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Abstract

Fault-seal analysis in sand-shale multilayers emsigba the role of shale smear
without explicitly accounting for cataclasis. Thgsecesses produce low-
permeability fault rock and are examined here fals displacement (0.001 to 70 m)
normal faults displacing weakly lithified turbidge€omprising ~55-80% lithic grains.
Late Miocene Mount Messenger Formation (MMF) tuitieis from the North Island
of New Zealand provide fault rock data over a raofggcales from individual grains
(~0.1-350 um) to the height of coastal cliffs (<2@m). Fault rock and unfaulted
source beds has been analysed using thin secB&h$,images, particle-size
distribution (PSD) measurements and outcrops dfSawainly in cross section.
Cataclasis associated with particle size and maopis porosity reduction of
protolith sandstones commences at low fault sheains (<1) and continues as fault
displacement accrues. The relationship betweeirclgasize reduction and
displacement is non-linear with initial rapid cdéests facilitated by disaggregation of

weak lithic and altered feldspar grains along pasteng grain defects (e.g., grain

1



27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

a7

48

49

50

51

boundaries, fractures and altered cleavage plaBés$mear, by contrast, is not

accompanied by significant particle-size reducaod appears to have been achieved

by intergrain slip and micro-faulting. Despite thecurrence of silt smear, cataclasis

can produce a significant proportion (>50%) of thial fault-rock in sand-silt
multilayers. The resulting fault-rock thicknessiearby up to three orders of

magnitude for a given fault displacement and attsistances (2-10 m) along

individual faults. Variations in fault-rock thickag and associated cataclasis have the

potential to modify the hydraulic properties of fatand may need to be accounted

for in fault-seal analysis.

Keywords: normal faults, cataclasis, silt smeaultfeock thickness, fault gouge,

permeability

Introduction

The grain sizes and permeabilities of fault rockihnv siliciclastic sequences are
generally lower than sandstones in the adjaceritraei. The study of these fine-
grained fault rocks is typically motivated by aide$o understand better fault
evolution (Hull, 1988; van der Zee and Urai, 20G%jlds et al., 2009; Noorsalehi-
Garakani et al., 2013), fault-strength propertied ne conditions required for slip
(e.g., Byerlee, 1978; Morris et al., 1996; Zhanglet2009), and how low-
permeability fault-rock impacts the movement ofdkiin the sub-surface (Knipe,
1992; Antonellini and Aydin, 1994, Yielding et al997; Fisher and Knipe, 2001;

Childs et al., 2007). Many studies have demongtrtitat fault surfaces displacing

siliciclastic sequences can trap migrating hydrooas on geological timescales and
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compartmentalise hydrocarbon reservoirs during yetdn (see Manzocchi et al.,
2010). In such cases particular attention has geem to understanding the factors
that control the formation of fine-grained faultks. Many physical and chemical
processes can contribute to the generation ofgma@ed fault rock in siliciclastic
sequences under brittle failure, with cataclast @ogressive comminution of wall
rock during slip and ‘smearing’ of fine grained Waicks into the fault zone generally

considered to be the most important (Fig. 1).

In the brittle upper crust cataclasis has long lm=ersidered critical for the generation
of silt- and clay-size patrticles in fault rock (¢.Borg et al., 1960; Engelder, 1974,
Mandl et al., 1977; Sibson, 1977; Robertson, 1888as and Moore, 1986; Chester
and Logan, 1987; Sammis et al., 1987; Menédez,e1396; Gibson, 1998; Cashman
and Cashman, 2000; Rawling and Goodwin, 2003; IHmiter and Keulen, 2006;
Keulen et al., 2007; Balsamo and Storti, 2010; &xadit al., 2012; Exner and Tschegg,
2012; Kristensen et al., 2013; Lommatzsch et 8lL52. At shallow depths (e.g., <5
km) faulting produces breccia, gouge and cataelsdiy fracturing, shear and
communition of protolith, which may be associatathwhemical processes,
including grain dissolution and secondary minegadit (e.g., Knipe, 1993; Fossen et
al., 2007). In sedimentary rocks and some unlgdiediments individual grains are
broken and disaggregated during fault shearingghvhromotes reduction of particle
size, increase in particle angularity and collapiseacroscopic pore space (Sammis
et al., 1987; Power et al., 1988; An and Sammi841€ashman and Cashman, 2000;
Rawling and Goodwin, 2003; Heilbronner and Keul06; Fossen et al., 2007,

Kaproth et al., 2010; Ballas et al., 2012; Kristamst al., 2013).
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Smearing typically forms where mudstones are skldate fault zones in a ductile
fashion producing a range of smear geometries tlassical tapering shear-zone
forms to highly irregular thicknesses independdmtistance to the source bed (e.qg.,
Bouvier et al., 1989; Lindsay et al., 1993; Lehaed Pilaar, 1997; Childs et al., 2007;
Noorsalehi-Garakani et al., 2013; Vrolijk et al01B). It is widely accepted that
smears can account for dramatic reductions in-fagk permeability (>4 orders of
magnitude) and that fault-seal potential can bibikd via algorithms proposed to
describe the relationships between the thickneddamations of shale smear, the
thicknesses of shale source beds and fault dispkace(e.g., Bouvier et al., 1989;
Lindsay et al., 1993; Knipe, 1997; Lehner and Pjla897; Fulljames et al., 1997,
Yielding et al., 1997, 2010; Manzocchi et al., 192910; Rivenaes and Dart, 2002;
Sperrevik et al., 2002; Bense and Person, 2006d<€ &t al., 2007; Jolley et al., 2007;
Freeman et al., 2008; Faulkner et al., 2010; Pai.eP015; Vrolijk et al., 2016). In
contrast, cataclasis of sandstone commonly manitestieformation bands with
relatively modest reduction in permeability (1 tordlers of magnitude lower
permeability) which is only likely to have a sigodnt impact on permeability when

they occur in high densities close to large fa{dtg., Walsh et al., 1998).

