
2.1 REFRACTION SEISMOLOGY AND THE CRUST

In 1885 all that was known about earth structure was a vague idea that the density inside
had to be much greater than the surface. Within 50 years an incredible amount more had been
learned using seismology.

The first breakthrough was, as is common in geology, due to a breakthrough in instrumenta-
tion. In the late 1800’s, the seismometer - an instrument to record the very small ground motions
due to seismic wav es, was developed. Thesemotions are small - on the order of 10−3 cm - for
distant earthquakes. Theinstrumental challenge is how to measure ground motion given that the
seismometer sits on the ground?

This is done using a spring-mass system since the mass motion "lags" the ground motion.

[Press & Siever]
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Seismometers are constructed to record both vertical and horizontal motion.This can be useful,
for example, since for seismic wav es coming straight up from below a seismometer the P wav e
will appear primarily on the vertical, and the later-arriving S is strongest on the horizontal compo-
nents.

These instruments have precise timing, now done using the GPS (Global Positioning System)
clocks - so that records can be compared between stations. Data are now recorded digitally and
made available on the WWW.

In 1889, an earthquake in Japan was recorded succefully in Germany. Once seismometers
were installed in a number of sites, Milne discovered thatobservations showed that the time sepa-
rations between P and S wav earrivals increased with distance from the earthquake. Thus,the S-P
time could be used to measure distance to the earthquake.
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[Press & Siever]

Given this idea, several seismic stations could locate on earthquake using seismograms to find a
location satifying the different distances. In principle, three seismometers are enough if the earth-
quake is at the surface.



-4-

[Press & Siever]

Next, seismologists set to constructing travel time curves by combining data from many different
earthquakes, and using the variations in travel time as a function of distance to infer velocity
structure as a function of depth.This is known as aninverse problem: we start with the end
result, the seismograms, and work backwards using mathematical techniques to characterize the
the material the wav es passed through.Inverse problems are more complicated than the concep-
tually simplerforward problems in which we use the theory of seismic wav epropagation to pre-
dict the seismogram that would be observed for a given medium.

The simplest approach to the inverse problem of determining velocity at depth from travel
times treats the earth as flat layers of uniform velocity material.The basic geometry is a layer of
thicknessh0, with velocity v0, overlying a halfspace with a higher velocity v1.
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There are three basic ray paths (Figure 1) from a source on the surface at the origin to a surface
receiver at x. The travel times for these paths can be found using Snell’s law.

The first ray path corresponds to adirect wave that travels through the layer with travel
time

TD(x) = x/v0 . (1)

This travel time curve s a linear function of distance with slope 1/v0 that goes through the origin.



-6-

The second ray path is for a wav ereflected from the interface. Becausethe angles of inci-
dence and reflection are equal, the wav ereflects halfway between the source and receiver. The
travel time curve can be found by noting thatx/2 andh0 form two sides of a right triangle, so

TR(x) = 2(x2/4 + h2
0)1/2/v0 . (2)

This curve is a hyperbola because it can be written

T 2
R(x) = x2/v2

0 + 4h2
0/v2

0 . (3)

For x = 0 the reflected wav egoes straight up and down, with a travel time of TR(0) = 2h0/v0. At
distances much greater than the layer thickness (x >> h), the travel time for the reflected wav e
asymptotically approaches that of the direct wav e.
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The third type of wav eis thehead wave, often referred to as a refracted wav e. This wav e
results when a downgoing wav e impinges on the interface at an angle at or beyond the critical
angle. Itstravel time can be computed by assuming that the wav etravels down to the interface
such that it impinges at critical angle, then travels just below the interface with the velocity of the
lower medium, and finally leaves the interface at the critical angle and travels upward to the sur-
face. Thus the travel time is the horizontal distance traveled in the halfspace divided by v1 plus
that along the upgoing and downgoing legs divided by v0

TH (x) =
x − 2h0 tanic
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. (4)

