
Mantle Values of Thermal 
I11 addition to transport by conduction, a 

hot material produces blackbody radiation, 
which travels as an electromagnetic wave. 

Conductivity and the Geotherm Heat is diffused if the light einitted by one 
pa~ticle is partially scattered or partially ab- 
sorbed by high-frequency transitions in 

from Phonon Lifetimes neighboring particles: 

A. M. Hofmeister 

A model for thermal conductivity K, based on phonon lifetimes obtained from 
infrared reflectivity, replicates experimental data at ambient conditions. The u 

pressure and absolute temperature dependences of transport properties are where h(w,T) = zcr is the mean free path and 
accurately obtained from the Crijneisen parameter y,,, bulk modulus KT, and 
thermal expansivity a: The lattice contribution K,,~ equals ~,,,(298/T)" 
exp[-(4yTh - 113) J~,,a(B)dO] with a = 0.33 for silicates (or 0.9 for MgO), and 
i)[ln(~,,,)]/dP = (113 + 4yT,)/KT. The smaller, pressure-independent radiative 
contribution K,,~ equals 0.0175 - 0.0001037T + (2.245T2/107) - (3.407T3/ 
lo1'), in units of watts per meter-kelvin, if Fe2- is present. The resulting 
lithospheric geotherm is steep. Consequently, the mantle geotherm is hot if the 
low-velocity zone is anhydrous, but cold if hydrated. 

I is the intensity of the blackbody radiation 
(20, 21). Local equilibrium and optically 
thick conditions are assumed. Because this 
process occurs simultaneously with collisions 
of lattice phonons, the total conductivity K of 
Eq. 1 is the sum of K,~ ,  and K ~ ~ ~ .  A laser 
heating technique has been used to measure 
K ~ , ~  for a few minerals (18, 19). Other deter- 
minations involve calculations from spectro- 

An understanding of planetai-y heat transport the insulator. input of heat excites vibrations scopic measurements (20, 21). Previously, 
requires knowledge of thermal conductivity of the nearby atoms. Because atoms are con- lih was approxiinated by the absorption co- 
(K) and thermal diffilsivity [D = ~l(pC,), nected by chemical bonds. the vibrational efficient -4 (20-23). Typically, unifolm ex- 
where p is density and C,  is heat capacity at 
constant pressure] as functions of pressure 
(P) and absolute teinperature (T). Conduction 
for steady-state flow along the Z direction in 
an isotropic medium is described by Fourier's 
law: 

where Q is the heat flux (1). 

energy is dissipated through excitation of vi- 
brations of adjacent atoms. A more realistic 
model accounts for quantization of these lat- 
tice vibrations. called phonons. Heat is thus 
transfened through phonons colliding with 
each other and possibly with defects or grain 
boundaries. Because raising pressure (or low- 
ering temperature) raises vibrational frequen- 
cies and densification increases the chances 

tinction is fu~-ther assuined and A is an aver- 
age over visible or near-infrared (IR) regions, 
or both (2, 22). Shankland et al. (23) included 
the wavelength dependence of A obtained from 
visible and near-IR spectsa of olivine in Eq. 3. 
Their resulting K,,, steeply increases fro111 1.2 
W/(mK) at 1000 I< to 1.9 Mr:(~rrK) at 1500 K 
for (001) of olivine Fo,, (Fig. 1). These values 
ase inconsiste~lt with the measured total con- 

For hard solids, conventional measure- of collision, K increases as P increases (or as ductivity of 3.1 to 3.3 Wi(iwK) under the same 
ments of K-that is, those involving physical T decreases). If the energy is transfemed ran- conditions (4) or with polyc~ystalli~le K [~41ich 
contact-are problematic even at ambient domly in local equilibriu~n [for example, remains near 2.8 W/(irrI<) (24)] in that K,,, is 
conditions. and experimental discrepancies (10)]; then the contribution of phonon scat- expected to vary as l iT (10). implying that the 
co~nmo~lly exceed 20% (2). Measurements at tering to thermal conductivity is derived by change in K,,~ over this range would increase 
high Tare complicated by fi~gacity problenls analogy to the kinetic theoi-y of gases (11): by 30% rather than by 60%. High values were 
and radiative effects. For example, at 1200 K calculated for K,,~ from measured absorbance 
for (001) faces of olivi~le (with 90% Mg) 1 3!J (23) because using h = A - 1 accounts only for 
ci-ystals, K ranges from 3.0 to 5.6 Wi(m.IC) (3, KlaI = - 3 2 2 C ,  ~ l t ~ ~  (2) direct transitions at the center of the Brillouin 
4). Problems are coinpounded during com- ,=, ,=I zone and neglects most interactions of light 
pression because deformation produces un- where cJJ = a; exp(a,,)/[l - exp(xV)l2 is the wit11 phonons, that is; those scattering events 
ce~tainties in the geometrical parameters used Einstein heat capacity per volume of the it11 involving a reciprocal lattice vector. 
to solve Eq. 1 and cracking reduces thermal vibrational mode, .xi/ = Izwi(qJ):KT, h is Here, 1 develop a model for K~~~ at ambient 
contact (2, 5). Discrepancies among pres- Planck's constant, lc is Boltzman~l's constant, conditions on the basis of parameters ob- 
sure derivatives attain 1000%. A new tech- ~c~ = dw,:dq, is the group velocity, qJ is the tained from reflectance spectra. The calcula- 
nique, picosecond transient grating spec- wave vector, w, is the mode frequency, T, is tions are sho\vn to be in excellent agreement 
troscopy (PTGS), circu~nvents these prob- the mean free lifetiine between scattering with experimental data on inantle minerals. 
lems and provides D up to - 10 GPa (6 -8 ) .  events, i = l p  to 3p suins the nonnal  nodes General relations deduced for the temperature 
However, few samples have been exam- of a ciystal withp atoms, and j = 1 to 3 sums and pressure dependences of K~~~ are shov,~n to 
ined, such measurements at elevated tern- the three oitl~ogonal directions (12). agree with experimental results for salts. sil- 
perature are under development ( 9 ) ,  and 
sample size requirements limit pressures to 
-40 GPa (6-8). Thus a theory, as I present 
here, is needed to extrapolate scant existing 
data to mantle conditions. 

