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A Revised Adiabatic Temperature Profile for the Mantle

Tomoo Katsura®

'Bayerisches Geoinstitut, University of Bayreuth, Bayreuth, Germany

Abstract This study reevaluates the adiabatic temperature profile of the Earth's mantle. The global average
temperature at the 410-km discontinuity is estimated to be 1839 (38) K by comparing the globally averaged
depths of the 410-km discontinuity with the previously determined phase diagram of the olivine-wadsleyite
transition in the system (Mg,Fe),Si0, at two temperatures. The temperature at the 410-km discontinuity is
extrapolated to shallower and deeper regions using the adiabatic temperature gradient, which is estimated
from the pressure-volume-temperature relations and heat capacities of the major mantle minerals, namely,
olivine, wadselyite, ringwoodite, and bridgmanite. The experimental temperatures and pressures in the
original studies used in these evaluations are recalculated using the recently proposed pressure correction on
EMF of the Wy,Re;-W.,Re,; thermocouple. The uncertainties are evaluated by the Monte Carlo simulation.
The temperatures on the adiabatic temperature profile are found to be 1646 (35), 1994 (40), 1960 (40), and
2587 (60) K, respectively, at a 50-km depth, just above the 660-km discontinuity, just below the 660-km
discontinuity, and at 2,800-km depth. The lower mantle temperatures in the current estimation are lower than
those given by Katsura et al. (2010), https://doi.org/10.1016/j.pepi.2010.07.001. The 50-km depth temperature
is slightly higher but generally agrees to that estimated from the melting of depleted peridotite.

Plain Language Summary This study estimates the temperature profile of the Earth's mantle by
generally following the approach described in Katsura et al. (2010), https://doi.org/10.1016/j.pepi.2010.07.001.
The estimation consists of two steps. First, the temperature at the 410-km seismic discontinuity (D410), at
which the seismic wave velocities abruptly increase almost everywhere in the mantle, is evaluated. The D410
is usually attributed to the olivine-wadsleyite transition in peridotite. Comparing the globally averaged D410
depth with the phase diagram of the olivine-wadsleyite transition yields a D410 temperature of 1839 (38) K.
Second, this temperature is extrapolated to shallower and deeper regions by assuming that the heat is mainly
transferred by convection in the mantle. The temperature gradient in such cases is the product of the thermal
expansion coefficient and the temperature divided by the density and the heat capacity. The thermal expansion
coefficients of the major mantle mineral are obtained by recalculating our previous experimental data. We
found that the temperatures at 50-km depth, the bottom of the mantle transition zone, the top of the lower
mantle, and 2,800-km depth are found to be 1646 (35), 1994 (40), 1960 (40), and 2587 (60) K, respectively. The
50-km depth temperature is slightly higher but generally agrees to that estimated from the melting of depleted
peridotite.

1. Introduction

The temperature is one of the essential parameters for modeling the dynamics of the Earth's interior. Therefore,
estimating the temperature distribution in the mantle is a vital task in solid geophysics. However, we cannot
directly measure temperatures in the Earth's deep interior. We can only estimate the temperature distribution by
combining various information obtained by indirect methods. Since the thermal conductivity of silicate miner-
als is low, the temperature profile of the major part of the mantle should be close to adiabatic (Turcotte and
Schubert, 2014). Although the temperature gradients in the lithosphere and D” layers should be steeper than the
adiabat, and the temperature profile in the lower mantle might be deviated from the adiabat due to the high viscos-
ity (Rudolph et al., 2015), the adiabatic temperature profile is considered a good approximation of the mantle
geotherm. Therefore, it is helpful to obtain an adiabatic temperature profile of the mantle by fixing a temperature
at one depth in the deep mantle for a better understanding of the mantle structure and dynamics.

For this reason, Katsura et al. (2010) estimated the adiabatic temperature distribution in the mantle. They first
estimated the temperature at the 410-km seismic discontinuity (D410) by comparing the global average depth
of the D410 with the olivine-wadsleyite transition pressure as a function of temperature (Katsura, Yamada,
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et al., 2004). Then, they estimated the temperatures above and below the D410 using the formula of the adiabatic
temperature gradient with depth as:

dT agT
<E )s - C, M
where T is the temperature, z is the depth, « is the thermal expansivity of the constituent, g is the gravitational
acceleration, and Cp is the isobaric heat capacity per weight of the constituent (Turcotte and Schubert, 2014). In
their calculation, the mantle rocks were approximated by the Mg endmembers of olivine, wadsleyite, ringwood-
ite, and bridgmanite. The P-V-T relations of these minerals were determined using the multianvil in situ X-ray
diffraction experiments by (Katsura, Yokoshi, et al., 2004; Katsura, Yokoshi, et al., 2009; Katsura, Shatskiy,
Manthilake, Zhai, Fukui, et al., 2009; Katsura, Shatskiy, Manthilake, Zhai, Yamazaki, et al., 2009). The Cp for
olivine, wadsleyite, and ringwoodite were taken from Saxena et al. (1993), and that for bridgmanite was calcu-
lated using the Debye model.

