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Figure 4.28 Geometry of tip lines. Displacement on a normal
fault dies out along the strike and down the dip. The tip line
is a continuous quasi-elliprical line. The angle it makes with
the displacement vecror changes around the perimeter of the
faulr, changing the fault from a mode I fracture {zip line
parallel to displacement} to a mode II fracture (tip line per-
pendicular o displacement).

For very large strike-slip displacements, the observed
faulc intersections might resemble those in Figure 4.27B,
which could result in an erronecus interpretation of the
age of the faults.

A look at any geologic map of a faulted terrane
demonstrates that the traces of individual faults are of
limited extent. The termination line of a fault is a tp
line where the fault displacement has decreased to the
extent that it can be accommodated by coherent de-
formation distributed through the solid rack (Figures
428 and 4.29). If a fault trace ends without running
into another fault, it must end at a tip line. In Figure
4.28 the tip line is parallel to the displacement vector
on the fault where it intersects the top surface, and it
1s perpendicular to the displacement where it intcrsects
the vertical side. Because tip lines of faults are often

roughly elliptical in shapc ac depth, all relative orien-

tations of displacement and tip line between these two
end-member types occur on a single fault. Thus, a single
faulr has the characteristics of both mode II and mode
III fractures {compare Figure 3.1) depending on the rel-
ative orientation of the displacement and the tip line.
Below the surface, then, a fault can be bounded
on all sides by a continuous tip line that connects at
both ends with the surface trace of the fault. A blind
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fault, however, does not break the surface anywhere
and thus is completely surrounded by a termination line
that is either a tip line or a branch line (see below).
Later, possibly long aftcr active faulting ceases, the tip
line at the top of the fault surface may be eroded away
to create a trace of the fault on the Earth’s surface.

A branch line is a line of intetsection where a fault
surface splits into two fault surfaces of the same type,
or two fault surfaces of the same type merge into one.
All segments of the fault shown in Figure 4.29A are
completely surrounded by a fault trace at the surface,
a tip line, or a branch line, except, of course, for the
trace of the fault on the vertical left side of the block,
which is an artificial line on the cross section. In Figure
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Figure 4.29 Splay faults and the geomerry of branch lines. A.
The three-dimensional geometry of a splay faulr shows how
the fault surface is complerely bounded by a surface trace, a
branch line, or a cip line. B. Extensional imbricate fans. C.
Contracrional imbricate fans.



4.24C, the horse is bounded on all edges below the
surface by branch lines.

Faults of all types commonly die out in a set of
splay faults, which are smaller, subsidiary faules that
branch off from the main fault (Figure 4.25A). Where
splay faults branch off from the main fault at fairly
regular intervals and have comparable geometries, they
form an imbricate fan, which can be either extensional
(Figure 4.29B) or contractional (Figure 4.29C). Each
splay in turn dies out at its own rip line or intersects a
free surface. Where a single fault ends in a series of
splay faults, the effect is to distribute the defotmation
at the end of the main fault over a larger volume of
rock, thereby decreasing its intensity.

Two circumstances occur in which a fault can end,
in a sense, without being bounded by a termination line.
If the fault surface curves, the nature of the fault may
change completely, but no termination line exists. Figure
4.30 illustrates a normal fault that changes orientation
to become a vertical oblique-slip faulr.

The other circumstance involves faults that extend
deep into the crust or even into the upper mantle. With
increasing depth in the Earth, the temperature and pres-
sute rise, and if they are sufficiently high, rocks become
ductile. This ability of rock to flow ultimately limits the
depth to which a fault can maintain its identity as a
shear zone. As we trace a fault deeper into the crust,
we expect it first to change from a zone of brictle de-
formation inte a ductile shear zone. At some depth,
which we do not know well, the zone of deformation
must spread out, uncil the nature of the fault as a discrete
shear zone is lost, and the displacement is accommo-
dated by the slow, widespread flow of the rocks. In this
circumstance, the boundary of the fault is indistincr.

The depth at which a fault loses its identity is not
well known, but it probably depends in part on the
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Figure 4.30 A change in orientation of a fault surface modifies
anormal faultinto a vertical oblique-slip fault. No termination
line can be identified.

magnitude and rate of the displacement on the fault.
Brittle fracturing is replaced by ductile flow at depths
of about 10 to 20 km. Fault zones have been traced by
seismic reflection techniques into the lower crust to
depths of about 25 km, and in some places, slices of
the upper mantle are exposed at the surface along faults,
suggesting that faults have extended at leasr to the
Moho. Subduction zones, in fact, are major thrust faules
some of which can be traced hundrcds of kilometers
into the mantle, although we do not expect most crustal
faults to extend to such depths. We have limited op-
portunity to observe rocks that have deformed near and
below the base of the crust, however, so our knowledge
Is Very poor.

