
pound A1,Ru which is orthorhombic and 
has comparable strength of atomic potential 
to the i-phases, does have a real gap. It is 
mentioned above that electrons in a auasi- 
periodic lattice are prone to localization 
[also see (26)], and the extent of the effect 
depends on the form of the atomic potential 
in an alloy. Meanwhile, whether the ab- 
sence of a real gap is also due to "quasi- 
periodicity" needs to be investigated. Tak- 
ing a different viewpoint, an internal struc- 
tural model (27) advocates that in the 
ordered i-uhases. the icosahedral atomic 
blocks that are metallic, are enveloped by a 
lavered-structure network that is insulating " 
with an energy gap. This structural arrange- 
ment leads to a proximity tunneling type of 
conductivity with a finite density of states 
at the Fermi level. Clearly, much research 
is needed for understanding electron local- 
ization and band-gap formation in metallic 
quasicrystals as well as ordered metallic 
systems in general. 
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Thorium-Uranium Fractionation by Garnet: 
Evidence for a Deep Source and Rapid Rise of 

Oceanic Basalts 

T. Z. LaTourrette,* A. K. Kennedy,? G. J. Wasserburg 
Mid-ocean ridge basalts (MORBs) and ocean island basalts (016s) are derived by partial 
melting of the upper mantle and are marked by systematic excesses of thorium-230 
activity relative to the activity of its parent, uranium-238. Experimental measurements 
of the distribution of thorium and uranium between the melt and solid residue show that, 
of the major phases in the upper mantle, only garnet will retain uranium over thorium. 
This sense of fractionation, which is opposite to that caused by clinopyroxene-melt 
partitioning, is consistent with the thorium-230 excesses observed in young oceanic 
basalts. Thus, both MOREs and OlBs must begin partial melting in the garnet stability 
field or below about 70 kilometers. A calculation shows that the thorium-230-uranium- 
238 disequilibrium in MOREs can be attributed to dynamic partial melting beginning at 
80 kilometers with a melt porosity of 0.2 percent or more. This result requires that melting 
beneath ridges occurs in a wide region and that the magma rises to the surface at a 
velocity of at least 0.9 meter per year. 

Information about the rate at which a 
source region melts and the magma is trans- 
ported to the surface of the Earth can 
provide key constraints on magmatic 
plumbing systems in the mantle and crust. 
One important source of this information is 
isotopic disequilibrium among the members 
of the uranium-series decay chain in young 
oceanic basalts. Most young MORBs and 
OIBs display secular disequilibrium between 
130Th and 238U, with the activity of 130Th 
enriched relative to that of 238U (1). This 
disequilibrium implies that the basalts have 
a higher Th/U ratio than the mantle from 
which they were derived. Such a Th-U 
fractionation generates a transient excess of 
130Th relative to its parent, 238U, in the 
basalt. Because a system will return to 
secular equilibrium (where the 130Th and 
238U activities are equal) within about five 

Division of Geological and Planetary Sciences, Cali- 
fornia Institute of Technology, Pasadena, CA 91 125. 

*To whom correspondence should be addressed at 
Department of Geology, Box 1404, Arizona State 
University, Tempe, AZ 85287. 
?Present address: Department of Applied Physics, 
Curtin Universityof Technology, Perth, 6001, Australia. 

half-lives of 130Th (or 377,000 years), 
230Th-238U disequilibrium reflects recent 
chemical fractionation of T h  from U and 
can be used to constrain the timing of 
magma generation and transport. In order 
to interpret this disequilibrium, however, 
the origin of the Th-U fractionation, that 
is, the location and the time in the erupted 
lava's historv when the fractionation oc- 
curred, must be determined. 

