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Displacement loss on growth faults due to sediment compaction
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Abstract
Compaction models of normal growth faults, combined with displacement data from a natural growth fault (Cape Egmont Fault, New Zea-
land), are used to quantify the loss of displacement arising from compaction, in circumstances where growth faults are blanketed and buried by
compacting sediment in both footwall and hangingwall. Comparison of imposed tectonic displacements with the preserved displacements in-
dicates that although the thicknesses of sand/shale sequences may decrease by up to c. 55% due to compaction, associated losses in displacement
on growth faults are typically <20% because they displace partially compacted sediments. The importance of displacement loss generally in-
creases with increases in the depth range over which fault displacements migrate along the compaction curves and in the percentage shale of the
faulted sequence. Displacement loss due to compaction is relatively small (<c. 15%) for sand or mixed sand-shale sequences with growth in-
dices greater than c. 0.1 (equivalent to the ratio of the fault throw rate and footwall sedimentation rate), and in these strata decompaction is not
required to decipher first-order displacements and fault-growth histories. Decompaction of displacements is of most benefit in circumstances
where growth sequences have a high shale content (>70%) and post-faulting burial is large (i.e. km-scale).
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Displacement on normal faults commonly provides the
most obvious and quantifiable measure of extension in sedi-
mentary rocks. Many recent studies of the kinematics of nor-
mal faults have used sequence growth to characterise the
displacement history of synsedimentary faults (e.g. Roux,
1979; Petersen et al., 1992; Childs et al., 1993, 1995, 2003;
McLeod et al., 2000; Meyer et al., 2002; Walsh et al.,
2002). In circumstances where fault footwall sedimentation
rates outstrip displacement rates at the free surface, sequence
growth from fault footwall to hangingwall reflects displace-
ment accumulation that is accompanied by progressive upward
decreases in displacement on younger syn-faulting horizons
(Fig. 1). These displacement and thickness changes provide
a basis for reconstructing the kinematic history of faulting.
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Displacement backstripping is one means of reconstructing
the history of displacement accumulation and involves the se-
quential removal of displacements on successively older syn-
faulting horizons from displacements on the horizon at the
base of the syn-faulting sequence (Childs et al., 1993, 2003;
Clausen et al., 1994). A basic assumption of this, and other
restoration methods, is that incremental displacements (i.e.
short-term displacements) within the syn-faulting sequence
are constant on individual cross-sections. In detail this as-
sumption must breakdown because sediment compaction
will lead to subsequent decreases in those incremental dis-
placements by amounts which will decline with increasing
depth and pre-displacement sediment compaction.

Compaction arising from sediment accumulation has been
extensively studied (e.g. Hedberg, 1936; Weller, 1959; Perrier
and Quiblier, 1974; Sclater and Christie, 1980; Baldwin and
Butler, 1985; Lundegard, 1992), however, the magnitude of
changes in fault displacements arising from compaction is
poorly understood. Determining the influence of compaction
on fault displacements has become increasingly important in
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Fig. 1. Schematic diagrams illustrating the effect of compaction on layer thick-

nesses, fault displacements and fault dips.
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recent years with the widespread availability of seismic reflec-
tion profiles and an increase in the use of displacements to
draw conclusions about the systematics of fault displacement
patterns, fault-size distributions, fault growth and regional
strain patterns (e.g. Watterson, 1986; Barnett et al, 1987;
Walsh et al., 1991; Schlische et al., 1996; McLeod et al.,
2000; Meyer et al., 2002). The purpose of this article is to ex-
amine the extent to which conclusions on fault systematics
based on their displacements would be modified by incorporat-
ing the effects of compaction. We use sediment compaction
models of growth faults in tandem with displacement data
from a natural fault (Cape Egmont Fault, New Zealand) to
quantify the displacement loss due to compaction by compar-
ing initial (tectonic) and final (tectonic and compaction) dis-
placements. This article only considers those faults which
are continuously buried, as these faults are most amenable to
the measurement and analysis of displacements. We do not
model faults with footwall uplift and hangingwall subsidence
that locally produce erosion and underfilled basins (e.g.
Gibson et al., 1989), respectively, and nor do we consider cir-
cumstances in which the compaction properties of the footwall
and hangingwall sequences are different. Our study shows that
despite the apparent importance of compaction (Fig. 1), its
effects on fault displacements are often relatively subdued
and can, for some purposes, be neglected. Future studies of
fault displacements may, however, benefit from decompaction
where shale content is high (e.g. >70%) and post-faulting
burial is important.
2. Methods for estimating compaction-induced
displacement changes

