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Postseismic Rebound in Fault Step-Overs
Caused by Pore Fluid Flow

Gilles Peltzer, Paul Rosen, Francois Rogez, Ken Hudnut

Near-field strain induced by large crustal earthquakes results in changes in pore fluid
pressure that dissipate with time and produce surface deformation. Synthetic aperture
radar (SAR) interferometry revealed several centimeters of postseismic uplift in pull-apart
structures and subsidence in a compressive jog along the Landers, California, 1992
earthquake surface rupture, with a relaxation time of 270 * 45 days. Such a postseismic
rebound may be explained by the transition of the Poisson’s ratio of the deformed
volumes of rock from undrained to drained conditions as pore fluid flow allows pore
pressure to return to hydrostatic equilibrium.

Large earthquakes are followed by slow
transierit “deformations of the crust over
days to years. Over large areas, this defor-
mation is generally thought to be caused by
the viscous response of the lower crust and
upper mantle to the faulting in the brittle
crust (1). Pore fluid flow has also been
proposed to explain aftershock activity (2),
cross-fault triggering of earthquakes (3),
and shallow postseismic movements (4)
with typical decay times of several months
to a few years. Surface deformation patterns
associated with shallow processes are of
small spatial extent and are thus difficult to
detect using conventional geodetic tech-
niques (5). Here, we used the technique of
SAR interferometry (6) to analyze postseis-
mic surface displacement in the near field of
the 1992 Landers, California, earthquake
rupture.

To map postseismic displacement, we
combined SAR images spanning three dif-
ferent time intervals in the 3 years after the
earthquake (7). The interferogram shown
in Fig. 1 covers 41 days after the event,
starting on 7 August 1992. The most strik-
ing features are the localized strain along
three sections of the 1992 surface rupture,
where the rupture changed direction or
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jumped to another fault branch and formed
two pull-apart structures and a compressive
jog (boxes in Fig. 1) (8).

The first zone of high strain is where the
Emerson fault connects with the Camp
Rock fault. The southern fault branch
bends westerly and a smaller surface break
steps slightly to the east. The westerly-
bending branch accommodated most of the
displacement (9), making it a compressive
jog along the overall right-lateral fault. The
local compressive regime resulted in coseis-
mic vertical offsets of up to 1 m along the
bent section of the main rupture (9). The
postseismic displacement near this section
of the fault produced a range increase in the
radar interferogram (profile 1, Figs. 1 and
2).

The second zone of high strain is local-
ized in a pull-apart structure between the
overlapping sections of the Homestead Val-
ley and Emerson faults. During the earth-
quake, the volume of rock in the pull-apart
accommodated extension while transferring
~3.5 m of slip from the Homestead Valley
fault in the south into ~4.5 m of right-
lateral slip on the Emerson fault in the
north (9). The postseismic surface displace-
ment observed across this zone produced a
range decrease in the radar data (Figs. 1 and
2).

The third zone of high strain is observed
in the step-over between the Homestead
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Valley and Johnson Valley faults. The Kick-
apoo fault connects these two overlapping
faults across the pull-apart and accommo-
dated a part of the 3.3 m of coseismic
horizontal slip while slip was progressively
transferred from the Johnson Valley fault in
the south to the Homestead Valley fault in
the north (10). Many surface breaks were
seen near the Homestead Valley fault and
east of the Kickapoo fault (10). Leveling -
data across the Homestead Valley—Kicka-
poo—Johnson Valley faults indicate that the
basin between the faults subsided by ~20
cm between 1979 and 1994 (11). Although
this time interval covers 15 years, including
1.5 years of postseismic period, it is likely
that subsidence of a few tens of centimeters
occurred during the 1992 earthquake. The
postseismic displacement of the ground
across the fault step-over produced a range
decrease in the radar data (Figs. 1 and 2).
Radar interferograms provide estimates
of the component of the ground displace-
ment parallel to the satellite line of sight
(12). Independent observations are needed
to derive the actual displacement of the
ground. In all of the cases described above,
we interpret the phase changes as being
produced by vertical motion of the ground
for the following reasons. Zones of high
strain are observed only in fault step-overs,
or where the faulting changed direction
(that is, in regions characterized by a com-
ponent of vertical displacement during the
earthquake as a result of local compression
or extension). Postseismic vertical adjust-
ments are thus likely to occur in these
regions. Moreover, the profile of section 3
(from west to east) shows a steep range
decrease across the Johnson Valley fault
and a steep range increase across the Home-
stead Valley fault; the zone between shows a
relatively flat phase offset with respect to
the far field on both sides (Fig. 2). If such
range changes were caused by horizontal
motion, equal magnitudes of right-lateral
slip across the Johnson Valley fault and
left-lateral slip across the Homestead Valley
fault would be required because the profiles
do not show any far-field offset. In other



