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Abstract- Analyis of fabrics of li~ulled and unfaulted conglomerate wthin the Awatere fault zone of New 
Zealand show that movement on individual faulls was accompanied h> dilntancy of the clxst fxhric. The fah- 
ric of unfairltcd con~lome~-ate is clxst-supported. comprising 7X’%, clast\ by u-w. Individual fault zoner studied 
range in width from 4 to 21 cm and have ;I clay m;ltrIx-SLIppOrted lilhric. comprising 33 “;, clasts by area. The 
abundance of clay within fault zones indicates a highly plastic matl-ix intruded from the WIII rock\ into fault 
.x>nes during localised dilation of the clnst fabric. The shear thickening shear-stress- strain-rate rclatlonship 
typical of dilatant materials sugpc\t\ that the observed fabrics are more compatible with faults devclop~n~ 
sloul!, as accommod~~tion structures rather than forming rapidly during seismic movements. A rudmwltary 
analysi\ of the transfer of the minimum lithostatic load through the conglomerate suggc~ts that contact loads 
hetuccn cl;tst< were signiticantlq less than the strength of clasts drtcrmincd by point load testing. The results 
pro~~dc ;I mechanism to suppol-I a pre\ ions Intel-pretation of the liiult pattern tn terms of dilatant faulting 
~fithin an oblique di\el-gent tectonic setting. ( I998 Else\icr Scicncc Ltd. All rights rcscr\ed 

INTRODUCTION 

Inca-ease in volume during deformation is known to be 
an important influence on the mechanics of failure in 
brittle and granular materials (Jaeger and Cook, 1976). 
Such dilatancy is manifest in brittle materials as the 
formation of microcracks and in granular materials as 
the movement of rigid particles around each other. In 
both cases. the dilation of the infinitesimal strain field 
results in directions of con.jugate shear failure which 
have a dihedral angle less than 90 about the principal 
shorlcning directions (Smith and Durney, 1992: 
Johnson, 1995). Scott (1996) demonstrated the close 
rclutionship between brittle and granular behaviottr by 
using the formation of dilatant zones in a granular sys- 
tem as a model of earthquake generating fault systems 
in the crust. Evidence for the role of dilatancy in 
brittle rocks has been extensively recorded from cnta- 
elastic fault fabrics (e.g. Sibson. 1977). In contrast, the 
role of non-brittle particulate dilatancy in faulting has 
not been commonly reported. but may be expected in 
near-surface faulting of gravels or conglomerates. 

This study describes evidence of particulate dila- 
tancy where the Neogene-Quaternary Awatere Fault 
passes through Neogene conglomerate in northeast 
South Island of New Zealand (Fig. I). The Awatere 
fault zone is part of the active strike-slip Marlborough 
fault system which transfers movement from the 
thrust/strike-slip Alpine Fault in the southwest to the 
Hikurangi subduction zone in the northeast (Norris c)t 
ol.. 1990). The Awatere Fault passes through Late 
Miocene to Early Pliocene conglomerates that are 
exposed on 260 m high cliffs at White Bluff southeast 
of Blcnhcim. Little (1996) recognised a gradient of 

decreasing strain northward from the main filult and, 
within the section of conglomerates investigated here. 
he found an average fault spacing of 19 m and an 
average displacement of approximately 1 m. The faults 
are dominantly oblique normal faults which have an 
average strike of approximately 30 relative to the 
Awatere Fault. Little (1996) determined that the cumu- 
lative fault displacement represented dextral oblique 
divergence oriented 40-50 relative to the strike of the 
Awatere Fault. He interpreted the mixture of oblique 
normal and normal dip-slip faults to indicate that the 
angle of oblique divergence was close to the critical 
angle which separates dominantly strike-slip from 
dominantly dip-slip minor faults. Constant volume 
strain analysis suggests that the critical angle is con- 
trolled by a cross-over of the magnitude of principal 
incremental strains which occurs at a divergence angle 
of 19.5 (McCoss, 1986). 111 contrast. an infinitesimal 
strain model supported by experimentation (Smith and 
Durney, 1992) indicates that the critical angle is con- 
trolled by a change of sign of the vertical incremental 
strain which can occur at a divergence angle of ap- 
proximately 45 In that model the orientation of faults 
is strongly influenced by dilatancy during fault initi- 
ation. Thus. the dilatnncy faulting model (Smith and 

Durney, 1993) is compatible with both the critical 
angle of -45 and the observation of intrusion of 
matrix material into fault planes in the Awatere fault 
zone (Little. 199.5). 

The purpose of this study is to further investigate 
the evidence of dilatancy preserved in the fault filbrics 
and to interpret the implications for fault mechanisms 
and fault orientations. Digital analysis (using NIH 
Image from the National Institute of Health. U.S.A.) 
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of field photographs and samples was used to quantify 
observations of faulted and unfaulted rock fabrics and 
point load strength testing was used to supplement in- 
terpretations of fault mechanics. 