Nevertheless, in mixed clastic sequences the pggrasd permeability properties of
faults with displacements greater than bed thickegsre likely to be determined by
the properties of fault rock generated by bothadatac and smearing mechanisms.
The relative contributions of cataclasis and sni@athe generation of fine-grained
fault rock is extremely difficult to evaluate. Siarly, how the importance of these
processes varies over fault surfaces and with asong displacement, and to what

extent this variability results in changes of faatk thickness and hydraulic
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properties remains unresolved. In this paper wegit to evaluate the relative
contributions of cataclastic and smearing process#ge reduction in grain size in a

mixed sequence of siltstones and sandstones.

Grain-size distributions within cataclastic fawdtks and the factors that control them
have been extensively studied for granitic rocks$ samdstones (e.g., Borg et al.,
1960; Engelder, 1974; Robertson, 1983; Chestetagdn, 1987; Sammis et al.,
1987; Blenkinsop, 1991; Cashman and Cashman, BXI&s et al., 2012; Exner and
Tschegg, 2012; Kristensen et al., 2013; Lommateseh., 2015), although
surprisingly few papers explicitly consider theigraize changes between fault rock
and the original source beds in mixed clastic segee Heynekamp et al. (1999)
compared grain-size distributions for fault rocksl avall rocks associated with
growth faults in the Albuquerque Basin, New Mexit&A, however, in this cases
high displacements make it difficult to relate tawlcks directly to their source beds
in the wallrock sequence. To overcome this shomting we study faults where it is
possible to directly compare fault rock and therse host rock it was derived from
to determine how grain populations in the host r@eslve in response to fault
displacement. In the literature the processescduate the formation of these fine-
grained fault rocks have been observed for a rahfgult sizes (e.g., Heynekamp et
al., 1999; Childs et al., 2007) and are here asdumbe scale independent, making

the conclusions of this paper widely applicable.

In this paper we investigate the relative imporeaatcataclasis and smearing in the
production of low-permeability fault-rock along slin@ormal faults with 0.001 to 70

m vertical displacements in weakly lithified Lataddene turbidites of the Mount
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Messenger Formation (MMF) in New Zealand (Fig.T2)ese faults from the

Taranaki Basin typically comprise a range of stites and rock types including
deformation bands, siltstone smeatr, slip surfandgault gouge (Childs et al., 2007;
Nicol et al., 2013)(Figs 3-5). Faults have beem@rad over scale ranges from
individual grains (~0.1-350 pum) to the height o tiffs (~10-20 m) in which they
outcrop using analysis of thin sections, SEM imagaesticle size distribution (PSD)
measurements and outcrops of faults mainly in csestion. Inspection of small

faults in Taranaki indicates that the main procesiat contribute to the generation of
fine-grained fault rock are cataclasis of sandstarel smearing of siltstones into the
fault (Childs et al., 2007; Nicol et al., 2013).tBg@resented in this paper provide a
basis for assessing the degree to which catadastsibutes to fault-rock generation,
and how comminuted material evolves spatially amdorally. The results
complement Childs et al. (2007) who consideredtttential impact of silt smears on
across-fault sand connectivity and fault-rock peinigy from the MMF. These
smears are here referred to as silt smears andiegbometries typical of shale
smears which are widely reported in the literaferg., Lindsay et al., 1993; Lehner
and Pilaar, 1997; van der Zee and Urai, 20@5sEth, 2006). Fine grained fault rocks
within the MMF can have low permeabilities (e.d0,6005 mD; Childs et al., 2007),
similar to those for the siltstones and in thigpexs are equivalent to the shale smears
more widely reported in the literature. The MMRIlve Taranaki Basin is ideal for
this study as it comprises interbedded sandstodei#tatones, the individual
lithologies having distinct grain-size distribut®that are consistent between beds.
This paper supports the view that cataclastic meee make a significant contribution
to fault rock generation in mixed clastic sequeranas have the potential to influence

the hydraulic properties of faults.
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Geological setting, data and methods

Fault-rocks and their distribution have been exaahifor small normal faults (0.001
to 70 m vertical displacement; e.g., Figs 3-5) egubin coastal cliffs along the
eastern margin of the Taranaki Basin, North Isl&ely Zealand (Fig. 2). These
normal faults mainly formed between 2 and 6 Ma tudfting possibly associated
with rollback and/or steepening of the underlyingducting Pacific plate (King and
Thrasher, 1992, 1996; Nicol et al., 2005, 2007;a@bal., 2010, 2013; Seebeck et al.,
2014). The exposed faults displace weakly lithifiede Miocene (~7-11.5 Ma) deep-
water turbidites of the MMF and are thought to hdeeeloped at shallow depths in
the crust (<1.5 km) and low confining pressureg.(&40 MPa) (King et al. 1993,
2007; Browne et al., 1996, 2005, 2007; King & Thexrs1996; King and Browne,
2001; Browne and Slatt, 2002). We mainly focus sg sections of normal faults
(N>800 with displacementl mm) exposed in ~4 km long coastal cliffs ~10-20 m
high from Tongaporutu River south (e.qg., Fig. Ad)ese faults displace a range of
lithofacies from thickly bedded (1-5 m) sandstoteemterbedded thin (<30 cm)
sandstones and siltstones (e.g., King et al., 12037; Browne et al., 1996, 2005,
2007; Browne and Slatt, 2002)(e.g., Figs 3-5). 3tnarce beds for siltstone smear and
cataclastic fault rocks (i.e., fault rocks develbjpgy grain comminution) can be
identified in many cases making it possible to aoent changes in the PSD, grain
shape and fault-rock structure which arise fronyway amounts of displacement and
for different types of protolith (i.e. sandstonesdtstone). The present study focuses
on sandstone-dominated intervals where thin (<2Psiltstone beds typically have

average spacings of > 0.5m and sand-on-sand cau@ngs faults is common (Fig.
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3). In many cases these sand-on-sand contactmbabeen passed by siltstone beds
(e.g., PSD samples 3, 5, 7 & 11 in Fig. 3a) anddhmation of fault rock can be

attributed to processes other than silt smear, (€ataclasis).