Faults enclosed within sediments and sedimentary rocks
generally experience compaction due to a progressive increase
of overburden load during burial. Compaction results in a de-
crease of thickness of sedimentary units associated with pro-
gressive expulsion of pore fluid and reduction of pore space,
processes which ultimately result in porosity loss (Perrier
and Quiblier, 1974; Sclater and Christie, 1980; Lundegard,
1992). The amount of compaction is mainly dependent on
the sediment type and the depth of burial. In this article we
show that although the compaction of strata can exceed
50%, the resulting decrease in fault displacement is typically
much less (e.g. <20%). The reason for this is that the magni-
tude of displacement decrease due to compaction depends on
the relative timing of compaction and faulting, rather than sim-
ply reflecting the absolute compaction of sediment enclosing
the fault. Displacements accumulated when sediments are
close to the free surface, and are therefore poorly compacted,
will be poorly preserved compared to those which are accumu-
lated when the same sediments are at greater burial depths and
are more compacted. The preservation of original (i.e. uncom-
pacted) displacements is therefore optimised where displace-
ment accumulates within sedimentary rocks that have
already experienced significant compaction; this factor ac-
counts for the more subdued impact of compaction on fault
displacements than sediment thicknesses.

Compaction analysis is conducted in this article using
models for sequences with varying proportions of sand and
shale, differing ranges of ratios of fault displacement to foot-
wall sedimentation rates, and for varying proportions of pre-,
syn- and post-faulting sedimentation (Fig. 2). Our modelling
focuses on syndepositional normal faults with up to km-scale
displacements which are continuously blanketed by sediments
(i.e. fault displacement rates exceed sedimentation rates) and
are encased in compactable sediments. Thickness changes of
sedimentary layers due to compaction, and associated de-
creases in fault displacement and layer thickness, were esti-
mated using the porosityedepth functions of Sclater and
Christie (1980; see their table A1a and our Fig. 3a). The theory
and equations used to calculate sediment compaction and the
resulting changes in porosity, layer thickness and displacement
with increasing depth are presented in Appendix A.

Our modelling of the impact of compaction on the observed
fault displacements involves the imposition of original tec-
tonic displacements and computation of the magnitude of
compaction-induced decreases in displacement for different
sediment types, sedimentation rates (i.e. rates of burial) and
fault displacement histories. To maintain a relatively manage-
able number of modelling parameters we have excluded cer-
tain parameters or issues from our modelling, for a variety
of reasons. We assume that both pre-faulting and syn-faulting
sequences compact in the same manner (with the same poros-
ityedepth functions) and do not, for example, investigate the
relatively common situation in which the pre-faulting footwall
sequence, sometimes representing the ‘‘basement’’, is less
compactable than the hangingwall sequence. In that respect,
our models investigate circumstances in which fault displace-
ments are most likely to be diminished by compaction because
pre-compacted rocks, such as basement, will preserve dis-
placements better. The exclusion of pre-compacted footwall
sequences also simplifies our models insofar as we do not
then have to confront the poorly studied issue of compac-
tion-driven fault displacements, in which displacement on
a fault may be driven by differential compaction of the hang-
ingwall and footwall sequences. Our models also simply con-
sider the loss of displacement on a notional vertical fault,
rather than introducing fault dip as a parameter, for three



Fig. 2. Schematic diagrams illustrating the Constant (a), Late (b) and Early (c) fault displacement accumulation models examined and their associated displace-

ment-time curves (see text for details).

a b c

Fig. 3. Curves of porosity, thickness and displacement against depth for sand (solid line), sandy-shale (dashed line) and shale (dotted line) sequences. (a) Porositye
depth functions highlighting the exponential porosity decrease with depth, using values of surface porosity and compaction coefficient from Sclater and Christie

(1980). Porosity values are given as a fraction of the rock volume. (b) The reduction in length (i.e. thickness) of a sediment column (i.e. sequence) caused by

porosity loss. The curve is computed on the basis that the sequence thickness is so thin that the porosity at the base of the column is the same as the porosity

at the top. (c) Fractional displacement curve, recording the fraction of post-compaction displacement preservation for a fault with a growth index of 1.
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principal reasons. Firstly, vertical faults are most susceptible to
displacement changes arising from compaction, because con-
ventional compaction models generate a decrease in the verti-
cal component of displacement (i.e. fault throw), without
changing the horizontal component of displacement (i.e. fault
heave). Secondly, in accordance with the majority of fault
data, in which the horizontal location of horizon cutoffs are
known less precisely than the vertical, the vertical component
of displacement (i.e. the vertical separation between fault foot-
wall and hangingwall horizon cutoffs) is the most robust mea-
sure of displacement. Finally, the inclusion of fault dip would
require detailed consideration of compaction-related changes
in fault dip with depth (e.g., Davison, 1987; Xiao and Suppe,
1989), an issue which will only diminish the impact of com-
paction on fault displacements and is beyond the scope of
this article.

