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Abstract. We investigate the influence on mantle convec-1 Introduction
tion of the negative Clapeyron slope ringwoodite to per-

ovskite and ferro-periclase mantle phase transition, which i%\/Iantle convection has had a dominant control on Earth’s sur-
correlated with the seismic discontinuity at 660 km depth.face evolution. It has been known for many years that min-
In particular, we focus on understanding the influence Oferal phase changes with negative Clapeyron slppexhere
the magnitude of the Clapeyron slope (as measured by thg =dP/dT, are capable of layering mantle convecti@igon
Phase Buoyancy parametér) and the vigour of convection and Yuen 1982 Christensen1995. Layering occurs when

(as measured by the Rayleigh numkieg) on mantle con- o |ateral temperature variations of convection produce lat-

vection. We ha}ve .undertal'<en 76 simulations of ISOV'Scouserally varying vertical deflections of the boundary away from
mantle convection in spherical geometry, varylRgand P.

) . . its equilibrium position. The nature and magnitude of the de-
Thre_e domains of behawou_rwere found: layered CO”V?Ct'Onflections depend on the value pf If there is an appropriate

for high Raand more neggtlvé’, whole mg_ntle convect_lon restoring density contrast between the phases, the deflection
for low Raand less negativé, and transitional behaviour 5 5 -companied by buoyancy forces that act against the con-
in an '”te“’e”'r,‘g domain. The bogndary between the Iay'vective thermal buoyancy. If the Clapeyron slope and den-
ered and transitional domain was fit by a cule=a Ra sity difference are sufficient, the buoyancy forces resulting
wherea =—1.05, andg = 0.1, and the fit for the boundary ;0 the phase boundary deflections can overcome the local
between the transitional and whole mantle convection do'convective thermal buoyancy, resulting in layered convection
main wase = —4.8, andg =—0.25. These two curves con- (Fig. 1).

verge atRa~:2.5x10* (well below Earth mantle vigour) and

P~ —0.38. Extrapolating to higtRa, which is likely ear- The mineral phase change in the olivine system from ring-

lier in Earth history, this work suggests a large transitionalWo0dite to ferro-periclase and Mg-perovskite is known to

domain. It is therefore likely that convection in the Archean Nave @ negative Clapeyron slope (i.e. is an endothermic
would have been influenced by this phase change, with EartlﬁeaCt'O”) and a restoring density increase. This reaction

being at least in the transitional domain, if not the layered!S Widely believed to correspond to the seismic discontinu-
domain. ity at 660 km depth, separating the upper and lower mantle

(Bernal 1936 Ringwood 1969 Shim et al, 2001). Min-
eralogical work produces estimates of the Clapeyron slope
between-0.5 MPa K and—3.5 MPa K1, with recent val-

ues for a dry mantle heading towards the less negative value
(Katsura et al.2003 Fei et al, 2004 Litasov et al, 2005
Hirose 2002 Ito and Takahashil989 Irifune et al, 1999.
Recent measurements for a “wet” mantle have the more neg-
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Temperature Considering the factors outlined above, we can reasonably
= A expect this layering process to affect Earth’s mantle dynam-

ics. Early simulations suggest that under some conditions

APT R this layering breaks down in an episodic manner such that

"""""""""""""""" _\_/—P the evolution can be very time-dependeBayies 1995.

() [J]
é g v This layering effect has been shown to be sensitive to the
o ‘9 B vigour of convection, with a system more likely to layer at
o = | = R higher vigour Christensen and Yue@985. The motivation
‘o of this work is to understand the role that such a phase change
& Apl Pv might have had on Earth’s thermal and geological evolution
I
'z

by investigating how the vigour of convection controls the
behaviour in spherical models of mantle convection.

