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A rapidly moving crack in a brittle material is often idealized1 as a
one-dimensional object with a singular tip, moving through a
two-dimensional material. However, in real three-dimensional
materials, tensile cracks form a planar surface whose edge is a
rapidly moving one-dimensional singular front. The dynamics of
these fronts under repetitive interaction2±4 with material inho-
mogeneities (asperities) and the morphology5±11 of the fracture
surface that they create are not yet understood. Here we show that
perturbations12 to a crack front in a brittle material result in
long-lived and highly localized waves, which we call `front waves'.
These waves exhibit a unique characteristic shape and propagate
along the crack front at approximately13±15 the Rayleigh wave
speed (the speed of sound along a free surface). Following
interaction, counter-propagating front waves retain both their
shape and amplitude. They create characteristic traces along the
fracture surface, providing cracks with both inertia and a new
mode of dissipation. Front waves are intrinsically three-dimen-
sional, and cannot exist in conventional two-dimensional theories
of fracture1. Because front waves can transport and distribute
asperity-induced energy ¯uctuations throughout the crack front,
they may help to explain how cracks remain a single coherent
entity, despite repeated interactions with randomly dispersed
asperities.

Much recent research has focused on crack front coherence and
roughening. Simpli®ed models (mode III) of fracture2±4 as well as
more general models of moving fronts9 propagating through
heterogeneous media have predicted intrinsic roughness of crack
fronts. Recent theoretical studies of fracture13±15 under tension
(mode I), however, have predicted that the interaction of a crack
front with localized material inhomogeneities (either `hard' or `soft'
spots in the path of the crack) could lead to a new type of elastic
wave that propagates along the crack front. Analysis13 of perturba-
tions to a straight crack front16 predicted that waves, describing local
velocity variations within the fracture plane would propagate,

relative to the medium, at velocities slightly below the Rayleigh
wave speed, VR. The stability of these waves depends on the velocity
dependence of the fracture energy, de®ned as the energy needed to
create a unit area of fracture surface. Increase (decrease) of the
fracture energy with the crack velocity causes these linear waves to
decay (grow).

In recent three-dimensional computations14 of tensile fracture in
an elastic material, asperities (localized material inhomogeneities)
along a crack's path were numerically shown to generate persistent,
localized pulses of in-plane velocity ¯uctuations that propagated (as
in ref. 13) at velocities slightly lower than VR. The pulses initially
decayed with a decay length of the order of the asperity diameter.
They then continued to propagate with constant shape and ampli-
tude. Here, for the ®rst time, to our knowledge, this type of wave is
observed. The experimentally observed waves are, in some respects,
similar to the predicted ones. They possess, however, two important
and unexpected attributes; a unique characteristic shape and
existence both within and normal to the fracture plane.

Our experiments were performed on brittle soda-lime glass
plates. In this material the fracture energy, as assumed in ref. 14,
is nearly independent17 of the crack velocity. In Fig. 1 we present a
typical photograph and surface pro®le measurement of fracture
surfaces formed by crack fronts meeting asperities that were
introduced (see Methods) at the plate surface. At the point of
interaction, well-de®ned tracks are generated that run along the
fracture surface. The tracks are created by a new type of localized
wave, front waves, which propagate along the crack front. In
contrast to the in-plane waves predicted in refs 13 and 14, the
out-of-plane surface structure shows that these waves are three-
dimensional entities. Front waves can be generated by either
externally placed asperities or, beyond the critical velocity for the
microbranching instability12, spontaneously, by localized micro-
scopic branching events, which effectively create a local perturba-
tion of the fracture energy. Front waves arriving at sample edges are
re¯ected (Fig. 1) with insigni®cant loss of amplitude. Both the long
lifetime and the highly localized nature of these pulse-like waves are
evident. Front waves form mirror images on opposing crack faces.
Thus the tracks are formed by de¯ection of the crack front normal to
the fracture plane.

