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centre (carbene) or localized on two different atoms within the
molecule (diradical). One of the best known reactions of triplet
carbenes is their interaction with oxygen to form the corresponding
ketones, which involves carbonyl oxide formation. In contrast,
diradicals react with oxygen to give oxidation products mainly
derived from the corresponding peroxides. When 1b was irradiated
in the presence of oxygen, bis [9-(10-phenyl)anthryl]ketone was
formed. Laser ¯ash photolysis studies showed the presence of a
broad transient absorption at 505 nm ascribable to the carbonyl
oxide. Moreover, whereas 32a aggregated into a trimer, 32b produced
a carbene dimer (4) through coupling of two molecules at their
carbene centres. These observations, and the fact that we observed
the main decay pathway of persistent triplet carbenes in solution to
be dimerization, suggest that even though the free electrons in 32b
are extensively delocalized, it is considered more appropriately as a
carbene than a diradical.
Although the conceptual ideas underpinning this work were
developed more than a century ago, the present ®ndings may still
affect modern materials science because triplet carbene units can
serve as a useful source of electron spins in high-spin organic
molecules that act as models for purely organic ferromagnetics29.
To date, the highly transient nature of these species has prevented
further development of such systems into usable magnetic materials, but the relatively stable triplet carbene described here may
point to new strategies for developing organic ferromagnetic
materials.
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Tectonic models for the evolution of the Tibetan plateau interpret
observed east±west thinning of the upper crust to be the result of
either increased potential energy of elevated crust1 or geodynamic
processes that may be unrelated to plateau formation2±6. A key
piece of information needed to evaluate these models is the timing
of deformation within the plateau. The onset of normal faulting
has been estimated to have commenced in southern Tibet between
about 14 Myr ago7 and about 8 Myr ago8 and, in central Tibet, about
4 Myr ago9. Here, however, we report a minimum age of approximately 13.5 Myr for the onset of graben formation in central Tibet,
based on mineralization ages determined with Rb±Sr and
40
Ar± 39Ar data that post-date a major graben-bounding normal
fault. These data, along with evidence for prolonged activity of
normal faulting in this and other Tibetan grabens, support
models that relate normal faulting to processes occurring beneath
the plateau. Thinning of the upper crust is most plausibly the
result of potential-energy increases resulting from spatially and
temporally heterogeneous changes in thermal structure and
density distribution within the crust and upper mantle beneath
Tibet. This is supported by recent geophysical and geological
data10±17, which indicate that spatial heterogeneity exists in both
the Tibetan crust and lithospheric mantle.
The Tibetan plateau consists of several continental fragments
(Fig. 1a) that were accreted to the southern margin of Eurasia
during the Palaeozoic and Mesozoic eras. Although crustal thickening due to these collisions may have raised portions of the plateau18,
most of the plateau's current elevation is attributed to the India±
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Figure 1 Geological setting of the studied normal fault mineralization. a, Generalized
tectonic overview map of the Himalaya±Tibet orogen, showing major fault zones with late
Cenozoic displacements, and suture zones bordering (and within) the Tibetan plateau.
Abbreviations are: AKMS, Ayimaqin±Kunlun±Mutztagh suture; BNS, Bangong±Nujiang
suture; HFTS, Himalayan frontal thrust system; ITS, Indus±Tsangpo suture; JS, Jinsha
suture; MKT, main Karakorum thrust; MPT, main Pamir thrust. D1 indicates location of

dyke dated at ,18 Myr ago2, D2 and D3 are locations of dykes dated at ,18 to ,13 Myr
ago22. The Lhasa block is located between the ITS and the BNS, the Qiangtang block
between the BNS and the JS. b, Generalized geological overview map of Shuang Hu
graben (for location, see frame in a). c, Schematic cross-section of normal fault zone at
locality FZM-1 along the western margin of Shuang Hu graben (for location, see line X±Y
on b).