Most work to date has focussed on 2-D, 2-D axisymmetric,
Fig. 1. lllustration of the layering mechanism modelled. The left and 3-D Cartesian geometrleér(rlstensen and. Yued985
hand side figure shows a schematic version of the phase diagram é\(la_lchetel and Webef 991 Liu et a.l., 1991 Peltier arld Sol-
the olivine component — Ringwoodite is stable in the upper left re-N€iM 1992 Zhao et al. 1992 Weinstein 1993 Steinbach
gion (labelled with R) while Perovskite and Ferropericlase is stable€t al, 1993 Solheim and Peltied 994 Machetel et al.1995
in the region (labelled with Pv) below the phase boundary line. ThePeltier, 1996 Marquart et al.2001). While there has been
right hand side: Paid) illustrates a cold downwelling impinging notable work including this phase change in spherical ge-
on the phase change. The fact that the material below the nominabmetry (Tackley et al. 1993 1994 Machetel et al. 1995
depth of the phase change can still be the lighter Ringwoodite phasgunge et al. 1997, there has only been limited work in
is shown by the letter A on the phase diagram to the left. As a re-spherical geometry to characterise the influence of the value

sult, there is a downward deflection of the boundary, which Ieadsof the slope of the phase change and the vigour of convec-

to the lighter ringwoodite phase producing a buoyancy force and,, o the hehaviour. Elements of our work in spherical
potentially Iayerlng. ParB) on the rlght hand side |IIustr_ates that_ eometry have been presented previoug¥plstencroft and
the same mechanism also can work in reverse, potentially Ieadln(% . . .
to layering with hot upwellings. Davies 2098ab). Yanagisawa et a{2010 undertook a sim-
ilar study simultaneously where they recently concluded that
3 domains of behaviour can be identified. Our methodology
based on estimates of the deflection of the boundary and ins similar: we characterise the behaviour of a large number
dependent estimates of the thermal perturbations would sugf simulations at varying vigour of convection and strength
gest a Clapeyron slope aroun@.0to—3.5MPaK ™! (Lebe-  of phase transition to define a regime diagram. We constrain
dev et al, 2002 Fukao et al.2009. We note thatiu (1994  the boundaries between the various behaviours and param-
has pointed out that the slope of the Clapeyron curve foreterise them. This allows extrapolation of the boundaries to
this reaction might not be negative at higher temperaturesyery high vigour, which will be relevant to early Earth history
in that case in these regions the convection would not be layhut which are currently beyond computational means to sim-
ered. Hirose (2002 demonstrated experimentally that this ylate. After characterising the behaviour rigorously, we con-

transition might occur at around 2070K. This temperature-clude by speculating on its possible consequences for Earth
dependence to the phase transition leads to the possibilitgyolution.

that upwellings and downwellings might be affected differ-

ently. We note that present-day estimates of mantle tempera-

ture at 660 km depth might be around 188H&fsuraetal. 2 Methods
2004); therefore, the negative Clapeyron slope could have

played a dynamic role, at least for average and cold regiongppropriate assumptions were made to focus on the objec-
of the mantle, from early in Earth history. tive of characterising how the mantle behaves as a func-
There is also an uncertainty regarding the density contrastion of both the vigour of convection and the magnitude of
across this phase change, probably lying between 7.0 % anghe negative Clapeyron slopg)(of the phase change reac-
9.3 % (Dziewonski and Andersori981 Weidner and Wang  tion (i.e. the slope dP/dT of the phase change boundary in
1998 Billen, 2008. The mean absolute density, in contrast, Pressure-Temperature space). For example, in our numerical
is fairly well constrained from global radial seismological simulations we assumed the mantle is a viscous, incompress-
models at just over 4.15Kgmni (Dziewonski and Ander-  ible, isochemical fluid, with constant material properties with
son 1981). The coefficient of thermal expansion at around infinite Prandtl number subject to the Boussinesq approxima-
660 km depth is probably slightly less tharx20-5K~1 for tion (Ricard 2007). The resulting equations modelled are:
base of upper mantle and slightly more thar 20°°K~1 the equation for conservation of mass
for uppermost lower mantleSfeinberger and Calderwood
2008. V.u=0, (1)
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the equation for the conservation of linear momentum Average Temperature
A AL > oo >
nV2u—Vp+ApgF =0 2) A ., Surface B

and the equation for the conservation of energy

aT
pCp(§+u-VT)=kV2T+,0H (3)

Depth (m)

whereu: velocity, n: dynamic viscosity,p: hydrodynamic
pressurep: density, Ap: lateral variation in density away
from the reference statg,; acceleration due to gravity;:
unit vector in radial directionC,: specific heat at constant » »
pressureT: temperaturek: thermal conductivity, and?: Total Radial Mass Flux
radiogenic heat production per unit mass. D

Non-dimensionalisation of these equations shows that the ’l ’;“L‘ -

-

CMB S

\ 4

behaviour is controlled by only 3 non-dimensional parame-
ters: the basal heated Rayleigh numBeythe internal heat-
ing Rayleigh numbeRay, and the Phase Buoyancy param- A
eterP (e.g.Bunge et al.1997.