Upon meeting, counter-propagating front waves retain both their
form and amplitude (see Fig. 1a). Front-wave intersections, as
presented in Fig. 2, provide measurements of both front-wave
velocity and the local orientation of the crack front. Two counter-
propagating pulses moving with velocity VFW relative to the
medium, along a front propagating at velocity v, will intersect at
an angle a given by cos�a=2� � v=VFW, when the crack front is
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Figure 1 Highly localized propagating front waves form tracks along the fracture surface.

a, Pro®lometer scans (with units in mm) and b, photographs of the fracture surface

showing tracks formed by front waves initiated by the interaction of a crack front moving at

0.4VR with an externally imposed asperity at the sample surface. The highly localized

waves initially undergo rapid decay as they propagate along the crack front. They then

stabilize with negligible decay and dispersion as they continue to propagate. Nearly

lossless re¯ection (a, right side and b, centre) at the sample surfaces is typically observed.

The 3-mm arrows indicate the front's direction of propagation.
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normal to the direction of propagation. If the front is oriented at an
angle b relative to v, then v=VFW � cos�a=2�cos�b�.

Independent measurements12 of v, together with direct measure-
ments of a and b provide us with a precise measurement of VFW, as
shown in Fig. 2c. The measurements, obtained for a wide range of v,
all yield values of VFW near VR with a mean value of �1:0 6 0:05�V R.
The values of VFW were derived using locally averaged values of v.
The scatter in the ®gure results from the ¯uctuations of the
instantaneous value of v (see Fig. 2d), owing both to the micro-
branching instability12 and to the pulses themselves. The value of
VFW agrees well with predictions13,14 for the velocity of in-plane
pulses. Knowing VFW, measurements of a and b provide us with a
new and useful tool to determine both the instantaneous value of v,
at distinct points throughout the front, and the local orientation of
the front. This is shown in Fig. 2d, where v, obtained in this way,
agrees well with independent measurements performed at the outer
edges of the fractured plates. This tool may well prove useful in the
analysis of fracture surfaces. For example, analysis of characteristic
front-wave traces on fractured rock faces10,11 will, by enabling
measurement of the velocity of the crack that formed them, provide
valuable information about geophysical processes involving brittle
fracture.

Pulse amplitudes (see Fig. 1) initially undergo rapid decay. As
Fig. 3 shows, front waves appear over a wide range of length scales.
De®ning a, the pulse width, as the distance between the ®rst
minimum and ®rst maximum of the fracture surface amplitudes
generated by an asperity, we see (Fig. 3a) that front-wave decay
scales linearly with a. Figure 3b shows that this decay is exponential
as a function of the propagation distance with a characteristic decay
length of �0:9 6 0:1�a. After traversing a distance of approximately
2a, front waves stabilize and continue to propagate with little loss of
amplitude. Pulses undergo nearly lossless re¯ections at sample edges
and, as shown in Fig. 3c, pulses may persist for multiple re¯ections.

When re¯ections from the sample edge occur, strong ¯uctuations
corresponding to their arrival are detected in the crack velocities
measured at the points of re¯ection. These velocity ¯uctuations are,
in fact, the in-plane component of the front wave. As changes1 in v
can only be caused by local changes in the amount of energy ¯owing
into a crack's tip, the ¯uctuations in v caused by front waves provide
direct evidence that these pulses momentarily transmit energy to
the crack tip.

Localized tracks have long been observed on fracture surfaces
formed in brittle materials. These tracks, called Wallner lines18,19,
have traditionally been interpreted as being formed by the interac-
tion of radially propagating shear waves, generated by a local source
(such as an asperity) and a crack front. There are, however, essential
differences, highlighted by Figs 2 and 3, between the front waves
described above and surface markings attributed to shear-wave
interaction. Whereas front waves ®rst decay exponentially and
then propagate with constant amplitude over long distances,
shear waves, generated by a point asperity, decay radially. Thus,
markings formed by the latter mechanism would rapidly and
continuously decay in amplitude. The mean value of VFW (Fig. 2)
is also signi®cantly less (,2j) than the shear-wave velocity.