Eurasia collision. Elevation changes cannot be dated directly, but a
widely held view is that the onset of normal faulting on the plateau,
which extracts potential energy from the crust beneath the plateau,
records the time when the maximum elevation of the plateau had
been reached1. A popular hypothesis supporting this view relates
uplift of the plateau to convective thinning of its lithospheric root19.
But other models, interpreting normal faulting as a consequence of
uplift achieved through other processes, or as unrelated to uplift, are
also geodynamically sensible (see refs 2 and 20 for reviews).
Dating the onset of normal faulting on the plateau is a crucial test
of the validity of these models, but very few published studies have
provided reliable age constraints in this region (Fig. 1a): near the
southern margin of the plateau, a minimum age for signi®cant east±
west crustal thinning by normal faults of the Thakkola graben is
,11 Myr, based on the oldest fault-related sediments observed21.
Mineralized north±south-trending fractures near the graben dated
at ,14 Myr indicate at least minor east±west stretching during their
formation, and may correlate to normal faulting in the graben7.
Within the south Tibetan Lhasa block, the onset of signi®cant east±
west extension along a low-angle normal fault bounding the
Yangbajian graben is dated at 8 6 1 Myr8. However, north±southtrending dykes, about 18±13 Myr old, in the Lhasa block indicate

that at least minor east±west stretching dates back to approximately
18 Myr (refs 2, 22). In the central Tibetan Qiangtang block, the
integration of estimates for the Holocene slip rate with the total slip
of a major graben-bounding normal fault in the Shuang Hu graben
has been used to infer an age of ,4 Myr for the initiation of
extension9.
The data we report here also result from a study of the NNEtrending Shuang Hu graben, ,50 km long and 10 km wide, in the
central Tibetan Qiangtang block (Fig. 1). The vertical offset along
the structurally dominant western graben margin has been estimated at ,7 km (ref. 9). The stratigraphy is dominated by Mesozoic
strata on the graben shoulders, and Holocene deposits covering the
graben ¯oor9. The oldest observed deposits interpreted as graben ®ll
are undated coarse conglomerates exposed locally on fault blocks
(Fig. 1b, c). Along both graben margins, Quaternary terraces and
fans are offset by active normal faults with prominent fault scarps.
The geometry of extension in the Shuang Hu graben is constrained
by slip directions on minor faults in major graben-bounding
normal fault zones striking 020±0508 and dipping 50±808 to the
east. Kinematic analysis of these data, to be presented in detail
elsewhere, indicates that the orientation of extension is ,1208. This
agrees well with overall structural patterns and fault plane solutions
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Figure 2 Results of isotope dating. a, Rb±Sr data of mineral assemblage from sample
FZM 1-a. For meaning of muscovites (i), (ii) and (iii), see Table 1. Dolomite was excluded
from the age calculation as it may be secondary. Microtextures suggest that the analysed
minerals were not strictly syngenetic, but crystallized in subsequent stages of
hydrothermal activity. This is re¯ected in the isotopic data by a slight non-analytical
scatter around the regression line, and by the Sr isotopic disequilibrium between dolomite
and calcite. However, integration of the dolomite data in the regression does not change
the age value signi®cantly (13.43 6 0.21 Myr, n = 8, mean square of weighted deviates
(MSWD) is 24). b, Incremental Ar release spectra for muscovite-rich quartz from sample
FZM 1-a, and for muscovite from FZM 1-b. Sample FZM 1-a9 yielded a sequence of
serially increasing step ages, and has a total fusion age of 13.5 6 1.4 Myr. Three of the

highest temperature steps with the highest K/Ca ratios (26% of the total 39Ar) give a mean
age weighted by age uncertainty of 14.4 6 0.4 Myr, and an inverse isochron age of 13.6
6 0.9 Myr. The serially increasing step ages may be the result of (1) in vacuo
inhomogeneous release of 40Ar and 39Ar, in which case the total fusion age of the sample
could be considered ``best''; (2) two crystallization events, at ,14.8 Myr and ,12.5 Myr;
or (3) a continuum of Ar retention from growth during crystallization at 14.8 to 12.5 Myr.
The simplest interpretation, consonant with the Rb±Sr age, is that the total fusion age
represents mica crystallization. For muscovite from sample FZM 1-b, the individual laser
ages are not internally concordant, low in radiogenic yield, and range from 3.1 to 4.4 Myr.
A weighted mean of all seven laser step ages is 4.0 6 0.2 Myr (MSWD = 2.3). All errors
indicated are 2j.