Many workers have attributed the Th-U 
fractionation to differences in crystal-melt 
partitioning between Th and U during par- 
tial melting (1 -3). Recent experimental 
trace-element partitioning studies have 
shown that partial melting of spinel lherzo- 
lite is not a possible explanation of 13'Th- 
238U disequilibrium in young oceanic ba- 
salts, as a partial melt from such a source 
will be enriched in U relative to Th, which 
is opposite to what is found (4, 5). This 
conflict could be resolved if uartial melting - 
occurred at higher pressures where other 
phases controlled the Th  and U partition- 
ing. We thus conducted partitioning exper- 
iments between garnet and melt to evaluate 
the possibility that 230Th-238U disequilibri- 
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um in young oceanic basalts results from 
partial melting of garnet lherzolite. 

Garnet crystals were grown from a mix- 
ture of oxides at 27 kbar in a 0.5-inch 
piston-cylinder press with CaF, pressure 
cells and crushable MgO spacers. Crystals 
were grown by the slow cooling of the 
sample from the liquidus temperature 
(1355°C) (4, 6). After it was pressurized, 
the sample was brought to the liquidus 
temperature and held for 30 min and then 
was cooled at a rate of 4" to 6OC per hour; 
we quenched the samples at selected tem- 
peratures by shutting off the power to the 
furnace. Uranium is multivalent, and its 
crystal-melt partitioning behavior is sensi- 
tive to the fugacity of oxygen, f 0 2  (4). By 
using graphite capsules sealed in platinum, 
we constrained the fO, of the experiments 
to be below that of the graphite-CO-CO, 
oxygen buffer (7). For these experimental 
conditions this buffer gives log fO, = 
-7.20 (8), which is in accord with values 
inferred for MORBs (9). 

Crystals and glass were analyzed for ma- 
jor elements with an electron microprobe, 
and Th, U, and Sm were measured with 
PANURGE, a modified Cameca ims-3f sec- 
ondary ion mass spectrometer (SIMS) (1 0). 
Ion intensities normalized to 30Si were con- 
verted to concentrations by means of a 
sensitivity factor determined from a stan- 
dard. As no suitable Th or U standards were 
available for garnet. we calculated concen- u 

trations by assuming that the ratio of sen- 
sitivitv factors for Th  and U between earnet " 

and glass were the same as for Sm (1.15). 
The experiments yielded a small number 

of medium to large (40 to 70 pm in diam- 
eter) euhedral garnet crystals plus numerous 
smaller (5 to 25 pm) garnet crystals and 
quenched silicate melt. The concentrations 
of Th and U in the elass are uniform within a 

measurement error (Table I) ,  indicating 
that these elements remained homoeeneous - 
in the melt during crystal growth. As ex- 

pected in slow cooling experiments, the 
crvstals were chemicallv zoned in resDonse 
to' changing melt coAposition, altiough 
the fractions of melt crystallized (Table 1) 
were purposely kept small to minimize zon- 
ing. The extent of zoning (in terms of the 
pyrope, almandine, and grossular compo- 
nents), ranged from Py4,A1,,Gr14 to 
P~39A142Gr19. 

Partition coefficients (Table 2) for all 
crystals analyzed are consistent: the inter- 
crystal standard deviation is less than the 
errors in the counting statistics. The Sm 
partition coefficients (Table 2) compare 
well with those from earlier experimental 
measurements of similar composition ( I  1 ) . 
Most SIMS analyses were confined to the 
cores of the crvstals. One crvstal rim anal- 
ysis was obtained and gave a slightly higher 
apparent partition coefficients than those 
for the core, consistent with increasing 
incompatible element concentrations from 
core to rim. Because the crystal fraction is 
small, correction for this zoning (4) has 
been neglected, as this correction is small 
compared to the analytical error. 

The data show that earnet retains U " 

over Th  by nearly an order of magnitude 
(Table 2); as a result, Th  is enriched rela- 
tive to U in the extracted melt. This 
observation demonstrates that the sense of 
Th-U fractionation by garnet-melt parti- 
tioning is opposite to that in clinopyroxene 
(4, 5), consistent with other recent results 
(12). A melt coexisting with garnet will 
have a Th/U ratio much larger than that of 
the garnet in the residual solid (Fig. 1). 
This sense of Th-U fractionation is consis- 
tent with the 230Th excesses found in young 
oceanic basalts and strongly suggests that 
the 230Th-238U disequilibrium in these la- 
vas results from Th-U fractionation by re- 
sidual garnet during partial melting. 

