broad range (34) or is perhaps erroneous, or
the chemostratigraphic correlation is incor-
rect. In any case, there is no simple relation
between Ediacaran diversity and the terminal
Neoproterozoic +1 to +2 '3C plateau. The
validity of characterizing the grade of Edi-
acaran faunal diversity [i.e., low, moderate,
high, or very high diversity (12)] as a proxy
for evolutionary hierarchy, and by inference
higher biostratigraphic position, is not borne
out by the new geochronologic data from the
White Sea. It is clear that high-precision
U-Pb geochronology will be the final arbitra-
tor for global correlations.
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40K-4OAr Constraints on
Recycling Continental Crust
into the Mantle

Nicolas Coltice, Francis Albaréde, Philippe Gillet

Extraction of potassium into magmas and outgassing of argon during melting
constrain the relative amounts of potassium in the crust with respect to those
of argon in the atmosphere. No more than 30% of the modern mass of the
continents was subducted back into the mantle during Earth’s history. It is
estimated that 50 to 70% of the subducted sediments are reincorporated into
the deep continental crust. A consequence of the limited exchange between the
continental crust and the upper mantle is that the chemistry of the upper
mantle is driven by exchange of material with the deep mantle.

New continental crust is extracted from the
mantle by magmatic processes, whereas old
crust is recycled into the mantle at subduction
zones. The history of these transfers is not
sufficiently understood. In the absence of crust-
al recycling, a constant rate of about 1.7 km?
year™ ! over the entire Earth’s history would be
required to produce the modem continental
crust. Most estimates of the rate of sediment
subduction converge at 0.5 to 0.7 km> year™!
(1). When sediment subduction is compounded
with mechanical erosion of the crust at subduc-
tion zones (2), loss of continental crust to the
mantle takes place at a rate of 1.6 km> year™!.
The current estimates of addition of mantle
material to the crust [1.6 km? year™! according
to Reymer and Schubert (3)], in particular in the
form of volcanic products at convergent mar-
gins, are therefore inadequate to account for the
present mass of the crust unless episodic accre-
tion of large oceanic plateaus is included in the
crustal budget (4). The modern estimates, how-
ever, do not document how crustal growth and
recycling have been changing throughout
Earth’s history. Although the estimates derived
from isotopic evolution of Nd in the upper
mantle (5, 6) look reasonable, they are affected
by the unknown extent of material exchange
between the upper mantle and the lower mantle.
This work considers the constraints on the dual
problems of crustal growth and mantle out-
gassing introduced by the terrestrial invento-
ries of “°K and “°Ar. Although the “°Ar
budget of Earth mostly has been used to infer

Laboratoire des Sciences de la Terre, Ecole Normale
Supérieure, 69364 Lyon cedex 7, France.

the structure of Earth’s mantle (7), we show
that it also constrains the mean rate of conti-
nental recycling.

The coherent model of outgassing and
crustal growth (8) is introduced first because
it is a useful reference. This model assumes
that the “°Ar in the continental crust (cc) and
in the atmosphere (at) is supported by the “°K
inventory of the crustal reservoir. When ig-
neous material is extracted from a particular
region of the mantle to form new crust, the
40K of this region is incorporated to the crust
and “°Ar is degassed into the atmosphere.
Although this model is ideal, it reflects the
incompatible character of K during melting
and the volatile character of Ar. To assess the
deviation of the actual inventory of “°K and
“0Ar in the crust and the atmosphere from the
coherent model, we define the potential ra-
diogenic argon at time ¢ of a reservoir, here-
after designated “°ArZ _ ., as the amount of
40Ar that would be present in it after closed-
system decay of its current “°K

40Arzoc+at(t) = Mat(t)40Arat(t)
+ M) CAr() + Mo(t) RKol?)

where M(?) indicates masses, “°Ar(f) and
40K (f) are concentrations, and R is the pro-
portion of “°K decaying into *°Ar (branching
ratio 0.107). For a closed system, “°Ar% , . is
a constant. The coherent model for which (i)
both Ar and K are extracted from the man-
tle to the atmosphere and the continental
crust, and (ii) there is no degassing at mid-
ocean ridges (MORs) or continental recy-
cling requires
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where \ is the total decay constant of “°K
(5.543 X 107! year™'). The *°ArZ . is
therefore conserved upon radioactive decay
and coherent crustal growth but not through
outgassing or crustal recycling.

