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crease. The liquid cloud and rain particles can- 
not produce the enhanced delay, because the 
precipitating clouds would have to be more 
than 21 km deep to account for the maximum 
observed delay of 64 mm. The observed fea- 
tures in the interferogram illustrate how local- 
ized areas with an increased water vapor con- 
tent may give an indication for the occurrence 
and development of precipitation. 

The interferogram in Fig. 4 illustrates the 
frequently occurring phenomenon of horizon- 
tal convective rolls, a form of boundary-layer 
convection in which there are counter-rotat- 
ing horizontal vortices with axes aligned 
along the mean boundary-layer wind direc- 
tion (27; 28). Some evidence that the linear 
features of the interferogram depict rolls rath- 
er than atmosvheric waves is that the bands 
are oriented along the wind direction, as 
shown by the surface station data overlaid on 
the interferogram (Fig. 4A). Moreover, radi- 
ometer satellite imagery (Fig. 4B) to the 
south of the interferogram location shows 
some evidence of cloud streets oriented with 
the interferogram bands. Sufficient moisture 
in the presence of rolls often produces cloud 
streets atop roll updraft branches (29). Fur- 
thermore, a local radiosonde on 4 April 1996 
at 12:OO UTC indicated a boundary-layer 
depth of 800 m. This result, combined with 
the band spacing of 2 to 3 km, gives an aspect 
ratio of 2.5 to 2.9, consistent with the pres- 
ence of rolls (30). 

Roll updrafts are warmer and moister than 
roll downdraft branches (5). Moisture variabil- 
ity is likely dominant in the observed 6- to 
10-mm delay differences, because vapor pres- 
sure variations associated with rolls (3 Ma) 
would produce a delay of 13 mm, whereas 
temperature variations of 0.5"C would produce 
less than a 1-mm delay. The observations show 
how streets of water vapor can be identified 
even when cloud streets are not visible. In fact, 
no clouds were observed from the weather sta- 
tions in the interferogram area. Knowledge of 
these systematic patterns of water vapor can aid 
in forecasting weather behavior. 

Radar interferometry can provide world- 
wide coverage of mesoscale atmospheric phe- 
nomena over land and ice, and easily monitor 
more exotic features such as gravity waves 
accompanying fronts. Readily attainable inte- 
grated precipitable water amounts over large 
areas may make pinpoint weather forecasting a 
possibility. The delay maps could eventually be 
used by bench forecasters or serve as an addi- 
tional constraint in variational data assimilation 
models. Contemporary satellites, however, 
have an orbital repeat period that is far from 
ideal for operational applications (31), resulting 
in the loss of coherent phase information over 
many areas. Proper use of airborne and space- 
borne SAR systems with short repeat periods 
could lead to much greater accuracy in meteo- 
rological understanding and forecasting. 
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Tropospheric Aerosol Climate 
Forcing in Clear-Sky Satellite 

Observations over the Oceans 
J. M. Haywood,' V. Rama~wamy,~" B. J. SodenZ 

Tropospheric aerosols affect the radiative forcing of Earth's climate, but their 
variable concentrations complicate an understanding of their global influence. 
Model-based estimates of aerosol distributions helped reveal spatial patterns in- 
dicative of the presence of tropospheric aerosols in the satellite-observed clear-sky 
solar radiation budget over the world's oceans. The results show that, although 
geographical signatures due t o  both natural and anthropogenic aerosols are man- 
ifest in the satellite observations, the naturally occurring sea-salt is the leading 
aerosol contributor to  the global-mean clear-sky radiation balance over oceans. 

Tropospheric aerosols (1,2), which include sul- 
fate (3, 4), black carbon (5, 6), organic carbon 
(6), mineral dust (3, and sea-salt (8, 9), affect 
Earth's radiation budget in a significant man- 
ner. Predictions of their net radiative effect have 
proven difficult because aerosol distributions 
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vary greatly in type, space, and time. By reflect- 
ing sunlight, the present-day background tro- 
pospheric aerosols reduce the solar radiation 
absorbed by the planet (10). Likewise, an 
increase in anthropogenic aerosols leads to 
additional reflection, and this has in turn led 
to a negative radiative forcing of climate 
change over the past century (1). A central 
issue underlying potential aerosol-climate 
linkages is verification of the presence of 
aerosols and their associated radiative effects, 
both in the context of the present-day climate 
and climate change scenarios. 