These partition coefficients can be used 
in a single-stage batch melting model of a 
garnet-bearing lherzolite to generate a 

Table 1. Compositions of the starting material and run products. The oxide compositions are in 
percent by weight. Concentrations of Th, U, and Sm are in parts per million. 

Starting R u n  6 R u n  8 

composition* Garnet Glass Garnet Glass 

SiO, 60.7 40.0 63.3 
TiO, 1.05 1.13 1.14 
A12°3 16.8 22.6 16.5 
FeO*? 5.82 19.6 4.92 
MgO 2.39 11.7 1.55 
CaO 4.95 5.9 5.03 
Na,O 3.16 0.05 2.99 
KzO 2.00 2.16 
Th 8200 + 400 1 4 + 2  8200 r 1100 
u 7 9 0 0 r 5 0 0  1 1 8 ? 1 3  8000+11OO 
Sm 3300+400 1010+101 2 1 5 0 r 1 0 0  

Total 98.6 101.1 99.8 

*Analysis of super liquidus quench glass. tFeO* = total Fe as FeO. 
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230Th activity excess in the extracted melt. 
However, in order to produce the degree of 
230Th excess observed in oceanic basalts, 
this model requires that a small total degree 
of melting (<0.2%) occur entirely in the 
garnet stability field, which is not very 
realistic. Slow melting of upwelling mantle 
with continuous withdrawal of melt is more 
likely. 

To explore this latter scenario, we cal- 
culated the degree of 230Th-238U disequili- 
brium produced during dynamic partial 
melting (2), which approximates pressure- 
release melting of a column of upwelling 
mantle beneath a mid-ocean ridge. A key 
factor in this model is that melting be slow 
enough for the 230Th and 238U remaining in 
the mantle to stay in secular equilibrium. 
The 230Th that is extracted by melting is 
thus effectively replaced in the mantle by 
radioactive decay of 238U. In this way, 
I3OTh excesses can be sustained for large 
degrees of partial melting. The results (Fig. 
2) indicate that 230Th-238U disequilibrium 
in MORBs can be attributed to dynamic 
partial melting beginning at a depth of 80 
km. Although only 14% of the melting 
occurs in the garnet stability field, the bulk 
of the Th  and U are extracted from the 
upwelling mantle in the early stages of 
melting. Hence, the 230Th-238U disequili- 
brium signature is dominated by melt gen- 
erated from garnet lherzolite. The 230Th 
excess in most samples can be accommodat- 
ed by melt porosities of 0.2% or more (Fig. 
2). The greater 230Th excesses in a few 
samples may be the result of lower total 
melt fractions, anomalously slow melting, 
very low melt porosity, or the addition of 
Th  (or removal of U) by some process 

10 . . , . , . . . . , . , , , r , . . . 1 . ,  , .  
U-enriched melt 

1 L No w"U fractionation 

1 Th-enriched melt 1 

Fig. 1. Ratio of garnet-melt partition coefficients 
for Th and U (DT,/D,) plotted against oxygen 
fugacity. Horizontal arrow on the points indi- 
cates that the fO, plotted is for the graphite- 
CO-CO, buffer and is an upper limit for the 
actual conditions of the experiments. Results 
from clinopyroxene partitioning experiments for 
natural MORB composition (4) are shown for 
reference. The value of DT,/D, is less than 1 for 
garnet, in contrast to clinopyroxene, indicating 
that residual garnet will preferentially retain U 
over Th during partial melting and thus that a 
partial melt will have a Th/U ratio greater than 
that of its source. 



other than partial melting. 
Although these results provide a proba- 

ble explanation for the 230Th excess in 
oceanic basalts, Th-U fractionation by 
some accessory phase such as apatite could 
also be important. There is no evidence for 
the presence of apatite in the oceanic man- 
tle, however, and the ubiquity of 238U- 
230Th disequilibrium in oceanic basalts thus 
suggests that the behaviors of Th  and U are 
controlled by primary phases. In addition, 
accessory phases such as apatite have high 
solubilities in basalts (1 3) and would prob- 
ably be consumed during melting, leaving 
no fractionation signature. 

