, - 1 9 13
2001). However, since our model does not include x | 4n(T, z) <__ — _2_) w]
trace elements these designations are only nominal, L rordd  reo0

the only difference between the components being _ o 19 T — BiCi — BoCor — G 1
the density and amount. Thus, we refer to nomi- %r 39(“(1) 1 22 D @)
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Table 1
Model parameters
Parameter Symbol Values and units Nonvalue
Rayleigh number Ras N/A 1.4 x 10°
Ave. internal heating (R(Cq, C2)) 9.52 x 10~12W/kg 25.6
Viscosity prefactor A 2.4 x 107 Pas 0.0024
Dissipation number Dig N/A 1.13
Temperature scale AT 2500 K 1.0
Reference density 00 3300 kg/n? 1.0
Ref. expansivity a0 5 x 1075/K 1.0
Ref. diffusivity Ko 7 x 10" m?/s 0.635
Ref. viscosity 10 1 x 10*Pas 1.0
Heat capacity Cp 1250 J/(kg K) 1.0
Thickness d 2890 km 1.0
Velocity u 1cmlyear 1310
Time t 378 Gyears 1.0
Heat flux F 2.50 mwWin? 1.0
ar _. aT i i is gi .
14+ J/CZG—DIT & L VUT — k@)VD thermodynamics constraints is given by:
dn ot
Di 9 Dig 1n
= R(Cq, C2)+R—Y}(T, z)e L0 ny—Z'f‘l Z < 2660
dFas or(z) = 9 Dio 1/n
+ ( 1+ ycG— | Dia(z)u, T (2) App + po (n—z + 1) Z > 7660
dr Vg
Q)
aC; . : : o
o +VwmC)=0, i=12 3) whereDig(= apgd/cp) is the dissipation number de-

fined as surface values of physical properties, the dis-
sipation number at arbitrary depth is given By =
Diga(z) andyg = 1.091 is the Gruneisen parameter,
values in{) means a volume averag&p, is the den-

where ¢ is the stream function] the temperature,
C; the fraction of P-type materialC, the fraction
of E-type material,n(7, z) the viscosity as a func-
tion of temperature and depththe second invariant  sity difference due to an endothermic phase transition.
strain rate, an&t = (u,, up) the flow velocity given Profiles of each property are shownkig. 1(a)
by: Non-dimensional numbers used in these equations
1oy oy are the Rayleigh number based on the scaled viscosity
- __) 4) Ras = pogaoAT(ro — ri)/kono, chemical buoyancy
roo- or ratios for the P-type materiaB; = Apc1/poag AT
and for E-type materialBo = Apc2/poco AT, the
phase buoyancy ratiG = App/pocg AT, and the in-

u = (up,up) = (

The depth-dependent thermodynamic properties are

given by: ) ' / !
ternal heating ratio as a function of chemical compo-
a(z) = appr(2)™" (5) sitions given by
3 R(C1,C2) = Ro(1 - C1 — C2) +fC1Ro + 9C2Ro
K@) = ko 22 (6) 8
(0r(2)) ( )

wherez is depth of the mantle calculated from= wheref andg are the concentration of internal heating
(ro — r)/(ro — r;), N the constant where it is here as- source in the primitive mantle and the dense material
sumed thai: = 3, and the reference density based on in the CMB region, respectively, which these values
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Fig. 1. (a) Profiles of depth-dependent properties of thermodynamic parameters. Solid line: reference density; dashed line: thermal
expansivity; dotted line: thermal diffusivity; (b) depth-dependent profile of the melting temperature.

are fixed 5 here, an®y = poH(ro — ri)%/k AT is lation of Van den Berg and Yuen (1998)ven by:

the internal heating rate in the regular (the depleted guTm(2)

MORB) mantle. n(T, z) = AF(z) exp[—In AncC2] exp [m} )
The viscosity depends on temperature, depth and a0

composition (E-type material) using a non-dimension- whereA = 2.4 x 10?1 Pas is the viscosity prefactor,

alized form of viscosity similar to Newtonian formu- A is the viscosity variation due to E-type material,
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gv = 5/3 is the Weertman coefficienly = 800K is
the temperature offset to avoid the extremely viscosity
variation in the surface regiofiy is the dimensional
temperature, that is calculated & = Ts + T AT,
Tm(2) is the melting temperature of pyrolite composi-

convective style on this parameter has been already
studied by using many modelClristensen and
Yuen, 1984; Machetel and Weber, 1991; Solheim
and Peltier, 1994; Tackley et al., 1994; Nakakuki
et al., 1994; Yuen et al., 1994The Clapeyron slope

tion approximated to be the averaged composition of at 660 km has been determined to have a negative

mantle Zerr et al., 1998and plotted inFig. 1(b) and
F(2) is a viscosity jump as a function of depth given
by:

F(z) = {

wherezggo is the dimensional depth at the position of
upper/lower mantle boundary. The non-dimensional
viscosity is calculated from the ratio of calculated vis-
cosity to scaled viscosity (26). The viscosity changes
with 100 for temperature and 100 for depth, including
in the viscosity jump at the phase boundary, by using
these values.

