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High mantle Urey ratio?

• Deschamps et al. 2010, Nu–Ra scaling based on 3-D spherical shell numerical 
simulations of convection: “Applied to the Earth’s mantle, the mixed heating 
scaling predicts a Urey ratio between 0.4 and 0.6, depending on the Rayleigh 
number.” (between 23 and 31 TW radiogenic power in BSE) 

• Nakagawa & Tackley 2012: “The Urey ratio that is calculated purely from 
convective heat flow is always higher than 0.5 [19 TW in BSE]. When magmatic 
heat flow is included, the Urey ratio is slightly lower at the present day”  

• Lenardic et al. 2011: Including continents is important. Results from numerical 
models relax the tension between classical convection models and lower Urey 
ratio estimated from geochemical models.

surface heat loss
radiogenic power

Urey ratio = 20 TW radiogenic power in BSE  ↔  Mantle Ur ~ 0.3

http://dx.doi.org/10.1111/j.1365-246X.2010.04637.x
http://dx.doi.org/10.1016/j.epsl.2012.02.011
http://dx.doi.org/10.1016/j.pepi.2011.06.008


7.06.6.1 The Present-Day Mantle Geotherm

The potential temperature of shallow oceanic mantle may be
calculated from the composition of MORBs which have not
been affected by fractional crystallization, and also from heat
flux and bathymetry data, as explained earlier. Such indepen-
dent determinations are summarized in Table 4 and are in very
good agreement with one another. For temperatures at greater
depth, one may use seismic discontinuities and the associated
solid-state phase changes. This classical method requires spec-
ification of the mantle composition, which is usually taken to
be pyrolite (Ringwood, 1962). Well-defined discontinuities at
depths of 410 and 660 km have been linked to the olivine–
wadsleyite transition and to the dissociation of spinel to
ferropericlase and magnesiowüstite, the so-called postspinel
transition. Other seismic discontinuities have been identified,
notably at a depth of about 500 km (Table 13). Some of these
are not detected everywhere and seem to have a regional char-
acter, and interpretation is still tentative to some extent.
Recently, a new phase change relevant to the lowermost mantle
has been discovered, from perovskite (Pv) to postperovskite

(pPv) (Murakami et al., 2004; Oganov and Ono, 2004; see also
Chapter 2.08 by Oganov and Chapter 2.05 by Yuen et al.).

The olivine–wadsleyite phase change has a large Clapeyron
slope in a 3–4 MPa K!1 range and hence provides an accurate
temperature estimate (Katsura et al., 2004). Errors on temper-
ature arise from the experimental data and from small differ-
ences in the depth of the seismic discontinuity. In addition, in
a multicomponent material such as the mantle, there exists a
transition region whose thickness depends on composition
(Stixrude, 1997). Accounting for these effects, the temperature
estimate at 410 km is 1760"45 K for a pyrolytic upper mantle.
Isentropic profiles that pass through these (P, T ) values
(Figure 13) correspond to potential temperatures in the
range 1550–1650 K (Katsura et al., 2004), in very good agree-
ment with the independent estimates from the composition of
MORBs and heat flux data (Table 4).

Laboratory studies have cast doubt on the postspinel tran-
sition pressure (Irifune and Isshiki, 1998; Katsura et al., 2003).
Furthermore, this transition may have a very small Clapeyron
slope (as small as !0.4 MPa K!1 according to Katsura et al.
(2003)), implying that small uncertainties on pressure lead to
large errors on the transition temperature. For these reasons,
one should treat temperature estimates for this transition with
caution. Nevertheless, the uncertainty often quoted for this
value is similar to that for the 410 km discontinuity, and the
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lithosphere 8 TW 

Secular cooling 
mantle 16 TW     

Total energy loss 46 ± 3 TW

(9−17T W)

(5−17 TW)

(1−29 TW)

(7−8 TW)

Figure 12 Proposed breakdown of the present energy budget of the
Earth. With continental lithosphere, mantle heat production, and core
heat loss constrained, the mantle cooling rate is adjusted to fit the total
energy loss.

