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Abstract: Fault throw profile ( T-H plot) plots vertical fault throw versus geologic or seismic horizon from a cross section.
Conceptual models demonstrate that the profiles can be used to determine the styles, timing of initiation, and kinematic
histories of normal faults and simply inverted normal growth faults. A throw profile comprising a vertical line segment
indicates a simple postdepositional fault. A profile in which throw decreases as horizon age increases indicates a simple
postdepositional keystone-stretching fault. A profile in which throw increases as horizon age increases indicates a simple
growth fault. Major inflections in a composite profile correspond to the time at which fault style changes. The change of a
vertical line segment to a curve with negative slope indicates the change from posidepositional to syndepositional faulting.
Stacking of such composite profiles suggests repeated fault burial and rejuvenation. The change of a profile slope from
positive to negative indicates change from a postdepositional keystone-stretching fault to a growth fault. The maximum throw
in the profile corresponds to the start timing of the fault. Local normal drag increases apparent throw, which creates bumps
in the profile. Reverse drag decreases the apparent throw, which creates dents in the profile.
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1 Introduction

Normal faults form in all tectonic regimes in the upper
crust where hydrocarbons form and accumulate. They
can impact every aspect of a hydrocarbon system from
source to migration to entrapment (e. g. , Allan, 1989;
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Demaison and Huizinga, 1991; Hardman and Booth,
1991). Normal faulting can be constructive to the
hydrocarbon systems. It creates accommodation space
for deposition of source and reservoir sediments,
provides vertical hydrocarbon migration pathways, and
forms traps. Normal faulting can also be destructive.
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Reactivation of preexisting faults and formation of new
faults can weaken or destroy top and lateral seals.
Faults of different ages, styles, and growth histories
may have variable sealing potentials, which can affect
field development planning. Different fault sets may
have different response to the current stress field,
which may pose significant problems for well drilling
and completion.

Timing and growth history of normal faults have been
estimated through analyses of regional tectonics (e. g.,
Davis et al, 1996), stratigraphy across the faulis (e. g. ,
Morley, 2002; Derer et al, 2003 ), fault displacement
variations (e. g. , Watterson, 1986; Barnett et al, 1987;
Beach and Trayner, 1991; Chapman and Meneilly, 1991;
Walsh and Watterson, 1991), and rigorous palinspastic
structural reconstruction (e. g., Rowan and Kligfield,
1989; Worrall and Snelson, 1989; Nunns, 1991; Schultz-
Ela, 1992).

Williams and others ( 1989 ) plotted apparent
hanging wall depth versus apparent displacement ( T-Z
plot) to distinguish prerift, synrift, and inversion
tectonostratigraphy. The plot yielded a curve with a
negative slope for the growth sedimentary package and a
vertical line segment for the prerift package. Bischke
(1994) plotted vertical separations of horizons versus
depth from wells or seismic data. In the plot, a positive
slope of the curve indicated expanded sedimentary
sections, a negative slope indicated condensed
sections, and flat curves indicated environments free of
differential tectonic movement.

This paper introduces a fault throw plot ( T-H
plot) technique that allows rapid assessment of style,
timing of initiation, and growth history of a normal
fault. The method plots fault throw measured between
horizon cutoffs versus stratigraphic horizon or geologic
age in outcrops, cross sections, and seismic profiles.
Fault throws are used instead of displacements because
throws can be readily and rapidly obtained, especially
in seismic profiles. We first introduce conceptual
models to illustrate throw profiles for simple and
composite faults. We then investigate the influences of
near-fault deformation on the shapes of the throw
profiles. We finally apply our model results to nine
normal faults in the Peng Lai 19-3 Oil Field in the
Bohai Bay basin, offshore China, to evaluate their
kinematic histories.