However, the adiabatic temperature profile by Katsura et al. (2010) has to be revised for the following reasons.
First, the temperatures in (Katsura, Yamada, et al., 2004; Katsura, Yokoshi, et al., 2004; Katsura, Yokoshi,
et al., 2009; Katsura, Shatskiy, Manthilake, Zhai, Fukui, et al., 2009; Katsura, Shatskiy, Manthilake, Zhai,
Yamazaki, et al., 2009) were measured using Wy,Re;-W ,Re,; thermocouples without any pressure correc-
tion. Nishihara et al. (2020) provided the pressure correction of the relations of the EMF (electromotive force)
and temperature of the Wy,Re;-W_.Re,, thermocouple. Therefore, the experimental data in (Katsura, Yamada,
et al., 2004; Katsura, Yokoshi, et al., 2004; Katsura, Yokoshi, et al., 2009; Katsura, Shatskiy, Manthilake,
Zhai, Fukui, et al., 2009; Katsura, Shatskiy, Manthilake, Zhai, Yamazaki, et al., 2009) should be recalculated
using Nishihara et al. (2020) correction. Second, Tange et al. (2012) obtained more reliable P-V-T data of
MgSiO, bridgmanite than Katsura, Yokoshi, et al. (2009). These data should be included in estimating the
lower-mantle adiabatic profile. Third, the calculation program used in Katsura et al. (2010) contained errors
leading to incorrect thermal expansivity evaluation, as shown later. Finally, two studies reported the global
average depths of D410 for these 10 years (Huang et al., 2019; Waszek et al., 2021), which should be included
in the temperature estimation at the D410.

This paper presents a revised average adiabatic temperature profile in the mantle by integrating the above-men-
tioned new data and using a newly made calculation program.

2. Methods

The current study estimates an adiabatic temperature profile in the mantle by the procedure very similar to
Katsura et al. (2010). Namely, it first estimates the temperature at D410, then estimates the temperature gradient,
finally calculates the temperature profile from the D410 temperature using the estimated temperature gradient.
Details of the procedure are explained below.

2.1. Temperature at the 410-km Discontinuity

The current study first considers the most probable global average of the D410 depth. Chambers et al. (2005),
Flanagan and Shearer (1998, 1999), Houser et al. (2008, 2016), and Huang et al. (2019) mapped the D410 depths
globally and suggested the averaged depths of 418, 418, 409, 410, 411, and 416.8 km, respectively. Very recently,
Waszek et al. (2021) reported the average D410 km depths of 410.0 and 414.4 km based on the SS and PP precur-
sors. We use these eight depths for the estimation of the adiabatic temperature profile.

The current study employs the data given by Katsura, Yamada, et al. (2004) for the phase relations of the
olivine-wadsleyite transition in (Mg,Fe),SiO,. They synthesized coexisting olivine and wadsleyite in a multi-an-
vil press with temperatures measured by Wy,Re,-W_,Re,s thermocouples and pressures estimated from MgO
volumes by in situ X-ray diffraction using the P-V-T relations of MgO suggested by Matsui et al. (2000). Then,
Katsura, Yamada, et al. (2004) measured the compositions of recovered olivine and wadsleyite grains using an
electron probe microanalyzer (EPMA). In the current study, the temperatures in Katsura, Yamada, et al. (2004)

KATSURA

20f 11

858017 SUOWWOD @ANEalD 3(dedldde ayy Aq pausenob ale sapiie YO ‘s JO sa|ni 4oy Ariq) 8ul|uQ /8|1 UO (SUOIPUCD-PUe-SWBI WD A3 | 1WA e1q | U1 |UO//SdNY) SUONIPUOD PUe SWB | 8L 88S *[2202/0T/2T] Uo Ariqi]auliuo A8|iM ‘yineiieg 1eseAluN Aq Z9SE20arT202/620T OT/I0pA0D" A8 1M Akeiq 1 pul|uosgndnBe//:sdny wouy papeojumoq ‘Z ‘Z20Z ‘9566912



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2021JB023562

Table 1
Temperature, Pressure, and Phase Compositions of Coexisting Olivine and Wadsleyite

Run Temperature before ~ Pressure before ~ Temperature after ~ Pressure after
# VIV, MeO correction (K) correction (GPa)  correction (K)  correction (GPa)  X,,,”' Xy

733 0.9738 (6) 1,900 14.24 (16) 1,964 14.64 (16) 0.951 (5) 0.923 (1)
734 0.9763 (3) 1,900 13.78 (11) 1,962 14.18 (11) 0.906 (5) 0.852 (7)
735  0.9788 (3) 1,900 13.33 (10) 1,961 13.71 (10) 0.862 (9) 0.792 (3)
763 0.9741 (5) 1,600 12.29 (13) 1,643 12.56 (13) 0.876 (6) 0.782 (6)
779  0.9785 (5) 1,600 13.33 (14) 1,645 13.62 (14) 0.979 3) 0.947 (6)
780  0.9725 (6) 1,600 12.58 (15) 1,643 12.86 (15) 0.915 (6) 0.840 (4)

Note. The initial data are from Katsura, Yamada, et al. (2004).

are corrected using Nishihara et al. (2020) pressure correction of the EMF-temperature relations. The pressures in
Katsura, Yamada, et al. (2004) are recalculated using these new temperatures and the two MgO equations of state
(EOS) based on the third-order Birch-Murnaghan EOS and Vinet EOS by Tange et al. (2009).