Evidence that degassing occurs at MORs
(9) and that crustal sediments are recycled
into the mantle (/) suggests that assumption
(i1) of the coherent model is incorrect. As-
sumption (i), in contrast, is acceptable be-
cause K and Ar are very incompatible (/0).
Therefore, we define the excess parameter
40Ar<, . as the amount of *°Ar in the system
cc + at unsupported by “°K and therefore due
to degassing and/or recycling with respect to

the coherent model
40A1’§z+at(t) = 40Ar:;+at(t)

- Mcc(t) R40ch(t)e“ (3)
where the first term on the right is from Eq. 1.
The corresponding excess age 77° is

xs 40Ar::°c+at(t)
"=x ’”[Mcc(z>R4°&c(t)] -t @

The modern volume of continental crust
estimated from two different geophysical
models is 7.8 X 10° km>® (11). We use a
time-invariant K content of the continental
crust of 1.6 weight percent (/2) and this
assumption is evaluated below. The mass of
40K hosted in the continental crust is there-
fore 4.5 X 10'° kg. The amount of radiogenic
40Ar in the atmosphere is about 6.6 X 10'® kg
(12). As geologically plausible values, we
assume that the continental crust has a mean
age of 2.7 X 10° years (Gy) and lost 50% of
its radiogenic argon; therefore it is home to
0.59 X 10'6 kg of “°Ar. Because the atmo-
sphere is devoid of K and is the dominant
reservoir of “°Ar, the resulting values of
OAres, = 1.9 X 10'® kg, and T* = 463 X
106 years are nearly insensitive to the age of the
continental crust and its extent of degassing.
The implication of this calculation is that
<30% of the radiogenic “°Ar in the atmosphere
and the continental crust is unsupported.

If the crustal concentration of Rudnick
and Fountain (/3) is replaced by higher esti-
mates (14, 15), the unsupported “°Ar decreas-
es. For the extreme 2.0 wt% K value of
Wedepohl (15), it becomes essentially zero.
In contrast, the lower K value of Taylor and
McLennan (1/6) (0.9 wt% K) doubles the
excess Ar. Such a value, however, reduces
the predicted radioactive heat production in
the continental crust to about one-third of the
surface heat flow, which is too low with
respect to our current understanding of the
heat flow at the base of the crust (/7). Secular
variations of the chemical composition of the
crust outside the range observed for the mod-
ermn crustal segments is unsupported (/6);
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therefore, we consider the 4°K estimate pro-
vided by (/3) to be adequate.

As heating and outgassing upon subduc-
tion prevent significant Ar recycling in the
mantle, the excess Ar provides strong con-
straints on the rate of crustal recycling and
mantle outgassing. Taking the derivative of
Eq. 3 with respect to ¢, we get

d¥Arl.,  d[M, Ar,]
e dt

aM
€ p4o M\
+ ai RYK (1 — €M)

+ MM RK(1 = €M) (5)

which shows that production *°Arxs, _ de-
pends only on the outgassing flux of “°Ar and
on evolution of the crustal mass through time.
The quantity “°ArXs, . can be ascribed to
either degassing of “°Ar, presumably at
MORs and hot spots, to recycling of K from
the crust (continental and oceanic) into the
mantle, or to any combination of either pro-
cess. Because heating and outgassing upon
subduction prevent significant Ar recycling
in the mantle, reinjection of terrigenous sed-
iments and subduction of outgassed basaltic
material increase “°Ar*S_ . and incorporation
of material extracted from a degassed mantle
reduces it.