The importance of cataclasis for fault rock generaand the mechanics of grain
destruction are dependent on the texture and catigrosf the protolith (e.g.,
Rawling and Goodwin, 2003; Exner and Tschegg, 20¥R)F sandstones comprise
silty fine to very fine sands, while the siltstoraae primarily sandy silts. Protolith
sandstones in the MMF generally have modal graiessof ~90-110 pm with ~55-
85% sand-, ~15-40% silt- ar®% clay-sized particles (Browne and Slatt, 2002;
Browne et al., 2005; Fig. 6a). These proportiongm@st with those of the siltstone
beds which have a grain-size mode of 5-10 yum, QB@-8and-, ~65-85% silt- and
<20% clay-sized particles (Fig. 6b); throughout traper clay refers to grain size (>2
pm, International Scale) rather than mineralogndStones and siltstones are mainly
very poorly to poorly sorted (sandstones typichbye better sorting than siltstones)
and comprise sub-rounded to sub-angular graingissame and siltstone porosities
are 30-35% and 20-30%, respectively (Browne eR8D5). Sandstones primarily
comprise ~55-80% lithics (mostly of metamorphic aedimentary origin; Browne et
al., 2005), 20-40% quartz, and 10-30% feldspar («i9scovite and biotite). Both
the lithics and feldspar sand-sized grains areufgatly altered, or partly altered, to
phyllosilicates (Childs et al., 2007) which is likéo weaken the grains that, together
with the general absence of intergrain cementatrahthe high porosity, contribute to
the low unconfined compressive strengths of thelsimmes and siltstones (~3-10

MPa; N. Perrin unpublished data, 2012).
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Faults typically comprise zones that accommodaterbgeneous shear strains
(Wallace & Morris, 1986; Caine et al., 1996; Chiitsal., 1996, 2009; Kim et al.,
2004; Wibberley et al., 2008; Faulkner et al., 20Ite highest shear strains are
generally focused within or at the margins of faattk that mainly comprises fault
gouge and/or cataclasite. Fault rock in the MMResin content and thickness
depending on the protolith, fault-zone structurd fanite displacement (Childs et al.,
2007, 2009; Nicol et al., 2013)(Figs 3-5). Faultkap to 1 m thick is generally
dominated by clay- and silt-sized particles witedmiation and mineralisation rarely
observed at outcrop scale. In sandstone-domingkedidgies and for small
displacement faults (e.g., <7 m) the majority afifaock &70%) is often contained
within thin (typically <10 mm) cataclastic defornmat bands, which are typically
coloured white to light grey (as opposed to th&kdmey of the unweathered
sandstone beds)(Fig. 4). Deformation bands gegdmalih anastomosing networks
which are widest and contain the greatest numbbandls at irregularities (e.g. steps
or bends) on faults (Nicol et al., 2013). Fault g@weontaining mainly silt- and clay-
sized particles is also widely observed. It isaitinalleable and light grey in colour
or forms harder dark grey seams up to 10s of cettes thick (Figs 4b, 4c & 5). In
some cases fine-grained fault rock can be tracadstlistone source bed, which has
been sheared along the fault to produce a silt smiga destruction of the original
sedimentary fabric (Fig. 5a & b). Whatever the meenechanism of fault-rock
generation, there is a positive correlation betwberthickness of fault rock and
displacement (Fig. 7), which in the literature isghoften attributed to shearing or
attrition of wall rock (Robertson, 1983; Scholz8T9Hull, 1988; Power et al., 1988;

Sagy et al., 2007), and/or to the amalgamatioralessmears (Bouvier et al., 1989;



226 Lindsay et al., 1993; Sperrevik et al., 2002; Chid al., 2007; Vrolijk et al.,

227  2016)(Fig. 1).

228

229 The dimensions, evolution and mechanical procaessesrlying fault-rock formation
230 have been studied here using a combination of tgahs including; field mapping,
231 analysis of thin sections (e.g., Fig. 8) and SEMges (e.g., Fig. 9), and patrticle-size
232 distribution (PSD) measurements (Figs 6, 10, 112& Eield studies include mapping
233 fault-zone geometries and fault-rock thicknessea@individual faults as well as
234 measuring fault-rock and fault-zone thickness &uits with a range of

235 displacements, shear strains and rock types (F&3)3

236

237 PSD measurements have been widely used in thatliterto estimate the

238 contribution of cataclastic processes to the prodnof fault rock (Engelder, 1974,
239 Sammis et al., 1987; Blenkinsop, 1991; Heynekang.£1999; Balsamo and Storti,
240 2010; Kristensen et al., 2013; Lommatzsch et 8152. In many previous studies
241 however, it was not possible to identify the pritkgland the PSD was not measured
242  for both the source beds and the fault rock. Ia piaiper the PSD of both fault rock
243 and its unfaulted protolith have been measurectterthine the extent of cataclasis
244  for 12 faults with displacements between 1.5 mm&Bdn (Fig. 11). These direct
245 comparisons between protolith and correspondinl fack permit the protolith to be
246 inferred from fault rock PSDs for a further 15 tsulvhere displacements are too large
247  (up to 70m) to allow fault rocks to be correlatedheir source beds as discussed
248 below (Fig. 12). The PSD dataset comprises a tdta8 unfaulted protolith (20

249 sandstone and 18 siltstone samples, Fig. 6) arfiduitlrock (28 deformation bands,

10
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15 fault gouge and 8 silt smear, Figs 10-12) saswleich were measured using

laser-diffraction particle size analysers.

Laser particle size analysers employ the laseradifion method and for this study
generate PSD measurements for grain diameters@roé3 to 840 um. Each sample
was analysed at least three times with the avgyeggented here (Figs 6, 10, 11 &
12). The sample preparation procedure includedesample disaggregation,
immersion in 10% kD, solution and agitation in a heated (~85°C) ultnaswater
bath for 30 minutes to 1 hour. Increasing the domadf immersion and agitation to
time intervals up to 24 hours did not significanttyange the PSD for individual
samples. Particle diameters for each sample typicahge from 0.25 to 350 pm,
significantly higher than the lower resolution Itrof measurements (0.063 pum).
Therefore, the grain-size distributions, which barhighly variable between the
faults and their protoliths (Figs 10-12), are uelikto have been influenced by
sample preparation or measurement limitations.rébelts of the particle-size
analysis have been tested by measuring grain s@esthin section photo
micrographs and SEM backscatter images. These phictographs and SEM images
were acquired for both fault rock (Figs 8 & 9b-adaundeformed protolith beds (Figs

8 & 9a).