The recalculated olivine-wadsleyite phase-relation data are fitted to Strixrude's (1997) equations to express the
binary loops at the above two temperatures. One essential parameter in his equations is the Fe-Mg partition coef-
ficients between olivine and wadsleyite, KM,

ol wd
gMeFe _ Xe,510, X Mssi0,

D T xWd_ yol 2)
Fe,Si0,4 “* Mg, Si0y

where XJ, is the mole fraction of component i in phase j, and /7 is the reduced pressure using the transition pres-
sures of the endmembers of Mg,Si0, and Fe,Si0,, Py1y5i04 A0d Prsg;04, Tespectively as:

P — Pr;sio,

nIn=——————— 3
Pug,sio, — Pre,sio, )

where P is the experimental pressure. The mole fraction of wadsleyite, fy,, is expressed as a function of IT with
the parameter K,M¢~F as:

Mg—F Mg—Fe T Mg—F
Xbulk(l—KDg e)—KDg Ky

SwaIl) = C)

Mg—Fe 1= Mg—Fe 1 Mg—Fe
1-Kj - K, + K,
where x,, is the bulk mole fraction of the Fe,SiO, component. Fitting the experimental data to Equations 2—4
yields KM, Pyosios, and Prygiog- Although Katsura et al. (2010), Katsura, Yamada, et al. (2004) assumed that
the difference in the endmember transition pressures, Pysios—Pressios> 1 independent of the temperature, this
assumption is not adopted in the current study.

Similar to Katsura et al. (2010), the current study assumes that the upper mantle comprises Hawaiian pyrolite,
namely, XMg =0.89 (XMg = Mg/(Mg + Fe)) (Green & Falloon, 1998). Stixrude (1997) suggested that the D410
depth corresponds to the pressure where the olivine-to-wadsleyite ratio is 1:2, namely, f,, = 2/3. The current
study follows this idea to obtain the olivine-wadsleyite transition pressure in Hawaiian pyrolite (P, p,) as a
function of temperature. Comparing the pressure corresponding to the D410 depth with P, 4 p, allows estimat-
ing the D410 temperature.

The uncertainties in the above estimations are evaluated using the Monte Carlo simulation by producing 1,000
replica sets of the phase relation data. This procedure produces the replica sets' data points, including pressure
and compositions of olivine and wadsleyite, as:

x| =x{+p oy )
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16 where ¥/, is the ith data values in the jth replica data set, x; and ox%, are the

Pressure (GPa)
=

average and standard deviation of the ith datum in the original data set, and
p is the normally distributed random number. Assuming the D410 depths of
. 409 and 411 km, the D410 temperatures are calculated for each replica set.
Wadsleyite The average and uncertainty of the D410 temperature are obtained from the

mean value and standard deviation of the 1,000 replica sets at the two D410

depths.
13
Olivine e - 2.2. Evaluation of the Parameters for the Adiabatic Temperature
1644 K Gradient
121_00 0_;95 O.S;O 0_é5 o.éo 075 The adiabatic temperature gradient with pressure is given as:
Mg/(Mg+Fe)
dr\ _ aT
: . . . T ). = ©)

Figure 1. Binary phase relations of the olivine-wadsleyite transition in P/s  pCp
(Mg,Fe),Si0,. The original data are from Katsura, Yamada, et al. (2004).
The temperatures were recalculated using Nishihara et al. (2020) pressure where p_ is the density of the constituent (Turcotte and Schubert, 2014).

correction of the EMF-temperature relations of Wy;Re,-We,;Re,;
thermocouple. The temperatures of 1600 and 1900 K in Katsura, Yamada,
et al. (2004) became 1644 (blue) and 1962 (red) K. The circle and square
symbols denote the compositions and pressures of coexisting olivine and

wadsleyite, respectively.

Therefore, evaluating the adiabatic temperature gradient requires the thermal
expansivity, density, and isobaric heat capacity of the constituents as a func-
tion of pressure and temperature.

Following Katsura et al. (2010), the current study approximates the mantle

constituents by the Mg-endmembers of olivine, wadsleyite, ringwood-

ite, and bridgmanite at depth ranges of 50-410, 410-520, 520-660, and
660-2,800 km, respectively. Wolf et al. (2015) found that the adiabatic temperature gradients of MgSiO, and
(Mg, ¢;Fe, ;) SiO, bridgmanite are very similar, supporting the above approximation. On the other hand, although
some studies suggested that the mantle transition zone contains weight percent levels of H,O (Fei et al., 2017;
Pearson et al., 2014), Houser (2016) predicted that the mantle transition zone is generally dry by combining the
global analysis of long-period seismic data and the mineral physics data. Hence, we primarily assume that the
Earth's mantle is essentially dry. In the latter part of this paper, we argue a possible effect of H,O incorpora-
tion on estimating the adiabatic temperature profile.