of earthquakes23, implying that the Shuang Hu graben is a typical
extensional structure of central Tibet.
A minimum age for the onset of important east±west extension
in the Shuang Hu graben is recorded by mineralization in the main
graben-bounding normal fault zone. At four locations (Fig. 1b) we
observed a massive, 2±8-m-thick, calcite-dominated unit along the
fault, separating vein-cemented fault breccia of adjacent (probably
Jurassic) rocks of the graben shoulder in the west, and (probably
Miocene) conglomerates on the fault block to the east (Fig. 1c). At
three of the four localities, tufa deposits and mineralized springs
occur. At each of the studied sites, the mineralized unit is laterally
continuous over tens to hundreds of metres before disappearing
under alluvium. Consequently, the mineralized unit appears to be of
signi®cant lateral extent, and its emplacement along the fault clearly
demonstrates that it post-dates the onset of graben formation.
The fault zone mineralization consists of coarse-grained, nonporous calcite with rare accessory minerals. The investigated rock,
from locality FZM-1 (Fig. 1b, c), contains fractures and minor shear
planes parallel to the main fault plane, with a typical spacing of
,10 cm. Along these, the rock is altered and contains abundant
muscovite. Realizing that mineralization may have been dia-

chronous, we separately processed and dated two portions of the
sample. One (FZM 1-a) consisted of the unfractured dense portions
of the rock. The other (FZM 1-b) contained relatively muscoviterich bands and rinds associated with the fractures and shear planes.
The Rb±Sr isotope data for muscovite, quartz (with small
muscovite, ¯uid and carbonate inclusions), calcite, and whole
rock from sample FZM 1-a yielded an age of 13.5 6 0.2 Myr
(Table 1, Fig. 2a). As an independent test of this result, we
performed 40Ar± 39Ar analysis of quartz grains rich in muscovite
inclusions from this sample. The apparent age spectrum implies
that mineralization occurred at 13.5 6 1.4 Myr, but a complex
crystallization history starting at 14.4 6 0.4 Myr is possible
(Table 2, Fig. 2b). For muscovite from sample FZM 1-b, we obtained
a mean 40Ar± 39Ar age of 4.0 6 0.2 Myr (Table 2, Fig. 2b). We
interpret these geochronological data to re¯ect mineralization at
or before 13.5 Myr, and a later stage of muscovite growth or
deformation-induced 40Ar loss at ,4 Myr.
These results show that normal faulting in the central Tibetan
Shuang Hu graben started before ,13.5 Myr ago. Furthermore, the
13.5-Myr minimum age of normal faulting, the ,4-Myr age of latestage mica growth or deformation-induced Ar loss, and signi®cant

Table 1 Rb±Sr data for fault mineralization, Shuang Hu graben
Analysis no.

Material

Rb (p.p.m.)

Sr (p.p.m.)

Dolomite (single crystal)
Dolomite (replicate)
Calcite (single crystal)
Muscovite (i)
Muscovite (ii)
Muscovite (iii)
Quartz + inclusions, leached (iv)
Whole rock

0.35
0.30
0.09
450.20
443.38
432.32
29.63
3.74

335.05
320.41
795.00
8.03
16.12
39.89
30.91
855.74

87

Rb/86Sr

87

Sr/86Sr

...................................................................................................................................................................................................................................................................................................................................................................

PS131
PS91
PS130
PS54
PS57
PS55a
PS53
PS68

0.0030
0.0027
0.0003
162.6741
79.7035
31.3767
2.7733
0.0126

0.708846 6 11
0.708834 6 13
0.708618 6 13
0.739691 6 16
0.724036 6 12
0.714629 6 11
0.709188 6 10
0.708678 6 11

...................................................................................................................................................................................................................................................................................................................................................................
These data are from sample FZM 1-a, analysed at GeoForschungsZentrum Potsdam. Muscovite (i), .100 mm, treated with acetic acid (25%) then oxalic acid (5%); muscovite (ii), .100 mm, treated with
acetic acid (25%); muscovite (iii), .100 mm, no acid treatment; quartz + inclusions (iv), leached in hot aqua regia (3 h). Errors (2j) for isochron calculation: 61.5% for 87Rb/86Sr, 60.005% for 87Sr/86Sr.
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Table 2 40Ar± 39Ar data for hydrothermal muscovite, Shuang Hu graben
T (8C)

t (min)

40

Ar (10-15 mol)

40

Ar/39Ar

38

Ar/39Ar

37

Ar/39Ar

36

Ar/39Ar

K/Ca

S 39Ar (%)

40

Ar*

Age (Myr)

...................................................................................................................................................................................................................................................................................................................................................................