Our conclusion that 230Th-238U disequi- 
librium in young MORBs results from par- 
tial melting of garnet lherzolite is consistent 
with other evidence for the presence of 
garnet in the MORB source, including Lu- 
Hf isotopes (14) and rare earth element 
distributions in MORBs (1 5,  17) and abys- 
sal peridotites (1 8). In the present model 
the La/Yb ratio of the melt is enriched by a 
factor of 1.4 relative to the source, in 
agreement with the results of Langmuir et 
al. (1 5). This model also generates the 
correct sense of Lu-Hf fractionation re- 
quired to explain the low 176L~/177Hf in 
MORBs, although, in contrast to the 238U- 
230Th disequilibrium data, the depth at 
which melting must begin to account for 

most of the Lu-Hf data [>300 km (1 4)] may 
be unrealistically high. The reason for this 
discrepancy is unknown. 

In order to produce large degrees of 
230Th-238U disequilibrium, the melting rate 
of the rising mantle must be quite low, 
which requires that the mantle upwelling 
rate be less than the half-spreading rate at 
most ridges. This, in turn, requires that 
melting occur in a region much wider than 
the narrow active volcanic zone observed at 
mid-ocean ridges. This result supports the 
conclusions of McKenzie (1 9) that melting 
is slow, melt porosities are low, and melting 
occurs over a wide region beneath mid- " 

ocean ridges. These results also allow us to 
estimate magma transit rates at mid-ocean " 

ridges. In order to preserve its disequilibri- 
um signature, the magma must reach the 
surface before the 230Th excess decays sig- 
nificantly. Most of the 230Th-238U disequi- 
librium is generated in the garnet stability 
field near the base of the melting region and 
therefore must travel from below the spinel- 
garnet transition to the surface within 
about one I3OTh half-life (75,400 years). 
For a transition depth of 70 km the magma 
must travel at least 0.9 mlvear. For these 
low melt fractions to percolate so far so 
quickly, their viscosities must be quite low, 
possibly requiring high CO, contents. This 
implies that oceanic basalts might contain a 

Fig. 2. A 230Th-238U disequilibrium diagram 
showing data for MORBs (3,25) and calculated 
230Th-233U disequilibrium generated for dynam- 
ic partial melting (2) of an upwelling mantle. = 
Parentheses indicate activities. Samples in sec- . 

ular equilibrium have (230Th/2wTh) = (238Ui : 
232Th) and thus lie on the one-to-one equiline. 238U enrichment 
Th-U fractionation will move a sample off the 
equiline, and essentially all MORBs plot to the 
left, indicating 230Th enrichment within the last 
375,000 years. The curve labeled 1.5 delin- 
eates the calculated locus of points corre- 0.5 1 .O 1.5 2.0 

sponding to 230Th excess of 50%, that is, c38U/232Th) 

(230Th/232Th) = 1.5 (238U/232Th), generated by partial melting with the following parameters: melting 
begins at 80 km and ends at 10 km, upwelling rate is 1 cmiyear, total melt fraction extracted equals 
0.13, melt porosity (the melt fraction beyond which melt is instantaneously extracted) increases 
linearly from 0 at the base of the melting region to 0.4% at the top (23) (average porosity = 0.2%), 
the source consists of olivine + orthopyroxene + clinopyroxene + either spinel or garnet, the 
transition from garnet to spinel lherzolite is at 70 km, partition coefficients are from this study (Table 
2) and (5, 26), and phase proportions are from (17). In a given parcel of mantle the 238U and 230Th 
concentrations decrease rapidly at the onset of melting, and therefore the 230Th-238U disequilibrium 
signature is dominated by the melt formed in the garnet stability field. 