Fault rock in the MMF is primarily generated byadasis and silt smear (ductile
flow) of sandstone and siltstone protoliths, resipety (Figs 3-5). The contribution of
these two processes may vary between faults, betlweations on the same fault and
through time. How each of these faulting processedifies the textural and

structural fabric of protolith is considered sepalsain the following two sections,

11
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while the temporal and spatial links between thmesehanisms are considered in the

fault-rock evolution section.

Cataclasites

Cataclasis has been widely observed within fautezmf the MMF (Figs 3-9). Thin
sections and SEM images of deformation bands usallgrdemonstrate that particle-
sizes are smaller and that there has been macrogmmpsity collapse within fault
rock compared to undeformed protolith sandstongs(Biand 9). Each of the three
primary grain compositions (quartz, feldspar atids) showed grain fragmentation
during faulting, although the shear strains at Wiparticle-size decrease occurred
varied with composition. Communition of sand-sipadticles (mainly ~70-150 pum)
Is assisted by many of the lithics comprising stéisgs and/or phyllosilicates formed
by alteration of feldspars and lithics. Fragmeptativas also promoted by some of the
guartz, feldspar and lithic grains being fractupedr to measureable shearing (see
Fig. 9a unfaulted sandstone). Grains may haveuragtprior to the onset of faulting
by a number of processes including; (i) sub-resmhutat outcrop scale) wallrock
strains (<30 cm from the fault zone) associatedi ¥atilt initiation and subsequent
slip i.e. within the fault process zone, (ii) coropan due to burial by up to 1.5 km of
overlying strata and/or, (iii) grain deformationgsrto erosion, transport and
deposition of Mount Messenger sediments. From tisetoof shearing the lithic
grains start to disaggregate into their componebtggains with widespread
fracturing at the boundaries between sub-graine.break up of feldspar grains with
abundant phyllosilicate alteration is achievedrdayps$granular fractures which often

utilise cleavage planes and/or zones of phyllcsi#i@lteration along these planes

12
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(Fig. 8b & c red arrows highlight fractures). Conmition of lithic and altered
feldspar grains commences at low shear strainsketh) within the MMF (Dewhurst
et al., 2007; this study) and in strata from elsesglcomprising lithic grains (e.g.,
Exner and Tschegg, 2012). In the present studylidine@and feldspar grains are
often broken up or unrecognisable after small dispinents of 1-2 mm across thin (<
2 mm) deformation bands and shear strains of <@&adroth deformation bands and
sheared sandstone beds (e.g., Fig. 9b). Initialtdgration of the weaker grains after
millimetres of displacement is associated with ggpace collapse (i.e., a decrease in
the size of pores) and an associated reductiomedbtilk macroscopic porosity
(compare Fig. 9a & b). Quartz and unaltered sapedsieldspar grains (~70-350 pum)
are also fragmented by faulting and, in some caggsear to become more rounded
with increasing shear strain (Fig. 8b & d, whiteoars highlight rounded grains).
Grain fragmentation may be assisted by pre-sheaatuies, while rounding could
arise from particle flaking or spalling associatégth intergrain collisions during
shear events (Hooke and Iverson, 1995; Rawling@owtwin, 2003). After shear
strains of about 1-2 these stronger grains arergyenclosed in a clay-silt matrix
produced by destruction of the weaker grains (€ig.,9b & c), which may partly
buffer the remaining sand-sized particles fromismh. Despite this buffering, grain-
size reduction of sand-sized particles continugl wicreasing shear strains and

displacement (compare Fig. 9b & c).

PSD measurements for fault rock demonstrate dezseagarticle size compared to
known (Fig. 10 and 11) and inferred sandstone ptioso(Fig.12a). In all cases where
the PSD of a sandstone protolith is known, theigdarsize reduction due to shear is

achieved by an increase in the component of 2463 um) and clay-sized (<2 pm,
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International scale) particles at the expense®ftnd fraction (>63 pum)(Figs 10,
11a-h & 12a). This particle-size reduction is not@nmpanied by a change in the
limits of the faulted particle-size population. tiead, adjustments in the PSDs are
mainly characterised by a decrease in the dominaiite 90-110 um mode in the
parent sandstone and a comparable increase imaher@nce of a silt mode at ~5-10
um. In some deformation bands these changes prdaimoelal grain size populations
with sand and silt modes (Fig. 11e-h). The mageitoidchange in the PSD varies
between samples from cases where departure chtifterbck PSD from the
sandstone grain-size population is minor (e.g., Fig-c) to samples where the grain
sizes approach those of the siltstone beds (egy.1Eg-h). These variations could be
attributed to a number of factors including, vadas in the proportion of sand-sized
particles and weak grains in the protolith, incesais shear strain (see Fault-rock
evolution section), and perhaps also to samplitefaots. Greater proportions of
sand-sized grains are likely to increase the nurabeontact points between these
grains and the number of weaker grains availablér@akup into their sub-grains,
both of which promote cataclasis. Thin section 8&dl1 observations support the
notion that for some deformation bands particle siecreases with increasing
displacement (see Figs 8 & 9). This conclusioroisaonsistent with Fig. 11a-h which
show PSD data for a range of fault displacemerdssaggest that the negative
relationship between particle size and displacensemdt universal. The discrepancy
between micro observations (SEM images and thiticgex) and some PSD
measurements could be influenced by variationkerdiegree of shear localisation
within individual samples/faults and/or by sampbatamination by grains from
unsheared sandstone between deformation bandsréhatt visible in hand