Sample FZM 1-a9
550
12
700
12
850
12
950
12
1,000
12
1,075
12
1,150
12
1,225
12
1,300
12

8.00
18.0
23.0
9.10
3.20
8.20
5.40
7.30
6.70

66.1142
14.4979
11.1971
15.6349
14.1738
19.8975
96.4782
2130.2571
4751.1260

6:40 3 10 2 3
0.00
0.00
0.00
0.00
0.00
0.00
7:50 3 10 2 2
0.00

0.1806
0.4983
0.2978
0.3414
0.2807
0.2336
1.7430
23.6827
19.5559

0.2018
0.0255
0.0119
0.0252
0.0204
0.0388
0.2931
7.0862
16.0119

2.7
0.98
1.6
1.4
1.7
2.1
0.28
0.021
0.025

2.58
28.93
72.89
85.27
90.00
98.71
99.90
99.97
100.00

0.098
0.481
0.687
0.524
0.574
0.424
0.102
0.017
0.004

11:4 6 1:6
12:2 6 0:2
13:5 6 0:1
14:3 6 0:2
14:3 6 0:6
14:8 6 0:4
17:2 6 3:1
62:7 6 369:8
34:2 6 1959:9

54.9376
52.6670
52.2451
50.5137
52.4667
52.0011
48.0376

ND
ND
ND
ND
ND
ND
ND

0.2165
0.1414
0.0801
0.1441
0.2613
0.0921
0.1395

0.1297
0.1149
0.1231
0.1038
0.1116
0.1210
0.1142

2.3
3.5
6.1
3.4
1.9
5.3
3.5

2.39
7.64
22.61
27.75
29.92
41.73
100.00

0.302
0.355
0.304
0.392
0.371
0.312
0.298

3:6 6 0:9
4:1 6 0:3
3:5 6 0:3
4:4 6 0:3
4:3 6 0:2
3:6 6 0:3
3:1 6 0:4

...................................................................................................................................................................................................................................................................................................................................................................

Sample FZM 1-b

9.7
21.0
58.0
19.0
8.4
46.0
210.0

...................................................................................................................................................................................................................................................................................................................................................................
Sample FZM 1-a9: quartz grains rich in muscovite inclusions, hand-picked from the mineral separate used for Rb±Sr analysis, and analysed by step heating in a resistance furnace (UCSB), J  0:0009744.
Sample FZM 1-b: muscovite hand-picked from crushed rock and analysed by laser step-heating of groups of grains (Stanford University), J  0:0001216 and 0:001218 6 0:5%. J, irradiation ¯ux
parameter; T, temperature of furnace; t, time in furnace at temperature T; 40Ar, moles of 40Ar corrected for blank and reactor-produced 40Ar; S39Ar, cumulative 39Ar released; 40Ar*, radiogenic fraction; ND,
not determined. Ratios are corrected for blanks, decay, and interference; errors on age are 61j.

Quaternary normal faulting demonstrate prolonged upper-crustal
thinning in that region. This is similar to the situation farther south
on the Tibetan plateau. In the south Tibetan Lhasa block, north±
south-trending dyke swarms indicate east±west stretching since
,18 Myr ago2,22, and studies in the Yangbajian graben, formed
,8 Myr ago8, have documented Quaternary and recent normal
faulting3. In the Thakkola graben, normal faulting occurred in
multiple phases from ,11 Myr into the Quaternary24,25, and may
have started as early as ,14 Myr ago7.
The available age data, although not suf®cient to resolve the
chronology of Tibet's upper-crustal extension in detail, call into
question the relevance of models relating Tibetan normal faulting to
processes occurring near the margins of (or outside) the plateau.
For example, mechanisms attributing normal faulting in southern
Tibet to motion along the Karakorum±Jiali fault zone3, to radial
convergence4, or to oroclinal bending5,6 are not likely to have
triggered signi®cant extension in central Tibet, although they may
have in¯uenced its distribution in southern Tibet. A link between
crustal thinning in Tibet and important regional normal faulting in
north-central Asia (for example, Shanxi, Baikal)2 Ðpoorly dated,
but thought to have initiated during latest Miocene to Early
Pliocene times26,27 Ðis also not supported by evidence for normal
faulting in central and southern Tibet at or before 13.5 Myr ago. In
contrast, the view that the onset of crustal thinning is related to
increased potential energy of elevated crust is consistent with this
evidence, and supported by palaeoelevation estimates for ,11-Myrold Thakkola graben sediments that are similar to modern elevations on the plateau21.
The most plausible causes for important potential-energy
increases are changes in the thermal structure and density distribution within the crust and upper mantle beneath Tibet. Geophysical
and geological evidence10±17 indicates a heterogeneous crust and
lithospheric mantle structure beneath TibetÐcharacterized, for
example, by decreasing crustal thickness from south to north, hot
upper crust but cold lower crust and lithospheric mantle in the
south, and hot lower crust and lithospheric mantle in the north.
This makes it dif®cult to interpret increased potential energy as
being caused by the same process occurring simultaneously beneath
the entire plateau, as has been suggested for convective removal of
lower lithosphere19. It is more likely that the processes controlling
potential-energy changes within the crust and upper mantle
beneath Tibet have been heterogeneous spatially and temporally.
In the interpretation that crustal thinning in Tibet is the result of
increased potential energy of elevated crust, the few available age
constraints on normal faulting imply high surface elevation in parts
NATURE | VOL 412 | 9 AUGUST 2001 | www.nature.com