2 Conceptual Models

Basic Models
Fault throw profiles distinctively differentiate three

2.1

basic types of normal faults; (1) simple
postdepositional fault, (2 ) simple postdepositional
crestal keystone-stretching fault, and (3 ) simple
growth fault, which are called type I, type II, and type
1M fault, respectively, for cross reference. Type I fault
forms after all sedimentary layers are deposited. It culs
the entire stratigraphic section with a constant throw.
Type II fault also forms after all layers are deposited. It
commeonly forms at the crests of anticlines in response to
the outer arc stretching of the bending strata. Type III
fault is a syndepositional normal growth fault, where
sedimentary sections expand in the hanging wall.
2.1.1 Type I fault

Figure 1a shows a schematic cross section through
a type I fault. The fault formed after all the sedimentary
layers 0 ~5 were deposited. It cut

prekinematic section with a constant throw during a

the entire

single phase or multiple phases of extension. As a
result, the T-H plot is a straight vertical line (solid
line in Figure 1b). The timing of faulting post-dates
the upper end point (layer 5) of the line segment in
the profile.

(b)

Horizon

Throw

Growth Index

Fig. 1
postdeposition] normal fault and (b) T-H plot (thick
solid line) and growth index plot (thick dotted cruve)

B (o) 8RR ENZENE ER
RH (b) BrHE YA mE (LX)
IR KRR (LA

(a) Schematic cross section through a simple

Also plotted in Figure 1b is the fault growth index
or expansion index ( Tearpock and Bischke, 1991),

which is 1.0 for all layers since there is no thickness
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change of the equivalent strata across fault.
2.1.2 Type 1I fault

Figure 2a shows a schematic cross section through
a type II fault. The fault is a crestal keystone-stretching
fault, which formed after all the sedimentary layers
0 ~5 were deposited. Type II faults form at the crests
of anticlines in most geologic settings. Experimental
studies (e.g. , Link, 1930; McClay and Ellis, 1987;
Ge and Vendeville, 1994 ) showed that the keystone
faults commonly started at the outermost layer of the
stratal section, where the stretching was greatest. In
the models, the faults propagated downward and
_increased in displacement as deformation continued.
The crestal keystone faults tip out at depth.

(b)

Horizon  Throw

Growth Index

Fig.2
a postedepositional crestal keystone-strectching fault
and (b) T-H plot (thick solid line) and
growth index plot ( thick dotted curve)
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(a) Schematic cross section through

The corresponding T-H plot is shown as a solid
curve in Figure 2b. The uppermost and youngest
horizon 5 has the largest throw because faulting started
there and the strata was bent the most. The throw
progressively decreases into the older layers at depth
and is zero where the fault tips out at layer 0. The
timing of fault formation post-dates the deposition of
layer 5, where it records the largest fault throw.

Theoretically, the growth index ( thick dotted

curve in Figure 2b) should be 1.0 because sedimentary
layers are pre-faulting. However, the hanging wall may
be thinned by stretching, faulting, and fracturing,
which results in growth index value to be smaller than
1.0. Nevertheless, the overall geometry of the growth
index profile remains similar to that of type I fault:
growth index plot likely cannot distinguish between type
I and type II faults.
2.1.3 Type III fault

Figure 3a shows a schematic cross section through
a type III fault, a simple normal growth fault. Faulting
with which
resulted in expansions of sedimentary layers in the
hanging wall. In the model, faulting started after layer

was contemporaneous sedimentation,

0 was deposited and remained active through all the
sedimentation to layer 5.
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Fig.3
simple normal growth fault and (b) T-H plot (thick

(a) Schematic cross section through a

solid line) and growth index plot (thick dotted curve)
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Figure 3b shows the T-H plot (solid curve). The
throw increases from zero at the youngest layer 5 to a
maximum at the oldest layer 0. The profile has a
negative slope. The timing of initial faulting can be
easily determined from the plot, where the throw is the
largest.

The growth index ( thick dotted curve in Figure
3b) also records the timing of faulting. The index is
greater than 1.0 for all layers, which indicates the syn-
faulting sedimentation in the hanging wall.
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2.1.4 Comparison

Figure 4 compares the T-H plots of the three basic
types of faults. The profiles are normalized by horizons
along the vertical axis. The differences are obvious: a
vertical profile characterizes the type I fault, a profile
with a positive slope characterizes the type II fault, and
a profile with a negative slope characterizes the type III
fault. Implication in the curves is a clear timing
indicator; all faults started after ihe horizon having the
maximum throw was deposited. The analysis shows the
fallacy of the common misconception that the maximum
throw corresponds to the most active stage of faulting.