Heat transport can be related to micro- 
scopic behavior. In a semi-classical picture of 
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All previous calculations used only acous- 
tic modes in Eq. 2, and moreover estimated T, 

(for example. 2, 6-8, 13-15). Such models 
are of limited utility. For example; the use of 
an Einstein model for the acoustic  nodes 
underestimated K~~~ at ambient conditions for 
seven different solid solutions by 28 to 57% 
(16), whereas the measured pressure depen- 
dence of D for olivine (7) is larger than that 
predicted (17) by 50 to 100%; depending on 
the particular assuinption used for T!. 

icates, and oxides. A similar model is pre- 
sented for K , , ~  The results are then used to 
set limits on the lithosphere and mantle geo- 
therms and conductivity. 

Theory 
Ainbieilt conclitions. Lifetimes are inlplicit in 
reflectance spectra, as derived froin classical 
dispersion analysis. In this model, IR reflectiv- 
ity is calculated assuming a collection of 
damped harmonic oscillators with frequency w,, 
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darnping coefficient T,. and oscillator strength,[ 
(25). The phonon lifetime nearly equals liT, 
(26): in many cases, this is exact (27). Some- 
times r, is even referred to as the relaxation 
frequency (21). For T,:o, << 1; as is usually 
the case, r, is the full width at half-maximuin 
(FLVHM) of the peak in E,; the imaginary past 
of the dielectric function (27). Insignificantly 
different values of T, are obtained from Kram- 
ers-JCsonig analyses of reflecta~lce (28, 29). 

For fiequency regions with no phonons, the 
dielechic fulction is real, and 11, = w,iq, = 

cin(w,), that is, the group velocity equals the 
phase velocity (26); where n is the index of 
refraction and c is the speed of light. Such high 
velocity does not exist at frequencies where IR 
light is absorbed; instead, 11, approaches zero. as 
can be seen in inelastic neutson scatteiing [INS) - 
measulements (30) and in theoret~cal dispersion 
cun es [see (10, 26)] both at the centei of the 
Blillouln zone (ql = 0) Ideally, INS data could 
be used to obtain the aveiage slope over the fust 
Bl~llouin zone Fol cubic syminehy, 

where nr is a lattice constant. However, INS 
data for'solids of geophysical interest are rare 
and generally inconlplete (31). Therefore. I ap- 
proximate the frequency shift over the Brillouiil 
zone l o  (the dispersion) by averaging the dif- 
feieilce between the tsansverse optic (TO) fre- 
quency of the ~ t h   node and its longitudinal 
optic (LO) frequency with the difference be- 

h e e n  t h ~ s  same TO frequency and the LO 
fiequency of the adjacent jth mode [Fol Tl w, 
<< 1, w, is the TO, fiequency and the LOl 
fsequency IS a fu~lction of o,, T,, and f, (27) ] 
This approximation is derived by inspection of 
experimental and theoretical dispersion cumes. 
Most minerals have a large number of modes, 
giving low dispersion, and thus this approxirna- 
tion adds little uncertainty (probably a few per- 
cent). In effect, the surnrnation of Eq. 2 smooths 
the data. 

If Eq. 2 is to be applied at ambient con- 
ditions, the IR modes must be assumed to 
represent all optic modes of the crystal. This 
approxiination for the density of states was 
used by ICieffer (32) in C, calculations. 
which are accurate within a few percent near 
298 K. For mantle minerals (which typically 
have a large number of modes). the distribu- 
tions of Raman and IR frequencies compare 
closely, and symmetiy analysis suggests sim- 
ilar behavior for inactive modes (33). 

The three acoustic inodes are enumerated 
separately. Their group velocities equal the 
speeds of the one compression (longitudinal) 
and two shear (transverse) waves, 11, and 11, 

(32). FWHM values from sideband spectra 
(34) can be used to approximate the lifetimes. 

Thus. calculation of K , ~ ,  at ambient con- 
ditions lequnes knowledge of density (12). 
the TO, = o ,  and LO, frequencies and T, 
from IR reflectance spectra, acoustic veloci- 
ties. acoustic peak v,zidths, lattice constants. 
and molecular weight. Computation of D re- 

Fig. 1. Thermal conductivity versus Temperature (K) 
temperature. (A) Mostly oxides; (B) 
mantle silicates (note the difference A 400 800 1200 1600 2000 
in y-axis scales). Data from conven- 1 :  ' ? I I I 

tional measurements (3): A, MgO; @, 
AI,O,; 0, spinel; 7, olivine. Data from 
laser heating (18): small dots with 
error bars, A120,; I, Fo; 9, enstatite 
having -0.19 Fe/(Mg + Fe). Shaded 
circle at left in (A), room-temperature 
K for corundum (51); m, Pv K calcu- 
lated using D from 100 t o  400 K from 
(61), C,(T) from (63), and V(T) from 
(62). Dot-dash line, previous radiative 
contribution for olivine (23). Dot-dot- 
dash-dash line, radiative contribution 
calculated for Fo from overtone life- 
times. Medium-dashed line, radiative 
contribution calculated for olivine 
from overtone and Fe2- lifetimes. 
Dotted line, Fo fit t o  lattice contribu- 
t ion only. Long-dashed line, olivine f i t  
to  radiative contribution (including Fe 
effects). All other lines are lattice con- 
tribution plus radiative contribution 
from overtones fit t o  the various min- 
erals by varying a values, as labeled. 
For corundum, ~ ( 2 9 8 )  was fitted t o  30 
W/(m.K) to  match the high-T mea- 

quires heat capacity, vvhich can also be cal- 
culated froin IR spectra (32). 

suremeits, instead of using-data from 1 
(57). Heavy solid line, y phase; ~ ( 2 9 8 )  
was calculated from IR reflectivity 

The radiative contvib~ltioil aizri its tei7zpei.- 
a twe dependence. It is iininaterial whether 

* -  - Shankland/. 0' / lattice only K - 
eta / .  ,- r?.d, - =-- - 

transitions involve electronic or vibrational 
excitations; both can be described as damped 
har~nonic oscillators (21, 26, 27). Thus; X = 