The data sets for the density and thermal expansivity of olivine, wadsleyite, and ringwoodite are taken from
(Katsura, Shatskiy, Manthilake, Zhai, Fukui, et al., 2009; Katsura, Shatskiy, Manthilake, Zhai, Yamazaki,
et al., 2009; and Katsura, Yokoshi, et al., 2004, respectively. Those of bridgmanite are taken from Katsura,
Yokoshi, et al., 2009 and Tange et al. (2012). The temperatures of these data sets are recalculated using Nishihara
et al. (2020) pressure correction on the thermocouple EMF. The pressures are then recalculated based on these
new temperatures using the two MgO EOS's given by Tange et al. (2009).

The P-V-T data set of each mineral is fitted to the Mie-Griineisen-Debye EOS (Jackson & Rigden, 1996) with
the third-order Birch-Murnaghan EOS (Katsura & Tange, 2019). At the standard temperature of T, = 300 K, the
third-order Birch-Murnaghan EOS is expressed as:

7 5 2

3 Voot \ 3 Vet \ 3 3 ’ Vea, \ 3
PV, T)) = =K el 1-=(4-K —_— -1 7
V., To) > Ky {( Vorn Vorn X ) ( ') Vorn (7N

where P (V, T;) is the pressure at volume V and the standard temperature of T, K, is the isothermal bulk modulus

at the temperature of T, K ' is its pressure derivative, and V,, ;, and V,, ,, are the volume at the standard pressure
of P, =0 and at the pressure of P, respectively, under the temperature condition of 7;,. The Mie-Griineisen-Debye
EOS is:

PV, T)= P(V,To)+ % [Eq Ve, T) = E (V. Ty)] ®)

where P (V, T) is the pressure at the volume V and temperature 7, y is the Griineisen parameter, and E,; is the
thermal energy.
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Table 2

The volume dependence of the Griineisen parameter is expressed using the

Thermoelastic Parameters of the Major Mantle Minerals constant g as:

Mineral K, (GPa) Kg’

0

Olivine 127.42 42 (4)
Wadsleyite 169.2° 422

Ringwoodite 188¢ 400(@4)  830°  128(6) 24(7)

0 (K) Yo q VP T q
Y= }’0( - ) 9)
768* 1.00 (2) 2.4(5) Ve,1,

814¢ 1.23(6) 1.5(11) ) )
where y, is the Griineisen parameter at the standard pressure P and tempera-

ture T,,. The thermal energy, E,, is given by:

Bridgmanite 256.7¢ 4.09 (4)  1030° 1.53 (3) 1.6 (4)

6
[saak et al. (1989). ®Mao et al. (2008). “Watanabe et al. (1982). 9converted 9nRT T £ d
from Kg given by Sinogeikin et al. (2003). “Tange et al. (2012). fAkaogi and (0/T)3 0 <

Ito (1993).

EaV,T) = 10)

ef —1

where 6 is the Debye temperature at the volume V, n is the number of atoms
per formula unit, and R is the gas constant. The Debye temperature at the
volume V is expressed as:

0 =6y exp

[}’o —}’(V)] an
q

where 6, is the Debye temperature at the standard volume V.

With the fixed values of K, and 6, given by literature (Akaogi & Ito, 1993; Higo et al., 2006; Isaak et al., 1989;
Mao et al., 2008; Tange et al., 2012; Watanabe, 1982), the K/, 7,, and ¢ are fitted to minimize the sum of squared
differences of the pressures based on each mineral's EOS, Pmineral, from those based on the MgO pressure
marker using Tange et al. (2009) two EOS's, Py, . Namely, y* = (P Pye0)” is minimized.

mineral

The uncertainties of the fitting results of K/, 7,, and g are evaluated using the Bootstrap method as follows. First,
1,000 bootstrap data sets are produced by randomly choosing data points from the original data set with allowing
duplication. Then, uncertainties multiplied by the normally distributed random numbers are added to the indi-
vidual data points using Equation 5. The three parameters of K, y,,, and g are obtained by fitting the individual
bootstrap data sets to Equations 7-11. The averages and standard deviations of the three parameters are obtained
from the mean values and standard deviations of the 1,000 bootstrap data sets. Note that the Bootstrap method is
not adopted in modeling the phase relations because the number of the data points for the phase relations is too
small for the bootstrap method (3 pairs of olivine and wadsleyite compositions at each temperature).

The density at given pressure and temperature is evaluated from the ambient density divided by the relative
volumes given by Equations 7-10. The thermal expansivity is obtained from the differentiation of the relative
volumes with respect to the temperature.

It is assumed that the isochoric heat capacity, C,, of olivine is independent of the pressure because of the high
temperatures. Therefore, the isobaric heat capacity at high pressure, Cp, can be obtained using the isobaric heat
capacity of olivine at ambient pressure, C,° as:

C,O: _1+aT o

1+ a()}’()T N 1+ a())/()T

Cr=I+ayT)Cy =1 +ayT) 12)

where a and « are the temperature-dependent thermal expansivities of olivine at high and ambient pressures,
respectively. The isobaric heat capacity of olivine at ambient pressure is taken from Saxena et al. (1993), which
was also adopted in Katsura et al. (2010).