words, the block between the two faults
would have to have moved rigidly to the
south. Such a possibility is rather unlikely.

An interpretation of the observed signal
as a result of vertical motion implies that the
volumes of rock that experienced dilation or
compression during the earthquake under-
went additional postseismic deformation
that produced vertical displacement of the
surface. In the three zones described above,
postseismic deformation resulted in upheaval
where the coseismic stress regime was locally
extensive and subsidence where the coseis-
mic stress regime was locally compressive.

The mechanism responsible for the sur-
face movements observed in the fault step-
overs appears to occur at a rate that decays
exponentially with time. The profiles in
Fig. 2 that show the largest displacement
correspond to the time interval starting 41
days after the earthquake, earlier than the
two other time intervals covered by the
radar data. The longest time interval covers
a period of 3.4 years starting 92 days after
the earthquake, yet the observed displace-
ment during this interval is ~20% smaller
than the displacement observed in the ear-
liest interval (Fig. 2). We thus assume that
the postseismic surface displacement w var-
ies with time according to

10 km

Range displacement
toward satellite

5.6cm

Fig. 1 (left). Three-pass interferogram of the Landers area generated
with SAR image triplet A (7). White line depicts 1992 surface rupture.
Straight lines in zoomed areas are profiles shown in Fig. 2. Fault labels:
CR, Camp Rock fault; E, Emerson fault; K, Kickapoo fault; JV, Johnson
Fig. 2 (right). Line-of-
sight surface displacement along profiles 1, 2, and 3 shown in Fig. 1 for

Valley fault; and HV, Homestead Valley fault.

w = woll — exp(—t/7)] (1)

where t is time since the earthquake, 7 is the
relaxation time, and wy is the vertical ad-
justment after an infinite time. From the
displacement profiles, we can measure the
finite vertical displacement Aw; that oc-
curred during the interval i defined by start-
ing time t; and ending time s; (i = 1, 2, 3).
According to Eq. 1, Aw, follows

wolexp(—t/7) — exp(—s/7)] = Aw; + o, (2)

where o; is the error in the estimate of Aw,.
Estimates of T and w, can be obtained by
minimizing the weighted sum of squared
differences between observed and modeled
displacements. Using profiles of section 3
(Fig. 2), we measured average surface uplifts
of 4.9, 3.9, and 2.8 cm (error, =0.5 cm) for
the three time intervals sampled by the
radar data. These data give a relaxation
time T = 273 * 44 days and a maximum
displacement wy = 6.2 = 0.5 cm. Such a
relaxation time is almost an order of mag-
nitude greater than the relaxation time of
34 days derived from the Global Positioning
System (GPS) data; this finding suggests
that the process responsible for the ob-
served vertical rebound in the fault step-
overs is not governed by viscous flow of the

REPORTS

lower crust, which has often been proposed
to explain deep fault after-slip (1). Howev-
er, relaxation times of hundreds of days are
characteristic of postseismic phenomena
that are often explained by pore fluid flow
in the upper crust (2, 4, 13, 14).