117 = zldr; where r is also obtained froin 
FWHM from the dielectric function at appro- 
priately high frequencies. Bands in the near- 
IR to visible are relatively weak: for this case. 
the group velocity 11 is approximated as its 
maximuin value of C:M. Scattering is neglect- 
ed because it is minor compared to absorption 
(20, 23). Because reflectivity at appropriate 
frequencies is lacking for mantle minerals, T, 
is approximated from absorbance widths. If T 
is roughly the same for all peaks and inde- 

0- -Y (54), and a was assumed t o  equal that 
I 

of the silicates and spinel. 400 800 1200 1600 2000 
Temperature (K) 

pendent of temperature. then Eq. 3 reduces to 
Clark's (20) result. slightly modified, 

\?,here o is the Stefan-Boltzinai~n constant 
and b is a fitting parameter. If varies with 
w, then Eq. 3 can be evaluated as a sum of 
integrals over different frequency regions 
using tabular data [for example, (20)l. For 
this case. the result can be fit to a polyno- 
mial series: 

Effect of pi.esstrve nizd teitzpei.ntlri.e on 
the lattice coi~tribtrtion, The pressure and 
temperature dependence of K~~~ is contained 
in the frequencies and damping coefficients 
of the modes, as these are largely depen- 
dent on the volume I f .  To obtain a useful 
parameterization of K,,~(P;T), I recast Eq. 2 
in terms of ol, r l ;  and volume. For the 
following derivation, the two assumptions 
made above to calculate K,,, at ambient 
conditions are not needed. Specifically, the 
sum is now taken over all vibrational 
modes (not just IR and acoustic) and an 
exact form is now used for the dispersion 
relations. The following relatio~ls pertain: 
(i) The sound speeds are proportional to the 
acoustic frequencies multiplied by a lattice 
constant (32). (ii) The group velocity of the 
optic modes is also proportional to the fre- 
quency times the lattice constant (26); the 
specific relation derived from complex 
variables is immaterial. (iii) The pressure 
derivative of the factor exp(x{)/[l - 

exp(sr)12 is small (that is, the numerator and 
denominator roughly cancel) relative to 
those of the other terms and can thus be 
ignored. (iv) rl is independent of pressure, 
as indicated by the constant LO-TO split- 
ting in alkali halides (35). (v) For T > 298 
K, the factor exp( ,~~) / [ l  - exp(.ut)12 = T2 
and thus cancels the 1..'T2 from the prefac- 
tor (s:) of e,,. Thus, density times Eq. 2 [see 
(12)l reduces to 
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To obtain derivatives, I assumed that the mode 
Grillleisen parameters y, = (wllKT)iiw,ldP 
(where K, is the bulk modulus) are similar and 
nearly equal to the average (y); which is equat- 
ed to y,, = alfK$IC,,, where cw is thermal 
expansivity [for example, (34)l. The damping 
coefficients are similarly averaged. Thus, 

and 

where the angle brackets indicate an average. 
To obtain the right side of Eq. 8; I assumed 
that y,,, is independent of P and T. High- 
order derivatives of K~~~ are negligible (36). 

Integrating Eq. 8 gives 

The integral does not begin at 0 K because of a 
singularity and because the above derivation 
requires T > 298 K. Because data on the tem- 
perature dependence of T are scarce (essentially 
nonexistent for minerals), the t e ~ m  r(298)l F(T) 
is approximated as (29SIT)", where n is a fit- 
ting parameter. This approximation is based on 
existing spectral data (23, 37). The c, + c,/T 
dependence for K , , ~  surmised previously (13, 
25) is a special case of Eq. 9. 

For mantle conditions, the thermal con- 
ductivity is approximated by integrating Eqs. 
7 and 9 and combining the result with the 
generalized form of K,,,, Eq. 5b (38): 

where Kb = dKTIdP is assumed to be con- 
stant. the temperature and pressure depen- 

dences of KT are assumed to be independent, 
and (I = dylciP. For mantle substances, y,,, = 
1 to 1.4, Kb = 4 to 5. and q = 0. Within the 
uncertainty of these parameters, Eq. 10 sim- 
plifies to 

Results 

Ambient coizditions. Only a few mantle ma- 
terials have both the IR reflectance spectra 
and accurate conductivity measurements 
needed to test the theory at 1 atm and 298 K. 
For olivine (39) I fit the IR spectra for each 
polarizatioll with a classical dispersion anal- 
ysis, which includes nonzero angles of inci- 
dence, using fayalite (Fa) parameters (28) as 
a starting point. Frequencies shift with the Fe 
content but differ only slightly from results 
on Fo (40). Widths appear independent of Fe 
content. Using these data in Eq. 2 yields K = 

4.61 i 0.08 W/(m.K) for Fo,,, in which the 
acoustic modes contribute 45%. This is close 
to the PTGS dete~mination of 4.78 i 0.09 
Wl(m.I<) (6)  and to the average from conven- 
tional methods of 4.65 W/(m.K) (41). 

For mantle garnet, an IR spect~um (42) 
was used for a chemical composition vely 
close to that studied by PTGS (6). The result, 
3.28 i 0.02 Wi(m.K) (with the acoustic 
modes contributing 27%), equals the PTGS 
value of 3.29 i 0.09 Wi(m.I<) (6) and con- 
ventional measurements of 3.2 Wi(m.K) for a 
pyrope-almandine (41). Uncertainties for the 
calculation are less for galnet because the 
acoustic peak widths were constrained by 
sideband spectra of pyrope (34); whereas 
those of olivine were estimated from other 
mineral families and also because the propor- 
tion of acoustic rnodes is larger for olivine 
rnodes (8 1 optic rnodes for olivine compared 
with 237 for garnet; both have three acoustic 
modes). 

These examples show that the calculation 
is accurate at ambient conditions and that the 
optic rnodes transport most of the heat 
through the ciystal. One other mineral, ensta- 
tite, was studied by PTGS (6), but single- 
crystal IR spectra are unavailable. 