Fault throw
O\
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w
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N
|

Geologic horizon or age

—_

Fig.4 Normalization and comparison of T-H

plots of three basic types of normal faults
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Unfortunately, the exact time of fault initiation
cannot be accurately determined for the type I and type
II faults. There could be time hiatus beiween deposition
of the youngest pre-faulting sediments and when
faulting starts. Syn-faulting sediments are the key
criteria to the timing determination.

2.2 Composite Models

The type I to type III models represent the
simplest end-members. Faults with complex growth
histories are more common in sedimentary basins. The
following sections develop composite models that track
changes in faulting styles and their throw profiles.
2.2.1 Composite post-and syn-depositional fault
(type IC fault)

Figure 5a illustrates a schematic cross section

through a fault with a combined kinematic history of the
type 1 and type III faults, which is named type IC fault
here. Faulting started after the prekinematic layers 0-3
were deposited and continued through deposition of the
synkinematic layers 4 ~7.

The T-H plot (solid curve in Figure 5b) clearly
indicates the kinematic history of the fault. Throws of
the prekinematic layers O ~ 3 exhibit a vertical line as
in the model type I fault ( Figure 1b), whereas throws
of the synkinematic layers 3 ~7 show a curve with a
positive slope similar to that of the type III fault
(Figure 2b). The maximum throw point on the throw
profile marks the beginning of faulting.

The growth index (thick dotted curve in Figure
5b) also records the faulting timing and history, in
which the growth index equals 1. 0 for the prekinematic
layers and is greater than 1. 0 for the synkinematic
layers.

2.2.2 Composite post-and syndepositional keystone
fault (type IIC fault)

Figure 6a shows a schematic cross section through
a fault having a combined kinematic history of the type
Il and type III faults, which is named type IIC fault
here. In the section, layers 0 ~ 5 are prekinematic
sediments and layers 6 ~9 are synkinematic sediments.
The fault started as a keystone-stretching fault after the
prekinematic layer 5 was deposited. It propagated
downwards into the older prekinematic layers and grew
upwards as the younger synkinematic layers were
deposited.

Figure 6b shows the corresponding T-H plot ( solid
curve). In the prekinematic layers 1 ~5, fault throw is
the largest at horizon 5 and decreases as the
sedimentary layers become older. The throw is zero at
the fault tip on horizon 1. This segment of the profile
has a positive slope. In the synkinematic layers 6 ~9,
the fault throw decreases as the sections become
younger. The youngest horizon 9 is not faulted and has
a zero throw. This segment of the throw profile has a
negative slope. The resultant profile has a shape of
combined type II and type III faults, which properly
records the style and kinematic history of the fault. The
throw maximum at the horizon 5 corresponds to the
beginning of faulting.

The growth index (thick dotted curve in Figure
6b) correctly records the timing and growth history of
the fault. However, it fails to differentiate it from the
type IC fault.

For an embedded fault, here defined as a
postdepositional fault that is fully contained within a
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Fig.6  (a) Schematic cross section through a composite normal fault that has apostdepositional
keystone-stretching and (b) T-H plot (thick solid line) and growth index plot (thick dotted curve)
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sedimentary package, throw typically increases from
zero at the upper tip to a maximum and then decreases
to zero at the lower tip (e. g. , Bamett et al, 1987;
Walsh and Watterson, 1988). The throw profile thus is
identical to that of a type IIC fault. The stratigraphic
analysis and growth index plot should differentiate
them.
2.2.3 Episodic normal growth fault

Episodic normal faulting is common in basin
evolution history (e. g., Etheridge, 1986; McLaurin
and Burleigh, 2001). A fault could be buried by
sediments during tectonically quiet episodes and then
rejuvenated by subsequent faulting. A possible stacking
pattern of such a fault is schematically illustrated in
Figure 7a. The fault was active during the depositional
intervals of 0~2, 6~9, and 12~14, which is
indicated by the expanded sediments in the hanging
wall. The fault was dormant and buried during the
deposition of intervals of 2 ~6 and 9 ~12, which is

indicated by the constant thickness of intervals across
the fault.

