between 'C depletion and ambient pCO, val-
ues (39—4I). However, A. values for the
Permo-Carboniferous are larger than values im-
mediately before and after this time span, a
feature difficult to explain in terms. of greatly
increased pCO,. Indeed, Permo-Carboniferous
CO, concentration is likely to have been decid-
edly lower than during the preceding and suc-
ceeding periods (32). The paradox might be
resolved if the pO, of the Permo-Carboniferous
reached 35%, a value indicated by modeling,
because a greater measured Ao at this time
could be explained without relying entirely on
the burial of anomalously '3C-depleted OM
(33). Plant growth experiments demonstrate
that plants can grow in atmospheres of up to
40% O, (42) with the balance between vegeta-
tive and reproductive growth remaining unaf-
fected, indicating the possibility of maintaining
viable populations under such conditions. Fur-
thermore, a value of 35% O, (with pCO, = 300
ppm) is compatible with continued biogeo-
chemical cycling of carbon by terrestrial eco-
systems (43). Other physiological studies sug-
gest that elevated pO, during the Permo-Car-
boniferous may help explain patterns in evolu-
tion. Flight metabolism in arthropods is
enhanced at elevated O, concentrations (44),
and the sudden rise and subsequent fall of insect
gigantism documented from the fossil record
by, for example, giant dragonflies with wing-
spans of 70 c¢m is coincident with the Permo-
Carboniferous maximum in pO, (45, 46). Oth-
er patterns have been linked to elevated O,,
such as changes in organisms with diffusion-
mediated respiration and the invasion of the
land by vertebrates (45, 46).
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Natural NaAlSi;Og-Hollandite in
the Shocked Sixiangkou
Meteorite

Philippe Gillet,’* Ming Chen,?* Leonid Dubrovinsky,*
Ahmed El Goresy?

The hollandite high-pressure polymorph of plagioclase has been identified in shock-
induced melt veins of the Sixiangkou L6 chondrite. It is intimately intergrown with
feldspathic glass within grains previously thought to be “maskelynite.” The crys-
tallographic nature of the mineral was established by laser micro-Raman spec-
troscopy and x-ray diffraction. The mineral is tetragonal with the unit cell param-
eters a = 9.263 * 0.003 angstroms and ¢ = 2.706 * 0.003 angstroms. Its
occurrence with the liquidus pair majorite-pyrope solid solution plus magnesio-
wiistite sets constraints on the peak pressures that prevailed in the shock-induced
melt veins. The absence of a calcium ferrite—structured phase sets an upper bound
for the crystallization of the hollandite polymorph near 23 gigapascals.

Alkali feldspars in the system KAISi;Og-
NaAlSi,O, are abundant minerals in Earth’s
crust. Their behavior under moderate pres-

sure and temperature (P-T) conditions is
well-known. For instance, the albite to ja-
deite + quartz transition is a well-calibrated
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metamorphic. reaction used to infer the P-T
conditions of feldspar-rich blueschist and
eclogitic rocks (). The behavior of feldspars
at higher pressures (>3 GPa) and tempera-

tures (>1000 K) is also of interest because'

these phases might host K and Na, as well as
other important trace elements like Sr or Rb,
in Earth’s mantle. As shown by recent seis-
mic tomographic images, the continental and
oceanic crust can be subducted in the upper
and lower mantle (2). Feldspars or their high-
pressure polymiorphs, if stable under the rel-
evant P-T conditions, can therefore act as
potential carrier of Na, Al, K, and trace ele-
ments, from Earth’s surface down into the
deep mantle.

The behavior of alkali feldspars at P-T
conditions of Earth’s mantle has been exper-
imentally studied. It has been shown that
KAISi;O4 and NaAlSi,O, transform at 1300
K into a denser phase with the hollandite
structure at 12 GPa and 21 to 24 GPa, respec-
tively (3, 4). Several other silicates with the
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hollandite structure have also been synthe-
sized (5-7). Experiments performed in the
KAISi,04-NaAlSi;O, system at pressures
between 5 and 23 GPa and at temperatures
ranging from 1000 to 1500 K have provided
more complex results (8). KAISi,O4-holland-
ite is stable for pressures that are >10 GPa.
NaAlSi,;Og4-albite transforms to jadeite +
stishovite and then, at 23 GPa, transforms to
NaAlSiO, (calcium . ferrite structure) +
_stishovite; NaAlSi;O4-hollandite seems to be
unstable at such conditions, and it has been
concluded that it should be stable at much
higher temperatures (8). It has also been
shown that, at 1300 K, the NaAlSi;O4-com-
ponent gradually dissolves into the hollandite
structure with increasing pressure and that the
maximum solubility is 40 mole percent
(mol%) at 23 GPa. The high-pressure poly-
.morphs of feldspars have never been ob-
served in natural terrestrial and extraterres-
trial samples. Here, we show the existence of
such minerals -in the veins of the heavily
shocked Sixiangkou meteorite (L6 chondrite)
(9). Several phases that are thought to occur
in the mantle have been synthesized in labo-
ratory experiments and have been observed in
shocked chondrites (/0-12).