The basal-heated Rayleigh numiRg is given by

apg AT D3
a=————————
]

wherea: coefficient of thermal expansiom7: superadia-
batic temperature drop across the shetlmantle thickness,
andx: thermal diffusivity :p%l

The internal-heated Rayleigh numbkRa ; is given by

(4)

=700

_ ot,ongD5

Ra
" kkn

(5)

Since onlyn and y were varied, the ratio oRa/Ray =
2 = . .

ATk/pHD® = 0.054 was always constant in this work. We Fig. 2. Criteria for defining whether convection is layere@®)

therefore only need one of the two Rayleigh humbers to de- . . .
. . . . shows the constant thermal gradient of a purely conductive regime.
scribe our experiments; we usa This use of a fixed

A The dashed line in PafB) shows the whole mantle convection
Ra/Ray ratiois different to the approach adopted¥gnag- thermal structure, illustrating the large temperature gradients at its

isawa et al(2010, where theRay was reduced aRain- boundaries. The solid line represents the absolute radial mass flux,
creased. The impact of the different treatmentRafy; is  which is zero at the two boundaries. For whole mantle convecting it
that, in this study, the proportional contribution of the basal peaks in mid-mantle(C) illustrates a layered system. In this case,
heat flux to total heat flux increases wia. In the work  the solid line shows that the absolute radial mass flux will be a min-

of Yanagisawa et a{2010, this proportion remains approx- imum at the phase change, which also leads to an additional ther-
imately constant wittiRa mal boundary layer, illustrated by a step in the dashed line, across

The Phase Buoyancy Paramefeis given by the phase changg(D) shows a cross-section and a radial surface
through the thermal anomaly field. Blue is colder than the radial av-

yép 6 erage and red hotter. The visualisation demonstrates a transitional
= W (6) case. There is a large degree of layering, with the 660 km phase
change clearly visible by temperature contrasts across the interface,
wherey: Clapeyron slope of the phase change, density  put there is also some passage of material across.
change across the phase change,@nghean density of the

two phases.
Using these equations we investigated the form of layeredpressure, temperature and velocity as the free variables, are
mantle convection for varyinfRaand P. The simulations presented ilBBaumgardne(1985; Bunge and Baumgardner
were undertaken using a benchmarked version of TERRA(1995, and Yang and Baumgardnd2000. TERRA uses
(Baumgardnerl985 Bunge et al.1997 Davies and Davies  dimensional variables and the basic parameters of the sim-
2009, which is able to model very higRa in spherical  ulations are listed in Table 1. Convection was isochemical,
geometry Wolstencroft et al.2009. The details of how  with free-slip and isothermal boundary conditions and a com-
TERRA solves the dimensional form of the equations with ponent of internal heating. Spatial resolution was carefully
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selected to resolve the features of each simulation. This re- Each simulation was initiated by a radially uniform,
sulted in the highest vigour run requiring a spatial resolu-laterally small scale, random structure. The results were
tion of around 15 km near the surface and around 22 km midindependent of this initial condition since they were run for
mantle. The very lowest vigour runs only required a resolu-an extended length of time, until a thermal quasi-steady state
tion of around 88 km. Using a resolution appropriate to thewas reached. This was achieved as follows. The surface
simulation helps make this large parameter survey possibleand basal heat flux over time were plotted for each case. As
A total of 76 simulations were undertaken, withranging  the cases contain no evolution in heat sources, these curves
from —2 to —30MPaK™! (the equivalent phase buoyancy show a “flattening” when balance is achieved between heat
parameterP for this range ofy ranges from—0.0554 to  input and heat output. Cases were run until this balance was
—0.831) andRafrom 5.19x 10° to 8.49x 10’ (Table 2). We  achieved. The transitional class of cases do not generally
note that for a sub-set of the simulations, a positive Clapeyshow flattening but tend to oscillate about a particular SHF

ron slope phase change was included at 410 km depth equaklue instead.