Our basic modelling configuration therefore highlights the
maximum changes in displacement arising from compaction,
by investigating the displacement, i.e. throw, changes associ-
ated with vertical faults. Fault growth is assumed to involve
constant incremental displacements along the cross-sectional
length of a fault, a reasonable base-line assumption for model-
ling of this type (see Childs et al., 1993, 2003), with sequence
deposition defined by strata deposited across the fault as hori-
zontal layers (Fig. 4; see below). Perhaps the most likely depar-
ture from constant incremental displacements would be an
upward decrease in incremental displacements through the
syn-faulting sequence, arising from associated rheological
changes. Although the nature and degree of any such decrease
has yet to be constrained, its presence would lead to better pres-
ervation of displacements because a higher proportion of
Fig. 4. Schematic representation of the three basic steps used in modelling of sedi

placement increment is applied to fault cross-cutting an horizon. (b) Step 2: A sedim

footwall, burying the footwall by an amount equivalent to the subsidence rate (i.e. f

is readjusted (i.e. raised) accounting for the compaction associated with the deposit

displacement and the addition of another layer of sediment.
displacement would accumulate at depths where associated
sediments are better compacted. Our modelling approach there-
fore provides a better basis for highlighting the potential losses
in displacement arising from compaction.

Models were produced for growth faults with three displace-
ment histories: (1) constant displacement rates (i.e. Continuous
faulting), (2) constant displacement rates preceded by a period
of no faulting (i.e. Late faulting) and, (3) constant displacement
rates followed by no faulting (i.e. Early faulting) (Fig. 2). In
each of these fault displacement models compaction and the re-
sulting decrease in displacements are calculated for sand, shale
and mixed (50% sand and shale) sequences, and for ratios of
displacement to footwall sediment thickness of 10, 1, 0.1 and
0.01 (Fig. 5). These ratios, which are referred to as growth in-
dices, record the relative sedimentation rates on each side of
the fault. Growth Index can be formally defined as the ratio
of the difference in hangingwall and footwall thicknesses di-
vided by the footwall thickness, and is the equivalent of the ra-
tio of the throw rate to the footwall sedimentation rate.
Modifications to growth indices can therefore arise due to
changes in fault displacement rates, to variations in sedimenta-
tion rates or from a mixture of both: low growth indices require
that fault displacement rates are low compared to sedimentation
rates in the fault footwall. Following deposition, the growth in-
dex of a given layer will change as it is progressively buried and
faulted, but this change is very small compared to the broad
range of growth indices considered in our suite of models.

Each numerical model was constructed using three basic
steps (Fig. 4; see Appendix A). (1) An initial horizontal hori-
zon is faulted with the hangingwall displaced downwards by
the throw (Fig. 4a). (2) A sediment layer is deposited over
ment compaction during fault growth (see text for details). (a) Step 1: A dis-

ent layer is deposited so that it extends horizontally over both hangingwall and

ootwall sedimentation rate). (c) Step 3: The elevation of the hangingwall cutoff

ion of layer in Step 2. (def) Steps 1e3 are repeated for a further increment of



Fig. 5. Diagram showing the footwallehangingwall relationships for faults

with growth indices of 10, 1, 0.1 and 0.01. Each example shows the changing

position of a given horizon as it accumulates increasing displacement and be-

comes progressively buried. Growth index is defined as the difference in hang-

ingwall and footwall thicknesses divided by the footwall thickness, and is the

equivalent of the ratio of the vertical displacement (i.e. throw) rate to the foot-

wall sedimentation rate. Displacements or displacement changes on synsedi-

mentary faults with growth indices greater than c. 10 or less than c. 0.01

will, in practical terms, be difficult to measure (see text for details).
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both hangingwall and footwall to a constant vertical position,
with the top of the layer horizontal and continuous across the
fault (Fig. 4b). For the purposes of the modelling, the thick-
ness of footwall sediment is equal to the subsidence across
the model (i.e. variable water depths are not considered). (3)
The depth of the hangingwall cutoff is readjusted (i.e. raised)
to account for compaction arising from the addition of the
layer deposited in (2). This compaction decreases the vertical
distance (i.e. displacement) between the footwall and hanging-
wall cutoffs, leading to a decrease in the displacement accu-
mulated in (1); the footwall depth is not altered because the
footwall sequence is taken to be fully compacted. Steps 1e3
are repeated (e.g. Fig. 4def) and the footwall and hangingwall
a b

Fig. 6. Percentage loss in displacement, arising from compaction, relative to the or

Results are shown for growth indices of 10 (solid), 1 (long dashes), 0.1 (short das

(sand/shale) (b) sequences. Grey polygons define growth indices and depths typica

were modified by changing the fault displacement rate and maintaining constant f

growth indices which are equivalent to faults of different size (i.e. displacement, w

ulating a basin with a constant fault footwall sedimentation rate. Because the com

original uncompacted displacement, the results are independent of how the faults
depths, and therefore associated displacements and sedimenta-
tion rates, are recorded for the faulted horizon at each step in
the model (see Appendix A).