www.sciencemag.org SCIENCE VOL 283 26 FEBRUARY 1999 



R E P O R T S  

'"1 

26 FEBRUARY 1999 VOL 283 SCIENCE ww 

Fig. 1. Difference between GCM computations and ERBE 
satellite observations of the annual-mean solar irradiance 
reflected at the top of the atmosphere in clear skies over 
oceans, for different aerosol assumptions (see also Table 2). 
(A) With no aerosols considered in the model calculations; 
contours of surface wind speeds (in meters per second) as 
derived from SSMI data also indicated. (0) All aerosol types 
listed in Table 1, except sea-salt aerosols, are considered. (C) 
Same as (B) plus a low sea-salt burden estimate. (D) Same 
as (B) plus a high sea-salt burden estimate. (E) Same as (D), 
except the sulfate components are ignored in the calcula- 
tions. Gray coloring indicates land regions and areas of 
missing data. 

Here, we discerned the global radiative 
presence of tropospheric aerosols by focusing 
on the spatial pattern of the annual-mean, clear- 
sky, cloud-free reflected solar irradiance (11). 
We invoked the fundamental knowledge that 
aerosols scatter and absorb solar radiation. To 
identie the influence of aerosols, we compared 
the clear-sky, top-of-the-atmosphere (TOA) so- 
lar irradiances computed using a general circu- 
lation model (GCM) (12) with those observed 
by the Earth Radiation Budget Experiment 
(ERBE) satellite (11). In the first stage of the 
calculations, no aerosols were included. In the 
second stage, distributions of various aerosol 
species, as estimated from models, were used, 
and appropriate optical parameters were includ- 
ed to describe the radiative properties of each 
species. We considered only oceanic regions 
because the ocean albedo is relatively well 
characterized, whereas substantial uncertainties 
exist for land surface albedos. 

Monthly-mean ERBE irradiances (11) and 
monthly-mean Special Sensor Microwave 
Imager (SSMI) surface wind speed data (13) 
over oceanic regions were computed over 
concurrent time periods (July 1987 until De- 
cember 1988) to form composite monthly 
means. The GCM includes a well-calibrated 
solar radiative transfer scheme (14) and an 
improved parameterization of the ocean sur- 
face albedo based on observations (IS). The 
model was integrated for 1 year and the 
monthly-mean TOA irradiances averaged to 
form an annual mean (16). Monthly-mean 
differences in the TOA irradiances between 
the GCM and ERBE observations were cal- 
culated and annual means obtained by appro- 
priate averaging. Our analysis excluded areas 
with sea-ice in the GCM and where the 
monthly ERBE sampling frequency of clear 
skies was less than once every 2 days. 

Monthly-mean fields for anthropogenic (4) 
and natural (3) sulfate, black carbon (9, and 
eight different size categories of mineral dust 
(8) were obtained from global aerosol clima- 
tologies estimated from three-dimensional 
chemistry-transport models (3D CTMs). Or- 
ganic carbon climatologies are not yet generally 
available, so we used the distribution of black 
carbon (6) as a proxy along with a simple 
scaling between the masses of organic and 
black carbon from anthropogenic activity (1 7). 
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Table 1. Optical  properties (specific extinction k,, single-scattering albedo oj,  and asymmetry factor g )  
of different aerosols at a wavelength o f  0.55 p m ,  and their respective effects on the global-and-annual- 
mean, clear-sky net  short-wave irradiances at the top-of-the-atmosphere (TOA)  and surface i n  oceanic 
regions. While sea-salt is naturally derived, sulfate and dust have natural and anthropogenic components, 
w i t h  the rest being of anthropogenic origin. 

lrradiance 

Species ke (m21g) 0) 9 
TOA Surface 

( W/m2)  ( W/m2)  

Natural sulfate 
Anthropogenic sulfate 
Organic carbon 
Black carbon 
Natural dust 
Anthropogenic dust 
Low sea-salt 
H ~ g h  sea-salt 

*The optical parameters in the case of natural and anthropogenic dust are based on a segregation of the aerosol 
distributions in terms of eight different classes. The parameters are approximately those used in (75). 

The global annual-mean atmospheric burden of 
organic carbon \\as assumed to be 73.2 Tg (6) .  