Cases were classified as layered, whole

to 1.5MPaK!. Since the “660” Clapeyron slope has very mantle or transitional using the following process:

large negative values, whether the small slope 410 km phase
change is included or set to zero usually makes little differ-
ence (see Table 2). In fact at |d®a where this might make a
difference, many simulations were undertaken with and with-
out; no difference was found.

The phase change is implemented at a depth of 660 km
depth using the sheet mass anomaly methothokley et al.
(1993 implemented in TERRA bunge et al(1997). This
method applies an appropriate body force at the discontinuity

depth, dependent on the local temperature and phase changes.

parameters.Tackley et al. (1993 shows that this is an ex-
cellent method especially when the radial resolution cannot
resolve the likely boundary deflections, as in our simulations.

The sheet mass anomaly method effectively also assumes ant

infinitesimally thin phase loop. The sharp discontinuity ob-
served seismically at short periods suggests that this phase
change does have a thin loophearer and Master$992.
Mineralogy experiments also suggest a thin lottp @nd
Takahashi1989 Wood 1990. Earlier simulations with nu-
merical methods including the width of the loop suggest that
the large scale dynamics are largely insensitive to its width
within reasonable parameter valu&h(istensen and Yuen
1985 Tackley, 1995. In order to be consistent with the as-
sumption of incompressiblity, effects related to latent heat
have been disregarded. While latent heat is known to have
an influence at lowRa (Schubert and Turcottd.971), with
increasingRa, boundary deflection is known to dominate
(Christensen1999. The work oflta and King(1994 and
Christensen and Yuef1985 showing that Boussinesq, ex-
tended Boussinesq and compressible simulations give similar
results reinforces that latent heat effects are of minor impor-
tance at highRa Therefore, since we are interested in how
the behaviours might extrapolate to high(where influence 3
of latent heat would be expected to be irrelevant), this simpli-

1. The total absolute radial mass flux across the mantle and

the average temperature profile were plotted as shown in
Fig. 2.

2. If the mass flux at 660 km depth was approx. 90% or

greater of the maximum mass flux of the model, the case
was classified whole mantle convection.

If the mass flux at 660 km depth was approx. 10% or
lower than the maximum mass flux, the case was classi-
fied as layered.

If the case fell between these classifications and demon-
strated periodic variability in surface heat flux, it was
classified as transitional. The temperature profile was
used to verify this state since a layered system devel-
ops a characteristic internal thermal boundary layer due
to the lack of advective heat transport across the phase
change (Fig. 2). Whole mantle convection shows no
such internal thermal boundary layer.

. Additionally, the cases were visualised in 3-D using

isosurfaces, cross sections and specific depth surfaces
(e.g. Fig. 2). These plots allow judgments to be made
as to what proportion of up or down welling features
penetrate the phase boundary and what the nature of the
coupling is across the boundary, e.g. thermal or viscous.
This final step was important for correctly classifying
boundary cases where summary data values were incon-
clusive.

Results

fication is sensible. We assume a density contrast across thEhe results show that at loRa and highP (i.e. low abso-

phase changép of 8p/p ~ 9 %. The constancy & implies

lute value) whole mantle convection is preferred, while at

a simple linear relationship between our Clapeyron slgpe (  highRaand more negativ®, layered convection is preferred

and the Phase Buoyancy Parametey. (We should remind

(Table 2, Fig. 3). An intermediate domain of transitional be-

the reader that the individual values of parameters, includinghaviour is found between the two end-member behaviours.
3p, y, are ultimately not important. Only the resulting values In previous work, this transitional region has been termed
of the controlling non-dimensional parametd®s, Ray and partially layered; we avoid this term as it does not accurately
P, are important. represent the wide range of behaviours displayed. To better
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Table 1. Common input parameters.

