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Abstract
The dynamic propagation of an earthquake rupture will generate inelastic deformation within its surrounding medium, culminating in the development of a fault
damage zone. These are heavily fractured volumes of rock that flank the fault core,
where the majority of displacement has been accommodated. Using the example
of the Alpine Fault, I assess the mechanical and chemical processes associated with
fault damage, which strongly condition the short and long term evolution of a fault.
Approximately 70% of the oblique-dextral motion between the Australian and
Pacific plates on the South Island of New Zealand is localised onto the Alpine
Fault. A continuous record of its damage zone extending <30 m above its principal slip zones (PSZs) is provided by core recovered during the first phase of the
Deep Fault Drilling Project (DFDP-1). A combination of visual core descriptions,
X-ray and neutron tomographic core scanning, and X-ray diffraction demonstrate
that the damage zone is epitomised by gouge-filled ‘phyllosilicate-enriched’ fractures. These contain a soft fine-grained fill, which have a relatively low density but
are hydrogen-rich. Their bulk composition reflects both wear of the surrounding
rock and phyllosilicate mineralisation during hydrothermal alteration.
Fracture density in DFDP-1 core and field transects does not increase with
proximity to the PSZs, but does systematically vary lithology. By reorienting core
sections with respect to geographically referenced borehole televiewer logs of the
DFDP-1 boreholes, the true orientation of 637 fractures was obtained. Combined
with field observations, these results indicate that damage zone fractures occupy a
wide range of orientations. This reflects variable stress states adjacent to the Alpine
Fault, which are generated by a fault trace that is non-planar in the near-surface,
and non-optimally orientated with respect to the regional stresses at depth. The
mechanical anisotropy of the foliated mylonites that host the damage zone cannot
strongly influence fracturing.
In field transects, broadly oriented fractures are confined to within ∼50-150 m
of the Alpine Fault, and this is the best estimate of damage zone width along its
central section. This width is comparable to elsewhere along-strike. Therefore, the
Alpine Fault is considered to be embedded within a tabular localised damage zone,
as documented in other structurally mature crustal-scale faults.
Petrological and scanning electron microscopy demonstrate that gouge-filled
fractures extend to the µm scale where calcite, chlorite, K-feldspar and muscovite
veins are also present. These veins and fractures form in a cyclic manner that may
be operative throughout the Alpine Fault’s seismogenic zone. The documentation
of some veins that cross-cut cataclasite textures require that strain localisation from
the 10-20 m thick Alpine Fault cataclasites to its 10-50 cm thick PSZ gouges must
occur at depths <2-5 km.
This study has sampled the Alpine Fault damage zone late in its cycle of stress
accumulation. Within this period, micro and macro-scale fracture healing has occurred at distances <25 m of the PSZs. A combination of fluid over-pressures and
unhealed damage elsewhere permit a Low Velocity Zone around the Alpine Fault.
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The scientist does not study nature because it is useful to do so; he studies it because
he takes pleasure in it, and he takes pleasure in it because it is beautiful.
Science is built up with facts, as a house is with stones; but a collection of facts is no
more a science than a heap of stones is a house.
Henri Poincaré

There are known knowns; these are things we know we know. We also know there are
known unknowns; that is to say there are some things we know we do not know. But there
are also unknown unknowns - the ones we don’t know we don’t know.
Joseph Luft and Harrington Ingham (not Donald Rumsfeld!!!)

(Top right) Having a tender moment with the spectacular exposure of the Alpine Fault at
Gaunt Creek, Westland. (Top left) Enjoying orographic rainfall on night shift on the second
phase of the Deep Fault Drilling Project in the Whataroa Valley, Westland. (Bottom) Watching
the sun set over Milford Sound, where the Alpine Fault passes offshore, from Barrier Knob,
Fiordland.
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2015). White boxes with crosses represent intervals of no core recovery. . . 27
1.15 (a) The range of datasets used in this thesis on the Alpine Fault, and
the scales of observation that they cover. *Denote datasets reported by
other authors, but whose results have been incorporated into this study.