Pi,ess~ri.e ilei.ivntives. Experimental deter- 
minations of i i[l~~(~)].:dP are reliable only for 
olivine using PTGS ( 6 ) ,  and for soft solids 
such as KaC1 and NaC10, using conventional 
techniques (2). Slopes calculated using Eq. 7 
lie within the experi~nental uncertai~lty of 
these measurements (Table 1). Conve~ltional 
measurenlents of ii[ln(~)]ldP for hard solids 
are problematic (9) and thus neither prove nor 
disprove the model. However, averages of 
multiple measurements for the various min- 
erals bracket the calculation (Table 1). Often, 
the lowest slope from conventional measure- 

ments is closest to the calculation, consistent 
with overestilnation of K at high pressure due 
to the loss of themma1 contact upon cracking. 

Tenzpe~ntzri.e dependence. Analysis of 
K(T) must be done with care because conven- 
tional measure~nents up to 1100 K (3, 41) 
show variable behavior. Minima (for exam- 
ple, enstatite in Fig. 1) are not consistently 
observed for a variety of substa~lces (41) and 
appear to be affected by variables such as 
grain size; oxidation (23), and experilnental 
configuration [for example, (4, 24)]. There- 
fore, the data examined here were corrobo- 
rated by several measurements. 

The radiative contribution for olivine is es- 
timated as follows. Comparison of olivine mid- 
IR dielect~ic fimctions (28, 40) to absorption 
data (28) suggests that r is about one-third the 
width of the absorption peaks of the Si-0 fun- 
damentals. Absorption peak widths are near 
250 cnl-' above 1700 cm-' (23), but r values 
for peaks behveen 1700 and 1000 cmn-' for Fa 
range from 40 to 90 cm-' [extracted from pub- 
lished reflect~vity (28)l. Higher order overtones 
(w > 2500 cmn-') are poorly resolved (23) and 
cannot be used to extract widths. Statistical 
thermodynamics gives similar partition func- 
tions for both blackbody radiation and excita- 
tion of vibronic transitions (43), which means 
that the shift in population of the vibronic over- 
tones parallels the shift of the peak of the 
blackbody curve to higher o with T (44). Most 
likely, the blackbody light is prod~~ced by high- 
order vibronic transitions. This ded~lction, cou- 
pled with stiln~~lation of transitiolls by the light 
(45), means that at any given temperature, any 
transparent region that might exist would be 
found at fieq~~encies above the region occupied 
by the blackbody curve. For the near-IR, 11 = 1 
(28, 40); but in the visible, 11 rises to 1.6. Using 
an average 11 and r = 50 cm-' (as a lower 
bound for the first-order overtones) for all 
wavelengths in Eq. 5a yields an upper limit for 
b of 8.5 X lo-'' W..'(m.K) (Fig. 1) for Fo. This 
estimate also holds for other Fe-fiee silicates as 
well as oxides (46). 

For olivine, the visible region ( o  > 6000 
cn-') has multiple absorption peaks from 
electronic transitions of Fez', with widths of 
about 2000 to 3000 cm-' (47). A r value of 
600 cm-' is a reasonable lower limit for 
visible frequencies at room temperature. Us- 
ing the above result for vibronic modes, ta- 
bles of partial Planck fu~lctio~ls (20, 21), and 
the larger r at high w gives an upper limit 
(48) from Eq. 5b for ferrous nlinerals of 

+ 2.245 1 ~ ~ 1 1 0 '  - 3.407~~/10"W.'(m~I<) 

(12) 
This representation (Fig. 1) only slightly af- 
fects K below 2000 K. 

Equation 9 for the lattice contribution plus 
K,.,,, = 8.5T3/101 ' W/(m.K) describes the 
available data for dense silicates and oxides 
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reasonably well (49). Several examples are present calculations show that K,,,, is negligi- flectivity (54). This high value is supported 
show11 in Fig. 1; for all of these, the parain- ble for T < 500 K. My model shows that the by a similar difference in K between a- and 
eterization of a ( T )  is from Fei (50) and lattice contribution dominates transport of y-Fe,SiO, (55) and by large K for spinel 
values at 298 K from Horai (51) were used heat up to 3000 K, consistent with low values sensu stricto (3, 51). Mantle iron contents of 
except for corundum. The fitting parameter a of K,,, (Fig. 1) as inferred above. Further- 10% are assumed to lower K by 0.5 W.'(m.IC) 
is largest; -0.9, for MgO. This result is more, a = 0.33 can be used for all silicates, in from the Mg end-member, as obsewed for 
consistent with the inverse teinperah~re de- that available measurements for silicates all various silicates (51). 
pendence previously inferred for simple sub- follow roughly the same trend (Fig. 1) and The thermal conductivity of oxides de- 
stances (13). For corundum, the data (3, 18) because thennal expansivity values vary little pends much more strongly 011 temperature 
are not consistent with values at 298 K (51); among silicates. (a = 0.9; Fig. 1) than that of the silicates; 
the cause for the discrepancy is unclear, but hence, using only oxide data to infer lower- 
its existence requires that the room-tempera- Calculation of Conductivity and a mantle conditions as in (56) is unsupported. 
h ~ r e  K be used as a fitting parameter. The New Geotherm Furtl~er~nore, Manga and Jeanloz (56) used 
high-T data can only be matched by ~ ( 2 9 8 )  = :l4etlzodolog~. The conductivity of the layers overly large pressure derivatives for thermal 
30 W/(m.K) and n = 0.9. These two param- in Earth was determined by summing the conductivity of M g 0  [data of (57) rather than 
eters do not appear to depend on each other. pressure and temperature dependence of the (58-60)]. Earlier models (15) also used very 
The parameter CI apparently decreases as the constituent mineral phases in proportion to large pressure derivatives. Here. perovskite 
proportion of acoustic modes decreases (that their abundances. For each zone above 670 (Pv) K is based on available data (61-63), 
is; as the number of atoms in the unit cell k111, I used average abundances of olivine or using Eqs. 11 and 12 with a = 0.33. This 
increases); a = 0.9 for MgO, for which half ringwoodite (Fe-bearing y-Mg,SiO,), garnet, value is justified both by Pv having a large 
the modes are acoustic, but n = 0.45 to 0.25 orthopyroxene (Opx), and clillopyroxene proportion of IR modes and by the slope near 
for spinel and silicates (Fig. 1). (Cpx) for each of the various cornpositional 298 K (Fig. 1B). Lower-mantle conductivity 

The pararneter n is constrained by the models from (52). I used the initial values in is then obtained by proportiollating Pv and 
initial slope (Fig. 1) and thus is independent Table 1 (53) and themla1 expansivity corn- magnesio~iistite (Mw) values. 
of any form used for the radiative contribu- piled by Fei (50). For ringwoodite, K at 298 K The values for K(P,T) depend on the geo- 
tion, because both previous (18-23) and was calculated as 7.7 W.'(mK) from IR re- therm T(P), and for the conductive outer shell 

Table 1. Pressure dependence of thermal conductivity and ambient values. The last digit is uncertain by 2 1  unless indicated. Assumed values for K' are denoted 
by -. 