319

Parameter Value

Internal heating, H 510 12wkg1
Reference density — Eq. (2 4500 kg n3
Density jump across 660 km phase change —Eqs6)y 9.1%

Density jump across 410 km phase chasggo 6.4 %
Gravitational acceleration, g 10 Mm%

\Volume coefficient of thermal expansian, 25%x10 9 K1
Thermal conductivity, k awmlik-1
Specific heat at constant volun@, 1000JK 1kg—1
Temperature at outer shell boundary 300K
Temperature at inner shell boundary 2850K
Boundary conditions (velocity) Free slip

Inner radius of spherical shell 4B0x 10°m
Outer radius of spherical shell F0x 108 m
Viscosity structure Isoviscous
Pressure equation of state Incompressible
Thermal equation of state Ap=apAT

constrain the boundary, a large number of simulations werea whole mantle convection domain at Id®a and less neg-
run at two values of (—0.221 and-0.332), spanning small ative P, and a transitional domain at intermediate values of
ranges ofRa We have fit curves of the for® = aRa” to RaandP.

these boundaries. The best fit curves defining our boundaries To repeat, this work focuses just on the buoyancy effect re-

are sulting from the deflection of the phase change boundary. By
o1 undertaking incompressible convection simulations, which
P=-105Ra"" (7)  to be self-consistent ignore the effects of the latent heat of

. the reaction, we are removing its influence.
for the boundary between the layered regime and the transi- o . . .
tional regime, and We do _observe episodic behawou_r in th_e transitional do-
' main. It is beyond the scope of this project to undertake
P—_48Ra 0% 8) sufficient simulations to characterise accurately where this
behaviour occurs on the regime diagram, but we do note that
for the boundary between the transitional regime and thdt does not extend across the whole transitional domain and
whole mantle convection regime. We note that the line fitsseems to occur for parameter values closer to the layered do-
to the data are not perfect. There is a suggestion that theain. It would be interesting to constrain the boundary of
form of the curves, i.e. simple power law, might not be the this behaviour.
true form of the relationship. Without guidance of an alter- The range oRaand particularlyP used in this study are
native relationship, we argue it is best to keep with a simplewell beyond the likely values for Earth. Our reasons for do-
relationship, which in this case has a long history of usage inng this were to be able to better constrain the boundaries of
the field Christensen and Yuet985. the various convective domains. However, these values may
We now go on to compare these results with earlier workhave application when considering other materials (such as
and discuss their possible implications. water ice) in other bodies such as ice planets.

4.2 Fits to domain boundaries

4 Discussion _ )
The earliest reference, to our knowledge, for a curve fit to

the boundary between layered and whole mantle convection
was fromChristensen and Yugi1985 2-D Cartesian work,

As described in the Introduction, there has been a long hiswhere the formP =« Ra? was assumed and the values found
tory of investigating the effect dRaandy on the behaviour to be: « =—4.4 andg =—-0.2. The work presented here is
of mantle convection with mineral phase changes. As mensimilar to that ofYanagisawa et a2010. They also used
tioned above, our work shows three domains of behaviour: ahe code TERRA and very similar input parameters to ours.
layered convection domain at higtaand more negative, The key differences between the two sets of simulations were

4.1 Domains of convective mode
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Table 2. Cases modelled with case-specific parameters and outcome. Cl410: Clapeyron slope at 410 km; CI660: Clapeyron slope at 660 km;
P 660: buoyancy parameter for the 660 phase chaRgehasally heated Rayleigh number; layering status classification: 1 = whole mantle
convection, 2 = two layer convection, T = transitional behaviour.