The ubiquitous aerosol oLer the global 
oceans is sea-salt; its concentration \ aries \vith 
\vind speed (mostly) and location (8. 9. 18). In 
our calculations. the concentration of these 
aerosols \\as related to the local surface \vind 
speed (Y). The effect of other physical factors is 
not \\ell understood (18). Because obsen-ations 
suggest a considerable range in the effect of 
\vind speed on sea-salt aerosol concentration. 
\ve used t n o  different empirical formulas that 
encompass sexera1 reported obsenations (9. 
IS). designated as "lo\\" and " h i g h  sea-salt 
concentration cases. respecti\ ely ( I  9). These 
cases likely represent the lo\ver and upper 
bounds of the actual sea-salt concentration. 
lvhich remains uncertain to at least a factor of 3. 
Monthly-mean \vind speed data from SSMI 
obsenations \\ere used to generate appropriate 
sea-salt aerosol concentrations at ambient rela- 
ti\ e humidities. and the aerosols \\ere assigned 
a constant mass concentratron throughout the 
\\ell-mixed marine boundan  layer. assumed to 
be the lo\vest kilometer of the atmosphere. The 
resulting global. annual-mean sea-salt c o l u ~ m ~  
burden \\as -36.8 m g  m' for the high case and 
7.5 111g 111' for the low case: these may be 
compared \vith a detailed model estimate of 
22.4 mg m' (8). 

\I'e detenii~ned the radiatix e properties of 
each of the aerosol species at a re la t l~e  humid- 
ity of 80" 0 (except for mineral dust and black 
carbon. nhich are assumed to be hydrophobic). 
&pica1 of the oceanic boundan  layer, using 
hlie scattering theory [see. for example. (I?)]  
and by assuming that each of the aerosol spe- 
cies may be modeled by appropriate log-nolmal 
distributions and refract i~e indices (2.  20. 21). 
Thus. \ye comerted the gamma distributions 
used in previous calculations for mineral dust 
aerosol ( 2 2 )  to log-nomial distributions Our 
estimates of the aerosol single-scattering prop- 
erties (Table I ) are consistent \vith other studies 
(12. 17. 22-25). For sea-salt. \+e chose a single 

value of the specific extinction that accounts 
approximately for the effects due to the entire 
size distribution consisting of the sub- and su- 
permicrometer categories (18. 26).  \Ve ignored 
the effects of internal mixing on aerosol radia- 
ti\ e effects. 

Radiative transfer computations indicate 
that. among non-sea-salt aerosols. organics 
ha\ e the largest effect at the T O 4  follo\ved by 
sulfates and dust (Table 1 ) .  Black carbon de- 
creases the outgoing solar irradiance in contrast 
to the effect of the other aerosol species. To- 
gether. the non-sea-salt aerosols increase the 
modeled T O 4  reflected irradiance by 3.6 
\ \  111'. The modeled TOA irradlance Increases 
substantiallq- el-en \vhen the loa-er estimate of 
the sea-salt burden is considered. a-hereas the 
corresponding 1-alue for the high sea-salt case 
exceeds that due to the rest of the species 
combined. The total anthropogenic contribu- 
tion. assuming linear additn it). is 2.1 \ \  111'. 
The total natural aerosol contribution is 3.0 or 
6.5 W 111'. depending on the sea-salt climatol- 
ogy: this range encompasses the estimate of 4.9 
if '  m' obtained for a different assumed clima- 
tology of maritime aerosols at 70" 0 relati\e 
humidity (10).  The model calculations also 
sho\v that all aerosol species reduce the solar 
irradiance at the \uriBce (Table 1 ) .  The sea-salt 
( -  1.6 to -5.2 \V m') and the non-5ea-salt 
natural ( -2 .0  \I' m') and anthropogenic ( -3.8 
\ \  111') aerosols are all estimated to contribute 
sigificantlq-. This irradiance reduction can lead 
to a suppre\\ion of e~aporat ion and affect the 
temperature structure of tlie oceanic upper lay- 
ers. In the case of dust and black carbon. tlie 
change at the surface is larger than that at the 
TOA because these aerosols absorb as \\ell as 
scatter radiation. The total global-mean aerosol 
effect results in a surface solar irradiance reduc- 
tion of 7 . 3  or 10.8 \I' m'. depending on the 
sea-salt burden. 

The annual-mean, clear-sky reflected so- 
lar irradlance. as computed by the GCM nit11 
consideration of  only the effects of  the atmo- 

Table 2. Differences between the CCM-computed 
and ERBE-observed hemispheric-mean and global- 
mean, clear-sky solar reflection at the top of the 
atmosphere when different assumptions are made 
about the presence of aerosols in the global, an- 
nual-mean marine atmosphere. 