Figure 7b shows the T-H plot. The profile shows a
curve with alternating vertical and sloped segments.
The sloped segments have positive slope and mark the
active periods of syndepositional faulting. The vertical
segments mark the burial and dormant periods. The
maximum throw point at layer 0 marks the timing of the
initial faulting. Where the profile changes from a
sloped curve to a vertical line (e. g. , bends at horizons
2 and 9), the fault became inactive and was buried.
Where the profile changes from a vertical line to a
sloped curve (e. g. , bends at horizons 6 and 12), the
fault rejuvenated.

The growth index plot (thick dotted curve in Figure
7b) also well depicts the episodic growth (index > 1.0)
and burial (index = 1.0) history of the fault.

2.2.4 Inverted normal growth fault
Figure 8a shows a schematic cross section through
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(a) Schematic cross section through a normal fault that has multiple episodes of burial

and (b) T-H plot (thick solid line) and growth index plot {thick dotted line)
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(a) Schematic cross section through an inverted normal growth fault

and (b) T-H plot (thick solid line) and growth index plot {thick dotted line)
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an inverted growth fault. The fault was a normal growth
fault during the deposition of layers- 1 ~8. It was then
inverted to a reverse fault during the deposition of
layers 9 ~ 14.

Figure 8b shows the T-H plot. The reverse throws
are plotted as negative values. The plot is marked by
four key points; a start point, a null point, an
inversion point, and an end point. The start point has a
maximum throw and marks the beginning of initial
normal faulting. The null point has zero throw along the
fault, where the horizon has no apparent offset. The
inversion point ( deflection point) has a minimum throw

(or a maximum reverse throw ), which marks the
beginning of the inversion. The end point has zero
throw and marks the end of faulting. The profile has a
negative slope between the inversion and start points.
The profile has a positive slope between the inversion
and end points.

The growth index plot ( thick dotted curve in
Figure 8b) also differentiates the normal growth episode
(where the index > 1.0) from the reverse growth
episode (where index < 1.0). However, it fails to
locate the null point.



82 IR

R BELH

2.3 Geologic Influences on Profile Geometry
During our analysis of geological faults, we
encountered some profiles whose shapes were deviated
from the basic and composite models. The profiles
could not be simply explained by different fault types.
Other geological factors the
deviations. We initially investigated the influences of
compaction, erosion, and near-fault deformation on the

must have caused

shapes of profiles. Qur analysis suggested that
compaction and erosion have little impact, thus are
omitted here. Only the effects of near-fault drags are
presented.
2.3.1 Effect of normal drag in hanging wall

Figure 9A-a shows the normal drag of horizons 4
and 5 in the hanging wall of a normal growth fault.
Other layers are not affected. The drag effectively
reduces the true throw between the cutoffs of the
equivalent horizons across the fault. The local decrease
of the throw creates a dent in the profile ( thick solid
curve in Figure 9A-b) , when compared with the profile
(thick dashed curve in Figure 9A-b) without the drag
effect. However, the overall geometry of the profile
resembles that of the type III fault.
2.3.2 Effect of reverse or rollover drag in hanging
wall

In Figure 9B-a, layers S and 6 in the hanging wall
of a normal growth fault form reverse or rollover drag.
Oher layers are not involved. The reverse drag
effectively increases the fault throw. The local throw
increase on horizons 5 and 6 creates a bump in the’
profile ( thick solid curve in Figure 9B-b), which
otherwise would be a typical type Il fault throw profile
(thick dashed curve in Figure 9B-b).
2.3.3 Effect of normal drag in footwall

Figure 10A-a schematically shows a cross section
through a normal growth fault. The footwall layers 4
and 5 are bent by normal drag into the fault. Other
layers are not affected. The drag reduces the true
throw, which creates a dent in the profile (solid curve
in Figure 10A-b), when compared with the profile
without drag effects (thick dashed curve in Figure 10A-
b).
2.3.4 [Effect of reverse drag in footwall

Figure 10B-a schematically shows a cross section
through a normal growth fault. The footwall layers 4
and 5 are dragged upward against the fault. The drag
increases the apparent throw. Accordingly, a bump in
the fault throw profile records the drag-induced throw
increase (solid curve in Figure 10B-b).