FABRIC STUDY 

Numerous faults, including conjugate normal faults 
(Fig. ‘a), cut the conglomerate. This study contrasts 
the high density of clasts in the fabric of unfaulted 
rock with a low density of clasts in the fabric ol 
faulted rock (Fig. 2b). Field photographs of faults and 
adjacent wall rock were enlarged to I7 by 35 cm prints 
for geometric analysis of the rock fabric. 

The density of clasts larger than 2 mm, that is larger 
than sand grade, in unfaulted conglomerate was esti- 
mated by image processing of photographs with man- 
ual definition of clast boundaries where necessary. 
Maximum clast sizes within the imaged areas range 
from 40 to 65 mm (Table I & Fig. 3). Wall rock adja- 
cent to fault zones was found to have clast areas run- 
ging from 39 to 64”/; and numbers of clasts per square 
metre ranging from 5468 to 10,739 (Table I ); the latter 
parameter will be used later in discussing the trans- 
mission of stress. The role of photographic resolution 
was investigated by relating the results to the scale of 
the field photographs used for analysis (Fig, 4). Both 
average clast area and average number of clasts 
increase with increasing scale, indicating that both par- 
ameters have been underestimated by the technique. 
One large (30 cm) sample of unfaulted conglomcratc 
was collected so that clast density could be determined 
on cut faces to allow comparison with the results 01 
field photographs. Cut faces were found to have a 
clast area of 7X”/;, (q.,,,,,, = 308) and II.900 clasts peg 
square metre. These values are compatible with the 
trend of data points in Fig. 4 if an equivalent photo- 
graphic scale of I.2 is assigned to them. 

The maximum clast size in the imaged areas ranges 
from IO to SO mm (Table I) and tends to be higher in 
wider faults (Fig. 3). The presence of unfractured clasts 
in fault zones (Fig. 2c) and the protrusion of large 
wall rock clasts into the fault zones (Fig. 2b) indicate 
that the fabric of fault zones cannot be attributed to 
cntaclastic comminution. Clast density of faulted con- 
glomerate was estimated by the same technique as 
above and was found to have clast areas ranging from 
I4 to 29’!:0 with an average of 2 I ‘!I) (Table I). The 
relationship between these values and photograph 
scale is irregular but shows a positive trend (Fig. 4). 
No samples of faulted conglomerate were taken to 
allow a direct comparison between a photographic 
result and :I cut face, so ;I direct estimate of the under- 
estimation of the photographic method cannot be 
made. The underestimation of the photographic image 
analysis technique can be compensated by using the rc- 
lationship between photographic image analysis 01 
faulted and unfaulted fabrics with respect to the 
sample of unfaulted rock. According to the photo- 
graphic method the average ratio of clast area of 
faulted rocks relative to clast area of unfaulted rocks 
was 0.42 (Table I). If this relationship is applied to the 
clast area of the cut face of the unfaulted specimen 
(78’/0) an estimate of 33% area-density of clasts for 
faulted conglomerate is derived. 

Little (1995) illustrated a cut surface of fault rock 
Lvhich was also analysed in this study and found to 
have an a~-ca density of clasts of 23%. This value is 
just below the low end of the range of values dcter- 
mined from photographic analysis adjusted for under- 
estimation. 

POINT LOAD TESTING 

In order to constrain interpretation of the mechanics 
of faulting, specimens of clasts and conglomerate rock 
were point load tested (Fig. 5). Point load testing ap- 
proximatcs the tensile strength of rock by applying a 
load to an unconfined sample (Franklin et u/., 1971 
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7. ( a) Co~~.iug:cte normal I’,ltllts from the Awatere filult zone (scale bar is 25 cm long). (b) Contrasting de 

\ in unfaulted and faulted (central wx-tical band) Awatcre Conglomerate (Location 2 in Table I). (c) Unf 
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index (division by the square of the sample diameter. 
aec curves in Fig. 5) shows that, cxccpt for one clast 
which failed on a tight joint, the clasts f>iiled at point 
load indexes ;ibove 6 MPa (Fig. 5). Bulk samples of 
conglomerate failed at point load indexes less than 6 
MPa (Fig. 5). These tests were conducted dry and 
therefore rcprcsent an upper bound on the conglomer- 
:ltc strength, which would be lower in the cilse of ;I 
water-saturated clay matrix. 