An endothermic phase transition at 660km is

30;
1

7 = 7660 (10)
Z < 7660

expressed by using the phase function defined by

(Christensen and Yuen, 198€hristensen and Yuen,
1985 Nakakuki et al., 1994 The phase function is
given by:

1 T
I' =—-|1+tanh{ —
2[ * <dph>]

(11)

value from the high pressure experiments (eltp,
and Takahashi, 1989; Ito et al., 199Mere, it is
assumed thay, = —0.1, which corresponds to a
dimensional Clapeyron slope ef3.8 MPa/K. While
this is larger than the presently-preferred experimen-
tal value of ~—2.5MPa/K, the effect of the phase
transition is strongly dependent on the convective
vigor commonly expressed in terms of an effective
Rayleigh number (Christensen and Yuen, 1985), so
this higher-than-realistic value is intended to com-
pensate for the lower-than realistic Rayleigh number
of the presented cases. The value®fis given by
G = 0.72 corresponding t&@ = —0.072. The top and
bottom boundaries are impermeable, free slip, and
isothermal {s = 0; 300 K andT¢mp = 1.48; 4000 K).
Side boundaries are periodic.

A finite difference method based on the con-
trol volume formulation Patankar, 1980is applied
to solving equations of motion and temperature.
The descretized form of the equation of motion is
solved by using an LU decomposition scheme (i.e.
direct solver for linear equations using LAPACK

wherer is the excess pressure caused by the phase(hitp:/ww.netlib.org/lapachy with the general band

transition written by:

T[:I"ph—r—]/cT (12)

anddy is the half thickness of the phase boundagy,

is the non-dimensionalized Clapeyron slope given by
Ye = Yc,dim AT/ pogd, andrpy is the radial position of
phase boundary. The derivative of phase function for
the excess pressure is calculated to be:

dar 2

= —(-Tr?

(13)

We use the modified phase buoyancy ratio that is usu-

ally applied to the convection with an endothermic
phase transition that is defined as:

P = _— =
J/C/Ooolo AT

veG (14)

where App is the density difference caused by an

matrix for coefficient matrix. The temperature equa-
tion is solved by using an upwind procedure in the
advection term and central differences in the dif-
fusion term, and an Euler explicit scheme for time
integration satisfying with the Courant time step
condition. For solving the chemical equation, we
use a tracer particle approach following a similar
procedure tolTackley and King (2003)The numeri-
cal grid consists of 64 points in the radial direction
and 180 points in the angular direction with eight
tracers in each grid to track the chemical composi-
tion.

3. Cases and experimental details

Six chemically heterogeneous scenarios are pre-
sented in addition to isochemical convection. The

endothermic phase transition. The dependence ofscenarios are: with P-type material (small density
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Table 2

Summary of runs

No. Ang B1 B, de (km) Vs (cm/year) Fs (mW/n?) dinVs (%)

IC 1 N/A N/A N/A 0.99 66.33 0.29

R1 1 0.15 N/A 1290 1.21 62.80 0.35

R2 1 0.64 N/A 1290 0.54 35.65 0.25

R3 1 N/A 0.64 289 0.71 49.08 0.51

R4 1 0.15 0.64 1290 0.71 52.14 0.40

Cvi 10 0.15 0.64 1290 1.01 58.48 Not calculated
Cv2 100 0.15 0.64 1290 1.07 58.88 Not calculated

d; is the initial thickness of compositional anomaly, is the time-averaged surface RMS velocity, dhgis the time-averaged surface
heat flux. FordIn Vs, the values are represented as a maximum amplitude of seismic anomaly at 4.5 Gyears.

difference and large density difference), with E-type 4. Results

material, including both P- and E-type materials (i.e.,

a three-component system), and three-component4.1. Time dependence
system with a composition-dependent viscosity (vis-

cosity variation due to E-type material is chosen to  Fig. 2 shows Nusselt number in the surface bound-
be 10 and 100). The summary of each run is listed in ary as a function of time for all cases. This indi-

