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The structure, content and growth of fault zones within sedimentary
sequences John Walsh', Conrad Childs' & Tom Manzocchi'

Existing models for the growth of fault zones
associated with normal faulting of sedimen-
tary sequences range from conceptual mod-
els for fault zone architecture, incorporating
components such as fault core and damage
zone, through to a variety of fault wear mod-
els that explain established quantitative cor-
relations between fault displacement and
fault rock thickness. Despite the importance
of faults in a variety of application areas, no
unified model for fault zone evolution has
been developed which incorporates the
broad range of fault-related features and
processes.

Exploring links between the scaling of differ-
ent fault zone components and fault dis-
placement, a quantitative model for fault
zone evolution has recently been developed
which attempts to reconcile fault zone struc-
ture with the repetitive operation of a small
number of processes, including fault seg-
mentation and refraction, and asperity
removal (Childs et al. 2009). This model
relates fault zone components characterised
by different amounts of shear strain (where
strain is measured as the ratio of displace-
ment to thickness) to stages in a kinematic
model, in which low shear strain structures,
such as fault relays, become fault-bound
lenses and eventually fault rock with
increasing strain. This model helps to recon-
cile the main characteristics of fault zones
developed within a broad range of host rock
sequences and at different deformation con-
ditions, but still recognises the inherent
complexities of natural fault zones. The
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model is also consistent with recent studies
of high quality outcrops which illustrate
how the combined effect of host rock rheol-
ogy and prevailing deformation processes is
capable of generating the full range of fault
rock types, including those which have a
major impact on hydrocarbon flow, such as
shale/clay smears within poorly consolidat-
ed sediments (Fig. 1) through to shaley fault

Fig. 1: Normal fault with vertical displacement of
ca. 60 cm contained within poorly lithified,
medium bedded, sand-clay Miocene turbi-
dites of the Taranaki Basin, New Zealand. A
continuous clay smear connects the foot-
wall and hanging wall sides of an offset clay
unit. The clay smear varies in thickness
partly arising from synthetic Riedel shears
within the fault zone. Modified from Childs
et al. (2007).
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gouges within lithified sediments (Fig. 2; e.g.
Childs et al. 1997, 2007). The incorporation
of either shale smears or shaley gouge with-
in fault zones contained in siliciclastic
sequences, is now recognised as one of the
principal means of forming some fault-
bounded traps and can have a major impact
on intra-reservoir flow. Existing empirical
constraints demonstrate that fault rock per-
meabilities decrease with increasing clay
fraction (Fig. 3a) and provide a means of pre-
dicting fault rock permeabilities in the sub-
surface. Typically the clay fraction in fault
rock is assumed to be equivalent to the clay
fraction of the sequence which has moved

past a point on a fault (a value which is
sometimes referred to as the Shale Gouge
Ratio), and permeability is calculated by
assuming a particular transformation
between clay fraction and permeability,
which can vary with various factors, such as
burial depth and clay type.

Despite the inherent complexities of fault
zones, new approaches have been devel-
oped which are capable of incorporating the
effects of faults in both hydrocarbon explo-
ration and production models (Childs et al.
in press; Manzocchi et al. 2008a, b, c).
Recently published studies show that these

Fig. 2:

(a] Cross-section through a normal
fault in a Carboniferous sandsto-
ne/shale sequence from a quarry in
Lancashire, U.K. The fault dips to the
left with a vertical displacement of
ca. 15 m. [b] Sketch of the outcrop in
(a). Awell developed shale layer with-
in the fault zone [black] is derived
from an 8 m thick shale unit. The
base of this shale unitis ca. 1 m
above the top of the exposed face in
the footwall and 1.5 m below ground
level in the hangingwall. The fault
separates sandstones in the han-
gingwall [stippled) from a mixed
sandstone [no ornament) and shale

-

|8 m thick shale :: /

60

[black]) footwall sequence. Dense
coarse stipple indicates sandstone
and shale breccias. Maodified from
Childs et al. [1997).



methods provide an improved basis for
modelling faults contained within reservoir
production or hydrocarbon migration flow
models of siliciclastic sequences, in which
faults usually behave as barriers or baffles
to flow. Some studies have highlighted inter-
esting, though at first glance counter-intu-
itive, results (Manzocchi et al. 2008b, c).

and crestal production wells, the effect of
faults which are parallel to flooding direc-
tions is to decrease sweep efficiency and,
consequently, recovery factors, whilst faults
which are perpendicular to predominant
flow directions can increase sweep efficien-
cy, with consequent increases in recovery
factors!

Fig. 3 shows, for example, that for a suite of
synthetic Brent-type faulted reservoirs, pro-
duced by water injection along their flanks
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Fig. 3: [a) Plot of clay fraction vs. fault rock permeability for data from a variety of sources [see Manzaocchi
et al. 2008b). [b) Recovery factor vs. characteristic fault permeability for a suite of synthetic faulted
shallow marine reservoirs [see Manzacchi et al. 2008b]. Fault permeabilities relate to the numbe-
red transformation curves shown in [a), and specifically the permeability of each transformation in
[a) at a clay fraction of 0.2 [values on the right hand side are for juxtaposition, with no fault rock pro-
perties). Recovery factor is expressed relative to that of an unfaulted reservoir with the same sedi-
mentology. Different coloured curves are for the three distinct fault patterns shown in [c], and the
three curves for each pattern represent different strain (or displacement] levels. ALl of the reser-
voirs were praduced from crestal producers with the injectors along the flank of the oil column. All
wells were active from the anset of production and simple well controls were used in all cases - see
Manzocchi et al. [2008a) for details. The curves in [b] show that the recovery factors are higher
when faults are perpendicular to injector-producer pairs and drop dramatically when faults are
parallel to injector-producer pairs, a feature which is attributed to the increase and decrease in
sweep efficiency for faults which are perpendicular and parallel to flow respectively. Further infor-
mation on these results is provided in a thematic set of Petroleum Geoscience [14/1); see Manzoc-
chi et al. [2008a).
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