- - -- -- -- 

Thermal properties Measured 
Calculated 

Structure Compos~t~on 
KT* 

4ln(K)lldP d[ln(K)]/dp 
K' " (GPax') 

K (amb~ent) 
y T h X  (GPa) (GPa-') [w/(m.K)] 

Reference 

Olivine 
Olivine 

Olivine 
Garnet 
Garnet 
0 PX 

CPX 
P 
Y 
Garnet 
llmenite 
Pv 
Stishovite 

Coesite 

Quartz 
(kc )  

Rocksalt 

Spinel 
Corundum 
Rocksalt 
Oxysalt 

Fa = Fe,Si04 
Mg3A12Si4012 
Mgl 5Fe lCa0  5A12Si4012 

MgSiO, 
CaMgSi20, 
Mg2Si04 
Mg,SiO, 
MgSiO, 
MgSiO, 
MgSiO, 
SiO, 

MgAI204 
A12°3 

NaCl 
NaCIO, 

5.2+ 
4.7 
5.09 

3.16 
3.2 (some Fe) 

3.3 
4.5$$ 

4.9 (average) 
- 

7.7 (calc.) 
- 

- 
4.7 

1.7** 
8.6 

1.4-1.5 
8.0** 
7.7+ 

55.2 
41 * *  
9.5 
18 

6.6P 
1 .o 

(55) 
(6) 

(24) 
(92) 
(93) 
(57) 
(57) 

(6) 
(94) 
(57) 

See text 

S F  
(57) 
(95) 
(92) 
(57) 
(92) 
(57) 
(96) 
(97) 
(58) 
(60) 
(59) 
(57) 
(57) 
(57) 

(2) 
(98) 

*From (88) unless noted, ?From (89). :Used thermal expansion from Ashida e t a / .  (90). $The range exists because thermal expansion values (62) depend on whether 
volume above or below room-temperature experiments is used. F r o m  (91). TThese studies are discounted because the results are not consistent wi th other studies, 
particularly wi th PTGS data (6) or wi th the average for NaCI, +The I - a t m  value is from (57) rather than the referenced study at pressure. ""Because substantial cracking was 
observed, the results are unlikely t o  be accurate. ttAverage of six experiments, not  including (55) from Ross et  al.'s (2) compilation. :$For Opx wi th 10% Fe, K values are 
4.2 (55). 4.4 ( 4 ) ,  or 3.46 WI(m.K) (6).  SSCalculated from Osaka and Ito's (61) diffusivity; see Fig. 1. The ambient value resembles those of other dense Mg silicates. 
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the results are interdependent. Linear temper
ature profiles previously derived for old oce
anic crust and lithosphere (64) result from 
assuming that K is constant when solving Eq. 
1, which was justified by the opposing effects 
of T and P. However, the decrease in K with 
temperature dominates in the crust and litho-
sphere. Thus, to determine K(P,T) in the oce
anic lithosphere away from the ridges, we 
solve Eq. 1 using boundary conditions at the 
surface, where heat flow Q0 = 0.05 W/m2 

and T0 = 277 K (65). An analytical solution 
is not possible because the variables cannot 
be separated. For the outer layers, a finite 
solution was obtained by numerical integra
tion over a limited depth range of about 25 
km (66) using dP/dZ = 0.0329 GPa/km 
from the Preliminary Earth Reference Model 
(67). 

Temperatures and thermal conductivity in 
the oceanic lithosphere. The initial slope of 
the conductive geotherm matches that ob
tained from constant K (64). By 20 km, how
ever, the new geotherm is hotter and increas
ingly steepens (Fig. 2A). The numerical re
sult for Z below 120 km is represented by 

T = 211 + 12.291Z + 0.05733413Z2 

(13) 

Because the measured temperature depen
dences of thermal conductivity for dense sil
icate minerals are nearly equal (Fig. 1) and 
ambient K values for silicates are similar 
(Table 1), the uncertainty in the geotherm is 
low, probably a few percent. 

High temperatures result from inefficient 
conduction in the deep lithosphere. The new 
conductive geotherm attains 1440 K at 70 
km, where it intersects the solidus of pyrolite 
with 8.3 weight % H20 (68). This intersec
tion equals, within the uncertainty, the thick
ness of old Pacific plate defined seismically, 

68 km (69). Near the Tonga trench, for ex
ample, velocity differences indicate that par
tial melting could exist at shallow depths of 
30 to 90 km (70), consistent with the high 
calculated temperatures and narrow slab 
thickness (69). At 1675 K and 81 km (Fig. 
2A), the geotherm intersects the dry solidus 
of peridotite (71). This position, too, is con
sistent with seismic data in that the conduc
tive profile should include whatever thermal 
boundary layer exists below the rigid litho
sphere. In the lithosphere, thermal conductiv
ity decreases to 2.7 W/(m-K) at 64 km, and it 
may be as low as 2 W/(m-K) if the thermal 
boundary layer extends to 81 km (Fig. 3). 