Case Cl410 (MPaKl) cCl660 (MPakl) P 660 Ra Classification
001 1.5 —2.0 —0.0554 7.76¢ 10° 1
002 15 —4.0 —0.111  7.76x 10 T
003 15 -4.0 —0.111  1.56¢< 10 1
004 1.5 —4.0 -0.111 5.1%10° 1
005 1.5 —4.0 —0.111  9.74x 10 1
006 15 —4.0 —0.111 5.19% 104 1
007 15 —4.0 —0.111 1.11x 104 1
008 1.5 —4.0 -0.111 5.19% 103 1
009 1.5 -8.0 —0.221  1.56x 10° T
010 15 -8.0 —0.221 51%10° T
011 15 -8.0 —0.221  9.74x 104 1
012 1.5 -8.0 -0.221 5.19% 10 1
013 1.5 -8.0 -0.221 1.11x 10 1
014 15 —-8.0 -0.221 5.1%103 1
015 15 —12.0 —0.332  9.74« 10 2
016 1.5 —-12.0 -0.332 5.1% 10 T
017 1.5 —-12.0 -0.332 1.11x 10 1
018 1.5 —12.0 -0.332 5.1% 103 1
019 15 —14.0 —0.388  1.56x 10° 2
020 15 —-14.0 —0.388  5.19% 1P 2
021 1.5 —14.0 —-0.388  9.74x 10% 2
022 1.5 —14.0 -0.388 5.19% 10* 2
023 15 —14.0 -0.388 1.11x 10 1
024 15 —14.0 —0.388 5.19% 103 1
025 15 —15.0 —0.415 9.74x 104 2
026 1.5 —-15.0 -0.415 5.19% 10 2
027 1.5 —15.0 -0.415 1.11x 104 1
028 15 —15.0 —0.415 5.1% 103 1
029 15 —~16.0 —0.443  9.74x 104 2
030 15 —16.0 —0.443 519%10% 2
031 1.5 -16.0 —0.443 1.11x 10 1
032 15 —16.0 —0.443 5.1% 103 1
033 15 —20.0 —0.554 9.74« 10* 2
034 15 —20.0 —0.554 5.19%10% 2
035 1.5 —20.0 -0554 1.11x 10 1
036 1.5 —20.0 —0554 5.19% 103 1
037 0.0 -4.0 —0.111  8.49% 107 T
038 0.0 —4.0 —0.111  4.00x 10° 1
039 0.0 —4.0 —0.111  2.00x 10° 1
040 0.0 -5.0 —0.138  7.79% 10 T
041 0.0 -55 —0.152  8.66x 10P T
042 0.0 —-6.0 —0.166  4.00x 10° T
043 0.0 —-6.0 —0.166  1.56x 10° T
044 0.0 —6.0 —0.166  5.00« 10° T
045 0.0 -7.0 —0.194  7.79% 10 T
046 0.0 -8.0 —0.221 8.66x 10° 2
047 0.0 -8.0 —0.221 8.00x 10° 2
048 0.0 —-8.0 —0.221  7.79%10° 2
049 0.0 -8.0 -0.221 6.77% 10° T
050 0.0 -8.0 —0.221  5.99% 106 T
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Table 2. Continued.

Case Cl410 (MPaKl) cCl660 (MPakl) P 660 Ra Classification
051 0.0 -8.0 —0.221 5.00x 10° T
052 0.0 -8.0 —0.221 4.00x 10° T
053 0.0 —-8.0 —0.221 1.56¢ 108 T
054 0.0 -8.0 —0.221 7.00x 10° T
055 0.0 -8.0 —0.221 5.00x 10° T
056 0.0 -8.0 —0.221 2.00x 10° T
057 0.0 —10.0 —0.277 5.00x 10° T
058 0.0 —-10.0 —0.277 2.00x 10° T
059 0.0 —12.0 -0.332 8.00x 10* 2
060 0.0 —12.0 —-0.332 7.00x 10* T
061 0.0 —12.0 —0.332  6.00x 10* T
062 0.0 —~12.0 —0.332 5.00x 10# T
063 0.0 -12.0 —-0.332  4.00x 10* T
064 0.0 —-12.0 -0.332 2.50« 10* 1
065 0.0 —13.0 —0.360 5.19% 10* T
066 0.0 —14.0 -0.388 1.11x 10% 1
067 0.0 —14.0 —0.388 5.1% 103 1
068 0.0 —15.0 -0.415 5.1% 10* 2
069 0.0 —15.0 —0.415 2.50« 10* 1
070 0.0 —15.0 —0.415 1.11x 10* 1
071 0.0 —~15.0 —0.415 5.19%103 1
072 0.0 —-16.0 —0.443 1.11x 10* 1
073 0.0 —-16.0 —0.443 5.1% 10° 1
074 0.0 —20.0 —0554 1.11x 10* 1
075 0.0 —20.0 —0.554 5.19% 103 1
076 0.0 —30.0 -0.830 1.11x10% 1