The isobaric heat capacities of wadsleyite, ringwoodite, and bridgmanite are obtained by multiplying the Debye
heat capacity by 1 + ayT.

2.3. Evaluation of Adiabatic Temperature Profile in the Earth's Mantle

The adiabatic temperature gradient to the depth (z) in the mantle is written as:

(), = (55), a3
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Table 3 where p_ and g are the density and gravity acceleration at a certain depth

Adiabatic Temperature Profile in the Earth's Mantle

of the Earth's mantle given by PREM (Dziewonski & Anderson, 1981).
Note that the p, in this equation is different from p_ in Equation 6. The

Depth (km) P (GPa) T (K) dT/dz (K/km) ‘ . ) ! )
former is the density of the Earth's mantle, which consists of Fe-bearing
o = e 2y L peridotite. On the other hand, the latter is that of the Fe-free endmem-
70 2.1 1657 (35) 0.53 bers of the major mantle minerals. Katsura et al. (2010) did not consider
90 2.8 1667 (35) 0.51 this difference and simply obtained the adiabatic temperature gradient to
100 3.1 1672 (36) 0.50 the depth using Equation 1, which is the major error source of Katsura
120 338 1682 (36) 0.48 et al. (2010).
140 4.4 1691 (36) 0.47 Using Equation 13, the temperatures at depths are obtained by 10-km incre-
160 5.1 1700 (36) 0.46 ments and decrements from the D410 depth to deeper and shallower depths,
180 53 1709 (37) 0.44 respectively. It is well-known that the latent heat associated with the phase
transition of olivine to wadsleyite, wadsleyite to ringwoodite, and ringwood-
200 6.4 1718 (37) 0.43 . . . . .
ite to bridgmanite + ferropericlase abruptly changes the temperature profile
220 71 1726 37) 042 (Ito & Katsura, 1989; Katsura et al., 2010). Following Katsura et al. (2010),
240 7.8 1735 (37) 041 the current study assumes the temperature change of +60, +43, and —34 K
260 8.5 1743 (38) 0.41 by these transitions. Since the D410 is taken as the depth where the olivine
280 9.2 1751 (38) 0.40 and wadsleyite have a volume ratio of 1:2 (Stixrude, 1997), the tempera-
300 99 1759 (38) 039 ture changes of +20 and —40 K are delivered above and below the D410, as
Katsura et al. (2010) did. The wadsleyite to ringwoodite and ringwoodite to
320 10.6 1766 (38) 0.38 . . . " .
bridgmanite + ferropericlase transitions are assumed to occur at fixed depths
340 112 1774 (38) 037 of 520 and 660 km, respectively.
360 11.9 1781 (39) 0.36
380 12.6 1788 (39) 0.36 . .
400 134 e ) 037 3. Results and Discussion
410 137 1799 (39) 036 3.1. Olivine-Wadsleyite Transition in (Mg,Fe),SiO,
410 13.7 1860 (38) 0.36 Table 1 presents the recalculated pressures and temperatures with the olivine
420 14.1 1863 (38) 0.36 and wadsleyite compositions from Katsura, Yamada, et al. (2004) experi-
440 14.9 1871 (38) 036 ments. Figure 1 shows the recalculated phase relations of the olivine-wad-
460 15.6 1878 (38) 036 sleyite transitions in (Mg,Fe),SiO,. The Nishihara et al. (2020) pressure
' ' correction of thermocouple EMF has increased from 1600 and 1900 K to
480 16.4 1885 (38) 0.35 . . . . .
1644 and 1962 K, respectively. This correction has accordingly increased
500 17.1 1892 (39) 035 the pressures by 0.22 and 0.32 GPa at these temperatures, respectively.
520 17.9 1899 (39) 0.35 The fitting yields K,Me~Fe = 0.517 + 0.036, Pygsios = 14.11 + 0.14 GPa,
520 17.9 1942 (39) 0.39 and Pp,go, = 3.6 = 1.1 GPa at 1962 K and K Me=Fe = 0.599 + 0.035,
540 187 1950 (39) 0.38 PMgZSiO4 =15.42 =+ 0.18 GPa, and PFeZSiO4 =4.6 =+ 1.1 GPa at 1962 K. Conse-
560 195 1957 (39) 038 quently, the Clapeyron slopes of the Mg and Fe endmember transitions are
' ' 4.1 £ 0.5 and 3.4 + 3.6 MPa/K, respectively. The uncertainties of Py,
580 20.3 1965 (39) 0.37 . . .
estimation (1.0 and 1.0 GPa) are 68 times larger than those of Py,,q;4 (0.13
600 210 1972 (39) 0.37 and 0.17 GPa). This is because Katsura, Yamada, et al. (2004) conducted the
620 21.8 1980 (40) 0.36 experiments with the bulk compositions around X, = 0.9. The estimated
640 22.6 1987 (40) 0.36 Pygasion and Prpgio, are anticorrelated, as expected (Figure S1 in Supporting
660 234 1994 (40) 0.37 Information S1).
660 234 1960 (40) 0.41 Yagi et al. (1987) determined the fayalite-ahrensite transition in Fe,SiO,
700 25.2 1976 (40) 0.40 using in situ X-ray diffraction with a multi-anvil press. Their data suggested
800 206 2015 (41) 0.39 Preysioss of 7.0 £ 0.1 and 6.2 + 0.1 GPa at 1644 and 1962 K, respectively,
900 341 2053 (42) 037 which are significantly higher than those estimated in the current study.
' ' Hence, the binary loop should have an old-crescent shape. However, these
1,000 38.6 2090 (43) 0.36 T
curvatures should be insignificant for the current study because the compo-
1,200 47.8 2158 (45) 0.33 sitional range of Katsura, Yamada, et al. (2004) already covers the mantle
1,400 SIS 2223 (47) 0.31 composition (X,,, = 0.89 (Green & Falloon, 1998; Figure 1).
1,600 66.9 2283 (48) 0.29
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Table 3
Continued