Temperature in the mantle. A mantle geo
therm can be inferred from the conductive 
cooling curve of old oceanic lithosphere, 
phase equilibria, and seismic constraints. If 
the low-velocity zone (LVZ) is partially melt
ed, then the geotherm follows a solidus (Fig. 
2B): The LVZ is terminated where the soli
dus intersects the mantle adiabat. This depth 
is taken as the halt in the decrease in seismic 
velocity at 200 km rather than the average 
basal depth of 225 km (67, 69, 70). Two 
limiting cases are consistent with the oceanic 
geotherm: 

1) If the LVZ is anhydrous, then the dry 
solidus (71) requires a globally averaged tem
perature of 2020 K. An uncertainty of 50 K 
stems from the range of basal depths from 
180 to 225 km. The temperature in the upper 
mantle rises adiabatically with depth; 0.33 
K/km (72) was used. For the case of whole-
mantle convection, the lower mantle follows 
the same adiabat. Extrapolation to the core-
mantle boundary (CMB) gives a temperature 
of 2830 K, which is 230 K higher than recent 
deductions (73). For this hot and dry case, I 
also consider the additional possibility of lay
ered convection, for which the adiabat in the 

upper mantle and transition zone is terminat
ed by a boundary layer, ostensibly the 670-
km discontinuity. The temperature at the top 
of the lower mantle could be defined by a 
triple point involving Pv (74-76), making 
this seismic discontinuity sharp. The garnet-
ilmenite-Pv triple point (74) is adopted be
cause it falls in the middle of available data 
(Fig. 2B) and lies below the pyrolite solidus 
(77). An adiabat through this triple point 
attains 3050 ± 100 K at the CMB. 

2) If water is present in the LVZ, melt
ing occurs at lower temperatures. It is like
ly that dehydration progresses with depth, 
and hence the temperature would ascend 
through the solidi determined for decreas
ing water content as P increases. For sim
plicity, I assume that the temperature falls 
on a straight line defined by the conductive 
temperature of 1440 K at the 68-km seismic 
constraint and the intersection of the 7 = 
Pv + Mw phase equilibria with 670 km at 
1870 K. The lower-mantle adiabat inferred 
by Ito and Katsura is then followed (73). 
Although this approximation is not adiabat-
ic in the upper mantle, it lies close to the 
intersection of the a-P transition (78) with 
410 km, and it provides a lower limit to the 
mantle temperature because it assumes that 
the thermal boundary layer is no thicker 
than the rigid lithosphere. 

The two dry mantle geotherms (whole or 
layered convection) bracket the mantle tem
peratures deduced by Stacey (79) on the basis 
of thermodynamic principles and equations 
of state. Subsequent inferences of colder 
mantle geotherms (73, 80) can be reconciled 
with the hot, thin lithosphere if temperatures 
in the LVZ are governed by a progression of 
wet solidi. I do not suggest that water con
tents reach 8 weight %, but rather, the point 
here is to explore the range of thermal con-
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Fig. 2. Geotherms and phase equilibria 
in the lithosphere (A) and mantle (B). 
Light long-dashed lines, previous re
sults for T(P), assuming that K is con
stant (64). Heavy solid lines, T(P) for 
conductive cooling from Eqs. 1,11, and 
12. The breaks show the depth intervals 
used over which K(P) was assumed to 
take the average value. Short-dashed 
line, dry solidus of peridotite (71). 
Heavy long-dashed lines, wet solidus of 
pyrolite for 2.9 and 8.3 weight % water 
(68). The depths of intersection of the 
new geotherm with the various solidus 
curves are comparable to the depth of 
the old oceanic lithosphere [arrow in 
(A)] from seismic observations (69). 
Dotted lines, possible mantle adiabats 
based on the intersection of the 7 = 
Pv + Mw phase boundary with the 
670-km discontinuity (73); the most 

probable adiabat is shown extrapolated through the deep mantle, where
as the range of adiabats is shown in the upper mantle. Heavy dot-dashed 
line, mantle adiabat defined by a slope of 0.33 K/km (72) with the 
starting point at an average 200-km basal depth of the LVZ, which lies on 
the peridotite dry solidus. Light solid lines, phase equilibria involving the 
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ductivities i~iiplied by reaso~iable ~nill i lnu~n is olily 20% of tlie total mineralogy. tlie 
and maximum ~nalitle temperatures. 

Tize1.111cr1 coilclircri~~iry in rile illtrilrie. Tlie 
total coliductivity for the ~ilantle (Fig. 3 )  
\\-as calculated for the various geotlierms - 
discussed above. The relative ilivarialice in 
the P der ivat i~~es  (Table 1) and the similar 
values of K attained at high temperature 
(for example. Fig, 1) provide total conduc- 
tivity in the upper mantle that is roughly 
indepelidelit of ~nant le  mi~ieralogy: Even 
the presence of large amou~its of garnet. 
wit11 its relatively low thermal con~lucti\~i-  
ty, makes little differelice (Fig. 3) .  Howev- 
er, a spread in K is possible in the upper 
~iialitle because the lnilii~nurll in K occurs at 
the base of the tlier~iial boundary layer at 
the top of the ~ o n \ ~ e c t i n g  mantle: The low- 
est value attained for K depends on lion, 
deep ihis layer extends below tlie rigid 
lithosphere. The curL7es for pyrolite in Fig. 
3 ilidicate the range of K for the possible 
geotherms. 

I11 tlie tralisitio~i zone. nnce~tainties result 
from tlie possible temperatures, and in addi- 
tion, the amount of ringwood~te inatters con- 
siderably. because it has a high thermal con- 
ductivity. If changes i11 liiilleralogy wit11 
depth [for example, (52)] were included, then 
tlie K(P) curves in the trallsitio~i zone would 
be about 10% steeper than those slion~n in 
Fig. 3. such that the value at the lnidpoi~lt 
re~iiains tlie same. Accounti~ig for this possi- 
bilitl' lessens the discontilluities i11 K for liiost 
of the milleralogical models. 

For the lower mantle, the appearance of 
Mv- i11creas.i; K (Table 1 ) .  Because tlie rate of 
change of tc cvith temperature is low in tlie 
11iferred teliiperature range and because Ma 

resulti~ig slope in tlie Iolver ~ n a ~ i t l e  is compa- 
rable to that of the upper mantle and transi- 
tion zone (Fig. 3). Furthe~lnore, because the 
lattice and radiative co~itributiolis to K oppose 
each other, the \.slues of K ill the lower 
mantle are not terribly influenced by the geo- 
the11n. The disco~itiliuity in K at 670 lun 
depe~ids on both tlie lni~leralogy in the tran- 
sition zone and tlie assunled geotlierm. 