Surprisingly, front waves in steady state motion have a unique
scale-independent shape. Initial front-wave pro®les correspond to
asperity shapes (Fig. 4a) and are quite varied. Within a single decay
length, however, the initial wave packet narrows and evolves to the
characteristic pro®le presented in Fig. 4b. This unique shape is
independent of the front wave's spatial scale (which spanned over an
order of magnitude in our experiments), and amplitude. This
asymptotic shape (when scaled as in Fig. 4) is attained well before
the front-wave decay phase concludes. Like its decay length, the
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Figure 2 Determination of front-wave velocities by analysis of their tracks on the fracture

surface. a, A schematic representation of the motion of counter-propagating front waves

along a tilted crack front moving at velocity v and oriented at an angle b relative to the

propagation direction. From the angle a, de®ned by intersecting tracks along the fracture

surface, the velocity, VFW, of the waves can be determined. b, A typical photograph

showing a number of intersecting tracks along a fracture surface. c, Using

V FW � vcos�b�=cos�a=2�, VFW is calculated, where v is obtained from independent

velocity measurements at the sample surfaces. The results show that VFW is constant with

v and equal to VR (indicated by the dashed line). d, v can now be determined using

V FW � V R. Shown is a comparison between the measured velocities (line) at the sample

surfaces with the velocities calculated away from the surfaces obtained using intersecting

front waves. In c and d the squares (circles) describe measurements where the front
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Figure 3 Front waves undergo a rapid initial decay. They then stabilize and propagate with

little loss of amplitude. a, The initial decay pro®les collapse onto a single curve, when

scaled by their width a. Shown are data from seven different pulses (the unscaled decays

of four of these are presented in the inset) where a � 0:92 mm (circles), 0.11 mm

(squares), 0.26 mm (up-triangles), 0.87 mm (right triangles), 0.45 mm (left triangles),

0.65 mm (diamonds) and 0.99 mm (hexagons). b, The initial decays (symbols as in a) are

exponential with a characteristic decay length of �0:9 6 0:1�a. In both a and b the front

waves stabilize after propagating a distance of ,2a. The waves then continue to

propagate at a nearly constant amplitude. c, The height of the fracture surface (scale and

colour key as in Fig. 1) as a function of position, where the full width of the sample is

shown. The dotted lines (black for peaks, white for depressions) show the progression of

two front waves along the fracture surface. Upon reaching steady state, the waves shown

undergo over six re¯ections at the sample surfaces. We note both the constructive and

destructive interference of the waves as they pass through each other. Upon interaction,

the waves retain their form but are slightly phase-shifted (indicated by breaks in the dotted

lines). One such shift is highlighted (dotted ellipse). The 3-mm arrow shows the

propagation direction of the front.
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scale of a front wave is determined by the width of the initial
perturbation, a (Fig. 4b inset). At the conclusion of their decay
phase, both the width and amplitude of front waves scale roughly
with a. Thus, although the size of a in the laboratory is limited
(100 mm , a , 1;500 mm), front waves should be visible at large
scales (for example, in geophysical phenomena).

Their characteristic pro®le and the distinctive lack of pulse
dispersion are evidence that front-wave states are intrinsically
nonlinear entities. If front waves were simply linear wavepackets,
their shape would be highly dependent on the form of the initial
conditions, scale-dependent attenuation and linear dispersion. For
example, any degree of linear dispersion would generate a con-
tinuously evolving pulse pro®le. The observation that a well de®ned
pro®le is obtained for a variety of spatial scales therefore suggests
that nonlinear focusing, perhaps analogous to processes that occur
in classical soliton formation, are at play. (Classical solitons22 are
localized nonlinear waves formed by the balance between dispersion
and nonlinear growth.) The coupling between in-plane and out-of-
plane motion in front waves is further evidence of their nonlinear
character, as recent calculations20,21 show that no such coupling, to
linear order in the perturbation, occurs.

Additional evidence of the nonlinear character of front waves is
provided by their interactions. When counter-propagating front
waves meet, they will pass through each other, and upon separation,
each pulse retains its original shape and amplitude. Over the course
of an interaction, both constructive and destructive interference
(Figs 1 and 3) is evident. Front-wave interactions, however, are not

described by simple linear superposition. Like classic solitons, the
pulses are delayed (or advanced) by their mutual interaction. This
causes spatial phase shifts, made apparent by `kinked' tracks, as
highlighted in Fig. 3c.