3.2. Temperature at the 410-km Discontinuity

The olivine-wadsleyite transition pressures in Hawaiian pyrolite, P,y Py

Depth (km)

P (GPa)

T (K) dT/dz (K/km)  are found to be 13.09 + 0.07 and 14.34 + 0.08 GPa at temperatures of 1644

1,800
2,000
2,200
2,400
2,600
2,800

76.8
86.9
97.3
108.0
119.0
130.4

2340 (50) 0.28 and 1962 K, respectively. The smaller uncertainties in Py vy p, than Pye,go4

2394 (52) 0.26 are because Katsura, Yamada, et al. (2004) conducted the experiments with

2445 (54) 0.25
2494 (56) 0.24
2541 (58) 0.23
2587 (60) 0.23

the bulk compositions around Xy, = 0.9 and not at X, = 1.0 or equivalently
because the Pyy,04 a0d Pryg0, are anticorrelated.

The temperature dependence of Py vy py 18 APy yq p,/dT = 3.9 £ 0.3 MPa/K.
This temperature dependence is significant because the temperature increase

by 100 K causes the olivine-wadsleyite transition pressure to increase by
9.8 + 0.7 km. In other words, 1-km variation of D410 depths should corre-
spond to a temperature variation of 10.2 + 0.7 K. Comparing P, v p, With
the pressures of the D410 depths suggests the temperature at D410 to be 1839 + 38 K. This temperature is iden-
tical to that estimated by Katsura et al. (2010), 1830 + 48 K within the errors. This agreement has been made by
the cancellation of the D410 depths, the used MgO equation of state, and the thermocouple correction. Katsura
et al. (2010) adopted 409 km as the D410 depth, whereas the current study uses 8 reported depths, whose average
depth is 413 + 4 km. This increase in depth has raised the temperature by 40 K. Katsura et al. (2010) used Matsui
et al. (2000) P-V-T relations of MgO in addition to Tange et al. (2009) EOS's. Matsui et al. (2000) data provided
80 and 40 K lower temperatures than Tange et al. (2009) Vinet- and Birch-Murnaghan EOSs. The thermocou-
ple correction raises not only temperatures but also pressures of the experimental data points. The ratio of the
pressure increase to the temperature increase is equal to the thermal pressure of MgO, which is 6.4 MPa/K at
around 13 GPa and 1900-1600 K based on Tange et al. (2009). On the other hand, the temperature dependence
of P, wq py is smaller, ie., 3.9 + 0.3 MPa/K. As a result, the required temperature for the olivine-wadsleyite
transition becomes 50 K lower by the thermocouple correction. Also, note that the uncertainty in the temperature
estimation is smaller in the current study than in Katsura et al. (2010). This smaller uncertainty is because Katsura
et al. (2010) did not consider the anticorrelation of Py, 225104 and Pp,gi04-

3.3. P-V-T Relations of Major Mantle Minerals

Tables S1-S4 in Supporting Information S1 show the recalculated P-V-T data of the four minerals. Table 2
presents the optimized values together with the assumed parameters. Figures S2-S5 in Supporting Informa-
tion S1 show the comparisons of pressures obtained using the Tange et al. (2009) MgO EOSs and the EOS of
each mineral in the current study.

The obtained K’ of the four minerals are identical within the uncertainties (Table 2). A higher-pressure mineral
has a larger y,,. This is reasonable because, according to the definition, y,, is the rate of the pressure increase to
the thermal energy increase at constant volume and ambient pressure. Since the thermal expansivity of minerals
vastly increases with decreasing pressure below their stability fields, the pressure increase rate caused by the
energy increase should be more significant at ambient pressure in higher-pressure minerals.

However, the relation between the stability field and ¢ among different minerals is unclear due to the significant
uncertainties. Although ringwoodite apparently has a larger ¢ than wadsleyite (2.4 + 0.7 and 1.5 + 1.1), this
difference is within the uncertainties. As expected, the y, and g are strongly correlated, especially for wads-
leyite and ringwoodite due to their narrow experimental pressure ranges (Figure S6 in Supporting Informa-
tion S1). Consequently, the uncertainty in ¢ has a relatively small effect on the estimations of density and thermal
expansivity.