The Sixiangkou meteorite contains black
veins 0.1 to 2 mm in width formed by shock
melting and in which two distinct high-pres-
sure assemblages have been described: (i)
majorite-pyrope,, plus magnesiowdistite (ss,
solid solution) that crystallized at high pres-

Table 1. Chemical composition of plagioclase (Pl) and maskelynite (Ms) in Sixiangkou and other L6

chondrites (values in weight %).

Sixianghou Tenham Peace River Dar Al Gani 355
Oxide
Pl Ms Pl Ms Pl Ms Pl Ms

Sio, 65.01 65.21 66.50 67.62 65.01 65.84 65.37 66.55
ALO, 21.00 21.65 22.68 22.99 23.35 21.65 21.08 22.35
K,0 0.98 1.46 0.87 1.08 0.69 2.37 0.32 1.64
Na,O 9.61 9.24 7.29 5.62 8.37 6.56 9.97 8.14
CaO 2.08 2.20 213 2.01 2.29 2.19 2.11 1.69
MgOo 0.03 0.34 0.06 0.02 0.00 0.02 0.07 0.08
FeO 0.29 0.75 0.54 0.48 0.38 0.52 0.51 0.42
Total 99.00- 99.85 100.07 99.84 100.09 99.15 99.43 100.87

Table 2. Elements [number of cations (O = 8)] of plagioclase and maskelynite in Sixiangkou and other

L6 chondrites.

sures and temperatures from a shock-induced
silicate melt having the bulk composition of
the -unmelted parts of the meteorite and (ii)
ringwoodite plus low-calcium majorite pro-
duced by solid state transformation of olivine
and low-calcium pyroxene (9). Beside these
mineral assemblages, the veins of the mete-
orite contains, as in most shocked meteorites,
zones of feldspathic composition (Fig. 1 and
Tables 1 and 2). These zones, often called
maskelynite, have been interpreted as dia-
plectic glasses formed by shock-induced sol-
id state amorphization (/3—15). More recent-
ly they have - also been interpreted as.
quenched products from a high-temperature
and high-pressure liquid associated with the
residual heat from the shock event (/6). The
maskelynites often display radiating cracks
starting from their surfaces and fracturing the
neighboring ringwoodite. These cracks are
usually filled with material of the same pla-
gioclase composition (Fig. 1). This indicates
that the fractured plagioclase was once mol-
ten and the melt was injected into these
cracks at high pressure.

We characterized the feldspathic material
in the Sixiangkou meteorite using electron
microprobe, Raman spectroscopy, and x-ray
diffraction. The last two techniques permit an
unambiguous determination of the glassy ver-
sus crystalline nature of the samples. They
also have the advantage of being less destruc-
tive than transmission electron microscopy,
which can lead, in the case of metastable
high-pressure phases, to amorphization under
the electron beam (/7). At low magnification,
the maskelynites appear homogeneous with
typical plagioclase composition, similar from
grain to grain and close to those of the
feldspars observed in the untransformed parts
of the meteorite as already observed in many
other shocked meteorites (Tables 1 and 2).
Backscattered electron (BSE) images of the
grains at high magnification using a field-
emission scanning electron microscope

MASKELYNITE

Fig. 1. Photograph of a maskelynite in the
Sixiangkou meteorite - obtained with a field
emission SEM in BSE mode. Scale bar is 10 pm.
Maskelynite is surrounded by ringwoodite crys-
tals (rg) and by majorite-pyrope , + magnesio-
wiistite (mw -+ mj). The arrows indicate frac-
tures filled with material of the same compo-
sition as maskelynite.

Sixianghou Tenham Peace River Dar Al Gani 355
Element
PL Ms Pl Ms Pl Ms Pl Ms
Si 2.89 2.89 2.89 2.93 2.85 291 2.89 2.90
Al 1.10 1.08 117 117 1.20 1.13 1.10 1.14
K 0.06 0.08 0.05 0.06 0.04 0.13 0.02 0.09
Na 0.83 0.79 0.61 0.47 0.71 0.56 0.85 0.69
Ca 0.09 0.10 0.13 0.09 0.1 0.11 0.08 0.08
Mg 0.00 0.02 0.06 0.02 0.00 0.02 0.07 0.08
Fe 0.29 0.03 0.02 0.02 0.01 0.02 0.02 0.01
Total 4.99 4.99 4.87 4.74 4.92 4.86 4.96 4.91
3 MARCH 2000 VOL 287 SCIENCE - www.sciencemag.org