The continuum theory of dynamic brittle fracture1 is based on
equating the energy ¯ux into a near-singular region at the tip of a
crack with the energy ¯ux needed to create new surface area. In
homogeneous materials the resulting equation of motion, predict-
ing an inertia-free crack, is highly successful17. Front waves, owing to
their long lifetime, provide both inertia (as a crack front now has a
record of its `history') and a mode of dissipation that is not possible
within the framework of two-dimensional theories of fracture. A full
three-dimensional theory of fracture must be able to incorporate
these effects. Recent work2±4,13±15 has also suggested that the cumu-
lative effect of numerous asperities would be to cause a crack front
to continually roughen. We point out that despite this possibility of
increasing roughness, the propagating nature of front waves ensures
that the cumulative perturbation history is, over time, evenly
distributed throughout the front. Thus, front waves serve as an
important mechanism to ensure coherence of cracks in these
materials. M

Methods
The experiments were conducted using soda-lime glass sheets of size 380 3 440 3 3 mm
in the x (propagation), y (loading) and z (sample thickness) directions, respectively. All
samples were loaded quasistatically as in ref. 17. The crack velocity, with a resolution of
order 50 m s-1, was measured at the sample surfaces (z � 0 and z � 3 mm planes) as in
ref. 17. The value of VR, obtained by direct measurement, is 3,300 m s-1. Surface amplitude
measurements were performed using a modi®ed Taylor±Hobson (Surtonic 3+) scanning
pro®lometer with spatial resolution of 0.5 mm and a 0.01 mm resolution in height
measurement. Asperities were introduced in the crack path either by scribing thin lines
(locally decreasing fracture energy) or ®lling scribed lines with superglue adhesive (locally
increasing fracture energy) at the sample edges (z � 0 or z � 3 mm planes) in the y
direction. Above v � 0:42V R, microbranches would spontaneously nucleate, effectively
increasing the local value of the fracture energy, and thereby generating front waves. Pulse
pro®les (see Fig. 4) were constructed using pro®lometer measurements along the
propagation direction in regions where the velocity was constant. These correspond to
pro®les formed in time at a constant position along the front and match pro®les obtained
in the transverse (z) direction corresponding to pro®les taken at constant time.
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Figure 4 Asymptotically, front waves attain a characteristic, highly localized (soliton-like)

pro®le. a, Comparison of initial and asymptotic pro®les of front waves initiated by (top) an

external asperity and (bottom) nucleation of a microbranch12. Although the initial

conditions and scales vary considerably, front waves rapidly converge to an identical form.

b, Front waves are nonlinear entities with a well de®ned, scale-independent, spatial

pro®le. Six normalized front waves used were both in steady state propagation as well as

in their decay phase. The scale of the front waves is set (inset) by the width of the initial

perturbation.

© 2001 Macmillan Magazines Ltd



letters to nature

NATURE | VOL 410 | 1 MARCH 2001 | www.nature.com 71

21. Movchan, A. B., Gao, H. & Willis, J. R. On perturbations of plane cracks. Int. J. Solids Struct. 35, 3419±

3453 (1998).

22. Remoissenet, M. Waves Called Solitons (Springer, Berlin, 1996).

Acknowledgements

The authors acknowledge the support of the United States±Israel Binational Fund.

Correspondence and requests for materials should be addressed to J.F.
(e-mail: jay@vms.huji.ac.il).

.................................................................
Orbit-related long-term climate
cycles revealed in a 12-Myr
continental record from Lake Baikal
Kenji Kashiwaya*, Shinya Ochiai*, Hideo Sakai² & Takayoshi Kawai³

* Department of Earth Sciences, Kanazawa University, Kakuma,

Kanazawa 920-1192, Japan
² Department of Earth Sciences, Toyama University, Toyama 930-8555, Japan
³ National Institute for Environmental Studies, Tsukuba, Ibaragi 350-0044, Japan