Tlie total conducti\-ity in D" (Fig. 3) was 
calculated assulni~lg tliat a conducti\~e gradi- 
ent occurs betn-een 2680 and 2580 km such 
that the teiiiperah~re at the top of D" varies as 
sho~vn in Fig. 2, but ait l i  T equal to 3900 I< 
at tlie CMB for all lnodels (see below). Tlie 
steep decrease in K occurs because the cliange 
is temperature-dri\~en and because tlie radia- 
tive contributioli is s~iiall and increases slow- 
ly at high temperatures. 

Tlie radiative contribution (Fig. 3) is rel- 
atix-ely small across the ma~itle. reaching 0.67 
to 0.52 \\::'(m.I<) (10 to 15% of the total K )  at 
the core. depelidi~ig on the geothenii. Hence, 
tlie lattice contribution dominates. yieldi~ig 
K ~ ~ ,  = 5.8 to 6.7 LV:'(m.IC) at the top of D".  
Thennal conducti\~ity is unliltely to lie out- 
side of this range. First. the correspo~ldi~lg 
high temperah~re approaches the lower lilnit 
of core melting at 3300 i 200 I< (81 ). .A1- 
though including the secontl-order deri\~ati~re 
(Eq. 10) would decrease the minimum (by 
10°86 if q is large, near unity). tlie radiative 
contribution for Mw may ha\-e bee11 nnderes- 
timated near 3000 K, as suggested by the 
slight mismatch near 1500 I<. and a small 
increase n.ould offset tlie decrease. Second. if 
lox\-er temperatures than the proposed mini- 
~ i i ~ l i i  are used-for example. the lower liliiit 

' I  bet & d o ~ d  I geotherms used t o  calci late K .  Long- 
dashed line. radiative contribution mul-  

Fig. 3. Thermal conductivity versus llthos UM TZ 
pressure. See tex t  and Fig. 2 for model 

tiplied by 10 for a dry solidus, whole- 
mantle convection, and the presence o f  
Fez-. Al l  other lines are to ta l  thermal 
conductivity. The short-dashed lines for 
the pyrol i te model in the upper mantle 
(UM) and transition zone (TZ) were cal- % 
culated for we t  solidi and decreasing E 
water content w i t h  depth. The fol low- 3 

lower mantle 

r. 
ing upper-mantle and' transition-zone 
curves were calculated urine a drv soli- 4b1' L' '. 

D" 

dus (71) in the LVZ: Ligh; s o l i i  line, 
pyrolite model. Dotted line, piclogite 
model. Heavy solid line, K for a chon- 
dritic mineralogy o f  (52) (for the upper 
mantle, this is no t  shown but  lies be- 

7 ,  

tween the curves for piclogite and py- l/ 
ro l i te)  For the lower mantle, only a 2; .AO 8A0 12b0 20b0 24'00 28;; 
chondritic composition (80% Pv, 20% 
Mw)  was considered. Heavy dot-dashed Depth (km) 
line, lower mantle assuming whole- 
mantle convection and a dry solidus. Solid line w i th  dots, lower mantle using the adiabat o f  (73) ,  
which is probably the lowest temperature possible. Light dot-dashed line, lower mantle allowing 
the maximum possible temperature and layered convection. The discontinuities in K at 410 and 
670 km are attributable t o  the high conductivity of ringwoodite. 

of liialitle adiabat from (73)-then K would 
be 7.5 W:'(IIYIC). 111 this case, curvature (Eq. 
10) n~ould more than liegate such an increase, 
nrhereas tlie radiative colitributioli at this low- 
er teliiperature of 2500 I< could not have been 
underestimated by as large an amount. 

R<iiil<fic<itioi~s q j  tile iiloclel. The results 
can be used to infer the conducti\-e power 
output of tlie core. Recent considerations of 
tlie core adiabat give 3800 to 4000 K at its 
outer surface (82) ,  ilnplyi~lg that the ju~np  
across the 200-lull-thick D" layer is 1300. 
1 100, or 900 i 100 K for tlie three geo- 
thern~s (Fig. 2B). corresponding to K = 5.5, 5.6, 
and 5.5 W/(m.IC) in D" (Fig. 3). Tlie lowest 
1T = 900 K agrees u~itli tlie uidependellt der- 
ivation of 840 K (83) .  For a coliductive bound- 
ary layer. the power output of the core from Eq. 
1 is the absolute value of the area K ~ T / ' ~ Z .  
gi\~ing 5.7. 4.7. and 3.5 TW for tlie three geo- 
thenns, xvith uiiceltailities of 10 to 15%. All 
1-alues lie \vithi~i tlie ulicertaiiity of i~idepelide~it 
estiliiates of 1 to 10 TLV for the heat enlined 
fro111 tlie core [for exa~nple. (84-86)], but tlie 
best match is obtained between a hot, dry man- 
tle and the recent result of -Anderson (86). The 
agreement suggests that D "  is a stable bounc1a1-y 
layer. 

Tlie pressure and telnperature depen- 
dence of K pertains to tlie style of convec- 
tion. The Rayleigh 11~~1nber R, equals 
gctlTrl'~'Drl, where T- is viscosity, g is the 
gravitational coastant. and cl is the thick- 
ness of the layer. The geotlierms based 011 a 
dry solidus in the LVZ (Fig. 2B)  are con- 
sidered here. For the upper mantle. 1T in 
excess of the adiabat is about 2100 I<. 
Using this. an average K of 3 Wl(m.IC), and 
a11 a\-erage -I- = 3 X l o 2 '  Paes (87 )  gives R ,  
= 2.3 X 10". For whole-mantle convection, 
AT is 2900 I< (to include the gradient across 
D"), K averages 4.3 W'(m.I<), and q a\-er- 
ages 2 X 10" Pa.s, giving R ,  = 2 X 10'. 
For tlie lower mantle, AT is -100 K fro111 
tlie discontinuity near 670 l<m plus 900 K 
for D", K = 4.5 W'(m.I<), and -I- = 3 X 10'' 
Pa.s ( 8 7 ) ,  and thus R,  = 1.2 X l o7 .  The 
average thermal conducti\~ities (Fig. 3 )  on 
xx-hich these estilnates are based do not 
strongly depend on the possible geotlierms 
(Fig.  2B)  or iiialitle iiiiiieralogies, suggest- 
ing that the upper ~ i i a~ i t l e  alone could con- 
vect vigorously. The Prandtl number. T , D .  
of the lon-er mantle is about six times that 
of the upper mantle, and the aspect ratios 
are dissimilar: these factors may also con- 
tribute to layered con~.ection. The absence 
of an obvious barrier to transport across 
670 kin suggests tliat circulatio~is in the 
upper and lower mantle would be coupled. 