An extreme interpretation would hold that
(1) subduction of crustal K is negligible and
(ii) mantle degassing at MORs and hot spots
is more efficient than extraction of K from
the oceanic lithosphere into continental crust,
a situation that leads to positive “CAr, .
The corresponding “°Ar flux averaged over
4.5 Gy is about 4.2 X 10° kg year™!. This
represents <50% of the “°Ar radioactive in-
growth for a primitive mantle the size of the
modern mantle and crust together (/8). This
flux is larger than current estimates of the
modern flux of “°Ar at the surface of the
Earth by a factor of 2 to 7 (9). Because
40A1/3%Ar in the mantle is at least 150 times
higher than that in the atmosphere (/9), large
amounts of Ar must have actually been re-
leased into the atmosphere before significant
radiogenic ingrowth of “°Ar occurred. Cur-
rent estimates of the age of atmospheric rare
gases are about 4.4 Gy (20). Because extrac-
tion of the continental protolith involves ex-
traction of both K and Ar from the mantle and
in view of the value of “°Ar*, . crustal
formation also must have started very early in
Earth’s history.

In the opposite case, extraction of “°Ar
and “°K from the mantle into the mantle-crust
system remains coherent in the sense of (8)
and “°Ar%_  reflects only recycling of ter-
rigenous sediments into the mantle and de-
lamination of the lower continental crust.
Then “°Ar*s, _ builds up at the rate given by

cc+at

d40 Arxs

cctat

= FOPKAOR( =) (6)

where F is the mass flux of recycled crust.
Integration of Eq. 6 for time-invariant F leads to

F="Arg, ./ {""KCC(O)R[ T+ %(e” - 1)] }

@)
so that F is 2.7 X 10'2 kg year™! (about 1.0
km? year™!). We have tried to vary the shape
of the function F(¢), but the value for a time-
invariant F remains an upper bound for the
modern recycling rate. F is lower than the
present-day rate of crustal formation of ~6 X
10'2 kg year™! deduced from geochemistry
(3, 4) or geological inventory (5, 6).

The “°Ar’s, . is actually an upper bound for
recycling crustal “°K and for outgassing “CAr.
Production of “°Ar*s,  is therefore to be dis-
tributed between recycling and outgassing,
which makes the maximum value of 1.0 km?
year™! established above a quite conservative
maximum value of the actual rate of crustal
recycling. Models of Nd isotope secular evolu-
tions suggest that continental crust is lost to the
mantle at a rate of 0.8 = 0.5 km? year™! (6) to
2.5 km?® year~! (5). Geometric evaluation of
sediment loss to subduction zones is consistent
with values of 0.5 to 0.7 km® year™! (/), a
value that subduction erosion at convergent
margins increases to 1.6 km? year™! (2).

The contribution of MORs and hot spots to
atmospheric Ar, in particular the superplumes
for which the rare gas fluxes are particularly
difficult to estimate, would further reduce the
rate of recycling. The modern “°Ar flux esti-
mated by Allégre et al. (7) corresponds to 6 to
50% of the average production rate of
4Ars ... Depending on how “°Ar outgassing
is compensated by “°K extraction into the con-
tinental crust, the mean rate at which crustal
material has been entrained into the mantle by
subduction zones may be as low as 0.5 km?
year™!. If the rate of recycling has remained
approximately constant over Earth’s history,
the discrepancy between the present estimate
and those produced by other methods suggests
that 30 to 70% of the crustal material that
appears to disappear into subduction zones is
actually reincorporated into the continental
lithosphere either as magmatic products or into
the lower crust as metamorphic material.

The surprisingly small fraction of the conti-
nental mass lost to the mantle (=30%) and the
corresponding small rates of continental recy-
cling inferred from the “°Ar budget appear to
conflict with the evidence from the Sm/Nd
isotopic evolution of the mantle-crust system.
DePaolo (5) pointed out that the apparent
147Sm/'*4Nd ratios deduced from secular evo-
lution of the '**Nd/'**Nd ratios in material
derived from the upper mantle (0.21) and from
the continental crust (0.15) are significantly
different from those actually observed in the
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source rocks of this material (0.25 and 0.12,
respectively). The recycling rate inferred from
the F{(?) constraint is too small to explain the
discrepancy between the observed and inferred
Sm/Nd ratios in each reservoir. Therefore, Nd
isotopic evolution of the upper mantle is con-
trolled not only by recycling of continental
crust but also by exchange of material with a
different reservoir (21) with a low 7Sm/**Nd
ratio, which could be material segregated from
subducted lithospheric plates (22) or a deep
layer left behind by early terrestrial differentia-
tion (23).