Case 
N H  SH Global 

(W/m2)  (W/mz)  (W/mZ)  

A. N o  aerosols -6.88 -6.62 -6.74 
B. Al l  aerosols, -1.36 -4.52 -3.12 

except sea-salt 
C. Al l  aerosols, -0.05 -2.85 -1.61 

wi th  l ow  sea-salt 
D. Al l  aerosols, -2.99 +1.04 +1.91 

wi th  high sea-salt 
E. Aerosols, -0.64 -0.06 +0.25 

high sea-salt, 
sulfates masked 

F. Aerosols, -2.40 -3.95 -3.27 
l ow  sea-salt, 
sulfates masked 

s p h e r ~ c  gases and surface albedo. underestl- 
mates the ERBE obser~a t lons  (Fig 1A) The 
differences exhiblt coherent spatial patterns. 
Segati l -e  differences are evident practically 
thloughout the \\orld's oceans and exceed 4 
\\ m ole1 Last areas lnd~catlng that the 
GCM requlres an a d d ~ t ~ o n a l  l e t lec t~ng  com- 
ponent globallq o l e r  and abo\e  the reflec- 
tion due to molecular scattering and surface 
albedo. This suggests an important role for 
tropospheric aerosols in explaining this dis- 
crepancy. The model-observation biases ex- 
ceed the uncertainty for temporally a \  eraged 
ERBE clear-sky solar i~radiance measure- 
ments (estimated to be <2 \I' 111') ( 2 7 ) .  Areas 
a-here the disagreement betlveen ERBE and 
G C M  is larger than 8 \I' m' include oceans 
off the a-estein coasts of South America. 
South Africa. Australia, and North Aikica and 
the central Northern Pacific and off the coast 
of the southeastern United States. The global- 
mean bias ( - 6 . 7  i1.m') is similar to th,~t 
determined by other jtudieh (_ ' ,Y )  and 1. a h o ~ ~ t  
equal in both hemispheres (Tahli. 2 1. Blase\ 
of this order are oi'\ubstantial signiticancf In 
the context ofcl lmate and climate change ( I )  
These d~\crepancies cannot be due to defi- 
ciencies or error\ in accounting Sor an> gas- 
eous constituents SLICII as  \yarer l a p o r  ( 3 9 ) .  

Inspection oS the corresponding patterns in 
surface \ \ ~ n d  speed (contours in Fig. I .A) re- 
leals  that areas n i th  pronounced deficits in 
GCCI-predicted reflectance coincide a-it11 areas 
of high surface 1% inds ( > 7  n l  s). notabl) the 
southern Indian. Pacific. and Atlantic oceans 
and the central Pacific at 10' to 20°K (.iO). 
Liken-ise. the bias tends to be smallest in re- 
glans of loa \xmd speeds (for example. the 
\xestern Paclfic and equatorla1 Ind~an  oceans) 
This suggests that the missing reflection com- 
ponent is associated a-ith the surface \vind 
speed The correlat~on betmeen the blas In the 
reflected ~r rad~ance  and \x lnd speed 1s also e l  - 
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ident in the zonal and interannual variability of 
these fields (31). Ho~vever, in certain regions, 
particularly at hgher latitudes and near-coastal 
regions, the bias exhbits little dependence on 
wind speed, suggesting there are contributions 
from other factors. 

Inclusion of non-sea-salt aerosols (Table 1) 
in the GCM calculations (Fig. 1B) reduces the 
global-mean difference between the modeled 
and observed irradiances by about a factor of 2 
(Table 2), indicating that non-sea-salt aerosols 
are an important contributor to the observed 
clear-sky solar reflection. Locally, the differ- 
ence approaches zero over large areas of the 
N o r t p n  Hemisphere (NH) and is less than 6 
W/m over much of the tropics and Southern 
Hemisphere (SH). The smaller reduction in bias 
for the SH relative to that in the NH (Table 2) 
suggests that non-sea-salt aerosols are insuffi- 
cient to account for all of the irradiance differ- 
ences there. In some regions of the NH, the 
observed irradiance is overestimated, for exam- 
ple, the Gulf of Arabia, off the coast of eastern 
Asia, the eastern United States, and western 
North Afnca. 