Table 2 _ _ cates that most cases have been reached a statistical
The chemical buoyancy ratios of P- and E-type steady-state in= 0.004-0.006 (1.51-2.27 Gyears di-
components arg; = 0.15 or 064 andB; = 0.64, mensional time). Results presented in the following

respectively. The former value is based on the esti- sections might thus be considered to be thermally sta-

mate of density difference from seismic tomographic tistical steady state solutions for thermo-chemical con-
models Forte and Mitrovica, 2001and similar to the vection.

value that has been discussedigllogg et al. (1999)
while the latter value must be high enough for the 4.2. Convective structure
material to form a layer that is stable over billions of
years. The used value was arrived at after some ex- Fig. 3(c)—(f) shows temperature and composi-
perimentation, and corresponds to a density difference tional structures after 4.5 Gyears approximately. With
of 8%, higher than the estimate Sfeep (1988pf at only P-type material with a small density difference
least 6%. (Fig. 3(c), the temperature field indicates a whole
Initial conditions for the temperature fielHify. 3(a) mantle convection, which is composed of large scale
and (b) are statistically steady-state solutions of of upwelling plume reaching the surface and two
purely thermal (i.e., isochemical) convection with cold downwellings subducting to the CMB. Most of
the lower layer enforced as a fixed and impermeable the P-type material has been entrained by upwelling
boundary. For the compositional fields, the E-type plumes from the CMB and forms two huge blobs.
component, when present, initially occupies the low-  Fig. 3(d) shows temperature and compositional
est 289 km (measured from the CMB) of the mantle structures for the case with P-type material that has
(roughly the depth of D), whereas the P-type compo- a large density difference. The compositional strati-
nent initially occupies 1290 km (also measured from fication can be preserved for 4.5 Gyears because the
the CMB) of the mantle (corresponding to geochemi- density difference is too large for the much of dense
cal mass balance estimates of the amount of primitive material to be entrained.
material) excluding the region occupied by the E-type  Fig. 3(e) shows temperature and compositional
component when it is present. The time integration structures for the case with only a thin layer of the
has been carried out for 20,000 steps from the initial E-type material. For the temperature field, small-scale
condition, corresponding to times of9265x 102 convection is dominant in the upper mantle, whereas
(7.29 Gyears). large-scale convection is dominant in the lower man-
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Fig. 2. The surface Nusselt number as a function of time.

tle. Upwelling plumes are trapped at the phase bound- rial (Weinstein, 1999 because of enhancement of
ary, and small-scale upwelling plumes in the upper heat-producing elements in the P-type material by a
mantle (red arrowed ifrig. 3(e) forms hot material similar mechanism described for the case with only
pooling below the 660 km boundary. Those plumes E-type material.
are generated by a completely thermal origin. The To compare the convective vigor to the present
dense material has been swept into two isolated piles, Earth, it is useful to consider the time-averaged sur-
from which two upwelling plumes rise, entraining a face velocity and heat flux shown Fable 2 For the
small amount of dense material. These plumes are surface velocity, it range from 0.54 to 1.20cm per
generated by the combination of two heat sources; year in case of compositional anomaly and becomes
dense material enriched in the heat-generating ele-0.99cm per year in case of isochemical convection.
ments and heat from the core. These are half to one orders of magnitude lower than
Fig. 3(f) shows temperature and compositional the Earth’s present plate velocities. The surface heat
fields for the case of the three component system, flux in these models is ranged from 35.65m\¥/m
which shows a mixture of features from the for- (P-type material with a large density difference) to
mer two cases. The temperature structure becomes62.80 mW/n? (P-type with a small density differ-
a partially-layering with two scales of upwelling ence). Comparing to Earth, these values are from a
plumes: from the CMB region and from the phase factor of two to slightly lower than the present heat
boundary. The E-type material forms isolated piles flux (approximately 75 mW/r(Pollack et al., 1998.
from which large-scale upwelling plumes rise. The
P-type material is dispersed by the convective flow, 4.3. Viscosity structure
and forms the blob structures. Small-scale upwelling
plumes might be generated from blob structures (red Fig. 4 shows the radial viscosity structure for
arrowed inFig. 3(f)) weakly trapped at the phase chemically-heterogeneous cases. The viscosity in the
boundary (by the filtering effect for dense mate- upper mantle is almost similar profiles to each case.
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(a) For P-type and three-comp.