Changes in displacement arising from compaction high-
lighted by the modelling (Figs. 6 and 7) are later compared to
the decrease in displacement generated by compaction of the
syn-faulting sequence adjacent to the Cape Egmont Fault in
the offshore Taranaki Basin, New Zealand (Fig. 8). The Cape
Egmont Fault has displaced a sand/shale sequence (40%
sand) by up to 2400 m since 3.7 Ma (Nicol et al., 2005). Pre-
compaction displacements were derived for the Cape Egmont
Fault by decompacting progressively older layers and at each
stage recording the incremental uncompacted displacement be-
fore backstripping this displacement from underlying horizons.
These data permit the generation of a displacement history
curve (Fig. 9) equivalent to those presented in Fig. 7, which
can then be directly compared with that derived from displace-
ment backstripping without accounting for compaction.

3. Displacement changes; numerical modelling results

The effect of compaction on displacements for models with
a range of rock types, growth indices and fault-timing scenar-
ios are presented in Figs. 6 and 7. These plots indicate that
compaction decreases the measured displacement relative to
the applied uncompacted displacements by up to 30%, but
with values which are typically �20%. To a first approxima-
tion, therefore, displacement history plots that do not incorpo-
rate decompaction provide a reasonable estimate of fault
growth. As would be expected, displacement losses due to
compaction increase with increasing percentage shale, because
shale generally undergoes greater porosity loss than sand, and
with increasing post-faulting burial.
c

iginal uncompacted (i.e. tectonic) displacement plotted against footwall depth.

hes) and 0.01 (dots), for faults contained within sand (a), shale (c) and mixed

l of natural faults (e.g. Childs et al., 2003): see text for details. Growth indices

ootwall sedimentation rates. This approach generates faults with variations in

here displacement is the product of the footwall depth and growth index) pop-

paction-related displacement decreases are presented as a percentage of the

with different growth indices were produced.
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Fig. 7. Reconstructed fault displacement history showing the effect of different displacement histories and fault displacement to subsidence rates (i.e. growth in-

dex). Although the fault reaches a pre-compaction displacement of 500 m in each case, with displacement following different paths (heavy solid curves in each

plot), the total displacement loss due to compaction is dependent on the sedimentation rate/burial history. See text and Fig. 2 for details.
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Relations between percentage displacement loss arising
from compaction and the depth of the footwall sequence are
shown in Fig. 6 for sand (a), sand and shale (b) and shale
(c) sequences with growth indices of 10, 1, 0.1 and 0.01. All
of the curves in Fig. 6 show a similar form, with an initially
rapid increase in percentage displacement loss in the upper
kilometre, reaching a maximum loss at depths of c. 0.5e4 km,
with losses decreasing below this point. These broad changes
in the displacement loss reflect the exponential shape of the
porosityedepth curves which require that most porosity loss
is at shallow depths (c. 0.5e4 km) (Fig. 3a). For a given
growth index and for the porosityedepth functions used, shale
sequences display greater percentage loss of displacement in
the upper 2e3 km than sands and lower percentage loss than
sands below this depth (Sclater and Christie, 1980). For all li-
thologies the decrease in percentage displacement loss at
depths �0.5e4 km arises because displacement that accumu-
lates on layers below these depths undergoes less compaction
than near-surface displacements which are subsequently bur-
ied. The importance of the relative timing of compaction
and displacement accumulation is highlighted in Fig. 10,
where displacement loss is illustrated for incremental dis-
placements of 10 m that accrued on a fault at depths of 0, 1,
2, 3, 4 and 5 km and was subsequently buried to 5 km depth.



Fig. 8. Map on the base of the growth sequence and seismic section (86ma-46) of the Cape Egmont Fault, Taranaki Basin, New Zealand. This normal fault is

imaged by 2D seismic reflection lines and has a maximum throw of about 2400 m that accrued over the last 3.7 Ma (Nicol et al., 2005). Measured displacements

incorporated in our analysis (see Fig. 9) include fault throw and normal drag. The origin of a monoclinal flexure within the footwall of the pre-rift sequence is

uncertain but its presence has no impact on our interpreted syn-rift fault displacements: examination of adjacent associated seismic lines, as well as a single seismic

channel dataset, suggests that the monocline is probably a seismic artefact associated with much smaller amplitude normal drag (�50 m) and/or minor footwall

faults. Location of seismic line is shown on map.

Fig. 9. Measured and compaction corrected displacement vs. Elapsed time

(from deposition of the oldest horizon) curves for the Cape Egmont Fault.

Both curves were derived by progressively backstripping fault displacements

on depth converted interpretations of a seismic line close to the centre of

the fault (line 86ma-38 from Nicol et al., 2005) (Fig. 8). The compaction cor-

rection was performed for a 40% sand and 60% shale sequence with initial po-

rosities of 0.57e0.6 and coefficients of scaling (c) of 0.39e0.42.
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Displacements track along the curves in Fig. 10 with the dis-
placement loss being controlled by the difference in sediment
compaction at the depth where displacement accrued on the
fault surface (marked by the unfilled circles on the displace-
ment loss curve) and the compaction at the final depth of
burial (i.e. 5 km). For example, displacement that accrued on
the fault at the surface loses about 50% of its original 10 m
by the time it reaches 5 km depth, whilst displacement added
to the fault surface at a depth of 3 km only decreases by 5%
due to compaction.