Consideration of the low sea-salt aerosol 
burden along with other aerosols leads to a 
further improvement in the GCM calculations 
(Fig. 1C). In this case, the SH pattern exhibits 
a bias of less than 6 W/m2 everywhere; more 
areas in the equatorial and SH oceans acquire 
a null bias compared with Fig. lB, and the 
SH mean bias is reduced substantially (Table 
2). Areas of overestimates in the NH (Fig. 
1B) exhibit a slightly more positive bias 
when the low sea-salt aerosol concentration is 
considered, but the NH mean bias is almost 
zero. The global-mean bias (Table 2) indi- 
cates a considerable improvement over the 
case where only non-sea-salt aerosols were 
considered. Thus, even a low sea-salt burden 
is a significant contributor to reflection over 
the world's oceanic regions. 

Inclusion of the high sea-salt burden can 
explain virh~ally all of the difference in the 
reflection in the SH, especially at the center of 
the ocean basins and poleward of 10"s (Fig. 
ID), but leads to an overestimate in the mid-to- 
high latitude NH oceans (Table 2). The SH 
mean bias is also positive for this case but 
smaller in magnitude. The global-mean solar 
reflection is increased by about 3.5 W/m2 com- 
pared with the low sea-salt case and increased 
by more than 5 W/m2 compared with the non- 
sea-salt case (Table 2), underscoring the poten- 
tially large effect of sea-salt relative to the other 
aerosol types on present-day clear-sky solar 
reflection over oceans. 

Observations suggest that, over oceans and 
in the presence of sea-salt particles, the sulfates 
may be effectively incorporated in the sea-salt 
aerosol (32). Thus, sulfates over oceans may 
not have a separate optical identity, and calcu- 
lations that consider sea-salt and sulfate as sep- 
arate components may be overestimating the 

radiative forcing by double-counting the two 
aerosol types, particularly in regions of high 
surface wind speeds and high sulfate particle 
concentrations. We thus performed a sensitivity 
study by recomputing the irradiances for the 
conditions described for the case above (case D, 
Table 2), but we ignored the natural and anthro- 
pogenic sulfate components (which together 
contribute 1.65 W/m2 to TOA reflection; Table 
1). Because the sea-salt refractive indices are 
approximately similar to those for sulfate, and 
because observations indicate that sea-salt mass 
dominates the scattering (18, 32), the refractive 
index of the sea-salt-sulfate mixture is assumed 
to be the same as that for sea-salt. The net result 
is a reduction of the total aerosol optical depth, 
and hence, of reflection and radiative forcing. 
The resulting spatial pattern of the bias (Fig. 
1E) indicates a good agreement between model 
and observations almost everywhere from 40°N 
to 40's (within 2 4  W/m2). The regions where 
the irradiance is overestimated in Fig. ID, es- 
pecially mid-latitude NH oceans, are noticeably 
smaller . The global-mean bias in this case is 
0.3 W/m2, whereas the hemispheric biases are 
substantially less than 1 W/m2 (Table 2). 

This sensitivity calculation and compari- 
son with observed irradiances suggest that the 
anthropogenic sulfate aerosol effect over the 
oceans may have been overestimared by 
global radiative forcing studies (I). However, 
the sulfate masking simulated here may only 
be one factor in the complex microphysics of 
maritime aerosols, and further detailed con- 
siderations of the physico-chemical proper- 
ties of such mixtures are required. For exam- 
ple, if instead of the high sea-salt model, the 
low sea-salt model is used in the calculation 
of the masking of the sulfate component, the 
negative biases in Fig. 1C would increase and 
the global-mean bias would be -3.3 W/m2 
(case F, Table 2). Nonetheless, this bias is 
still an improvement over the no-aerosols 
case (-6.7 W/m2). 

In summary, by comparing radiative com- 
putations using model-derived estimates of 
natural and anthropogenic aerosol distribu- 
tions with clear-sky satellite-measured solar 
irradiances over oceans, one can infer geo- 
graphical patter~ls attributable to tropospheric 
aerosols. Conversely, accurate satellite mea- 
surements of solar reflection are potentially 
useful for estimating the radiative effects of 
aerosols. The bias in the annual, global-mean, 
clear-sky reflected solar irradiances between 
model calculations and observations is re- 
duced by at least one-half in magnitude (from 
-6.7 to between -3.3 and f 0 . 2 5  W/m2; 
Table 2) when tropospheric aerosol distribu- 
tions are considered. The radiative effect of 
aerosols estimated here may be compared 
with the net global-mean estimate for clouds 
(- 17 W/m2) (18). 