These constraints from the 4°Ar budget of
the observable reservoirs depend on the very
incompatible behavior of K and Ar and there-
fore are robust. Only if Ar were substantially
more compatible than K would the conclu-
sions be clearly inadequate. The solubility of
Ar in olivine melt actually may decrease
dramatically beyond 4 to 5 GPa (24). Partial
melting possibly extended at 150 to 200 km
in the past because the mantle was hotter,
especially under the MORs. So far, however,
the compatible behavior of “°Ar during melt-
ing remains to be demonstrated and the con-
straints on the rate of continental growth and
mantle degassing given by the “°Ar and K
budget remain.

References and Notes

1. D. K. Rea and L. ). Ruff, Earth Planet. Sci. Lett. 140, 1
(1996); T. Plank and C. H. Langmuir, Chem. Geol. 145,
325 (1998) and references therein.

2. R.von Huene and D. W. Scholl, Rev. Geophys. 29, 279
(1991).

3. A. Reymer and G. Schubert, Tectonics 3, 63 (1984).

4. G. Schubert and D. Sandwell, Earth Planet. Sci. Lett.
92, 234 (1989).

S. D. DePaolo, Geophys. Res. Lett. 10, 705 (1983).

6. F. Albaréde, Tectonophysics 161, 299 (1989).

7. C.J. Allegre, A. W. Hofmann, R. K. O’Nions, Geophys.
Res. Lett. 23, 3555 (1996).

8. D. W. Schwartzman, Geochim. Cosmochim. Acta 37,
2479 (1973).

9. H. Craig, W. B. Clarke, W. A. Beg, Earth Planet. Sci.
Lett. 26, 125 (1975); E. R. Oxburgh, R. K. O'Nions, R. I.
Hill, Nature 324, 632 (1986); P. Jean Baptiste et al.,
Earth Planet. Sci. Lett. 106, 17 (1991); A. Jambon,
Rev. Mineral. 30, 379 (1994).

10. A. W. Hofmann, Earth Planet. Sci. Lett. 90, 297
(1988); H. Hiyagon and M. Ozima, Geochim. Cosmo-
chim. Acta 50, 2945 (1986); R. A. Brooker, J. A.
Wartho, M. R. Carroll, S. P. Kelley, Chem. Geol. 147,
185 (1998).

11. H.-C. Nataf and Y. Ricard, Phys. Earth Planet. Int. 95,
101 (1996); W. D. Mooney, G. Laske, T. G. Master, J.
Geophys. Res. 103, 727 (1998).

12. K. Turekian, Geochim. Cosmochim. Acta 17, 37
(1959).

13. R. L. Rudnick and D. M. Fountain, Rev. Geophys. 33,
267 (1995).

14. K. H. Weaver and ). Tarney, Nature 310, 575 (1984);
D. M. Shaw, J. ). Cramer, M. D. Higgins, M. G. Truscott,
in The Nature of the Lower Continental Crust, ). B.
Dawson, Ed. (Geological Society of London, London,
1986), pp. 257-282.

15. K. H. Wedepohl, Mineral. Mag. 58, 959 (1994).

16. S. R. Taylor and S. M. Mclennan, The Continental
Crust: Its Composition and Evolution (Blackwell, Cam-
bridge, 1985).

17. J. G. Sclater, C. Jaupart, D. Galson, Rev. Geophys. 18,
269 (1980).

18. The radioactive production rate AR “°K . . assum-
ing a K content of the mantle of 240 parts per million

REPORTS

as in [W. F. McDonough and S. Sun, Chem. Geol. 120,
223 (1995)].

19. C. ). Allégre, T. Staudacher, P. Sarda, Earth Planet. Sci.
Lett. 81, 127 (1986/1987).

20. P. Burnard, D. Graham, G. Turner, Science 276, 568
(1997); P. Sarda, M. Moreira, T. Staudacher, Science
283, 666 (1999).

21. It has been argued that comparison of the Th/U
ratio of MOR basalts with that inferred from their
values of 2°8pb/204pb and 23°Th/232Th [S. ). G.
Galer and R. K. O'Nions, Nature 316, 778 (1985)]
indicates chemical buffering of the upper mantle
by the lower mantle, but this model depended
entirely on the assumption of complete removal of
Pb, U, and Th at the subduction zone by orogenic
volcanism. Similarly, the possibility that the upper
mantle and the deep mantle were exchanging ma-
terial through the 660-km discontinuity was also
considered [P. ]. Patchett and C. Chauvel, Geophys.