Table 2. Partition coefficients of the run products 

Parameter Run 6 Run 8 

*F,,, = crystal fraction. Runs 6 and 8 were quenched at 1313" and 1307"C, respectively. tDgarne'lmelt = 

C?arnet/CT"elt, where C is concentration. The Th, U, and Sm partition coefficients are averages of fad crystals in 
each sample. 

carbonatitic component, although no evi- 
dence for this has been found. 

These results can also be applied to 
230Th-238U diseauilibrium in OIBs. Evi- 
dence from rare-earth element, major ele- 
ment, and geophysical data show that OIBs 
form from melting that begins in the garnet 
stability field and that garnet remains in the 
residuum (20, 21). It is therefore highly 
likely that the I3OTh excesses in OIBs also 
result from Th-U fractionation by residual 
garnet. Genesis of alkali basalt, a common 
type of OIB magma, requires a higher mean 
melting pressure and hence a higher frac- 
tion of the melting in the presence of garnet 
than that of MORB (2 1). From this distinc- 
tion one would expect that the average 
230Th excess in OIBs be higher than that in 
MORBs, which is exactly what has been 
found (22). 

In addition to the partition coefficients, 
the details of the chosen melting model will 
affect the predicted degree of I3OTh enrich- 
ment. For example, recent modeling by 
Spiegelman and Elliott (23) takes into ac- 
count the effects of melt transport through 
the matrix in generating 230Th-238U dis- 
equilibrium. This model may better simu- 
late the conditions of magma generation in 
the mantle and hence further refine the 
melting and magma transit rates derived in 
this work. In addition, phase compositions 
can be significantly different in systems that 
contain both garnet and clinopyroxene 
(24). These changes may affect trace-ele- 
ment partition coefficients and hence the 
relative degree to which clinopyroxene and 
garnet contribute to Th-U fractionation. In 
any case, the fact that residual garnet will 
retain U over Th  by nearly an order of 
magnitude is strong evidence that garnet 
plays a key role in Th-U fractionation in 
the genesis of oceanic basalts. 
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Ices on the Surface of Triton 

Dale P. Cruikshank, Ted L. Roush, Tobias C. Owen, 
Thomas R. Geballe, Catherine de Bergh, Bernard Schmitt, 

Robert H. Brown, Mary Jane Bartholomew 
The near-infrared spectrum of Triton reveals ices of nitrogen, methane, carbon monoxide, 
and carbon dioxide, of which nitrogen is the dominant component. Carbon dioxide ice may 
be spatially segregated from the other more volatile ices, covering about 10 percent of 
Triton's surface. The absence of ices of other hydrocarbons and nitriles challenges existing 
models of methane and nitrogen photochemistry on Triton. 

Voyager 2 revealed Triton as a frozen haze layer, discrete clouds, and winds that 
world with a relatively young and highly blow the effluent from at least three active 
structured surface almost devoid of impact plumes (or "geysers") toward the equator 
craters and with evidence of episodes of from the south polar region (2). Solid N, 
local and perhaps global melting (1). A and CH, had been detected on Triton's 
tenuous atmosphere of nitrogen and meth- surface by earlier ground-based telescopic 
ane supports a tropospheric photochemical observations (3, 4). The atmospheric pres- 

sure of 16 a 3 microbar N, was found to be - - 

D. P. Cruikshank, NASA Ames Research Center, MS in approximate vapor equilibrium 
245-6, Moffett Field, CA 940351000. 
T. L. Roush, Department of Geosciences, San Fran- with the surface ice- 
cisco State University, San Francisco, CA 94132, and We have continued to observe Triton 
NASA Ames Research Center, MS 245-3, Moffett with gound-based telescopes to probe fur- 
Field, CA 94035-1 000. 
T, C, Owen, Institute for Astronomy, University of of its com~osition' In this re- 
Hawaii. 2680 Woodlawn Drive. Honolulu. HI 96822. port we describe the results of our 1991 and 
T R Geballe, Joint Astronomy Center, 660 North 1992 investigations of the reflectance sDec- 
Aohoku Place, University Park, Hilo, HI 96720. 
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C, de Bergh, Obse~atoire de Paris, 5 Place Jules 