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

Quaternary records of climate change from terrestrial sources,
such as lake sediments1,2 and aeolian sediments3,4, in general agree
well with marine records5,6. But continuous records that cover
more than the past one million years were essentially unavailable
until recently, when the high-sedimentation-rate site of Lake
Baikal was exploited1,2,7,8. Because of its location in the middle
latitudes, Lake Baikal is highly sensitive to insolation changes9 and
the entire lake remained uncovered by ice sheets throughout the
Pleistocene epoch, making it a valuable archive for past climate.
Here we examine long sediment cores from Lake Baikal that cover
the past 12 million years. Our record reveals a gradual cooling of
the Asian continental interior, with some ¯uctuations. Spectral
analyses reveal periods of about 400 kyr, 600 kyr and 1,000 kyr,
which may correspond to Milankovitch periods (re¯ecting orbital
cycles). Our results indicate that changes in insolation were
closely related to long-term environmental variations in the
deep continental interior, over the past 12 million years.

Since Hays et al. found10 variations with periods of 100 kyr, 40 kyr
and 20 kyr in cores taken from ocean sediments, there have been
many reports of long-term global climate changes with these
periods. Such variations are thought to be responses to changes in
insolation: the periods of about 100 kyr, 40 kyr and 20 kyr are
attributed respectively to changes in the eccentricity of the Earth's
orbit, the obliquity of tilt of the Earth's axis, and the precession of its
axis of rotation. Longer periods (at about 400 kyr, 600 kyr, and so
on) in the insolation are known from calculated results, but they
have not been much discussed. One reason for this is the lack of
long, detailed climate data series. Another is that these longer-
period variations are relatively small, and have been little considered
when accounting for long-term global changes. Recently, the 400-kyr
period has been reported to occur in the sediment record from the
ocean11, and also in Lake Baikal sediments12,13.

Sediments from Lake Baikal have been used to study
palaeoclimatic8 as well as modern14 environmental changes. Limited
analyses of the physical properties of core BDP96Ðfrom Acade-
mician ridge in Lake Baikal, collected in 199612,13Ðshow climato-
limnological signals preserved in sediments over the past 5.0 Myr.
The 400-kyr period of eccentricity and other orbital cycles are
clearly exhibited in BDP96 data sets, including the 100-kyr period
of eccentricity, the 40-kyr period of obliquity, and the 20-kyr
precessional period, which are better known in oceanographic10

and lacustrine15 records. In addition, major shifts in oscillations
(cooling) occurred around 1.0, 1.8 and 2.7 Myr ago, over periods of
about 1.0 Myr, which may have been related to solar insolation and/
or changes in palaeomagnetism13,16.

In spring 1998, we obtained long cores (BDP98, 600 m) from
Academician ridge (538 449 400 N, 1088 249 300 E in central Lake
Baikal), at nearly the same site as core BDP96. Academician ridge
is thought to be a convenient site for obtaining a continuous
record because it is a topographically isolated ridge, little in¯uenced
by ¯uvial input or turbidity ¯ows. Core BDP98 spans approxi-
mately the past 12.0 Myr, based on palaeomagnetic correlations
(H.S. and S. Nomura, unpublished observations; see Supple-
mentary Information). The tentative age scale used here is based on
geomagnetic polarity reversals (Fig. 1a; ages from ref. 17). Between
the reversals, linear interpolation is used for age scaling. We
excluded from statistical analyses the core segment between sub-
chrons C3An.2n and C3Bn (6.567±6.935 Myr ago), owing to sample
distortion (seemingly related to faults) that would have erroneously
suggested abnormally high sedimentation rates. Analytical results
from the upper 200 m of the cores are nearly identical to those from
core BDP96. The present study is mainly concerned with physical
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Figure 1 Long-term ¯uctuations discussed in the text. a, Reference geomagnetic polarity

timescale17 (top), and our data showing mean grain size (bottom); solid lines mark

correlations between magnetostratigraphy and the core. b, Equally spaced mean grain

size (light solid curve) based on the tentative age scale described in the text (dotted line,

weighted smoothing30; heavy solid line, regression). c, Detrended mean grain size.

d, Oceanic d18O records from ODP sites. Site 677, left, with solid curve (weighted

smoothing); Site 846, right, with dotted curve (weighted smoothing)6,28.
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