The satellite irradiances off the coasts of 
western Africa, the northeastern United 

States and Asia, and in the Indian Ocean are 
suggestive of aerosol emissions from the land 
areas, Lvhich necessarily include a substantial 
anthropogenic aerosol component. In these 
regions, wind speeds are relatively low, and 
sea-salt concentrations and associated radia- 
tive effects are less. We find that estimates of 
anthropogenic aerosol components (Table 1) 
are needed to explain the observed irradi- 
ances (Table 2). This lends credibility to the 
notion that such aerosols are key factors in 
the forcing of climate change (I), and that the 
clear-sky global short-wave satellite record 
likely includes the radiative signatures of 
these different anthropogenic aerosols. We 
infer that the anthropogenic aerosol contribu- 
tion is greater for the NH than for the SH, 
consistent with other studies (1, 3-8, 12, 17, 
22-25). 

The substantial radiative effect of the natu- 
rally occurring sea-salt aerosol is evident over 
vast areas of the world's oceans, especially in 
the SH and equatorial areas, whch are associ- 
ated with high surface wind speeds. Sea-salt 
aerosols exert a greater effect relative to other 
aerosols in the SH than in the NH. The modeled 
solar reflection is also governed by the degree 
to which the sulfate aerosol effect is masked by 
sea-salt particles. Although the uncertainty in 
sea-salt mass loading is probably a factor of 3 
or more, the uncertainty in its specific extinc- 
tion, based on present observations of the sub- 
and supemicrometer size categories, is unlike- 
ly to exceed about 30% (26). The importance of 
sea-salt underscores the need to account for it in 
aerosol climate forcing considerations, includ- 
ing changes in sea-salt concentration due to 
secular trends in surface wind speeds (33). In 
addition to the llnkage with sea-salt, wind speed 
may also affect the surface reflectance of 
oceans through the Fresnel effect or by produc- 
ing whitecaps (34). 

The precision of the aerosol radiative com- 
putations is constrained somewhat by uncer- 
tainties in the modeling of global aerosol dis- 
tributions and the associated optical effects. 
There remain some regions where the quantita- 
tive difference between calculations and obser- 
vations is likely due to factors other than aero- 
sols such as uncertainties in ocean surface al- 
bedo and humidity and satellite retrieval algo- 
rithms. In conclusion, the satellite radiation 
measurements verify from an observational 
perspective that considerations of the various 
natural and anthropogenic aerosol species are 
essential for explaining the measured global 
clear-sky solar reflection. Although other fac- 
tors could potentially further improve on the 
computed solar reflection, there is currently no 
known cause besides aerosols that will yield the 
spatial structure and magnitudes necessary to 
account for the biases in the modeled irradiance 
patterns. This establishes a definitive role for 
natural and anthropogenic aerosols in the radi- 
ation budget of the global climate system. 
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peridotite massifs (1). The isotope geochemis
try of Hf (2) and Th (3) seems to require the 
presence of residual garnet in the melting zone, 
even beneath the mid-ocean ridges (4). The 
compositional variability of oceanic basalts 
from mid-ocean ridge basalts (MORBs) to 
ocean island basalts could reflect either variable 
contributions of garnet pyroxenites to their 
source (5-8) or a broad pressure range of melt
ing in a relatively homogeneous mantle (9, 10). 
The Nd-Hf isotopic properties of peridotite in
clusions from the western United States have 

Lu-Hf Isotope Systematics of 
Garnet Pyroxenites from Beni 

Bousera, Morocco: Implications 
for Basalt Origin 

Janne Blichert-Toft,1* Francis Alba rede,1 Jacques Kornprobst2 

Six garnet pyroxenites from Beni Bousera, Morocco, yield a mean lutetium-
hafnium age of 25 ± 1 million years ago and show a wide range in hafnium 
isotope compositions (eHf = - 9 to +42 25 million years ago), which exceeds 
that of known basalts (0 to +25). Therefore, primary melts of garnet pyrox
enites cannot be the source of basalts. The upper mantle may be an aggregate 
of pyroxenites that were left by the melting of oceanic crust at subduction zones 
and peridotites that were contaminated by the percolation of melts from these 
pyroxenites. As a consequence, the concept of geochemical heterogeneities as 
passive tracers is inadequate. Measured lutetium-hafnium partitioning of nat
ural minerals requires a reassessment of some experimental work relevant to 
mantle melting in the presence of garnet. 

www.sciencemag.org SCIENCE VOL 283 26 FEBRUARY 1999 1303 

http://www.sciencemag.org