Decreases in the percentage of displacement loss that ac-
company increases of growth index can also be attributed to
the relative timing of faulting (i.e. displacement accumulation)
and fault burial (Fig. 6). A high growth index (e.g. 10) requires
that for a constant footwall depth, the depth of the same hori-
zon in the hangingwall and the finite displacement would be
greater than for a low growth index (e.g. 0.01). A footwall ho-
rizon depth of 1 km, for example, and a growth index of 10



Fig. 10. Compaction-related displacement changes in a 50:50 sand/shale sequence for six increments of 10 m displacement which accrue on a progressively buried

fault at depths of 0 km (i), 1 km (ii), 2 km (iii), 3 km (iv), 4 km (v) and 5 km (vi). (a) Displacement vs. depth curves showing how the preserved 10 m displacement

for each increment (ievi) decreases with depth. (b) Displacement loss (%) vs. depth of faulting, showing the percentage displacement losses for displacement

increments accumulated at a particular depth of faulting and buried to 5 km depth. The percentage displacement loss of the entire 60 m displacement is about

15% (shown as broken line).
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require a hangingwall horizon depth of 11 km and displace-
ment of 10 km, whilst a growth index of 0.01 requires a depth
of 1.01 km and a displacement of 10 m. In cases where growth
indices are high, much of the displacement accrues at hanging-
wall depths of >3 km after much (c. 60e80%) of the sequence
compaction has already taken place. The low proportional dis-
placement losses for high growth indices are, therefore, a func-
tion of the relatively low compaction gradients at greater
depths and the relatively high proportion of total displacement
that accrues at these depths. The relatively low percentage los-
ses of displacement for high growth indices are also a function
of the high displacements necessary to produce the high
growth indices. In a sand sequence, for example, the c. 2.8%
displacement loss at a depth of 1 km and for a growth index
of 10 requires about 280 m of displacement loss due to com-
paction, while a 0.01 growth index produces a 1 m displace-
ment loss for a 10 m throw at 1 km depth in the same
sequence (Fig. 6a). Therefore, in absolute terms displacement
loss may increase for higher growth indices and thus require
a greater amount of differential compaction across a fault, as
would be expected.

The impact of the relative timing of faulting and sedimen-
tation on compacted displacements is explored further in
Fig. 7. Temporal changes in compacted and uncompacted dis-
placements are charted for sand, shale and mixed (sand/shale)
sequences with varying growth indices and for each of the
three displacement histories in Fig. 2. The displacement his-
tory curves are backstripped displacement versus elapsed
time plots in which the onset of sedimentation (and in Figs.
7aec, gei faulting) is at the origin and displacements accrue
as deformation evolves (Fig. 7). For each plot the uncom-
pacted displacement (thick black line) at the cessation of fault-
ing is 500 m, with the constant displacement rates in Fig. 7dei
being twice those in Fig. 7aec. The percentage displacement
loss is independent of the fault displacement rates. The dis-
placement history curves indicate that: (i) for the Constant
and Early faulting models changes in displacement due to
compaction vary with changes in growth indices, (ii) in the
Late Faulting model lower growth indices (i.e. mainly 0.1
and 0.01) erroneously indicate some displacements prior to
the onset of faulting, and (iii) the largest losses of displace-
ment due to compaction for each lithology occur in the Early
faulting model (Fig. 7).