(b) An example of a single damage zone fracture observed by six different
techniques at various scales. . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.1

2.2

Typical fault zone structure showing possible configurations of fault core
and damage zone and the distribution of strain around the fault. (a) Fault
zone with single core surrounded by a damage zone, (b) fault zone with
multiple anastomosing cores that are surrounded by and bound by damage zones. Figure intentionally has no scale. Modified from Mitchell and
Faulkner (2009). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
Location map. (a) Map of South Island, New Zealand showing extent of
Alpine Fault and all other onshore active faults for South Island (GNS
Active Fault Database, http://data.gns.cri.nz/af/). Black box illustrates
extent of (b), a locality map for the DFDP-1 site at Gaunt Creek in the
context of the central section of the Alpine Fault (red line) that extends
roughly between Hokitika and Haast. Hills illuminated using greyscale from
15 m digital elevation model (Columbus et al., 2011), illumination is from
the northwest, yellow lines are roads. (c) Composite schematic section of
rock sequence typically encountered in an oblique thrust segment of the
central Alpine Fault, modified after (Norris and Cooper, 2007). . . . . . . . 41
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Distinction between damage zone structures and other features in 2D Xray computed tomography (CT) images. (a) CT drill-core axial parallel
image of DFDP-1 drill-core (1B-34-1 101.97-102.13 m). Whilst foliation
and fractures both appear as linear arrangement of anomalous CT values, fractures have more distinct boundaries and greater anomalies of CT
values. The foliation-parallel black fracture is interpreted to have formed
from the release of confining pressure during the drilling itself, whilst the
sub-horizontal black fracture is noted in the core-log as being handling induced. (b) CT image and (c) equivalent section in 180◦ core scan, to show
examples of damage zone structures in a cataclasite unit (DFDP-1B 66-1
138.38-138.56 m), in which fractures and subsidiary faults cross cut the
initial cataclasite fabric. (d) Disc fracture in DFDP-1A 60-2 81.50-81.70
m. Example of core sections with induced (e, DFDP-1A 49-1 67.7-67.95
m) and natural (f, DFDP-1B 31-1 96.75-96.95 m) brecciation. Induced
brecciation is characterised by angular fragmentation of the core, during
drilling, whereas natural brecciation leads to the rounding of clasts. (g)
Two open fractures dipping in opposite directions to define a triangular set
whose apex points at the centre of the drill-core (DFDP-1A 54-1 73.7-73.83
m). CT numbers refer to greyscale as shown. This greyscale is used in all
subsequent CT image . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
Example of how the depth of a dipping damage zone structure was measured by recording the depth at which the structure intersected a scan-line
parallel to the core axis in a 2D CT image (1B-37-2 105.96-106.15 m).
Depth is measured relative to the top of the core section; these sections
are registered to absolute depths so from them the depth of the structure
within the borehole can be calculated. (b) To measure the orientation of a
damage zone structure within a local core reference frame; strike was measured in a CT axial slice image of the core (which represents a horizontal
plane since the DFDP-1 boreholes were vertical) relative to the right hand
edge of the core container, which was denoted north. An apparent dip of the
structure was measured from the angle between the damage zone structure
and a line 90◦ to the core axis in a core axial parallel 2D CT scan image
as shown in (a). Using the strike, a true dip can then be calculated from
apparent dip. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
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(a) A hypothetical fractured rock mass intersected by a vertical borehole,
illustrating how fracture density and distribution may be calculated in a
borehole. The rock mass contains two fracture sets: (1) dipping at 3◦ (red)
and (2) dipping at 70◦ (black). These intersect the borehole at a randomly
generated set of depths using the “sample” function in the statistical programming language R (https://www.r-project.org/). (b&c) Fracture distribution around the borehole represented using a histogram with frequency
calculated in (b) 5 m bins and (c) 2.5 m bins. Blue boxes in histograms
represent fracture density calculated using the Terzaghi correction for orientation bias as explained in text. (d) Fracture set depicted using a (black)
moving and (red) weighted moving average calculation, which are uncorrected and corrected orientation bias respectively. Moving average has been
calculated using a moving window of 2.5 m and at intervals of 25 cm. When
fracture density is represented using a moving average it gives a better representation of intervals of high fracture density that are split across two
bins (such as at ∼10 m) than when fracture density is represented on a
histogram. Introducing a weighting to correct for orientation bias gives a
better representation of the density of steeply dipping fractures in the rock
mass but does not inform us further on their distribution. . . . . . . . . .