3 Geologic Examples

This section applies conceptual models to the
normal faults in the Peng Lai 19-3 Oil Field in the
Bohai Bay basin, offshore China. The overall structure
of the field is an anticline within the Tancheng-Lujiang
(Tan-Lu) fault zone ( O Reilly et al, 2000). Both
right-lateral wrenching of the Tan-Lu fault zone and
bending of the cover sediments above the pre-Tertiary
basement uplift formed the anticline. The anticline is
intersected by three nearly NS-trending strike-slip fault
zones and by numerous NE-trending normal faults
(Figure 11). The strike-slip faults are part of the
regional Tan-Lu system and are segmented along the
strike. The normal faults divide the anticline into a
series of horsts and grabens, The bounding faults of the
grabens show en echelon arrangement.

Nine faults from three time-migrated seismic lines
are presented. They are from five fault zones in the
north and west of the field ( Figure 11). All the
selected faults cut or terminate near the top of the
Oligocene Dongying Formation and tip out in the
shallow Quaternary sediments.

Figure 12a is a seismic profile across faults F1,
F2, and F3. Horizon HO is the top of the Oligocene
Dongying Fm. Horizon H2 is near the top of the
Miocene Guantao Fm. Horizon H6 is near the top of the
Pliocene Minghuazhen Fm. Horizons H1 and H3 are
near the base and near the top of the oil-bearing
reservoir, respectively. The bright reflector below HO is
the top of the pre-Tertiary basement. Horizons HO
through H6 were fully correlated in a 3-dimensional
seismic data. Horizons H7 through HI0 were only
correlated locally to increase the plot point density:
they may not be the same horizons from section to
section.

Figure 12b shows the T-H plots of faults F1, F2,
and F3. Faults F1 and F3 seem to have relatively
simple fault throw profiles. Fault F1 increases in throw
from zero within the shallow Quaternary section to a
maximum at about horizon H4 and then decreases to
zero at horizon HO, which is a typical type 1IC fault
throw profile. Although there are rotlover drags between
horizons H1 through H6 in the hanging wall, they dont
seem to be the local isolated effects. Apparent local
reverse drags occur between horizons H3 to H5 in the
footwall and create a minor bump in the profile. The
adjusted profile ( dashed curve) after the removal of the
drag-effected throw remains similar to its original one.
Fault F3 has a similar throw profile to that of fault F1.
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Throw increases from zero within the shallow
Quaternary sediments to a maximum at about herizon
H4 and then decreases to zero at horizon HO. Both
profiles suggest that faults F1 and F3 started as a
keystone-stretching fault  after H4  was
deposited. Sections between HO and H4 are pre-

faulting, non-growth sediments. Sediments between H4

horizon

and upper tips of faults are growth strata.

The throw profile of fault F2 has a rather irregular
shape. A dent and two bumps occur in the profile. The
throw increases from zero ai the upper fault tip to a
local maximum around H6. Tt then decreases to H4
followed by an increase to a maximum around H2,

which is followed by another decrease. Normal drags of
horizons H1 through H3 in the hanging wall probably
have increased the apparent throws. However, the dent
in the middle of the profile remains even after the local
effects are roughly corrected ( dashed line). A closer
examination shows that the section between H4 and H5
in the hanging wall is thinner than in the footwall,
suggesting the possible mis-ties of the- autopicked
horizon H4. The timing of faulting thus could not be
accurately determined from the current profile.

The growth index plot ( solid red curve in Figure
12b) for fault F1 supports the profile interpretation.
The index from horizons HO to H4 is about 1, 0,
indicating that they are the pre-faulting sedimentary
package. The index between the upper tip of the fault
and horizon H4 is generally greater than 1.0,
indicating the growth episode of the fault. The index of
layer 10 ( between horizons H9 and H10) is about
1.0, suggesting a burial episode of the fault. The
burial episode is also documented by the throw
profiles, where the segments are nearly vertical.