trum of Triton obtained with a new infrared 
Janssen, 92195 Meudon Cedex, France. spectrometer at the 3.8-m United Kingdom 
B. Schmitt, Laboratoire de Glacioloaie et Geophv- Infrared Telescoue Facilitv on Mauna Kea. 
sique de I'Environnement, BP 96, 38402 s a i n t - ~ a i n  ~ ~ ~ ~ i i  (5) .  
d'Heres, France. 
fl, H. Brown, Jet Propulsion Laboratory, MS 183-501, Our spectra have significantly higher 
4800 Oak Grove Drive, Pasadena, CA 91 109. (250-350) resolving power and signal-to- 
M. J. Bartholomew, Sterling Software Inc., 1121 San noise than had been previously achieved. 
Antonio Road, Palo Alto, CA 94303, and NASA Ames 
Research Center, MS 245-6, Moffett Field, CA 94035- We confirm the presence the six bands 
IOOO. CH, and one band of N, that had been seen 

in the earlier data, but obtain more precise 
measurements of the band strengths, 
shapes, and central wavelengths. The spec- 
tra also show absorption bands due to solid 
C O  and CO,. 

Seen from Earth, Triton is unresolved 
(subtended diameter <0.2 arc sec) , and the 
telescopic spectra reported here result from 
sunlight reflected from an entire hemi- 
sphere. Reflection from the icy surface of 
Triton occurs bv scatterine from individual " 

grains and depends on the grain diameters 
and refractive indices of the various ice 
components. Near-infrared spectroscopy 
probes the uppermost several centimeters of 
the surface. 

In Hapke's (6) model of scattering from 
a particulate surface, from the real (n) and 
imaginary (k) indices of refraction of a 
material one can calculate the reflectance 
of both multi- and monocomponent surfac- 
es (7). We have used this theory to calcu- 
late the radiance factor, which is the reflec- 
tance of Triton's surface relative to that of 
a perfect reflecting lambert surface illumi- 
nated arid viewed normally, using three 
different models of the surface ices. The 
first (checkerboard) model has spatially 
segregated patches of the four identified 
ices, and a single solar photon is scattered 

. from a erain of onlv one kind of ice. The " 

second (salt-and-pepper) model consists of 
intimate mixtures of ices. in which a 
photon may be multiply scattered from 
grains of different composition. In the 
third kind of model, ices are mixed at the 
molecular level (for example, CH, dis- 
solved in N, in a solid solution). We used 
the optical constants of the pure ices (8) 
in the spatially segregated and intimate 
mixture models, and additional data (9) 
for models of molecular mixtures of CH, 

7 

and N,. Laboratory data on the molecular 
mixes are not yet adequate for our models, 
and the results reported here pertain only 
to intimate mixes and spatially segregated 
components. 

With four molecular species identified 
on Triton's surface. and with the uossibili- 
ties of spatially segregated pure and mixed 
ices in various oarticle sizes. a model fit to 
the observed spectrum involves many pa- 
rameters. which are therefore difficult to 
constrain. In general, larger particles and 
greater fractional coverage of the surface 
generate stronger absorption bands, while 
smaller particles of any constituent will 
vield weaker bands of all the constituents. 
In a model fit to the spectrum the behaviors 
of absorution bands of the four constituents 
are interrelated, but we first consider each 
of the components separately. 

Molecular nitrogen is the most volatile 
constituent identified, and gaseous N2 dom- 
inates the atmosphere. Sublimation and 
condensation of N, appear to maintain an 
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