The changing effects of compaction on displacement for
different growth indices in Figs. 7aec and gei arise princi-
pally due to the exponential nature of compaction curves
(Fig. 3) and the variable burial histories arising from the differ-
ent growth indices. The variable burial histories occur because
the fixed displacement rates for each of the three fault history
models require variable sedimentation rates to achieve the
range of growth indices. A growth index of 10 and displace-
ment of 200 m would, for example, be associated with hang-
ingwall and footwall sediment thicknesses of 220 and 20 m
respectively, whilst a growth index of 0.1 would require thick-
nesses of 2200 and 2000 m for the same 200 m displacement.
Therefore, the curves for each growth index differ because
they occupy different parts of the compaction curves in
Fig. 3 and, as a result, contain varying components of pre-
compaction displacement. The smallest losses in displacement
due to compaction occur for the lowest (0.01) and highest (10)
growth indices. The small displacement losses for the low-
growth index curves (0.01) occur because 90% of the displace-
ment accrued on the fault at depths of 5 km or deeper and at
these depths c. 80% or more of the compaction predates
displacement accumulation (Fig. 3b). By contrast for a high
growth index of 10, sediment and fault compaction in our
models is restricted to depths of �550 m (because the maxi-
mum throw is 500 m) and, although sediments compact rela-
tively quickly with increasing depth at these shallow levels,
the limited depth range over which compaction takes place
means that the total displacement loss is small in comparison
to that for growth indices of 0.1 and 1 (Fig. 7).
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In the Late Faulting model the low displacement rate ‘‘tail’’
present for lower growth indices incorrectly suggests that fault
displacements initially accrued slowly before accelerating
(Fig. 7def). In such cases using the backstripping method
without accounting for compaction will provide estimated dis-
placements for horizons immediately prior to the onset of
faulting which are larger than the true values. The reason for
these discrepancies is again the interplay between compaction
and the timing of displacement accumulation. At lower growth
indices the depth range over which displacements accrue on
the faults is kilometres to tens of kilometres. Therefore, an in-
crement of displacement, which for the models is constant
along the cross-sectional length of a fault, will compact to
a greater extent higher in the sequence than it does at depth.
Thus, backstripping this displacement increment, i.e. by sub-
tracting displacement close to the surface from all other dis-
placements on older horizons, will not remove, or backstrip,
the entire displacement increment from older horizons. As
backstripping does not remove all displacement during a given
growth increment some displacement remains when the fault-
ing has been restored to the base of the growth sequence. The
resulting erroneous ‘‘pre-faulting’’ displacements can be up to
c. 10%, but is generally less than 5%, of the finite displace-
ment (Fig. 7def) and would suggest that faulting began earlier
than it did. These are, however, relatively small displacements,
which will sometimes be on the scale of displacement mea-
surement errors, and will also be even lower when the pre-
faulting sequence is more compacted than the syn-faulting
sequence (i.e. when the latter overlies ‘‘basement’’).

The large displacement losses in the Early Faulting model
arise because faulting is followed by continued sedimentation
and burial of the fault, which increases compaction and dis-
placement loss. The amount of displacement loss associated
with post-faulting burial is mainly dependent on the rock
type, the degree of syn-faulting sequence compaction, and
the amount of post-faulting burial. As with all other curves,
displacement loss increases with shale content (Fig. 7gei).
Both the degree of syn-faulting compaction and the burial fol-
lowing faulting are determined in Fig. 7 by the growth index.
A growth index of 10, for example, requires that both the max-
imum thickness of syn-faulting (550 m) and the post-faulting
(50 m) sequences are small. Therefore, although the sequence
is relatively uncompacted, the post-faulting compaction is
small and, as a result, the displacement loss is minor (<4%).
Similarly, displacement loss for a growth index of 0.01 are
also low (<10%); however, in this case the low values arise
because the displacements accrue on the fault after the sur-
rounding sediments have undergone significant compaction
and, as a consequence, post faulting compaction is small. In
contrast, for a growth index of 0.1, 5 km of sediment blankets
the fault and is associated with 20e30% total displacement
loss (Fig. 7h). Approximately half of this displacement loss
arises due to post-faulting compaction, however, burial of
this fault by a further 5 km would only reduce displacement
by a further 3% of the total precompaction 500 m. Therefore,
circumstances in which post-faulting burial is large (e.g.
>5 km) maximise the displacement loss due to compaction,
particularly when the syn-fault sequence was at relatively shal-
low depths at the cessation of faulting. Even in these circum-
stances, however, the absolute losses of displacement may be
>30% but the relative displacement losses of different hori-
zons within the syn-faulting sequence will not be excessive
and displacement backstripping will be capable of identifying
the basic form of displacement curves.

4. Displacement changes; natural example results

To test the results of the modelling we compare compacted
and uncompacted displacements for the Cape Egmont Fault,
a large normal growth fault from the Taranaki Basin in New
Zealand (Fig. 8). Analysis of the geometry of growth strata
across the Cape Egmont Fault has previously provided a basis
for establishing its displacement history on a broad range of
time scales (Nicol et al., 2005; Manzocchi et al., 2006). Earlier
work suggested that displacement losses arising from compac-
tion would be less than 20% (Nicol et al., 2005), a relatively
small error given the nature of previous work, and as a conse-
quence decompaction of displacements was not performed.
The modelling performed in this study provides a basis for
testing the sensitivity of fault displacements to compaction.
The Cape Egmont fault is characterised by a post-compaction
growth index of <c. 10, within a mixed sand-shale sequence,
with a maximum throw (vertical displacement) of c. 2 km on
the section shown in Fig. 8b; displacements and growth indi-
ces decrease towards the lateral tips of the fault. The fault
most closely matches the displacement history employed for
generating Fig. 7e in which growth faulting is preceded by
sediment deposition. In these conditions, our modelling sug-
gests that displacement losses arising from compaction are
low (i.e. c. 10%), a conclusion which supports the contention
of previous work. Direct comparison of the natural and model
data is, however, complicated by the larger displacements of the
Cape Egmont fault (i.e. 2 km as opposed to 500 m in the
models) and the variable, rather than constant, displacement
rates. It is, however, possible to test the significance of compac-
tion by comparing the results of displacement backstripping the
Cape Egmont Fault, including and excluding compaction.