Figure 13a is a seismic line across faults F4, F5
and F6. All three faults are from the same fault zone
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Fig. 12 (a) Seismic section through faults F1,F2,and F3
in western flank of Peng Lai 19-3 Qil Field;
(b)T-H plots for faults F1,F2,and F3. The growth index
for fault F1 is plotted as a red curve in Figure 14b.

B 12 (a)35% 193 MEAPESFWE FL,
F2,F3 BRI S (b) MR B e E RO Z P
R RAERUE (THrR)



86 B

S 4 134 1 4]

(Figure 11). Figure 13b shows their T-H plots. All
faults have a type IIC profile. Faults F4 and F6
increase in throw from zero in the shallow Quaternary
sediments to a maximum near H1 and then rapidly
decrease to zero near horizon HO, suggesting that both
faults initiated around the deposition of horizon H1.
Sediments between H1 and upper tips of faults thus are
a syn-faulting package. The throw profile of fault F5
has an apparent type 1IC fault throw profile geometry.
The profile shape is affected by reverse ( rollover) drag
in the hanging wall, which creates a bump in the
middle of the profile. The profile suggests that fault F5
initiated around the deposition of horizon H4 by crestal
stretching.

(b)

Throw (x10 ms)

Fig. 13 (a) Seismic section through faults F4,F5,
and F6 in western flank of Peng Lai 19-3 Oil Field.
(b)T-H plots for faults F4,F5,and F6
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Figure 14a is a seismic profile through faults F7,
F8, and F9. Faults are from two fault zones ( Figure
11). Interpretations of their T-H plots ( Figure 14b)
are rather straightforward. Although minor bumps and
dents occur in the profile of fault F8, throw generally
increases from zero at the upper tip of the faults to a
maximum, followed by decreases, resulting in typical

type IIC fault throw profiles. The bumps seem to be the
result of rollover drag between horizons H7 through H9
in the hanging wall of fault 8. The profiles suggest that
faults F7 and F8 initiated around the deposition of HI
and fault F9 started at around H4 , which are consistent
with the other faults.

4 Conclusions
(1) Fault throw profile ( T-H plot ) plots

cumulative fault throw versus stratigraphic horizon or
geologic age from a geo-section. The technique
provides a simple but rather robust graphical method to
assess the styles, tim ing of initiation, and kinematic
history of normal and simply inverted normal faults.
(2) The conceptual models of the throw profiles
unambiguously distinguish three basic types of normal
faults and their timing of initiation. A profile with a
vertical line segment indicates a simple postdepositional
fault. The top of the line segment corresponds to the
earliest possible timing of fault initiation. A profile in
which fault throw decreases with the increase of horizon
maximum  to indicates a

age from a

postdepositional keystone-stretching fault. The throw

Z€r0

maximum corresponds to the earliest possible timing of
the fault initiation. A profile in which fault throw
increases with the increase of horizon age indicates a

The

maximum corresponds to the start timing of the fault.

simple syndepositional growth fault. throw

(3) For a composite normal fault, major
inflections in the T-H plot indicate the changes of the
fault styles. Change of the profile from a vertical line to
a curve of a negative slope marks the change from a
simple postdepositional fault to a growth fault.
Repeated stacking of this type of profile indicates
multiple episodes of growth and burial of a normal
fault. Change of the profile slope from positive to
negative marks the change from a postdepositional
keystone-stretching fault to a growth fault. The T-H
plot of an inverted normal growth fault is characterized
by four key points: a start point, a null point, an
inversion point, and an end point.

(4) The conceptual models show that local drags
have the largest impact on the profile geometry. Normal
drags in either hanging wall or footwall create dents,
whereas reverse drags create bumps in the profiles.
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(b)

Throw (x10 ms)

Fig. 14 (a) Seismic section through faults F7,F8,
and F9 in western flank of Peng Lai 19-3 Oil Field.
(b) T-H plots for faults F4,F5,and F6
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