3.4. Adiabatic Temperature Profile in the Earth's Mantle

Table 3 shows the adiabatic temperature profile in the mantle at depths from 50 to 2,800 km obtained in the
current study. Although the temperature profile in the real mantle should not be adiabatic in the lower-most
region due to the thermal boundary layer, the present profile is constructed by ignoring the presence of the ther-
mal boundary layer. Table S5 in Supporting Information S1 shows various thermoelastic parameters at depths
from 50 to 2,800 km with a 10-km step. Among the shown parameters in Table S5 in Supporting Information S1,
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the density, gravitational acceleration, and pressure are taken from PREM
(Dziewonski & Anderson, 1981). The other parameters are obtained through
the procedure described above. The thermal expansivity, adiabatic temper-
ature gradient, and adiabatic temperature profile are plotted in Figures 2—4.

As Katsura et al. (2010) argued, the thermal expansivity continuously
decreases with increasing depth due to the negative temperature depend-
ence when no phase transition occurs, whereas the phase transitions increase
the thermal expansivity (Figure 2). In the olivine stability field, the thermal
expansivity decreases from (4.1 + 0.2) X 107 to (2.4 + 0.1) x 10715 K~!
down to 410-km depth. In the wadsleyite and ringwoodite stability fields,

Figure 2. Thermal expansivity in the mantle. Red: The current study and
violet: Katsura et al. (2010). The solid and dashed curves show the most
probable and 68% confidence intervals, respectively.

0.7

4 o o4 o
w ES wn o

Adiabatic temperature gradient (K/km)

o
[N}

Figure 3. Adiabatic temperature gradients in the mantle. Red: The current
study; violet: Katsura et al. (2010); blue: MgSiO, bridgmanite lower mantle by
Wolf et al. (2015); green: Mg, .,Fe, 5510, bridgmanite lower mantle by Wolf
et al. (2015). The solid and dashed curves show the most probable and 68%
confidence intervals, respectively.

500

1000

1500 2000 2500 3000
Depth (km)

it decreases from (2.4 + 0.1)x107" to (2.2 + 0.5) x 107" and from
(2.5 + 0.1) x 1075 to (2.2 + 0.5) x 10715 K, respectively, at 410-520
and 520-660 km depths. In the bridgmanite stability field, it decreases from
(2.7+0.5)x 1075 to (1.1 £ 0.1) x 10~ K~! to 2800-km depth. These values
are about 10% smaller than those of Katsura et al. (2010). Since the data
sources are very similar between the current study and Katsura et al. (2010),
could have miscalculated the thermal expansivity.

Since the other parameters for the adiabatic temperature gradient given by

Equation 13 other than the thermal expansivity do not vary significantly,
the adiabatic temperature gradient varies similarly to the thermal expansivity (Figures 2 and 3). The adiabatic
temperature gradient continuously decreases with depth without a phase transition, whereas it increases when
a phase transition occurs. In the olivine stability field, the adiabatic gradient decreases from (0.54 + 0.03) to
(0.36 + 0.02) K km~" down to 410-km depth. In the wadsleyite and ringwoodite stability fields, it decreases from
0.36 + 0.02-0.35 + 0.01 and from 0.39 + 0.02-0.37 + 0.01 K km~!, respectively, at 410-520 and 520-660 km
depths. In the bridgmanite stability field, it decreases from 0.41 + 0.01-0.23 + 0.02 K km~' to 2800-km depth.
As expected, the current adiabatic gradient is smaller than Katsura et al. (2010), similar to the thermal expan-
sivity. On the other hand, the adiabatic gradient in the lower mantle from the current study agrees very well to
those estimated by Wolf et al. (2015), which has gradients of 0.35-0.39 K/km at the top of the lower mantle and
decrease to 0.25-0.27 K/km at 2,300-km depth. Turcotte and Schubert (2014) suggested an adiabatic temperature
gradient of 0.3 K km~! in the mantle. This value may be a good approximation in the regions from the bottom of
the upper mantle to the mid-mantle, but it may be underestimated for the uppermost mantle and overestimated for
the deeper regions of the lower mantle.

According to the above argument, the temperatures are 1799 + 39 and
1860 + 38 K, respectively, just above and below the D410, 1899 + 39
and 1942 + 39 K, respectively, just above and below 520-km depth, and

410

| 520 |
660

W15 Fel3

1994 + 40 and 1960 + 40 K, respectively, just above and below 660-km depth
(Table 2 and Figure 4). The temperature at 50-km depth is 1646 + 35 K,
whereas that at 2800-km depth is 2587 + 60 K. An extrapolation of the
temperature at 50-km depth to the surface using the temperature gradient
at 50-km depth (0.54 K km™') yields the mantle potential temperature of
1619 K (1350°C). The upper mantle temperatures essentially have no change
from Katsura et al. (2010). On the other hand, the lower mantle tempera-
tures are becoming lower with depth compared to Katsura et al. (2010). The
2800-km depth temperature in the current study is about 80 K lower than
that of Katsura et al. (2010). The reason for this discrepancy is that Katsura