Displacement backstripping is performed by subtracting
displacements on younger horizons from older horizons to de-
fine displacement distributions or displacement accumulation
through time (Petersen et al., 1992; Childs et al., 1993). The
method assumes that fault growth involves constant incremen-
tal displacements along the cross-sectional length of a fault
(i.e. the same condition applied to our models). Backstripping
of the Cape Egmont Fault show that to a first order the back-
stripped decompacted (calculated) and compacted (measured)
displacements are the same (Fig. 9); the displacements are
within the c. <�15% errors on displacement measurement
(for further discussion see Nicol et al., 2005). The differences
between compacted and decompacted displacements for the
backstripped curves range from þ16 m at 1.6 Myr through to
�120 m at 5.3 Myr and are 6% and 12% of the measured dis-
placements, respectively. These small differences between the
compacted and decompacted displacements support previous
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inferences suggesting that decompaction is not required to cor-
rectly interpret the first-order growth history of the fault (Nicol
et al., 2005). Displacement data for this fault have previously
been interpreted to define the onset of faulting to be at c.
3.7 Ma, which corresponds to an ‘‘elapsed time’’ of 1.7 Myr
on Fig. 9 (Nicol et al., 2005; Manzocchi et al., 2006). Therefore,
the very low displacements up to an elapsed time of 1.7 Myr
were not taken to indicate fault movements over this time inter-
val, a conclusion which is justified by the errors in displacement
measurement, compounded by the errors associated with the
calculation of incremental displacements. The latter is sup-
ported by the fact that the low displacements on Fig. 9 between
0 and 1.7 Myr elapsed time are reminiscent of our modelling re-
sults indicating that when compactable basinal sediments under-
lie the syn-faulting sequence (e.g. Fig. 7e), spurious indications
of low pre-faulting displacements may be generated if compac-
tion is not properly accounted for.

5. Discussion and conclusions

Results from numerical modelling of growth faults and
a natural example compare well and together suggest that dis-
placements in growth sequences typically decrease by no more
than 20% (and is often much less) due to sediment compac-
tion. The magnitude of these decreases is dependent on lithol-
ogy, which controls the shape of the compaction curve, and the
depth range over which fault displacements migrate along the
compaction curves. In general, displacement loss due to com-
paction increases with increase in the percentage shale. The
effect of burial depth on displacement loss is dependent on
the relative amount of pre- and post-displacement compaction
(Fig. 10). Determining the total displacement loss is compli-
cated by the fact that cumulative displacement typically accu-
mulates on a fault surface in many small (e.g. <5 m scale),
sometimes co-seismic, increments, each characterised by lat-
eral variations in displacements. Arising from this spatial var-
iability, individual displacement increments at each location
along a fault surface may be subjected to different compaction
histories. These complications could be compounded by struc-
tural and stratigraphic effects which may be fault-independent
but which are responsible for diverse pre and post incremental
displacement compaction histories along the length of a fault
(Fig. 10). In all cases, however, the decrease in displacement
due to compaction is greatest for those incremental displace-
ments which accrued on the fault near to the free surface
(e.g. <0.5 km depth), where strata have relatively high poros-
ities, and which are subsequently buried to significant depths
(e.g. >5 km depth). Conversely, displacements of sedimentary
rocks that have already experienced substantial burial (e.g.
>5 km depth) and compaction, will preserve a greater propor-
tion of the original displacement.

These two scenarios represent end-members in a continuum
which, for growth sequences, principally arise due to varia-
tions in the relative rates of sedimentation and displacement
(i.e. growth index). For syn-sedimentary normal faults imaged
in seismic reflection lines, for example, growth indices are typ-
ically between 0.1 and 3 at depths of up to about 4 km and are
therefore intermediate between the extremes modelled (see
Childs et al., 2003). The displacement losses associated with
faults with the range of growth indices typical of natural faults
(i.e. 0.1e10) and for a broad range of displacements is shown
in Fig. 6, and mainly vary between c. 5% and 15%. In these
cases displacement loss due to compaction is relatively small
and, for sand or mixed sand-shale sequences with growth indi-
ces of c. >0.1, decompaction is not required to decipher first-
order uncompacted displacements and fault-growth histories.
However, for sequences with high percentage shale (e.g.
>70%) and low growth indices (e.g. <0.1), which may char-
acterise deep marine environments with high sedimentation
rates compared to displacement rates, consideration should
be given to decompacting fault displacements. Even in these
circumstances our modelling shows, however, that the likely
displacement losses need not be as large as might have been
expected and that the basic characteristics of fault growth
can be gleaned from displacement backstripping without in-
cluding decompaction. Decompaction may also be beneficial
when post-faulting burial is several kilometres or more (e.g.
Fig. 7gei), and in circumstances where precise estimates of
displacement, rather than general displacement trends, are re-
quired to refine fault-growth models. Nevertheless, in many
circumstances decompaction will only significantly improve
our constraints on fault growth when the porosityedepth curve
and the relative timing of faulting and compaction of growth
strata are well constrained, and where uncertainties on dis-
placement measurements are small (e.g. <10%).
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Appendix