A simple model shows that pore fluid
transfer could produce uplift or subsidence of
the surface after an earthquake by up to sev-
eral centimeters in places where coseismic
strain involves compression or dilation. If
rocks in a pull-apart deform homogeneously
to accommodate the slip transferred across the
pull-apart, the extensional strain parallel to
the direction of the fault is €; = dl/l, where 3l
is the amount of transferred fault slip and ! is
the distance over which the faults overlap. For
simplicity, we assume that deformation is ac-
commodated by plane strain parallel to the
fault. If the Poisson’s ratio of the volume of
rock is v, the vertical strain accommodated by
the block is €, = ve,. If we neglect any
isostatic adjustment, the associated subsi-
dence of the surface is 8z = €;h, where h is the
thickness of the block. Because coseismic
stress changes are rapid relative to the fluid
diffusion time, at short times after an earth-
quake, the volume of rock is deformed under
undrained conditions. The coseismic subsi-
dence in the pull-apart is therefore

0 4 6 8
Horizontal distance (km)
S R S S
jES—s S S
L | | l l J
0 300 600 900 1200

1500

Days after 28 June 1992 earthquake

interferograms A (red; from 7 August 1992 to 24 September 1995), B (green; from 27 September 1992 to 23 January 1996), and C (blue; from 10 January
1993 to 23 May 1995) (7). Dots represent displacement of individual image pixels within ~400 m of the profile line; solid curves indicate values averaged in
bins (length ~160 m) along the profile strike. Fault labels are as in Fig. 1. The vertical scale is the slant range displacement toward the satellite.
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3)

where v, is the Poisson’s ratio of the un-
drained material. As time proceeds and the
pore pressure gradients caused by the earth-
quake are dissipated, the volume of rock
will eventually reach a drained state. The
residual subsidence after complete hydro-
static re-equilibrium of pore pressure is

32, = v.&h

(4)

where vy is the Poisson’s ratio of the drained
material. Because v, is larger than vy (15),
postseismic adjustment of pore pressure in
the pull-apart results in surface upheaval

(5)

Conversely, if coseismic strain produced lo-
cal compression of a volume of rock, the
coseismic deformation would produce uplift
and the postseismic flow of pore fluid would
cause subsidence. Such a process would ex-
plain the observed subsidence in the re-
straining bend along the Emerson fault
(profile 1, Figs. 1 and 2).

Typical values for the Poisson’s ratios of
drained and undrained materials yield v, —
vg = 0.03 (15). Assuming that 8] = 3 m [as
estimated across the Homestead Valley
pull-apart (10)], I = 5 km, and h = 4 km,
Eq. 5 gives a postseismic uplift u = 7 cm.
The amount of uplift increases linearly with
the porosity and thickness of the layer and
decreases as the Poisson’s ratio of the pris-
tine rock increases, such that a trade-off
exists between these parameters. However,
the calculation shows that the use of rea-
sonable values for these parameters yields a
few centimeters of postseismic uplift, con-
sistent with the radar data.

We thus conclude that pore fluid trans-
fer provides a plausible mechanism to ac-
count for postseismic rebound in fault step-
overs. Our model accounts both for post-
seismic subsidence in compressive jogs and
uplift in pull-apart structures (16). The re-
laxation times involved in pore fluid flow
processes (2, 17) and the modeled ampli-
tude of vertical surface adjustments are con-
sistent with the observed decay rate and
amplitude of postseismic surface move-
ments in the step-overs of the 1992 Landers
break. A critical test of this model would
require pore pressure data that can be ob-
tained by water-level measurement in wells
near rupture zones. Such data are lacking in
the region of Landers.

Szd = vdelh

u= (v, — vy)gh
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The Metabolic Status of Some Late
Cretaceous Dinosaurs
John A. Ruben,* Willem J. Hillenius, Nicholas R. Geist,

Andrew Leitch, Terry D. Jones, Philip J. Currie,
John R. Horner, George Espe Il

Analysis of the nasal region in fossils of three theropod dinosaurs (Nanotyrannus, Or-
nithomimus, and Dromaeosaurus) and one ornithischian dinosaur (Hypacrosaurus)
showed that their metabolic rates were significantly lower than metabolic rates in modern
birds and mammals. In extant endotherms and ectotherms, the cross-sectional area of
the nasal passage scales approximately with increasing body mass M at M °©-72, However,
the cross-sectional area of nasal passages in endotherms is approximately four times
that of ectotherms. The dinosaurs studied here have narrow nasal passages that are
consistent with low lung ventilation rates and the absence of respiratory turbinates.

Knowledge of dinosaur metabolic physiol-
ogy can help improve understanding of
their feeding and reproductive habits, as
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well as their routine modes of existence.
Similarly, because birds are probably de-
scendants (1) or near relatives of dinosaurs