Refinements

All our discussion about fault movement has concerned
movement of one side relative to the other. An absolute
sense of movement can rarely be obtained, because we
generally do not have a reference point independent of
both of the fault blocks. Thus, for example, it generally
cannot be derermined whether the hanging wall of a
normal fault has decreased in elevation as a result of
faulting, or the footwall has increased in elevation.

Faulting associated with the Alaska earthquake of
1964 near Anchorage provided one interesting excep-
tion to this statement. Measurement of motion of fault
blocks relative to sea level showed that in one place
where a normal fault had formed, both sides had moved
upward. Figure 431A shows part of the area affected
by the fault and gives contours of the amount of uplift
that occurred during faulting. Note that the uplift con-
tours show both sides of the Patton Bay Fault to have
moved up but that the northwest side moved up farther
than the southeast side, This effect is more clearly shown
in Figure 4.318, which is a plot of the amount of uplift
along the line AA" that crosses the fault. This interesting
result on a historical earthquake makes one cautious
abour assuming that the relative motion of the hanging
wall is also the absolute motion.

Another exception to our general inability to
determine absolute movements on faults occurs with
strike-slip faults of very large displacement. In this case,
we can take the geomagnetic field as an absolute ref-
erence and use paleomagnetic studies of the rocks to
determine which side of a fault has changed laritude.

" One of the major features used for classifying Faults
and interpreting their tectonic significance is the original
orientation of both the fault plane and the displacement
vector at the time the fault moved. The original ori-
entation is important, because many faults are rotated
into different attitudes by later tectonic activity. Thus,

Introduction to Faults 71



148°
N
e
e
Pav4
Vvl
P ayd
VARV AV 4
LSS '
ey ——i2
i Cross-section
s line
g
A.
Fa,ult
10 New land surface
Elevation
inrm. o Pre-earthquake
A A land surface
0 2 km J
B.

Figure 4.31 Faulring of Montague Island, souchern Alaska,
associated with the 1964 Alaska earthquake. The map shows
thac che uplift conrours are posicive on both sides of the Patton
Bay Fault. Conrours are macked in merers of uplift. The cross
section shows a plot of the uplift magnitudes along the line
A—A' that crosses the Pacton Bay Fault. The faule is a normal
favle resulting from uplift by different amounts on opposite
sides of the faulr.

for example, a thrust fault with the hanging wall up
could be rotated about a horizontal axis to such an
extent that it resembled a normal fault with the hanging
wall down. The present attitude may or may not cor-
respond to the ariginal one.

Cross sections in sedimentary sequences that have
not undergone significant deformation parallel to the
regional strike must preserve the original cross-sectional
area of the undeformed section. Such cross sections are
balanced. The requirement that cross-sectional area be

72 BRITTLE DEFORMATION

preserved places significant constraints on possible inter-
pretarions of structure ar depth, because any proposed
interpretation must make it possible to restore the fault
to an acceptable undeformed state characrerized by con-
tinuous layers with no gaps or overlaps in the strati-
graphic section. The cross section must be balanced
between two pinning points, which are vertical reference
lines chosen to pass through undeformed sections of a
stratigraphic sequence. Thus the shape of these reference
lines is assumed to have been unchanged by the defor-
mation. In highly deformed regions, the pinning points
can be chosen through the bottoms of flat synclines or
the tops of flat anticlines, where presumably there has
been no slip between beds.

If the deformation has not changed the thicknesses
of units in the stratigraphic section, then balancing the
section can be achieved by line balancing, which requires
that the length of each contact between the pinning
points be the same before and after deformation. If de-
formation has shortened and thickened units within the
plane of the section, however, the lengths of contact
lines can change, and balancing must be done by area
balancing which requires that the area of each unit be-
tween pinning points be conserved during deformation.

Although the balancing requirement imposes an
important constraint on the construction of cross sec-
tions of unmetamorphosed sedimentary rocks, in other
geologic situations there may be significant deformation
notmal to any possible cross section. Under those con-
ditions, material moves in or out of the cross-section
plane, and the fundamental assumption of constant
cross-sectional area, which is the basis for constructing
balanced cross sections, is no longer valid. Some tech-
niques have been developed to account roughly for this
deformation, but the process requires large amounts of
detaited information, and balancing cross sections under
these conditions becomes an increasingly complicated
and approximate procedure.

In this chapter, we have described many features
common to faults in general, bur we have limited our
discussion to individual fault surfaces or ro simple sets
of laults. In the following chapters, we complete our
description of faults, dealing separately with each of the
major types of faults. We concentrate on those features
that are unique to each fault type, including the struc-
tures associated with the different faults, the geometry
of complicared fault systems, and the tectonic settings
in which the different types of faults are found. Despite
the differences in tectonic serting of the three major types
of faults, the geometric characteristics discussed in this
chapter ate remarkably consistent for all fault systems,
and the differences that do exist are largely actributable
to the difference in orientation of the faults with respect
to the Earth’s sutface.
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