specimen.
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PSD data support the suggestion that some fauggegowhich, in hand specimen do
not appear to contain deformation bands and arerBcplly similar in colour and
texture to siltstone beds, may also have formeddbgclasis of sandstone protoliths.
For the fault gouges in Fig. 12a (black lines) phetolith is unknown but it may be
possible to infer the protolith from the PSDs whicheach case, comprise a sand-
sized mode of 90-110 um and a significant proportibsilt (~45-65%). The high
proportion of sand-sized particles in these faudks is inconsistent with them being
largely or entirely derived from shear or injectioinsiltstone beds into the fault zones
(unless significant sand-silt mixing occurs for elinthere is little direct evidence).
The PSDs in Fig. 12a are comparable to the avét&@efor deformation bands (thick
grey line Fig. 12a), and we propose that these g®utpy have primarily developed
due to cataclasis induced by distributed sheaadistone beds within fault zones.
Within these high strain zones internal structaréhe form of, for example
deformation bands, is not visible but the earli@stence of deformations bands in
these zones of distributed grain communition caiweatuled out. As is the case for
deformation bands, distributed shearing of san@staitially results in the fracturing
and destruction of the weaker lithic and alterdddiear grains followed by breakup of
guartz and unaltered feldspar. The shear straqsrezl to produce particle-size
reduction by distributed shear may be similar &t tf deformation bands. Because
zones of fault gouge may be orders of magnitudemtisthn individual deformation
bands the total displacement required to produsargarable grain-size reduction

may be orders of magnitude larger.

15



374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

The observed changes in PSD between protolith laeared sandstones are consistent
with cataclasis seen in SEM and thin section (Bigs9) and with the literature (e.g.,
Aydin, 1978; Antonellini and Aydin, 1994; Rawlingé Goodwin, 2003; Fossen et
al., 2007; Kristensen et al., 2013), in suggedivag cataclasis is an important
component of the faulting process in sandstoned@asis generally produces PSDs
that are intermediate between those of the sanelgiatolith and siltstone beds (e.qg.,
Figs 10, 11a-h & 12a). In rare cases the PSD df fack derived from sandstone
may approach that of siltstones (Figs 11g & h, 12adl in such instances the origin
of the fault rock can only be determined if thersewf protolith material is
unambiguous (refer to Silt Smear section for furthiecussion). The similarity of
PSDs for siltstone beds and fault rock with modeés-20 pum and ranges of ~0.1-350
pm (Figs 10 & 11) indicate that factors commonathlrock types (i.e. fault rock and
siltstone) may control their PSDs. It is also pokesthat for faults the stability of the
lower bounds of the PSDs ~0.1 um records a grinldimig) of fault rock derived from
the MMF, as has been proposed by An and Sammig{I60a 1 pum minimum
particle size in fault rock from California (ses@lKeulen et al., 2007). However, the
grinding-limit hypothesis does not explain whysitine and fault rock PSDs should
have comparable lower limits. An alternative expl#on is that both fault rock and
siltstone are derived from the breakdown of samastpains of similar composition
and with comparable populations of defects (euh;grain boundaries, fractures,
cleavages and zones of alteration). For such athgpis the lower limit of particle
size is partly controlled by the density of defeamtsl the size of sub-grains within the

parent sand grains.

Silt Smear
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Smear of fine-grained beds reflects ductile defaiona(at outcrop scale) of silt- and
clay-rich beds and may be achieved by intergrarsliding and/or micro-faulting
without significant cataclasis (Knipe, 1993; Lings al., 1993; Yielding et al., 1997;
van der Zee and Urai, 2005; Egholm et al., 200&)rslalehi-Garakani et al., 2013;
Pei et al., 2015; Vrolijk et al., 2016). Smear itkone beds is common in the MMF
where it is often dark grey and similar in coloaunweathered siltstone source beds
(e.g., Figs 3b, 4b, 5a & b; see also Figs 3c, 4b7am Childs et al., 2007).
Amalgamated silt smears from multiple source bedsiadividual silt smears
produced by a single bed are both observed oraddrom fault outcrops of MMF-.
We mainly focus on individual silt smears that b@nunambiguously correlated with
a source bed and use the results of PSD analydsatoinferences about the origin of

fault gouge where the source beds are unknown.

Globally previous studies have shown that shaleassnean be thicker closer to the
source bed, increase in thickness with source4tiellrtess and decrease in thickness
with rising total displacement (Lindsay et al., 398zxrseth, 2006). Within the MMF
the thickness and dip-parallel continuity of sitiesars is highly variable (Fig.3b, 4b &
5a). These thickness variations are often conttdiiethe locations and numbers of
slip surfaces which displace the silt smear (€bilds et al., 2007)(Fig. 5b inset). In
Fig. 10, for example, siltstone bed A is smearedszcthe entire thickness of the fault
zone (an interpretation confirmed by comparisoR8Ds for samples 2, 3, 5 & 13,
see Fig. 10), with variations in smear thicknessif-3 to 30 mm that occur primarily
across slip surfaces and are not correlated wittace from the source bed outside

of the fault zone. The role of minor internal fauh the shear of siltstone beds across
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424  fault zones is observed in thin sections and icrogt In Fig. 5b (inset), for example,
425 the geometry of a siltstone smear is influencedrbygll-scale-faulting. Where these
426 small scale faults are not readily seen at outsoape they produce an apparently
427  ductile smear but it is possible that they are @ased with minor cataclasis.

428

429 The PSD of siltstone source beds and associateshsglars indicate that significant
430 grain-size reduction and cataclasis does not ogithin silt smears in the MMF.

431 Comparison of the grain sizes for silt smears aed undeformed protolith beds in
432 the MMF suggests that, where the source beds aadrsman be unambiguously
433 correlated, the two populations are similar (ecgmpare samples 2, 3,5 & 13 in Fig.
434 10; see also Fig. 11i-l). For each of the faulespnted in Fig. 11i-1 a small (<~5%)
435 increase in the volume of very fine silt to clayg(e<4 pum) may accompany silt

436 smear. These minor grain-size reductions coul@écefiataclastic processes

437 associated with the formation of micro-faults basterved in thin sections. In

438 addition some samples show a slight increase ipihygortion of sand-sized grains
439 (Fig. 11j) and in such cases it is possible tHassiear was accompanied by minor
440 mixing with adjacent sandstone beds. The lackgififcant grain size reduction by
441 fragmentation is consistent with the notion thatlmgrain scale, silt smear is mainly
442 accommodated by intergranular sliding facilitatgdtiioe high proportion (70%) of
443 clay- and silt-sized fractions. The high proportadrthe silt- and clay-sizes also