The last step used the fact that the critical angle (§2.5.5) satisfies

sinic = v0/v1 . (5)

To simplify (4) we use trigonometric identities showing that

cosic = (1 − sin2 ic)1/2 = (1 − v2
0/v2

1)1/2 (6)

and

tanic =
sinic

cosic
=

v0/v1

(1 − v2
0/v2

1)1/2
, (7)

so (4) can be written

TH (x) = x / v1 + 2h0 (1 / v2
0 − 1 / v2

1 )1/2 = x / v1 + �

1 . (8)

Thus the head wav e’s travel time curve is a line with a slope of 1/v1 and a time axis inter-
cept of

�

1 = 2h0(1/v2
0 − 1/v2

1)1/2. (9)

This intercept is found by projecting the travel time curve back tox = 0, although the head wav e
appears only beyond thecritical distance, xc = 2h0 tanic, where critical incidence first occurs.

Because 1/v0 > 1/v1, the direct wav e’s travel time curve has a higher slope but starts at the
origin, whereas the head wav ehas a lower slope but a nonzero intercept.At the critical distance
the direct wav e arrives before the head wav e. At some point, however, the travel time curves
cross, and beyond this point the head wav eis the first arrival. The crossover distance where this
occurs,xd, is found by settingTD(x) = TH (x) , which yields

xd = 2h0


v1 + v0

v1 − v0




1/2

. (10)

Hence the crossover distance depends on the velocities of the layer and halfspace, and the thick-
ness of the layer.1

Thus we can solve the inverse problem of finding the velocity structure at depth from the
variation of the travel times observed at the surface as a function of source-receiver distance.
This simple structure is described by three parameters.The two velocities, v0 and v1, are found
from the slope of the two travel time curves. We then identify the crossover distance and use (10)
to find the third parameter, the layer thickness,h0 . Alternatively, the layer thickness can be
found from the reflection time or the head wav e intercept (9) at zero distance. Each of these

1A simple analogy is driving to a distant point by a route combining streets and a highway. Once
the destination is far enough away, it is quicker to take a longer route including the faster highway
than a direct route on slower streets. The point at which this occurs depends on the relative speeds
and the additional distance required to use the highway.



-8-

methods exploits the fact that there is more than one ray path between the source and receiver.

Seismic refraction data led A. Mohorovicvic in 1909 to one of the most important discover-
ies about earth structure.Andrija Mohorovicvic (1857-1936), working in Zagreb, Croatia (then
part of the Austro-Hungarian empire), studied travel times from earthquakes in the region using
recently invented pendulum seismographs.Observing two P arrivals (Figure 3)

he identified the first as having traveled in a deep high velocity (7.7 km/s) layer, and the second
as a direct wav ein a slower (5.6 km/s) shallow layer about 50 km thick.These layers, now iden-
tified around the world, are known as thecrust and mantle. The boundary between them is
known as the Mohorovicvic discontinuity, or Moho. We now denote the head wav easPn and the
direct wav eas Pg (‘‘g’ ’ f or ‘‘granitic’’). Corresponding arrivals are also observed for S waves.
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The Moho, which defines the boundary between crust and mantle, has been observed around the
world. One of the first steps in studying the nature of the crust is characterizing the depth to
Moho, or crustal thickness, and the variation inPn velocity from site to site.

The oceanic crust is about 7 km thick, and is relatively uniform from site to site, except at
midocean ridges.In contrast, the continental crust is thicker and variable, as illustrated by a cross
section across the west coast of the U.S.The thin crust beneath the Pacific ocean thickens across
the continent-ocean transition, such that beneath the Coast ranges the Moho is about 25 km deep.
Beneath the Sierra Nevada range, the depth to Moho reaches 35-40 km.The refraction data also
show complicated and variable velocity structures within the crust.Thus the crust is not a uni-
form layer, or even a uniform set of layers, because in some places it contains velocity gradients.