500

1000

Depth (km)

| This study | Tl et al. (2010) miscalculated the thermal expansion coefficients of bridgman-
1500 2000 2500 3000 ite at shallower depths (Figure 2), leading to overestimation of the adiaba-
tic temperature gradient in the lower mantle. Wolf et al. (2015) reported an

adiabatic temperature profile in the lower mantle down to 2400-km depth.
He suggested a temperature of 2390 K at 2400-km depth, which is 100 K
lower than the current study (2490 K). This is because Wolf et al. (2015)
arbitrarily assumed the temperature at 670-km depth of 1873 K, which is ca.
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2700 90 K higher than the present estimation (1960 K) (Figure 4). Brown and
Shankland (1981) estimated the adiabatic temperature profile and reported
2300 140 K lower temperature at 2070 km depth (2410 K) than the current study
< (Figure 4), which is also caused by the assumption of 1873 K at the top of the
g 2300 lower mantle in Brown and Shankland (1981).
:;én 2100 Sarafian et al. (2017) determined the solidus temperature of mantle perid-
E otite with 140 wt. ppm of H,O at a pressure of 1.5 GPa, corresponding to
§ 4200 50 km depth. Their solidus temperature was 1590 + 10 K, which is slightly
lower than that of the present profile, 1646 + 35 K. The peridotite melting
1700 may start at slightly deeper regions than 50-km depth, and the melt finally
1500 may separate from the source rocks at around 50 km depth beneath mid-oce-
0 1500 2000 2500 3000 anic ridges.
Depth (km)
Figure 4. Adiabatic temperature profiles in the mantle. Red: The current 3.5. Uncertainties Due to Possible Compositional Effects

study; violet: Katsura et al. (2010); blue: MgSiO, bridgmanite lower mantle by
Wolf et al. (2015); green: Mg, ¢,Fe,, ;Si0, bridgmanite lower mantle by Wolf

Finally, we argue the chemistry effects on estimating the temperature profile,

et al. (2015); gray: Brown and Shankland (1981). The solid and dashed curves first the uniformity of constituting rocks, and second the H,O incorporation.

show the most probably and 68% confidence intervals, respectively.

2700

Xu et al. (2008) examined a possibility that the mantle comprises a mechan-
ical mixture of harzburgite and basalt (MM) rather than an equilibrium
assemblage of pyrolitic composition (EA). If the Hawaiian pyrolite (Green &
Falloon, 1998) and dunite/harzburgite (Afonso et al., 2008) represent pyrolite and harzburgite compositions, their
Xy, are 0.89 and 0.93, respectively. Since the olivine-wadsleyite transition should not occur in the basaltic part
but only in the harzburgite part in the MM mantle, the harzburgite composition controls the transition pressure
with temperature. Due to the higher Xy, , the olivine-wadsleyite transition pressures in harzburgite (P, y, ,) are
higher than those in Hawaiian pyrolite: 13.47 and 14.72 GPa at 1644 and 1962 K, respectively. As a result, the
D410 occurs at 10 km deeper depths at the same temperature. Consequently, the estimated D410 temperature is
decreased by 100 K. The temperature profile with this D410 temperature is presented in Table S6 in Support-
ing Information S1 and depicted in Figure 5. In this profile, the temperature at a 50-km depth is 1559 + 35 K.
This temperature is slightly lower than the temperature required for the MORB magmatism given by Sarafian
et al. (2017) (1590 + 10 K), although the difference is still within the errors.

Pearson et al. (2014) discovered a diamond inclusion of ringwoodite with 1.4 wt% of H,O. Therefore, the
mantle transition is at least locally wet. Here, we examine the effect of 1.4 wt% H,O incorporation on the
temperature profile. Chen et al. (2002) demonstrated that the binary loop of the olivine-wadsleyite loop shifts
toward lower pressure. Hence, the H,O incorporation should raise the D410,
and the estimated temperature at the D410 should become higher. Inoue

2500

2300

2100

1900

Adiabatic geotherm (K)

1700

1500

et al. (2010) studied the effect of 1 wt% bulk H,O on the olivine-wadsleyite
transition pressures at a temperature of 1673 K. Their diagram implies that
the 1 wt% H,O incorporation lowers the transition pressure by 0.2 GPa at
Xy, = 0.9. Hence, 1.4 wt% of H,O raises the D410 by 7 km (0.3 GPa),
increasing the estimated temperature by 70 K. Inoue et al. (2004) measured
the thermal expansivity of hydrous wadsleyite and ringwoodite with 2.4 and
2.6 wt% of H,O at temperatures of 290-620 K and compared them with their
dry counterparts. Their results implied that a 1.4% of H,O incorporation
should decrease the thermal expansivity of wadsleyite and ringwoodite from
3.4 x 10715 t0 3.2 X 1071 K and from 3.1 X 1071 to 2.9 x 10~ K. From
these evaluations, we calculate an adiabatic temperature profile as presented

in Table S7 in Supporting Information S1 and depicted in Figure 5. Since the

Figure 5. Adiabatic temperature profiles of dry pyrolite (red),

1500 2000 2500 3000
Depth (km)

solidus of H,O-saturated mantle peridotite is located at 1300 K at pressures
of 5-11 GPa (Kawamoto and Holloway, 1997), however, this temperature
profile is too high for the mantle to be solid. Hence, it is concluded that the

harzburgite + basalt mixture (dark red), and wet pyrolite (cyan). mantle is globally dry.
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