Table 13 Anchor points for the mantle geotherm

Boundary Depth (km) Temperature (K) Reference

MORB generation 50 1590–1750 a Kinzler and Grove (1992)
Olivine–wadsleyite 410 1760"45 Katsura et al. (2004)
Postspinel 660 1870"50 Katsura et al. (2003, 2004)
Core–mantle 2900 4080"130 Alfé et al. (2002) and Labrosse (2003), this paper

aTrue range of temperatures in the shallow mantle.
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Figure 13 Isentropic temperature profiles in the mantle for different
values of the Anderson–Grüneisen parameter, as labeled. Reproduced
from Katsura T, et al. (2004) Olivine–Wadsleyite transition in the system
(Mg,Fe)SiO4. Journal of Geophysical Research 109: B02209.
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Earth energy budget

Jaupart et al. 2015 in Treatise on Geophysics

Surface heat flux

CMB heat flux

 Mantle secular cooling 
Radiogenic heat production

Core cooling

Inner core growth

http://dx.doi.org/10.1016/B978-0-444-53802-4.00126-3


Atmosphere  
40Ar from degassing of Earth 
39Ar produced cosmogenically: 40Ar(n,2n)39Ar 
40Ar/36Ar = 295 
39Ar/40Ar = 8×10-16

Underground 
40Ar produced by electron capture on 40K

Argon
40Ar … radiogenic, stable  
36Ar … primordial, stable 
39Ar … radioactive, t1/2 = 269 y



Dark matter WIMP search and underground argon

• DarkSide-50 experiment (darkside.lngs.infn.it) 

• Dark matter detectors looking for Weakly Interacting Massive Particles 
(WIMPs) require low radioactivity argon 

• Atmospheric level (39Ar/40Ar = 8×10-16) is too high (~1 decay per sec per kg) 

• Gas from deep CO2 wells shows lower level of 39Ar,  
e.g., Doe Canyon near Cortez Colorado 

• Xu et al. 2015: 39Ar activity a factor of 150 below atmospheric 
• Agnes et al. (DarkSide) 2016: 39Ar activity a factor of 1400 below atmospheric 

• Cosmogenic production attenuated with depth in the Earth.  
At depths > 700 m, nucleogenic production of 39Ar dominates.

http://darkside.lngs.infn.it
http://dx.doi.org/10.1016/j.astropartphys.2015.01.002
http://dx.doi.org/10.1103/PhysRevD.93.081101
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Stopping power
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O.Š., Stevens, McDonough, Mukhopadhyay, Peterson, submitted
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Probability of neutron production
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Calculated production rates

Table 6: Summary of production rates of 4He, neutrons, 21Ne, and 39Ar in number of atoms or neutrons per year per kilogram of
rock. Compositional estimates are described in Table 1.

Composition 4He neutrons 21Ne 39Ar
Upper Continental Crust 1.64 ⇥ 1010 10680 753 28.7
Middle Continental Crust 8.98 ⇥ 109 6114 416 13.9
Lower Continental Crust 1.53 ⇥ 109 1129 70.2 0.749
Bulk Oceanic Crust 3.79 ⇥ 108 260 15.8 0.0235
Depleted Upper Mantle 2.51 ⇥ 107 22.4 1.06 0.000257

Table 7: Coe�cients for evaluation of neutron production (columns 3–5) and 39Ar production (columns 6–8) for arbitrary compo-
sition. Second column and third row indicate the elements whose abundances (A as weight fractions) cross-multiply a particular
coe�cient. Neutron production coe�cients in units of “neutrons per year per kg-rock per wt-frac-target-elem per wt-frac-chain-
parent-elem”. Argon-39 production coe�cients in units of “39Ar atoms per year per kg-rock per wt-frac-target-elem per wt-frac-
chain-parent-elem per K-wt-frac”. See section 6.3 for examples.