(b) For E-type

Tl i
e .
:
m :

(c) P-type(B,=0.15)

(d) P-type(B,=0.64)

NI

(e) E-type

Composition

Temperature
1.48 10
0.00 0.0
Fig. 3. Temperature (left) and compositional field (right). Initial
condition for: (a) P-type material and three-component system
and (b) E-type material. P-type material: (@1 = 0.15) and (d)
(B1 = 0.64). (e) E-type material only; (f) three-component. Red
arrows in (e) and (f) shows small-scale plumes from near phase
boundary. The color bars show non-dimensional values of tem-
perature and composition. The black dots in (f) show the tracer
particle of E-type material. Red dotted line in the temperature and

residual temperature field and black dotted line in the composi-
tional field are shown as the phase boundary.

The viscosity in the lower mantle is different among
these cases. The three-component system and only
E-type is almost the same viscosity profiles. For the
P-type material, the viscosity profiles obtained in
a small density difference is approximately factor
of two lower than for three-component system and
E-type material because the dense P-type material can
be distributed in the whole mantle and the effect of
temperature dependent viscosity. On the other hand,
for the P-type material with a large density difference,
the viscosity is rapidly decreased at the compositional
boundary because the dense material is enhanced by
heat-producing elements and the viscosity is depen-
dent on the temperature.

4.4. Seismic structure

In order to compare the structures in the results to
those in Earth’s mantle, it is most useful to consider
the seismic velocity signature, as this is imaged by
global tomography. Here the seismic structure is given
as a function of temperature and the iron contefpts
converted from the compositional field:

dInVs= 0 I;TVS(ST + aal)r;:;saxpe
aIn Vg 2
o =ar1+ar2z+araz (15)
aln Vg 2
Xre =aci1+ac2z+acsz

Xre = X2+ AXpe(C1 + C2)

where partial derivatives for temperature and compo-
sitional fields are dependent on the depth, coefficients
are given byTrampert et al. (2001)x2, = 0.05 is the
iron contents in the regular mantle, aA&ge = 0.1 is

the range of variation in iron contents due to the com-
positional field. The iron conte{ge ranges from 0.05

to 0.15.Fig. 5shows the seismic anomalies structure
for four cases. With only P-type materidti§. 5(a),
which has a small density contrast, no large seismic
anomalies are observed at the base of the mantle ex-
cept for upwelling regions, and low velocity regions
form blob-like structures throughout the mantle. For
only P-type material having a large density contrast
(Fig. 5(b), a relatively small contrast of seismic ve-
locity can be observed in the compositional boundary
(1600 km depth). With only E-type material, or with
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Fig. 4. The radial profiles of viscosity for chemically-heterogeneous cases.

all componentsKig. 5(c) and (d)respectively), alarge  (Eqg. (15), and considering either temperature alone,
contrast in seismic anomaly is observed at the baseor the combined effect of temperature and composi-
of the mantle is observed, and the most pronounced tion.
low velocity regions correspond to upwelling plumes For isochemical convectioffr{g. 6(a), temperature-
found inFig. 3(e) and (f) based seismic anomalies are dominated by degree of
Fig. 6shows power spectra of seismic structure ver- two, in surface and CMB region. These two signatures
sus depth along with the depth profile or rms power, are generated as instabilities of thermal boundary
calculated using above conversions to seismic velocity layers. The rms profile of seismic anomaly is approx-

0.01

(a) P-type(B,=0.15) (c) E-type e
" -0.01

/

o

(d) 3 Comp.

(b) P-type(B,=0.64)

Fig. 5. Seismic anomaly calculated froffig. 3. P-type material: (a)(B1 = 0.15 and (b) (By = 0.64). (c) E-type material. (d)
Three-component. The color bar shows that the red is low velocity anomaly and blue is high velocity anefG0o].
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(a) Isochemical  (b) P-type(B1=0.15) (c) P-type(B1=0.64) (d) E-type (e) Three-comp.
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Fig. 6. Spectrum heterogeneity map (left) and rms profile (right) calculated figmé. (a) Isochemical. P-type material: (6B = 0.15)
and (c) (B1 = 0.64). (d) E-type material. (e) Three-component. (f) Global tomography mddetfin and Romanowicz, 20R0The unit
for color bars is shown as100%.

imately 0.3% in the boundary region (surface and structure is dominant at the base of the mantle if only
CMB; seeTable 3. With small density contrast P-type the temperature effect is considered, and considering
material Fig. 6(b), two strong signatures, which are composition adds large amplitude, long-wavelength
dominated by the degree of two and caused by the heterogeneity near the CMB (where the stable com-
instabilities of thermal boundary layers at the surface positional ‘piles’ exist). A “red” spectrum can be
and CMB, and one signature are observed when only found only near the CMB.