Sediment compaction equations associated with the models
used in this paper are presented in this appendix. Porosity re-
duction with depth is typically modelled empirically from in
situ measurements for a range of rock types and tectonic set-
tings (e.g. Magara, 1976; Baldwin and Butler, 1985; Scherer,
1987; Stam et al., 1987; Schmoker and Gautier, 1988). The re-
lationship between porosity and depth is defined by an expo-
nential function, e.g. FðzÞ ¼ F0e�cz, where F0 is the surface
porosity, c is a scaling coefficient and z is the depth (e.g. Sclater
and Christie, 1980; Korvin, 1984). In this paper we use the
porosityedepth relationships of Sclater and Christie (1980)
for sand, shale and mixed (sand/shale) sequences.

The relationship between porosity loss and volume loss (or
thickness loss in the case of vertical confining pressure) with
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depth can be defined if the volume of solid grains is assumed to
be constant, the grains are taken to be incompressible and any
dissolution and precipitation (chemical compaction) occurs
on a local scale only. Porosity can be expressed as the fraction
of the sediment that is made up of pore space, so that the length
(i.e. thickness) of the solid fraction of this sediment is given by
ð1� Fðz0ÞÞ � l0, where F(z0) is the porosity of sediment at
depth z0 and l0 is the length of the sediment package including
pore space. If the sediment is buried deeper, to depth z1, the po-
rosity will decrease to F(z1) and the sediment package will de-
crease in thickness (from l0 to l1), but the thickness of the solid
fraction will remain the same such that

ð1�F0Þl0 ¼ ð1�F1Þl1

and the change in length between the original length, l0 and
the compacted length l1 is described by

l1

l0

¼ ð1�F0Þ
ð1�F1Þ

:

This calculation applies to thin sheets of sediment where the
porosity is effectively the same at the top and the base.
Fig. 3 shows the change in porosity with depth and the asso-
ciated changes in sediment thickness and fault displacement
with depth for sand (solid line), sandy-shale (dashed line)
and shale (dotted line) using the values of F0 and c given in
Sclater and Christie (1980). As the porosity tends to zero at
depth, a sediment column of unit thickness will tend toward
a thickness of 1 � F0, where F0 is the surface porosity.
Most of the change in thickness occurs in the top 1e2 km of
sediment (Fig. 3b).

In our models sediment layers have variable porosity from
top to base, requiring modification to the above compaction
calculations. These modified equations are solved using the
methods described by Sclater and Christie (1980), where, for
a column of sediment lying between depths z1 and z2, the
thickness of the fluid fraction is equal to the integral of the
porosityedepth function between z1 and z2, such that

lw ¼
Zz2

z1

F0e�czdz

lw ¼
F0

c

�
e�cz1 � e�cz2

�

The thickness of the solid fraction of this sediment column is
given by the total thickness, z2 � z1, minus the thickness of the
fluid fraction;

lsf ¼ z2� z1�
F0

c

�
e�cz1 � e�cz2

�
ðA1Þ

If this sediment is moved to a new position, lying between z01
and z02, the porosity will change, but the thickness of the solid
fraction will remain unchanged, and describes a new equation:
lsf ¼ z02� z01�
F0

c

�
e�cz0

1 � e�cz0
2

�
ðA2Þ

In our models z1 and z2 represent the positions of the footwall
and hangingwall cutoffs following the imposition of an incre-
ment of displacement (i.e. Step 1 in text; Fig. 4). respectively,
and z01 represents the new position of the footwall after the sub-
sidence step has been applied (i.e. Step 2). The new position of
the hangingwall, taking into account the effects of sedimentary
compaction (Step 3), z02, can then be found by combining equa-
tions (A1) and (A2). The equation to be solved is;

z02 � z01� z2þ z1�
F0

c

�
e�cz0

1 � e�cz0
2 � e�cz1 þ e�cz2

�
¼ 0

This equation cannot be solved directly, but must instead be
solved iteratively using the NewtoneRaphson method;

znew ¼ z� f ðzÞ
f 0ðzÞ

z2new¼z2�
z02þ

F0

c

�
e�cz0

2

�
þz1�z2�z01þ

F0

c

�
e�cz1�e�cz2�e�cz0

1

�
1�F0e�cz0

2

If the value of z2new does not provide a solution to the equation
above then a new value of z2new is derived from the equation
by replacing z02 with the current value of z2new. This process
is repeated until a solution to the equation is found. The values
of z01 and z02 become the new values of z1 and z2. The 3-step
process is then repeated by first increasing z2 by an amount
equivalent to an increment of displacement. Because the po-
rosityedepth function is integrated with respect to depth, the
calculations are not influenced by the thickness of sediment
added to the model at each step.
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