of southern and central Tibet, but not necessarily throughout the
entire present-day plateau, by ,14 Myr ago. If important regional
climate changes at ,8 Myr ago28±30 were related to the evolution of
the Tibetan plateau, they probably occurred after the plateau had
attained a critical minimum elevation and/or size. It seems possible
that the value of either one or both of these parameters increased
between ,14 Myr and ,8 Myr ago.
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Seismic anisotropy is thought to result from the strain-induced
lattice-preferred orientation of mantle minerals, especially
olivine1,2, owing to shear waves propagating faster along the aaxis of olivine crystals than along the other axes. This anisotropy
results in birefringence, or `shear-wave splitting'3, which has been
investigated in numerous studies1,4. Although olivine is also
anisotropic with respect to electrical conductivity5 (with the aaxis being most conductive), few studies of the electrical anisotropy of the upper mantle have been undertaken, and these have
been limited to relatively shallow depths in the lithospheric upper
mantle6,7. Theoretical models of mantle ¯ow have been used to
infer that, for progressive simple shear imparted by the motion of
an overriding tectonic plate, the a-axes of olivine crystals should
align themselves parallel to the direction of plate motion8,9. Here,
however, we show that a signi®cant discrepancy exists between the
electromagnetic strike of the mantle below Australia and the
direction of present-day absolute plate motion10. We infer from
this discrepancy that the a-axes of olivine crystals are not aligned
with the direction of the present-day plate motion of Australia,
indicating resistance to deformation of the mantle by plate
motion.
Most studies of continental seismic anisotropy have been founded
on analyses of the splitting of SKS shear waves. A disadvantage of this
is the ambiguity associated with the depth at which anisotropy
occurs. This has created a controversy, with some authors attributing seismic anisotropy to `frozen-in' lithospheric anisotropy associated with palaeo-orogenic deformations4,11, and others attributing
it to sublithospheric anisotropy owing to strain-induced latticepreferred orientation of olivine1. This ambiguity can be resolved to
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For a one-dimensional or two-dimensional Earth with x or y aligned
along strike (direction of maximum conductance), the diagonal
elements Zxx and Zyy are zero. Mathematically, a one-dimensional
anisotropic Earth is equivalent to a two-dimensional Earth. Measured data rarely have zero diagonal impedance elements in any
coordinate system, but can often be described by a `superimposition
(decomposition) model' in which the data are decomposed into a
local, non-inductive response (commonly termed `galvanic') owing
to multi-dimensional heterogeneities with dimensions signi®cantly
less than the inductive scale length of the data and a regional
inductive response to an underlying two-dimensional structure12,13.
For data aligned in the (x9, y9) coordinate system of the regional
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some extent using magnetotelluric sounding, as the depth to an
electrically conducting, anisotropic layer can be well constrained,
whereas the thickness of the layer cannot. The magnetotelluric
technique is a passive technique that involves measuring ¯uctuations in the natural electric (E) and magnetic (H) ®elds in orthogonal directions at the surface of the Earth. The orthogonal
components of the horizontal E and H ®elds are related via a
complex impedance tensor, Z:
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Figure 1 Apparent resistivity and impedance phases at station ASP before (x,y) and
after rotation (x9,y9) and correction for static shifts. The magnetotelluric apparent
resistivities are corrected for static shift by applying scaling factors (Sx 9,y9,Sy9x9) such
that the magnetotelluric data at 2.5 c.p.d. correspond to the level of the magnetic
transfer functions. Because the horizontal magnetic ®eld induced by solar quiet (Sq) is
strongly polarized in the east±west (y ) direction, magnetic transfer functions can
only be derived for the polarization corresponding to the xy polarization of the
magnetotelluric data. There is, however, good correspondence between the yx
magnetotelluric phases and the Sq phases. The phases are not affected by static shift,
but are changed by rotation.
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