(SEM) revealed a fine-grained network of
bright and dark lamellae in the submicrome-
ter range. The composition is that of an oli-
goclase (Abg,An, ,Or,), however with higher
K,O content than in the plagioclase of the
unmelted matrix. The Raman spectra of the
feldspathic material is not characteristic of a
fully glassy phase (/7) (Fig. 2). The spectra
are similar in the numerous grains examined
so far. They consist of the superposition of
large broad peaks characteristic of silicate
glasses and sharp peaks characteristic of a
crystalline phase. The broad peaks are similar
those of NaAlSi,O4 glass, with a broad in-
tense peak at 490 to 500 cm ™!, a shoulder at
~580 cm™!, and a less intense broad peak
near 1100 cm ™! (18). The well-defined peaks
do not correspond ‘to any known feldspar
polymorph of albitic composition. The Ra-
man spectra can be compared to those of
K-rich feldspars experimentally transformed
at 22 GPa within the stability field of
KAISi,O¢-hollandite (/9) (Fig. 2). All of the
sharp peaks observed on the Raman spectra
of the Sixiangkou maskelynite correspond
within a few wave numbers to those of
KAISi,O4-hollandite. The intense peak at

*

764

Intensity

\,

200

600 800 1000 1200
Raman Shift (cm™)

400

Fig. 2. (A) Typical Raman spectrum of the
Sixiangkou maskelynites. The broad peaks (ar-
rows) are close to those of NaAlSi Oy glass. The
sharp peaks (asterisks) belong to hollandite. (B)
Raman spectrum of KAISi,Og-hollandite syn-
thesized at 22 GPa and 1500 K. The sharp peaks
of the spectrum in (A) correspond within a few
wave numbers to those of KAISi,Og-hollandite.
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764 cm ™! can be assigned to Si-O stretching
vibrations in the SiO, octahedra by compar-
ison with a similar intense peak observed in
SiO,-stishovite (/9). The Raman data repre-
sent the suggestion that hollandite of feld-
spathic composition in the joint system
KAISi,04-NaAlSi,04-CaAl,Si, 04 can occur
in natural samples. Most of the observed
glass + hollandite intergrowths are surround-
ed by ringwoodite grains or the liquidus pair
majorite-pyrope., + magnesiowiistite, but in
some rare cases, jadeitic pyroxenes have also
been found.

To confirm the presence of hollandite in
the Sixiangkou meteorite, a 300-pm disk
containing a single grain of irregular shape
with maximum dimension of ~60 wm, show-
ing the typical Raman spectrum (Fig. 2), was
drilled from a petrographic thin section and
studied with x-ray microdiffraction (20). The
diffraction pattern (Fig. 3 and Table 3) con-
sists of a number of reflections of majorite
and a second phase. All 15 diffraction lines of
the integrated diffraction pattern, which do

feldspars similar to those present in the un-
transformed parts of the meteorite or from the
crystallization at high pressures of molten
feldspars. The difference in K content be-
tween hollandite and untransformed feldspars
could be the signature of melting of the
feldspars and the addition of K that evaporat-
ed from the melt vein during the shock. The

Table 3. indexed peaks of the x-ray diffraction
pattern of the natural high-pressure polymorph of
oligoclase with the hollandite structure in the
shocked Sixiangkou L6 chondrite. The correspond-
ing spectrum is given in Fig. 3. The cell parameters
of tetragonal hollandite of oligoclase composition
[a = 9.263(3) A and ¢ = 2.706(3) A] compare well
with those obtained by Liu (4) for the pure
NaAlSi,O4-hollandite [a = 9.30(3) A and ¢
2.73(1) A] and are close to those of KAISi,Of-
hollandite reported by Yagi et al. (8) and Zhang et
al. (27). d,,, observed d spacing; d_,., d spacing
calculated with the tetragonal structure and the
measured a and b cell parameters. The density is
3.80.