temperature is considered, but when composition is

included, a strong signature in the upper mantle simi- 4.5. Comparison with the global tomography

lar to the isochemical case. The peak value of the rms model

profile is still 0.35% in surface and CMB region (see

Table 2. For large density contrast P-type material Fig. 6(f) shows the spectral decomposition and rms
(Fig. 6(c), the signature beneath the compositional profile of seismic anomalies for global tomography
boundary is almost zero and a weak signature cor- model SAW24B16 Kegnin and Romanowicz, 20R0
responding to the topography of the compositional The spectral map (left dFig. 6(f)) can be compared
boundary is found at the depth of 1600 km. The rms to numerical results. The main features of the spectral
values of seismic anomalies slightly increases when heterogeneity map of the global tomographic model
chemical composition is included. The maximum am- are a strong “red” spectrum in the CMB region and sur-
plitude of seismic anomaly is estimated to be 0.25% face, and lower amplitude, broader (less red) spectrum
when the compositional anomaly is included. With a in the mid-mantle. The rms profiles (right Bfg. 6(f))
thin, E-type layer that forms one large pileid. 6(d), can also be compared to numerical results. The rms
the temperature-based anomalies do not have a strongprofiles on global tomography model are large values
signature in the whole mantle but there is a slightly (approximately 1% of seismic anomaly) in the sur-
strong signature, which is dominated by degree of face and CMB region. The numerical results that are
four corresponding to two isolated piles, in the CMB the closest to tomography models in their spectra are
region. However, composition generates larger het- those of the three-component systd#ig( 5(e) for the
erogeneity amplitudes in the deepest mantle. The dominant degree of seismic anomaly and the E-type
maximum amplitude of seismic anomaly is estimated material case for the amplitude. Note that spectra pro-
to be 0.51%, which is approximately a factor of two files obtained from other tomography models (e.g.,
larger than in cases of only P-type materitifle 2. Becker and Boschi, 2002; Gu et al., 208how a sim-
With all components preserfig. 6(e), a low degree ilar distribution to that presented her®égnin and
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Romanowicz, 2000 and support the current argu-
ments. Note that many of global tomography model
have a lot of problems in their models, which is related
to the resolution in the CMB region, since the coverage
of ray-path in the CMB region is not enough to resolve
the fine structure. However, our target is understand-
ing the large-scale structure in the CMB region, most
tomography models could obtain the similar structure
for lower degree structure, thus, the comparison in this
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composition-dependent viscosity but lower than the
present Earth’s values.

Previous studies concerned with the composition-
dependent viscosity have been shown by using both
laboratory and numerical experiments. The laboratory
experiments Davaille, 1999 concerned with the sta-
bility of thin chemical layering in the CMB region
have shown in three-dimensional geometry, and found
that the chemical layering in the CMB region could be

paper may be reasonable for understanding the seis-stable in case of smaller density variation in that region

mic structure in the CMB region.

4.6. Composition-dependent viscosity

Fig. 7 shows temperature and compositional fields
for including the composition-dependent viscosity.
The temperature in the CMB region is slightly hot-
ter than without the composition-dependent viscos-
ity (Fig. 3(f)). For 10 times viscosity variation due
to E-type material, there are two isolated piles in
the CMB region. On the other hand, for 100 times
viscosity variation, one large isolated pile can be
found in the CMB region. This implies that the
composition-dependent viscosity can be expected to
be more stable layering in the CMB region. The sur-
face heat flux and surface velocity obtained in these
two cases are slightly higher than the case without

C-dependent viscosity (10 times lower)

Composition
1.0

Temperature
1.48

0.5

0.00 0.0

Fig. 7. Temperature (left) and compositional field (right) for adding
the composition-dependent viscosity in a three-component system.

when it would be less viscous than the regular man-
tle. The numerical experimentS¢hott et al., 2002
have shown the importance of composition-dependent
viscosity and compressibility of the mantle, which
can be expected to be more stable layering in the
CMB region compared to Boussinesq and without
composition-dependent viscosity. However, it is not
clear how large the composition-dependent viscos-
ity is discussed by the aspect of the mantle rheol-
ogy since the chemically-dense material may gets hot
due to an enhanced heat-producing elements and is
likely to be less viscous. For example, in case of no
composition-dependent viscosity, the viscosity varia-
tion due to an enhanced heat-producing elements can
be estimated as three times less viscous than the reg-
ular lower mantle (se€ig. 4).

