








found intercalated in coal beds. Redating of the
sanidine in these ash beds (using an age of 27.83Ma
for the FCs) led to a revised age of ~65.0Ma for the
K-T boundary, which was adopted in (41). The
same single-crystal sanidine dates now provide an
age of ~ 65.95 Ma, relative to our FCs age of
28.201 Ma.

We argue that our astronomically calibrated FCs
age of 28.201Ma should be incorporated in the next
standard GTS to recalculate all other 40Ar/39Ar ages
after it is confirmedby independent (intercalibration)
studies. Only in this way is a mutually consistent
age calibration of the GTS assured. Moreover, our
integrated approach may lead to a stable time scale
with unprecedented accuracy, precision, and resolu-
tion that will not be forced to undergo any further
substantial revisions.

References and notes
1. F. M. Gradstein, J. G. Ogg, A. G. Smith, A Geologic Time

Scale 2004 (Cambridge Univ. Press, Cambridge, 2004).
2. P. R. Renne, D. B. Karner, K. R. Ludwig, Science 282,

1840 (1998).
3. K. F. Kuiper, F. J. Hilgen, J. Steenbrink, J. R. Wijbrans,

Earth Planet. Sci. Lett. 222, 583 (2004).
4. P. R. Renne et al., Chem. Geol. 145, 117 (1998).
5. K. W. Min, R. Mundil, P. R. Renne, K. R. Ludwig,

Geochim. Cosmochim. Acta 64, 73 (2000).
6. All errors are stated at the 2s level, unless stated otherwise.
7. P. R. Renne et al., Geology 22, 783 (1994).
8. F. J. Hilgen, W. Krijgsman, J. R. Wijbrans, Geophys. Res. Lett.

24, 2043 (1997).
9. J. Steenbrink, N. Van Vugt, F. J. Hilgen, J. R. Wijbrans,

J. E. Meulenkamp, Palaeogeogr. Palaeoclimatol.
Palaeoecol. 152, 283 (1999).

10. S. Roger et al., Earth Planet. Sci. Lett. 179, 101 (2000).

11. E. Van Assen, K. F. Kuiper, N. Barhoun, W. Krijgsman,
F. J. Sierro, Palaeogeogr. Palaeoclimatol. Palaeoecol.
238, 15 (2006).

12. W. Krijgsman, F. J. Hilgen, I. Raffi, F. J. Sierro, D. S. Wilson,
Nature 400, 652 (1999).

13. L. J. Lourens, F. J. Hilgen, J. Laskar, N. J. Shackleton,
D. Wilson, in The Geological Time Scale 2004, F. M. Gradstein,
J. G. Ogg, A. G. Smith, Eds. (Cambridge Univ. Press,
Cambridge, 2004), pp. 409–440.

14. Materials and methods are available as supporting
material on Science Online.

15. R. H. Steiger, E. Jäger, Earth Planet. Sci. Lett. 36, 359 (1977).
16. J. I. Simon, P. R. Renne, R. Mundil, Earth Planet. Sci. Lett.

266, 182 (2008).
17. O. Bachmann et al., Chem. Geol. 236, 134 (2007).
18. M. D. Schmitz, S. A. Bowring, Geochim. Cosmochim. Acta

65, 2571 (2001).
19. B. Schoene, J. L. Crowley, D. J. Condon, M. D. Schmitz,

S. A. Bowring, Geochim. Cosmochim. Acta 70, 426 (2006).
20. R. Mundil, P. R. Renne, K. K. Min, K. R. Ludwig,

Eos Transactions American Geophysical Union Meeting
Supplement 87, Abstract V21A (2006).

21. J. Y. Kwon, K. W. Min, P. J. Bickel, P. R. Renne,
Math. Geol. 34, 457 (2002).

22. Acapulco has chondritic chemistry but lacks chondrules
owing to early high-temperature metamorphism (42).

23. P. R. Renne, Earth Planet. Sci. Lett. 175, 13 (2000).
24. E. K. Jessberger, B. Dominik, T. Staudacher, G. F. Herzog,

Icarus 42, 380 (1980).
25. Y. Amelin, V. Pravdivtseva, Meteorit. Planet. Sci. 40, A16

(2005).
26. A. Bouvier, J. Blichert-Toft, F. Moynier, J. D. Vervoort,

F. Albarede, Geochim. Cosmochim. Acta 71, 1583 (2007).
27. K. Min, K. A. Farley, P. R. Renne, K. Marti, Earth Planet.

Sci. Lett. 209, 323 (2003).
28. R. H. Nichols, C. M. Hohenberg, K. Kehm, Y. Kim,

K. Marti, Geochim. Cosmochim. Acta 58, 2553 (1994).
29. T. D. Swindle, Meteorit. Planet. Sci. 33, 1147 (1998).
30. R. S. Coe, B. S. Singer, M. S. Pringle, X. X. Zhao,

Earth Planet. Sci. Lett. 222, 667 (2004).