that this study used a fixeRaRay and a 150K greater We note that the two curves in our study converge at
temperature change across the mantle. In some cases thdmv Rayleigh number — we estimate this point to be around
was also a difference in the Clapeyron slope assumed foRa~ 2.5x 10* and P ~ —0.38. The curves o¥Yanagisawa
the phase change at 410km depth: 0 and 1.5 MPaii et al. (2010 do not converge at loWrg in fact, they have
our work against 0 and 2.5 MPaK in the work ofYanag-  only a limited number of simulations in this range. If it is
isawa et al(2010. Yanagisawa et a(2010, like us, also  correct that the two curves should converge at Ray then
define a transitional regime and their fits to the two bound-it tightens considerably the fit to the points and therefore the
aries havex = —4.7 andg = —0.2 for the boundary between extrapolation of this relationship to higRa At very high
layered and transitional, ard=—12 andg =—0.33 for the  Ra the two curves will approach tHeaaxis but never cross
boundary between whole mantle convection and transitionalit. This is as one would expect since a mineral reaction with a
Figure 4 shows these previous domain boundaries with ounon-negative Clapeyron slope cannot layer the flow with the
curves. We note that these curves agree well at medium-highesulting boundary deflection.

Rawhere most of the previous data points lie, but that there

are differences at lowéaand in the width of the transitional 4.3 Implications for Earth history

domain.

Therefore, while we would not expect our aidnagi- 4.3.1 Limitations of modelling

sawa et al(2010 results to be identical (interpretation of

the boundary cases might also differ), they should be sufit is interesting to speculate what this research implies for
ficiently similar that it is worthwhile to consider the curves mantle convective behaviour earlier in Earth history. Before
together (Fig. 4). We note that our curves also satisfy most ofloing so, we would like to emphasise that the simulations
their points. This gives further confidence in our curves, es-were intentionally simple to allow understanding and com-
pecially as we extrapolate to higta, where theYanagisawa plete investigation of the parameter space. As a result, there
et al.(2010 study has many data-points. are limitations when applying these outcomes to Earth. The
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Fig. 3. Layering status of modelled cases as a function of convective vidgRarand layering strength of the phase change (Buoyancy
ParameterpP). Key defines the symbols used to indicate the nature of the convection. The solid line is a power-law fit attempting to divide
the whole and transitional cases, while the dashed line divides the layered and transitional cases. The vertical dash-dot line represents th:
whole-layered boundary, which only occurs at very low Ra and very negative Clapeyron slope values. The equivalent Clapeyron slope for
our parameters is shown on the right hand side vertical axis.

models are without depth or temperature-dependent viscose ~106m?s1, o ~2 x 102> K~1, super-adiabatic temper-
ity, do not have plates or continents, and thus can not displayture drop 0&2550 K (Steinberger and Calderwogd2D0§.
behaviours such as slab-rollbadRdes et al.2008 Yanagi- Earlier in Earth history, a hotter mantle is to be expected due
sawa et al.2010. These simplifications could be expected to to the dissipation of gravitational energy from the formation
affect the detail of the conclusions here; hopefully, the broadera and higher radioactivity. Limited observations support
trends in this space will remain valid as more sophisticatedthis assumption that the mantle was hotter earlier in Earth
models are investigated in the future. More sophisticated dishistory (Nisbet et al. 1995 Green 1975. A hotter mantle
cussions should also consider other mineral reactions, botkwould translate to a higher Rayleigh number. To illustrate the
in the olivine and garnet systems, the effect of latent heajpotential implications, we will assume that the only chang-
(Christensen1998 and volume changekfien and Fleitout  ing parameter in th&ka as a function of time is viscosity,
2010 of the phase changes. We note that the olivine com-with it being lower at higher temperatures. Mantle rheology
ponent of the mantle probably makes up around 60 % of thés a field with large uncertainties but an activation energy of
mantle; therefore, when applying this work to the mantle the500 KJmot ! (Korenaga and Karat®008 would suggest
effective value ofP should be reduced by a similar propor- that mantle viscosity might decrease by approximately an or-
tion. Since there is some uncertainty regarding the proportiorder of magnitude for every 100 degrees increase in tempera-
of olivine in the transition zone (see for exampladerson ture.

and Basg€1986 who argue for a piclogitic transition zone), Magmatic products also suggest that the mantle was hotter
our approach of not making this correction in the simulationsin the Archean, with estimates varying from 100K to 300—

makes it simpler for others to use this work. 500K hotter at 3 Ga depending upon interpretations such as
how wet the komatiite source region was and what is rep-
4.3.2 Rayleigh number resentative of average mantleeg et al, 2009 Grove and