444  reduces the probability of larger silt- and sarmkdigrains of quartz and feldspar
445  colliding during shear events decreasing the Iiiad of particle size reduction

446 arising from these impacts (e.g., Sammis et aB719

447
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PSD data also indicate that some fault gouges el@from an undetermined protolith
may have formed by silt smearing. Figure 12b shilvsPSD for 6 fault gouges (thin
black lines) together with the average PSD for storee and siltstone beds (thick red
lines) and the average PSD for silt smears whersahkirce bed is known (thick grey
line). Unlike the grain sizes for fault rock in FitRa the gouges in Fig. 12b do not
contain the ~100 pm mode apparent in the sandstoredeformation bands and the
fault gouge is inferred not to be derived from stade protolith. Instead, while there
is some variability in PSD between different fagduges, they generally match the
average particle sizes of siltstone beds andraitass sourced from siltstone
protoliths. While it is possible that these falwduges reflect extreme cataclasis,
analysis of cataclastic fault rock suggests thah &xtremes are rarely achieved (Figs
10-12a). Therefore, we suggest that the fault gpug€&ig. 12b could have formed
mainly by smear and drag of siltstone beds intdt fmanes with little change in the

PSD.

Discussion

Fault-Rock Evolution and Variability

In the brittle crust fault zones are typically ik to form as part of a strain
weakening and slip localisation process (Sibsoid/1$agy et al., 2007; Childs et al.,
2009; Rotevatn and Fossen, 2012; Nicol et al., pamd, as a consequence, the PSD,
architecture and thickness of fault rock evolvethwicreasing cumulative
displacement. These changes primarily reflect esxd shear strains that result in the
progressive destruction of irregularities on fauwitfaces, the incorporation of wall

rock into fault zones and, for siliciclastic seqoes, the comminution of individual
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473 grains and smear of shale beds along faults (@agver et al., 1988; Scholz, 1987;
474  Childs et al., 1996; 2009; Sagy et al., 2007; Netadl., 2013). In weakly lithified

475 strata of the MMF both cataclasis and silt smearcammon (e.g., Figs 3, 4, 5, 10, 11
476 & 12). Based on the data collected, fault-rock atioh in the MMF is interpreted to
477 be mainly dependent on three key factors; (i) tial geometry of the fault surface
478  which strongly controls fault-zone thickness anthptexity, (ii) fault displacement
479 and the associated shear strains imposed on th@ifpr@and, (iii) the particle size of
480 faulted protolith which influences the relative tdoutions of cataclasis and

481 intergranular sliding in fault-rock production.

482

483 Global data suggest that fault-rock thickness adt-zone complexity are strongly
484  controlled by the locations of irregularities ofaalt surface. From the onset of slip,
485 strains are more distributed at irregularities tbarthe intervening relatively straight
486 segments and, as a result, fault rock developnentljickness and PSD) is likely to
487 vary over an individual fault surface (Childs et @009; Nicol et al., 2013).

488 Intervening segments for small faults, includinggé that displace the MMF, are
489 characterised by a relatively narrow fault-roclckimess (<10 mm) within which slip
490 localises rapidly. At fault irregularities the imase in fault-rock thickness with rising
491 displacement reflects their progressive destruagsociated with rising shear strains
492 and migration of incremental shear towards an agdtienergetically-efficient planar
493 geometry, where slip is focused into a primary tigto-going zone of fault rock or
494 onto a surface. The cumulative displacement athvarcirregularity is bypassed

495 depends on the dimensions of the irregularity &wedstze of the fault; as the ratio
496 between irregularity width and size of the averageemental displacement decreases

497 so too does the longevity of the irregularity (eRpwer et al., 1988; Childs et al.,
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1996, 2009; Sagy et al., 2007; Nicol et al., 20E8). example, an individual small
fault with a cumulative displacement of 0.5 m ahg iicrements of millimetres will
breach millimeter-scale irregularities more rapitign metre-scale structures. The
asperity removal process creates fault-bound lefesgs Childs et al., 1996; van der
Zee and Urai, 2005; Awdal et al., 2014) which, tfee faults studied here range in
thickness from millimeters to meters. These lelfigan part of fault zones and may
be bypassed by subsequent faulting or sheared #ierfgult contributing to the
generation of fine-grained fault rock (e.g., Chidsal., 1996, 2009; Watterson et al.,

1998; Bonson et al., 2007).

Shearing and breakup of irregularities may in padount for the thickening of fault
rock with increasing displacement which can be oleskin displacement-fault rock
thickness plots (Robertson, 1983; Scholz, 1987t,H8B8; Blenkinsop, 1989;
Marrett and Allmendinger, 1990; Knott, 1994, Liitl995; Childs et al., 2007, 2009).
A similar weakly positive relationship between faudck thickness and displacement
was observed for the faults in this study wherer#iti® of these values ranges from 1
to 1000 (Fig. 7). At a given displacement cataataamtd silt-smear processes are
capable of producing fault-rock thicknesses thahgpuch of the range of values for
all faults observed in the MMF (Fig. 7b). Similarte range of fault-rock thickness
for an individual fault, sampled on a 2-10 m longfiee, can account for a significant
proportion (e.g., >20%) of the range in fault-raklckness for all faults within the
MMF for a given displacement (bars in Fig. 7a repre the range of observations for
each fault profile). In Figure 13, for example,lfanock thickness varies from 2-17
mm, which is about one third of the ~0.5-50 mmkhe&ss range for faults with ~7.5

cm displacement in Fig. 7a. The range of fault-ribukknesses for individual faults
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were typically recorded over dip lengths of 2-1@vimch, based on the displacement-
length relationships of faults (e.g., Walsh and t&fabn, 1988; Schlishe et al., 1996),
may constitute <5% of the total dip dimension & tault surfaces. Therefore, the
variations of fault-rock thickness for individuauits in Fig. 7a are a minimum for the
range over the entire fault surface with the tepakad of data in Fig. 7a being a
possible maximum for individual faults. These vaoias in fault-rock thickness may
have implications for fault porosity and permeadbiproperties and are discussed

further in the next section.