Res. Lett. 11, 151 (1984)] as an alternative to
DePaolo’s interpretation of Nd and Hf isotopic
secular evolution, but this lower mantle was then
considered to be of primitive composition, which
modern mantle tomography makes untenable
[R. D. van der Hilst, S. Widiyantoro, E. R. Engdahl,
Nature 386, 578 (1997)].

22. U. R. Christensen and A. W. Hofmann, /. Geophys.
Res. 99, 19867 (1994); T. Elliott, A. Zindler, B. Bour-
don, Earth Planet. Sci. Lett. 169, 129 (1999); N.
Coltice and Y. Ricard, Earth Planet. Sci. Lett. 174, 125
(1999).

23. L. H. Kellogg, B. H. Hager, R. D. van der Hilst, Science
283, 1881 (1999).

24. E. Chamorro-Pérez, P. Gillet, A. jambon, J. Badro, P.
McMillan, Nature 393, 352 (1998).

25. We thank A. Jambon for his comments on this work.

6 January 2000; accepted 20 March 2000

Satellite Measurements of Sea
Surface Temperature Through
Clouds

Frank J. Wentz," Chelle Gentemann, Deborah Smith,’
Dudley Chelton?

Measurements of sea surface temperature (SST) can be made by satellite
microwave radiometry in all weather conditions except rain. Microwaves pen-
etrate clouds with little attenuation, giving an uninterrupted view of the ocean
surface. This is a distinct advantage over infrared measurements of SST, which
are obstructed by clouds. Comparisons with ocean buoys show a root mean
square difference of about 0.6°C, which is partly due to the satellite-buoy
spatial-temporal sampling mismatch and the difference between the ocean skin
temperature and bulk temperature. Microwave SST retrievals provide insights
in a number of areas, including tropical instability waves, marine boundary layer
dynamics, and the prediction of hurricane intensity.

The surface temperature of the world’s
oceans plays a fundamental role in the ex-
change of energy, momentum, and moisture
between the ocean and the atmosphere. It is a
central determinant of air-sea interactions and
climate variability. The recurring El Nifio—La
Nifa cycle, which has a profound effect on
the world’s weather and climate, is a dramatic
manifestation of the coupling of SST to at-
mospheric circulation (Z, 2). The surface tem-
perature field also influences the development
and evolution of tropical storms and hurricanes
(3, 4) and is correlated with nutrient concentra-
tion and primary productivity (5).

Satellite measurements of SST began in
the 1970s, using infrared radiometers flying
aboard the National Oceanic and Atmospher-
ic Administration’s geostationary and polar
orbiting platforms (6). Satellite infrared SST
measurements have resulted in major ad-
vancements in oceanography, meteorology,
and climatology (2, 7-10). However, the in-

"Remote Sensing Systems, 438 First Street, Suite 200,
Santa Rosa, CA 95401, USA. 2College of Oceanic and
Atmospheric Sciences, Oregon State University, Cor-
vallis, OR 97331, USA.

frared SST retrievals have two significant
limitations: (i) Retrievals cannot be done
when clouds (which cover roughly half the
Earth) are present. (ii) Atmospheric aerosols
from volcanoes and large fires can cause a
spurious cooling in the SST retrieval (/1. 12).
The aerosol problem has been particularly
troublesome when trying to construct multi-
year time series to infer climate change (11).
Furthermore, the cloud detection algorithms
are not totally reliable, with some clouds
going undetected.

It has long been recognized that micro-
wave radiometry offers a solution to the
cloud and aerosol problem. At frequencies
below about 12 GHz, the surface radiance is
proportional to SST and microwaves pene-
trate clouds with little attenuation, giving a
clear view of the sea surface under all weath-
er conditions except rain. Furthermore, at
these frequencies, atmospheric aerosols have
no effect, making it possible to produce a
very reliable SST time series for climate stud-
ies. The first satellite microwave radiometers
operating at these low frequencies were
flown on SeaSat and Nimbus-7, launched in
1978. These early missions demonstrated the
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