31. L. J. Lourens et al., Nature 435, 1083 (2005).
32. H. Pälike et al., Science 314, 1894 (2006).
33. J. Dinarès-Turell et al., Earth Planet. Sci. Lett. 216, 483

(2003).
34. H. Pälike, J. Laskar, N. J. Shackleton, Geology 32, 929

(2004).
35. J. Laskar et al., Astron. Astrophys. 428, 261 (2004).
36. C. C. Swisher, L. Dingus, R. F. Butler, Can. J. Earth Sci.

30, 1981 (1993).
37. C. C. Swisher III et al., Science 257, 954 (1992).
38. G. A. Izett, G. B. Dalrymple, L. W. Snee, Science 252,

1539 (1991).
39. T. Westerhold et al., Palaeogeogr. Palaeoclimatol.

Palaeoecol. 257, 377 (2008).
40. S. C. Cande, D. V. Kent, J. Geophys. Res. 97, 13917 (1992).
41. W. A. Berggren, D. V. Kent, C. C. Swisher, M.-P. Aubry,

Geochronology, Time Scales and Global Stratigraphic
Correlation, SEPM Special Publication 54, 129 (1995).

42. T. J. McCoy et al., Geochim. Cosmochim. Acta 60, 2681
(1996).

43. F. J. Sierro, F. J. Hilgen, W. Krijgsman, J. A. Flores,
Palaeogeogr. Palaeoclimatol. Palaeoecol. 168, 141 (2001).

44. F. Varadi, B. Runnegar, M. Ghil, Astrophys. J. 592, 620
(2003).

45. The project was funded by grants 750.198.02 and
814.01.004 of the Netherlands Organisation for Scientific
Research to K.K., and supported by NSF grant EAR-9903078
to P.R. and A.D. P.R. and A.D.'s work was also supported by
the Ann and Gordon Getty Foundation. Mineral separation
facilities at VU were provided by Roel van Elsas.

Supporting Online Material
www.sciencemag.org/cgi/content/full/320/5875/500/DC1
Materials and Methods
SOM Text
Figs. S1 to S4
Tables S1 to S4
References

18 December 2007; accepted 6 March 2008
10.1126/science.1154339

REPORTS

Sign Change of Poisson’s Ratio for
Carbon Nanotube Sheets
Lee J. Hall,1 Vitor R. Coluci,2 Douglas S. Galvão,2 Mikhail E. Kozlov,1 Mei Zhang,1*
Sócrates O. Dantas,3 Ray H. Baughman1†

Most materials shrink laterally like a rubber band when stretched, so their Poisson’s ratios are
positive. Likewise, most materials contract in all directions when hydrostatically compressed and
decrease density when stretched, so they have positive linear compressibilities. We found that
the in-plane Poisson’s ratio of carbon nanotube sheets (buckypaper) can be tuned from positive
to negative by mixing single-walled and multiwalled nanotubes. Density-normalized sheet
toughness, strength, and modulus were substantially increased by this mixing. A simple model
predicts the sign and magnitude of Poisson’s ratio for buckypaper from the relative ease of
nanofiber bending and stretch, and explains why the Poisson’s ratios of ordinary writing paper are
positive and much larger. Theory also explains why the negative in-plane Poisson’s ratio is
associated with a large positive Poisson’s ratio for the sheet thickness, and predicts that
hydrostatic compression can produce biaxial sheet expansion. This tunability of Poisson’s ratio
can be exploited in the design of sheet-derived composites, artificial muscles, gaskets, and
chemical and mechanical sensors.

When stretched, most materials contract
in both lateral dimensions to decrease
stretch-induced volume change. The

ratio of percent lateral contraction to percent ap-

plied tensile elongation is the Poisson’s ratio.
Some rubbers have Poisson’s ratios of about 0.5
for both lateral directions, so their volume does not
appreciably change upon stretching. In very rare

materials the sum of Poisson’s ratios for lateral
dimension changes exceeds unity, so they increase
densitywhen stretched and, inversely, expand in at
least one direction when hydrostatically com-
pressed (1). If a lateral dimension expands during
stretching, the associated Poisson’s ratio is neg-
ative and the material is called auxetic (2). Recent
interest in this counterintuitive behavior originated
from pioneering discoveries that partially collapsed
foams and honeycombs (2, 3), fibrillar polymers
(4), and polymer composites (5) can be auxetic.

Poisson’s ratio was unknowingly used 2000
years ago in the empirical selection of cork for
wine bottle stoppers. Cork stoppers have a near-
zero Poisson’s ratio for radial directions when
subjected to orthogonal uniaxial stress (6). A pos-
itive Poisson’s ratio makes a stopper difficult to
insert but easy to remove, and the reverse occurs
for a negative Poisson’s ratio.

Carbon nanotube sheets (buckypaper) were
fabricated (7, 8) by filtration of aqueous dis-
persions of single-walled nanotubes (SWNTs)
(9) and multiwalled carbon nanotubes (MWNTs)
(10) produced by chemical vapor deposition, a
technique reminiscent of ancient methods for
making writing paper by drying a fiber slurry.
The SWNTs are seamless cylinders of graphite
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