The specific geotherm affects mineral- 
ogical models of tlie liialitle above tlie 670- 
l<m disco~itinuity. The 410-kin discoatinui- 
ty callnot be reconciled \\-it11 the olivine to 
a spinel (a-P) trailsition for ally of the 
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adiabats in Fig. 2B, because of its substan
tial Clapeyron slope (78). In particular, the 
low temperatures required for such an as
signment are incompatible with the conduc
tive profile in the lithosphere. One possi
bility is that the 410-km discontinuity in
volves conversion to the garnet structure. 
The presence of Al and Ca in the mantle 
will expand the garnet field to lower pres
sures than the boundary for pure MgSi03. 
This suggestion is based on the observation 
that seismic velocities in the transition zone 
are intermediate to those of olivine and 
garnet [compare (84)] and that conversion 
to garnet in the Mg-Si system involves a 
steep Clapeyron slope [see (75)]. Further
more, extrapolation of the a-|3 phase 
boundary for Mg2Si04 intersects the hot, 
dry geotherm at 520 km, consistent with 
this discontinuity's local, rather than glob
al, occurrence. The feasibility of a hot, dry 
geotherm (Fig. 2B) is suggested by the 
above inference, the conductive power im
plied for the core, the high temperatures at 
the base of the oceanic lithosphere, and the 
existence of the LVZ. If a hot, dry, layered 
mantle does exist, then the region from 520 
to 670 km, where K(Z) is discontinuously 
high, might serve as a conductive thermal 
boundary layer and mixing zone between 
the upper and lower mantle. 
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A Well-Collimated 
Quasi-Continuous Atom Laser 

E. W. Hagley,' 1. Deng,'nP M. K~zuma,~  J. Wen,' K. Helmerson,' 
S. L. Rolston,' W. D. ~hillips' 

Extraction of sodium atoms from a trapped Bose-Einstein condensate (BEC) by 
a coherent, stimulated Raman process is demonstrated. Optical Raman pulses 
drive transitions between trapped and untrapped magnetic sublevels, giving the 
output-coupled BEC fraction a well-defined momentum. The pulsed output 
coupling can be run at such a rate that the extracted atomic wave packets 
strongly overlap, forming a highly directional, quasi-continuous matter wave. 

The occupation of a single quantum state by 
a large number of identical bosons (1-5) is a 
matter-wave analog to the storage of photons 
in a single mode of a laser cavity. Just as one 
extracts a coherent. directed beam of photons 
from a laser cavity by using a partially trans- 
mitting mirror as an output coupler, one can 
analogously extract directed matter waves 
from a condensate. Such a source of matter 
waves, or "atom laser." is important in the 
field of atom optics (6). the manipulation of 
atoms analogous to the manipulation of light. 
Its development is providing atom sources 
that are as different from ordinary atomic 
beams as lasers are from light bulbs. 

The first demonstration of a BEC output 
coupler was reported in 1997 ( 7 )  where co- 
herent, radiofiequency (rf)-induced transi- 
tions were used to change the internal state 
(magnetic sublevel) of the atoms froin a 
trapped to an untrapped state. This method, 
however, did not allow the direction of the 
output-coupled atoms to be chosen. The ex- 
tracted atoms fell under the influence of grav- 
ity and expanded because of their intrinsic 
repulsion. We demonstrate a highly direc- 
tional method to optically couple out a vari- 
able fraction of a condensate and apply this 
method to produce a well-collimated, quasi- 
continuous beam of atoms, an important step 
toward a truly continuous wave (cw) at0111 
laser (8) .  

'National Institute of Standards and Technology, 
Gaithersburg, MD 20899, USA, *Georgia Southern The OUtPUt is based On stimulat- 
University, Statesboro, CA 30460, USA. 31nstitute of ed Raman transitions between magnetic sub- 
Physics. University of Tokyo, Tokyo 153-8902, Japan. levels (9, 10). The sublevel into which the 

atoms are transferred is unaffected by the 
trapping potential. and the process imparts a 
well-defined moinentum to the output-cou- 
pled condensate fraction. In contrast, previ- 
ous work on Bragg diffraction (11) trans- 
ferred nloinenh~In without changing the inter- 
nal state of the atom. A single Rainan pulse 
can couple out any desired fraction of the 
condensate. By changing the angle between 
the wave vectors k of the Raman lasers ( k  = 

2 ~ 1 1 ,  X = 589 11111) and using higher order 
(211-photon) Rainan transitions, it is possible 
to impai-t any inomenh~~n of magnitude 0 to 
211fik (11) to the atoms (for sodium, 2fik 
corresponds to a velocity of 6 cinls). In this 
way it is possible to choose the energy of the 
extracted deBroglie wave. producing a wide- 
ly tunable atom laser. 

In this expe~iinent, we used a hybrid evap- 
oration technique with a time orbiting potential 
(TOP) trap (12, 13) to form a sodium coilden- 
sate (11). We typically obtain a condensate. 
without a disce~nible noimal fkaction. wit11 
about 10%toms 111 the 3S, ,, F = 1. V I  = - 1 
state (14). Once the condensate is foi-ined we 
adiabatically expand the happing potential in 
0.5 s, reducing the trapping freq~lencies to ox/ 
27i = 18 Hz, wy/27i = 25 HZ, and wL/27i = 35 
Hz. We have measured (15) that our adiabatic 
cooling reduces the asymptotic root mean 
square (inls) inomentuin width of the released 
condensate to 0 09(1)fik (16) 

In Ramail output coupling (Fig. 1). a mov- 
ing standing wave, con~posed of two nearly 
countelpropagating laser beams with fie- 
quency difference 6 = w, - w, (1 7). is 
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