DISCUSSION 

For packing of regular spheres. the two-dimensional 
and three dimensional measures of density ;Lre cquikal- 
ent :lnd vary from 74% for closest packing down to 
52% for cubic packing (Graton and Fruser. 1935). 
Clasts in the unfaulted Awntere Conglomerate arc 

more dcnscly packed than regular spheres due to the 
intluence of poor grain-size sorting (Prince (I/ (I/.. 
1995). Clasts in f:\ulted Awatere Conglomerate ;IK less 

dense than wbic packing of rcgulat- spheres, indicating 
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dilatancy of the l~abric during flow. The clnsts ;lrc gon- 
erally not in contact :lnd dilution of the lilbric appears 

to be beyond the minimum required for granul:lr How. 
suggesting that clay continued to migr;lte into the tiult 
zones 21s movement occur&. 

Little (IW6) determined that the Awaterc f:lult 7011~ 

had undergone dextral divergence directed at approxi- 

mately 45 to the trend of the f:lult zone producing the 
observed pattern of oblique normal liiults striking 
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-30 clockwise from the Awatere Fault Zone. He 
recognised this relationship to be compatible with the 
predictions of the dilatancy faulting model of Smith 
and Durney (1992). That model was derived from in- 
finitesimal strain analysis of clay models in which the 
mechanical behaviour was dominated by brittle micro- 

cracks. This model is kinematic, rather than mechan- 
ical, and is also valid if the dilatancy results from 
interaction of particles. In the Smith and Durney 
model, the combination of incremental shortening and 
volume increase related to dilatancy (Fig. 6:~) is re- 
sponsible for the initiation of faults with a conjugate 
angle of less than 90 (commonly approximately 60 
although the precise angle depends on the specific con- 
ditions). When a volume of the rock (Fig. 6b) begins 

to undergo localised deformation, particle interactions 
resist simple shear and cause divergent shear (Fig. 6~). 
Particle interactions will progressively decrease during 
dilation and the displacement may converge toward 

b C d 

simple shear (Fig. 6d). A similar kinematic evolution 

of some brittle faults was described by Smith (1993). 

In the Awatere fault zone, faults contain both intact 
and fractured clasts (Fig. 2). Fragmented clasts appear 
to be isolated in abundant fine matrix material (Little, 
1995), suggesting that fractures formed by tensile 
cracking. Systematic decrease in size of clasts within 
fault zones, indicative of compressive crushing of 
clasts, was not observed. The point-to-point stresses 
generated between clasts during faulting must have 
been sufficiently low to prevent such extensive crushing 
of clasts but high enough to crack some clasts or 
detach them along preexisting weaknesses. The con- 
trast in strength between the clasts and matrix is sutfi- 
ciently high for deformation to occur principally by 
clasts moving around one another. 

Particulate dilatancy of the type described here is 
commonly associated with shear thickening rheological 
behaviour (Smith, 1997) in which the resistance to 
flow, or apparent viscosity, of the material increases as 
the strain rate increases. This rheological consideration 
supports the proposition that the faults formed by 
slow aseismic shearing, which Little (1995) considered 
to be consistent with the shear fabrics observed in 
fault matrix material. 

During deformation of the conglomerate. compres- 
sive stress would have been concentrated on clast&clast 
contacts (Price, 1966) rather than being uniform 
throughout the rock. The more weak and plastic the 
matrix, the smaller proportion of the load the matrix 
would bear. It was estimated above (from the trend of 
clast densities with respect to image scale) that there 
are approximately 1 1,900 clasts/m- in the unfaulted 
conglomerate. The vertical load would be distributed 
across a horizontal plane through all the point con- 
tacts existing between the clasts above and below that 
plane. For regular spherical clasts each clast would be 
supported by contact from three clasts whereas for 
graded non-spherical clasts more point contacts would 
be expected. A conservative estimate (support by three 
clasts) of the point contacts per square metre is 35,700. 
The 50 MPa lithostatic confining pressure interpreted 
for faulting at White Bluffs (Little, 1995) would pro- 
duce an average contact point load of 1.4 kN. well 
below the point load strength of clasts in the conglom- 
erate (Fig. 5). 

CONCLUSIONS 

Clast-supported conglomerates faulted by move- 
ments of the Awntere fault zone have fabrics which 
record dilatancy of the rock during deformation. The 
high strength of clasts relative to matrix resulted in 
clasts moving apart to accommodate shear strain. 
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Analysis of photographs and samples of unfaulted 
rocks show 78% clasts by area. In contrast, photo- 
graphic image analysis of faulted rocks. adjusted for 
underestimation by the technique, indicates that the 
clast area decreases to approximately 33%) as a conse- 
quence of faulting. This observation provides a mech- 
anism to support the dilatancy f;iulting model ol 
Smith and Durney (1992) in predicting the geometric 
pattern of minor faulting in the Awatere fault zone. 
The strain rate dependence of dilatant behaviour in 
particulate materials supports the interpretation of 
relatively slow formation of the faults by xcot~m~o- 

dation of the bulk tectonic strain rather than rapid for- 
mation by seismic movements. 
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