_ _ _ _ . Parman2004 Nisbet et al. 1995 Abbott et al, 1994). As-
Applying a single number like a Rayleigh numbe.r is clearly suming a 200K hotter mantle at 3Ga, we might expect
fraught for the actual Earth, since many properties are spagarth to have a viscosity 2 orders of magnitude lower and

tially variable and not constant. Accepting this, to advancethereforeRa 2 orders of magnitude greater &t ~ 10°, but

be ~ 107, assuming, e.g. mean viscosify~ 5 x 10?1 Pas,
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4.3.3 Present-day Earth very broad at realistic Clapeyron slope. By extrapolating
power law fits of these well constrained domain boundaries
Using the estimates above for the Rayleigh number and thgg high Rayleigh number (convective vigour), we suggest that
Phase Buoyancy parameter, we mark Earth’s current posi is likely that the transitional domain and possibly also the
tion on the domain diagram (Fig. 5) with a large Earth whose|ayered domain will be of interest during early Earth history
size suggests an approximate sense of the uncertainty of theénd therefore for understanding Earth evolution. This work
parameters. The approxima®&aand P values would sug-  encourages more realistic simulations to be undertaken in the
gest that we are today either in the transitional regime or jusfuture as more computational resources become available.
in the whole mantle convection regime and very unlikely to
be in the layered regime. Seismological evidence seems t@acknowledgementsMW would like to acknowledge the support
strongly support this, with observations of subducting slabsof NERC (UK) for his studentship (NER/S/A/2005/13131). We
descending from the upper to the lower man@eand et al. would also like to acknowledge the support of HECToR (UK),
1997 van der Hilst et al.1997 Creager and Jordan984  ARCCA (Cardiff University) and Helix (Cardiff University)

and also observations of stagnant slabs, which might reflecior computational resources. The authors would like to thank
some resistance at this boundaFykao et al. 1992 D. Rhodri Davies and the wider TERRA group for the development
and maintenance of the code used in this study.

4.3.4 Earth evolution )
Edited by: J. van Hunen

If we speculate as to where Earth was on this regime dia-
gram 3Ga ago, we might expect it to be aRa approxi-
mately 2 orders of magnitude greater and simitar This
would suggest, in a simple interpretation, that Earth woul
have most Ii.ke.ly occupled thg deeper regions_ of the tranSi_Abbott, D., Burgess, L., and Longhi, J.: An empirical thermal his-
tional domain in the past. It is possible that in very early

; ; . tory of the Earth’s upper mantle, J. Geophys. Res., 99, 13835-
Earth history, the mantle operated in a layered convection 13850 1994

mode. Therefore, as we look at our results, we would pre-anderson, D. L. and Bass, J. D.: Transition region of the Earth’s up-
dict that over Earth history the mantle evolved from a lay- per mantle, Nature, 320, 321-32#i:10.1038/32032120.986.
ered/transitional regime to a dominantly whole mantle con-Baumgardner, J. R.: Three dimensional treatment of convective
vection regime. In such a scenario it is possibile that Earth flow in the Earth's me_mtle, J. Stat. Phyg., 39, 501-511, 1985.
might have had episodic mantle convection in its earlierBernal, J. D.: Hypothesis on the 2@iscontinuity, Observatory, 59,
history as previously suggeste@dndie 2001, 1998 Par- 1268, 1936. . , .
man 2007 Pearson et 312007 Frimmel 2008 Ernst and Billen, M. I.: Modeling the dynamics of subducting slabs, Annu.
Buchan 2003. We also note that the evidence presented_ R€V- Earth Pl. Sc., 36, 325-356, 2008. _ _

. e . . Bunge, H. P. and Baumgardner, J. R.: Mantle convection modeling
for episodicity is controversial; zircon peaks might reflect

. o on parallel virtual machines, Comput. Phys., 9, 207-215, 1995.
preservation lawkesworth et al.2009, while it has been Bunge, H. P., Richards, M. A., and Baumgardner, J. R.: A sensitiv-

argued that the isotopic peaks may not be statistically robust iy stydy of three-dimensional spherical mantle convection &t 10
(Rudge 2008. Phase-change induced mantle avalanches Rayleigh number: Effects of depth-dependent viscosity, heating
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