The mechanism by which protolith material is cote@rto fault rock in the MMF is
strongly dependent on its original grain size. Saémaks initially deform mainly by
cataclasis with intergranular sliding inferred ecbme increasingly important as the
clay- and silt-sized fraction rises, while siltstsmmainly accommodate shear by
intergranular sliding from the onset of faultingg&9 & 11). The communition of
sand-sized particles is interpreted to occur bottesponse to localised shear within
deformation bands and to distributed shear aceyssek of sandstone. The PSD for
deformation bands and distributed sandstone sheaoanparable (i.e. with a sand-
sized mode and a significant proportion of siltyd-L1a-h & 12a). Deformation bands
display intense communition of grains at relatiiely shear strains (e.g. 1.4 in Fig.
9b) and less marked grain size reduction at hifhee values (e.g. a shear strain of
70 in Fig. 9¢). Rapid initial comminution refledtse presence of weak lithic and
altered feldspar grains which constitute up to ~@%he protolith sandstone grains
and experience significant disaggregation at loeasistrains <2. Differences in the
PSD of fault rock at 1.5 mm and 65 mm displacenseggest that even for

deformation bands cataclasis can continue aftenitial stage of shear (compare
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Fig. 9b & c). In addition, the migration of the lecof deformation within fault
irregularities (Nicol et al., 2013), shear of sandse lenses along fault surfaces and
the progressive incorporation of sandstone walliatdk fault zones will mean that
cataclasis continues to contribute to fault-roakrfation. With increasing
displacements the quartz and unaltered feldsparggaae comminuted more slowly,
partly because they are stronger (than the lithecatered feldspar grains), but also
because the clay-silt matrix derived from destnrctf the weaker grains
accommodates distributed shear and buffers thisioollof stronger sand-sized
grains. Overcoming the buffering effect of the matould be facilitated by high
shear-strain rates during discrete slip event®séismic origin. Cataclasis in
response to earthquake slip is consistent witloticerrence of deformation bands
within unconsolidated sands in active fault zorlesecto the San Andreas Fault in

California (Cashman and Cashman, 2000; Cashmdn 20@a7).

A transition from cataclasis to intergranular siglis indicated by the stability of
PSDs for finer grain size fault rocks produced ittyssnear. As cataclasis is in large
part achieved by fragmentation of sand-sized gagtit¢he transition can be related to
the proportion of sand-sized particles in the fandk. Sheared siltstone beds that are
inferred to have primarily deformed by intergramdiding contain ~10-30% sand-
sized particles (average ~15%), which is similantdeformed siltstones (Figs 6, 10-
12). Sandstone protoliths typically contain ~50-8&8ad-sized particles which in
most cases decreases to ~35-50% following cataclBlserefore, the available
particle-size data can be interpreted to suggestinkergranular sliding and cataclasis

dominate in fault rock witkk30% and>50% sand-sized particles, respectively.
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573 Implicationsfor Fluid Flow

574

575 Techniques for estimating fault-seal potentialluding juxtaposition analysis (Allan,
576 1989; Knipe, 1997) and shale-smear algorithms (et al., 1989; Lindsay et al.,
577 1993; Yielding et al., 1997, 2010; Manzocchi et 8999, 2010; Sperrevik et al.,

578 2002; Yielding, 2002; Childs et al., 2007), do spécifically account for grain-size
579 reduction during cataclasic processes. Howevespime circumstances cataclasis may
580 have a significant impact on fault hydraulic prdpee (e.g., fault-rock thickness and
581 permeability) and our ability to successfully ptdiuid-flow across and along faults.
582 In the MMF cataclasic processes account for a sogmt component of the total

583 fault-rock thickness and its variability over faslirfaces. While the impact of

584 cataclasis on faults with displacements less tharbed thickness is clear, evaluating
585 its importance for larger faults is more difficu@df the faults studied in the MMF with
586 displacements sufficiently large that the faultkgource material is unknown

587 (displacements of ~ 1 to 70 m), ~60% of the faalige samples analysed using PSD
588 (i.e. 9 and 6 faults in Fig. 12a and b, respecjivetere indistinguishable from fault
589 rock formed by cataclasis of sheared sandstonepiidportion of sampled fault

590 gouge potentially produced by cataclasic proceissesmparable to and, may be a
591 function of, the proportion of sandstone beds enftulted sequence, which for the
592 MMF is about 60% (Browne et al., 2007). Therefaagaclastic fault rock could exert
593 a significant control on the porosity and permagbgroperties of the faults in the
594 MMF, and the role of cataclasites on the fluid-flpvoperties of faults warrant further
595 investigation.

596
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Existing permeability data for cataclastic faultke and sandstones in the MMF are
consistent with the view that faulting of sands®oan produce permeability
reductions of at least 4 orders of magnitude (eajgclastic fault rocks0.03 mD
versus mainly30 mD for sandstones: Browne and Slatt, 2002; Ghatdl., 2007;
Higgs et al., 2012), that are sufficiently largaetard across-fault flow within

sandstone beds.

Conclusions

Cataclasis and silt smear are both observed orl spgrahal faults along the eastern
margin of the Taranaki Basin. Cataclasis primasitgurs in sandstone protoliths
resulting in disaggregation of sand-sized graingd@r90-115 um) and production
of silt (mode ~5-25 um) without changes in theltspaead of the grain size
population. Intense cataclasis starts at very logas strains of <2 (fault
displacements ~1.5 mm) and is facilitated by tlesence of weak lithics and altered
feldspar grains which break up easily. By contrdm,presence of clay and silt-sized
particles inhibits fragmentation. Therefore, sm&agiltstone beds does not produce
significant grain-size reduction and is primarighgeved by intergrain slip and micro-
faulting. Despite the occurrence of silt smearaclaisis can account for >50% of the
total fault-rock thickness in sand-silt multilaye@ataclasis, which is often not
explicitly accounted for in fault-seal analysisshiae potential to modify fluid flow

near and across faults and may need to be accolantiedfault seal analysis.
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Figure Captions

Figure 1. Schematic diagrams showing current mddelult-rock developed by (a)
sand-silt smear and (b) cataclasis. Dotted lindswer diagrams define fault-zone
boundaries which, for the purposes of this diagram parallel and produce fault

zones of constant thickness, which is an oversfioation for most fault zones.