5. Discussion
5.1. Convective mixing

It is clear that material with a chemical buoyancy
contrast as low as the 1-2% inferred by Forte and
Mitrovica (2001) from considerations of seismic to-
mography, cannot remain as a stable layer but will be
dispersed by the convection throughout the mantle, al-
though the effect of their inferred mid-mantle viscos-
ity maximum is not tested here. This result suggests
that it seems difficult to keep primitive material out
the MORB source region (i.e., shallow mantle) using
this mechanism. This needs to be carefully examined
using a more realistic mineralogical model.

Although the P-type material is widely dispersed, it
has not become well stirred even after the 4.5 Gyears
modeled time, contrary to expectations from mixing
studies Christensen, 1989; Kellogg and Turcotte,
1991). One explanation is that the convective veloci-
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ties in these calculations are lower than Earth-like by using a conversion from temperature and compo-
a factor of 5-10, based the comparison of surface ve- sition fields to seismic anomalieSrampert et al.

locities made earlier, in which case the modeled time (2001) has showed that there is strongly uncertainty
may more reasonably correspond to a dimensional in converting the compositional anomalies to seismic
time of only 450-900 Myears. Even so, the stretching anomalies, which is several 10’s of percent of dis-
rate seems slow slightly, and this warrents further crepancy in determining the coefficients for calculat-

investigation. ing such relationship. It is necessary for determining

the coefficients for converting the temperature and
5.2. Seismic anomaly in the CMB region and compositional fields to seismic anomalies to deter-
hybrid plumes model mine the chemical composition of the lower mantle

precisely. However, this uncertainty may affect with
Ritsema et al. (1998andNi et al. (2002)pointed the amplitude of seismic anomalies, there is no influ-
out the existence of sharp boundary of seismic ence to the characteristic degree of seismic anomalies
anomalies in the CMB region below Africa, where because the scale of seismic anomalies may cor-
the large-scale upwelling plume has been seismically respond to the characteristic scale of density field
observed, and they suggested that such a boundarywhich is combined between temperature and chemical
can be obtained from the thermo-chemical anomalies composition.
in the CMB. When including the dense and E-type
material in our study, seismic anomalies in the CMB 5.4. Geochemical geodynamics
have sharp boundaries. The velocity jump in such
boundaries is expected to be several percents from the According to geochemical constraints on chemi-
observed seismic anomalies; in the presented resultscal recycling in the mantle convection system, each
it is as at least 1%. chemically-distinct recycled component has a dif-
Zhao (2001 pointed out the existence of small-scale ferent residence time (e.gAlbarede, 1998 which
upwelling flow from just below the transition zone in may be inconsistent with a simple whole-mantle con-
a global tomography model, in addition to large-scale vection model. For example, whil€hristensen and
upwelling plumes from the CMB region. The ex- Hoffmann (1994)were able to obtain the correct res-
cess temperature of such plumes was estimated toidence time to generate the HIMU-MORB trend by
range from 100 to 300K based on the observed ve- segregating subducted crust above the CMB, other
locity structures. In the models presented here, such components with different residence times require
small-scale plumes can be generated as purely ther-different mechanism(s). The hybrid plumes model
mal effects detached from upwelling plumes above obtained in this study, in which some plumes come
the CMB or by enhanced heat production in the from above the CMB but some come from the top of
upper part of the lower mantle caused by accumu- the lower mantle, may be a way of generating mul-
lation of enriched material (sekig. 3(e) and (f). tiple residence times as well as sampling different
The excess temperature of small-scale plumes abovechemical components or ‘reservoirs’, as observed in
the phase boundary in the present models is 250 to OIBs, although this needs to be quantified.
500K, but this needs to be more accurately deter-
mined using more realistic models including three 5.5. Influences of higher Rayleigh number
dimensionality.
The Rayleigh number also affects with the con-
5.3. Uncertainty in converting temperature and vective mixing. In this study, the Rayleigh number
composition to seismic anomalies is not so high compared to the realistic value. If
the Rayleigh number would be as high as the re-
In order to obtain the seismic anomalies from alistic Rayleigh number (around 10 (Christensen
our simulation results, the simple relationship (see and Yuen, 1985), the convective structure might be
Eq. (15) derived from the mineral physics has been resembled as two-layered convection and the compo-
used here. There is a problem about the coefficients sitional anomaly could be stayed in the lower mantle,
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