Neutron production 39Ar production
Chain 232Th 235U 238U 232Th 235U 238U

(↵, n) target A Th U U Th U U
27Al Al 2.65e+9 3.31e+8 5.03e+9 2.59e+8 2.36e+7 3.92e+8
23Na Na 6.07e+9 8.02e+8 1.23e+10 5.04e+8 4.46e+7 8.02e+8
29Si Si 1.95e+8 2.53e+7 3.91e+8 3.19e+7 4.05e+6 6.46e+7
30Si Si 1.68e+8 2.05e+7 3.17e+8 1.37e+7 1.35e+6 2.51e+7
18O O 8.77e+7 1.33e+7 2.27e+8 1.97e+7 2.89e+6 4.68e+7

26Mg Mg 1.72e+9 2.41e+8 3.72e+9 3.92e+8 5.43e+7 8.13e+8
25Mg Mg 1.01e+9 1.44e+8 2.22e+9 2.75e+8 4.04e+7 6.33e+8

19F F 1.60e+10 2.34e+9 3.75e+10 1.78e+9 2.06e+8 3.17e+9
17O O 9.50e+6 1.43e+6 2.47e+7 2.34e+6 3.39e+5 5.70e+6
56Fe Fe 1.28e+8 3.35e+6 9.55e+7 6.81e+6 2.53e+4 1.62e+6
41K K 1.10e+8 8.92e+6 1.64e+8 1.06e+7 4.72e+5 1.22e+7
48Ti Ti 4.35e+8 2.20e+7 5.00e+8 5.88e+7 2.29e+6 5.89e+7
13C C 3.61e+8 5.48e+7 9.96e+8 1.31e+8 2.10e+7 4.02e+8

44Ca Ca 2.98e+7 2.22e+6 4.29e+7 3.96e+6 2.13e+5 4.80e+6
SF 1 3.01e+3 2.37e+3 4.44e+8 2.88e+2 3.09e+2 4.73e+7

20

Neutron energy spectra are input into MCNP6 simulation 
to calculate 39Ar yields from 39K(n,p)39Ar



DarkSide-50 measurement

Atmosphere

Accumulation of 40Ar over time 
from initially degassed rock

39
Ar

/40
Ar

Age in Myr

Predicting 39Ar/40Ar produced underground

No rock composition explains the measurement…

Source rock has even lower K, Th, U? 
Initially degassed rock assumption no good? 
Accumulation of gas in isolated reservoir in the crust?



Message from the mantle? Or story of the crust?

Source rock has even lower K, Th, U? 
Initially degassed rock assumption no good? 
Accumulation of gas in isolated reservoir in the crust?



Geoneutrinos

v

v

v

v

v

U and Th decays produce 
detectable antineutrinos

Predicting geoneutrino flux from geological models

ρ … material density [kg/m3] 
A … abundance of Th, U [g/g]

Geoneutrino flux proportional 
to U, Th concentration

Scales as 1/distance2 from source



OŠ, Roskovec, Wipperfurth, Xi, McDonough, submitted
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Geoneutrino measurements: current status

Prediction from geology: 
Lithospheric geoneutrino flux

Measurement by physics: 
Total geoneutrino flux 
(lithosphere + mantle)

Mantle geoneutrino flux 6.0 ± 7.2 TNU 17 ± 11 TW 
in BSE



Geoneutrino detecting experiments by 2025(?)



OŠ, Roskovec, Wipperfurth, Xi, McDonough, submitted
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Geoneutrino measurements by 2015 (?)

Prediction from geology: 
Lithospheric geoneutrino flux

Simulated 
measurement by physics: 
Total geoneutrino flux 
(lithosphere + mantle)

20 ± 4 TW
10 ± 4 TW



O.Š., McDonough, Kite, Lekić, Dye, Zhong, EPSL 2013
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LLSVPs

Assume these piles represent an enriched reservoir. 

Interrogate mantle structure?

δlnVs < 0

Detectable?



Longitude = 161 W
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Mantle contribution to total geonu signal

Continental locations: not more than ~25% of 
geonu signal coming from mantle

Get away from continents 
and away from reactors

Hanohano (proposed)

O.Š., McDonough, Kite, Lekić, Dye, Zhong, EPSL 2013
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