Figure 2. Maps and cross section showing the redjtectonic setting (a), geology of
the northern Taranaki Basin and location of thelytarea (dot) on the west coast of
New Zealand’s North Island (b). Fault map in () ttee base Miocene horizon. Cross
section A-A’ shows faults (steep black lines), Mdae to Recent strata (grey fill),
Oligocene-Paleocene strata (white fill), Cretacesiteta (stipple) and Mesozoic
basement (randomly oriented short lines). (c) Ge&grth image showing the

locations of Figures 3, 4, 5, 10, and 13.

Figure 3. Line drawings of small (a), medium (bdldarger (c) displacement faults
within the Mount Messenger Formation showing thengetries of fault zones and
locations of PSD samples (red filled circles). Dgr&y polygons and white polygons
represent siltstone and sandstone beds, respgclivght grey polygons in (b) and

(c) indicate fault zone location and geometry.

Figure 4. Outcrop photographs showing exampleaulf fock from the MMF at
Tongaporutu primarily generated by cataclasis nfistone beds. (a) Cross-cutting
deformation bands with displacements of <26 mmL{bht grey deformation bands
that define a fault zone up to 40 mm wide and asecaiated with a dark grey
discontinuous silt smear. (c) Light grey deformati@nds within a fault zone up to
50 cm wide. Zone dominated by deformation bandsislled DBZ, while fault

gouge is labelled FG.

Figure 5 Outcrop photographs showing examplesuifdd silt beds associated with
silt smear (a & b lower cutoff) and no silt smeawupper cutoff & c). All faults from
the MMF. Inset in b) shows details of the silt smg@ometry which is cross-cut by a

small fault that locally influences the smear getigne
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942 Figure 6. Patrticle size distributions for sandstta)eand siltstone (b) beds within the
943 MMF. Red thick lines indicate the arithmetic meamves for each rock type. Grain
944  size boundaries for clag? pm), silt (2-63 um) and sand (63-2000 pum) sized

945 particles are indicated by the thin vertical daslvess (International grain size scale
946 ISO 14688-1:2002).

947

948 Figure 7. Displacement vs fault rock thickness.pla} Data for individual faults

949 where the bars indicate the range of thicknessssreéd along sample lines

950 approximately parallel to fault dip over distancé2-10m. (b) Same data as in (a)
951 with the thicknesses for fault rock interpretedhétve developed exclusively by

952 cataclasis (red symbols) and silt smear (blue syshloldferentiated.

953

954  Figure 8. Thin section photo micrographs in croskypsed light of deformation

955 bands and associated particles of reduction sizeaiudstone host material. (b, c, d)
956 Detailed photos of deformation bands with varyiegmtes of grain-size reduction.
957 Red arrows indicate locations of trans-granulacttrees and white arrows indicate
958 rounded grains. The locations of (b, c, d) are shbwthe red boxes in (a). Blue
959 colour in photographs is epoxy used to maintainganmtegrity during thin section
960 preparation.

961

962 Figure 9. SEM backscatter images of (a) unfaultettistone (shear strain = 0), (b)
963 fault rock from ~1.5 mm wide deformation band witb mm displacement in

964 sandstone (i.e. shear strain = 1), and (c) fagk foom ~1-2 mm deformation band
965 with 65 mm displacement in sandstone (i.e. sheainst ~30-65).

966

967 Figure 10. Fault and bed geometries for intermeekaale structure observed within a
968 coastal cliff section (displacement ~1.4 m). Dar&ygpolygons indicate siltstone beds
969 and silt smear, white polygons sandstone bedsightdgrey sandstone within fault
970 zone (these sandstone areas may be undeformedhprise deformation bands).
971 PSDs and their locations are also shown by the soedkred filled circles and the
972 arrows (sample number is shown in brackets on 818)PPSD fill colours match
973 those of the fault cross section (i.e. dark gresilistone/silt, white sandstone and
974 light grey faulted sandstone within the fault zone)

975
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Figure 11. PSDs from sandstone protolith and dedition bands (a-h) and for
siltstone protolith and silt smear (i-). Each dveghows the PSD for the protolith
material (red line) and the resultant fault rocla¢l line). Fault displacements
(Displ.) and fault-rock thickness (FRT) are presérfor each PSD. DB=deformation
band and Sst= sandstone. In f) PSD measuremergarfgsles comprising 1
deformation and 12 deformation bands are presetitedater has slightly higher
sandstone mode which may be due to the presengeleformed grains between
bands.

Figure 12. PSDs for fault gouge with displacemdégmger than the thickness of
sandstone beds (e.g., >1.5 m) and unknown prot@aked on visual inspection the
gouge protolith is inferred by comparing its PSwvthose of unfaulted sandstone
and siltstone beds. Fault gouge with a PSD comnmgrigisandstone mode at ~90-110
pum is inferred to be mainly derived from a sandstprotolith (a). Alternatively, fault
gouge comprising a PSD which is comparable todhaiitstone beds is inferred to be
derived from siltstone protolith (b). Red lines shaverage sandstone and siltstone

PSDs and the grey lines average cataclastic arghsélar PSDs for all data.

Figure 13. Relationships between fault-rock thideelisplacement and bed lithology
for a small fault (mean displacement ~7.7 cm) gaadstone dominated sequence. (a)
Cross section showing fault zone, beds and locatwd®SD locations. Cross section
rotated approximately 70° clockwise. (b) Graphanfif-rock thickness and
displacement versus distance along the fault tlameations of faulted siltstone beds
are indicated by grey polygons in the graph.
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Highlights

Nicol and Childs - Cataclasis and shale smear on normal faults in aweakly lithified
multilayer

* Fault rock is produced by a combination of sandstone cataclasis and shale smear.

» Cataclasisisinitially rapid, continues with increasing displacement and accounts for
more than 50% of fault rock.

» Shale smear occurs without significant particle-size reduction viaintergrain slip and
micro-faulting.

» Variationsin fault-rock thickness and associated cataclasis have the potentia to
modify the hydraulic properties of faults and may need to be accounted for in fluid-
flow models.