not correspond to the majorite crystals adja-  px drs dxlc 9ops ~ dearc
cent to the grain, can be unambiguously in- (A) (A)
dexed ‘in terms Of tetragonal hollandite struc- 110 6.5461 6.5502 —0.0041
ture with the lattice parameters a = 9.263(3) 200 46334 46317 0.0017
A and ¢ = 2.706(3) A. The corresponding 220  3.2763 3.2751 0.0012
density is 3.80. The lattice parameters are 130 29314 2.9293 —0.0020
slightly lower than values reported for pure ‘2“1)(1) 52(15‘7“33 ;g;gg _888(1);
KAISi;Og-hollandite (¢ = 9324 Aand c = 5,0 50724 20714 00010
2.722 A) (21), probab!y due to additional 310 2.0315 2.0351 _0:0034
amounts of Na and Ca in the structure. 321 1.8664 1.8632 0.0032
From the previous observations, it is pos- 510 1.8162 1.8167 —0.0005
sible to propose constraints on the formation ~ 411 1.7372 1.7286 0.0086
and destabilization of NaAlSi,Og-hollandite ‘25‘5)‘1) ]3‘5‘53 12‘5‘?3 :8881;
during the shock event. Hollandite results ’ ’ y
N X R 002 1.3509 1.3530 —0.0021
either from the solid state transformation of
? H (130) H (301)
1000 { =
g
800 1 =
3
“ —_~
> 600 A g
= = @ -
[0} g ~a 2 a T 3 =
é 400 '\J e § @ T o = % s
g =% =3 = 8
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Fig. 3. Diffraction pattern obtained on a maskelynite of the Sixiangkou meteorite. Fifteen

20

diffraction lines (H) are indexed in the hollandite structure (see Table 3). The remaining peaks (Mj)
belong to the majorite-pyrope_; grains surrounding the maskelynite.
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chemical analysis and the Raman data show
that ‘the hollandite crystals are interwoven
with glasses of similar composition. In par-
ticular, no zone of silica or jadeitic composi-
tions can be distinguished within the grains.
The glass can thus either be interpreted as a
back-transformation product of hollandite or
as a residual liquid quenched during the post-
shock pressure and temperature release. The
rare occurrence of jadeitic pyroxenes at the
rim of some hollandite + glass zones can
represent the subsequent transformation (or
back transformation) of hollandite into ja-
deite + SiO,. However, we have not yet
observed zones of SiO, composition near the
jadeitic grains.

The present study confirms the conclusion
of Liu (4) that compositions close to the
NaAlSi,O, end-member system can adopt
the hollandite structure. The natural occur-
rence of hollandite with 8 mol% of KAISi,O4
contradicts the work of Yagi et al. (8), who
concluded that the maximum solubility of the
NaAlSi,O, component in the NaAlSi,O-
KAISi,O,-hollandite solid solution is limited
to 40 mol%. Because the temperature condi-
tions during the shock event in the Six-
iangkou meteorite are higher than the temper-
ature range experimentally explored by these
authors, the present observations indicate that
this solubility is temperature dependent.

The occurrence of the liquidus pair ma-
jorite-pyrope . + magnesiowiistite constrains
their crystallization at pressures between 21
and 25 GPa and at temperatures between
2273 and 2373 K (22). The density of the
phases with bulk NaAlSi,O, composition in-
creases in the following order: albite <
NaAlSi, O, (jadeite) + 2SiO, (quartz, coes-
ite, or stishovite) < hollandite < NaAlSiO,
(calcium ferrite) + SiO, (stishovite) (4, 8).
The discovery of hollandite close to the
NaAlSi,O4 end-member puts additional con-
straints on the shock P-T conditions of the
Sixiangkou meteorite. The absence of the
assemblage NaAlSiO, (calcium ferrite struc-
ture) + 2SiO,-stishovite sets the upper pres-
sure bound at 23 GPa (4, 8). These data
suggest that the formation of the high-pres-
sure assemblages in the shock-induced melt
veins in the Sixiangkou meteorite took place
at lower pressures but at higher temperatures
than previously estimated for shock-induced
melt veins in chondritic meteorites (13, 14).
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Green, Catalytic Oxidation of
Alcohols in Water

Gerd-Jan ten Brink, Isabel W. C. E. Arends, Roger A. Sheldon*

Alcohol oxidations are typically performed with stoichiometric reagents that
generate heavy-metal waste and are usually run in chlorinated solvents. A
water-soluble palladium(ll) bathophenanthroline complex is a stable recyclable
catalyst for the selective aerobic oxidation of a wide range of alcohols to
aldehydes, ketones, and carboxylic acids in a biphasic water-alcohol system. The
use of water as a solvent and air as the oxidant makes the reaction interesting
from both an economic and environmental point of view.

Traditionally, oxidations of alcohols are per-
formed with stoichiometric amounts of inor-
ganic oxidants, notably chromium(VI) re-
agents (/). These oxidants are not only rela-
tively expensive, but they also generate copi-
ous amounts of heavy-metal waste. Moreover,
the reactions are often performed in environ-
mentally undesirable solvents, typically chlo-
rinated hydrocarbons. In a constant search for

cleaner (“greener”) technologies, there is a
definite need for catalytic oxidations that use
dioxygen (O,) or hydrogen peroxide as the
stoichiometric oxidant (2). These oxidants
are atom efficient (3) and produce water as
the only by-product.

Although the advantages of using oxygen
in alcohol oxidation are evident, reports on
this particular subject are still scarce. Most
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