A comparison between borehole televiewer (BHTV) statically normalised
data (two way travel time (TWTT) and amplitude) and an unrolled CT
image, which depicts an image of the outer surface of the drill-core, for
the depth interval 107.57-108.56 m in DFDP-1B. This demonstrates that,
because the resolution of the BHTV is less than that of the CT images,
damage zone structures picked in the CT images may not be picked in the
BHTV data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Density of damage zone structures within CT scan images of DFDP-1A
drill-core calculated using a moving average and weighted moving average
with a 1 m window size. Results are shown for cases in which a weighting
has, and has not, been applied to correct for orientation bias. Colours
adjacent to plots reflect the DFDP-1 lithologies defined by Toy et al. (2015).
Wireline logging data previously presented in Townend et al. (2013). . . .
As for Figure 2.7, but for the DFDP-1B borehole. Additionally we show
the density of damage zone structures picked in BHTV data (McNamara,
2015), calculated with a moving average at intervals of 10 cm and with a 5
m moving window to reflect the lower resolution of these data. Note that
the resistivity anomaly associated with PSZ-1 is 0.2 m below that measured
in the drill-core. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
CT image slice of drill-core section DFDP-1B 49-1, 115.50-116.05 m. This
section exemplifies the disparity between unit 3 cataclasite that exhibits
a relatively high amount of fault damage zone (denoted by vertical white
arrows), compared to unit 2 ultramylonites that contain relatively few damage zone structures, even though it is only ∼12 m vertical distance from
PSZ-1 sampled in DFDP-1B. Horizontal green arrows and ellipse indicate
areas of induced damage in the drill-core. . . . . . . . . . . . . . . . . . .
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2.10 Cross-plots of damage zone structure density, calculated using a moving
average with a window size of 30 cm, against P-wave velocity (VP ) obtained
from wireline logging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.11 CT image of heavily fractured mylonite that was amongst the drill-core
recovered furthest from PSZ-1 in DFDP-1B (core section 1B-25-2, depth
44.8-45.2 m). Green (horizontal) arrows identify foliation-parallel filled
fractures. It is unclear whether this fracture set formed as a result of
seismic damage or from unloading during exhumation. White (vertical)
arrows identify a non-foliation parallel set of fractures that continue to be
identified in this interval. . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.12 A representative drill-core axial parallel CT image of each DFDP-1 lithology (Toy et al., 2015) to qualitatively show how damage zone structure
density varies across lithology. (b) Density of damage zone structures for
each lithological unit, corrected for orientation bias. Error bars show the
interquartile range of damage zone structure density calculated using a
weighted moving average for each lithology. . . . . . . . . . . . . . . . . . .
2.13 A schematic representation of the distribution of damage zone structures
in a cross section around the Alpine Fault, which was sampled in DFDP-1.
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A schematic cross section through a thrust section of the central section
of the Alpine Fault depicting the fracture network, its relationship to foliation, damage zone width, and the distribution of subsidiary faults. Respective position of DFDP-1 boreholes also shown. Modified from Norris
and Cooper (2007). PSZ: Principal Slip Zone. . . . . . . . . . . . . . . .
(a) Location map for Alpine Fault and all other onshore active faults on
the South Island of New Zealand (GNS Science Active Fault Database,
http://data.gns.cri.nz/af/). Box shows extent of (b), a location map for the
DFDP-1 and AHP boreholes, and field cross sections. The generalised underlying geology is derived from the GNS Science 1:250000 QMAP project
(Rattenbury and Isaac, 2012) and has been draped over a digital elevation
model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Cross section through the DFDP-1 boreholes, showing interval where reoriented drill-core is located. Boxes with diagonal lines depict intervals
in borehole with no core recovery, grey lines represent mylonitic foliation.
Modified from Sutherland et al. (2012), with lithological units previously
defined by Toy et al. (2015). . . . . . . . . . . . . . . . . . . . . . . . . .
Examples of matching structures between BHTV images and unrolled CT
images. In each image, the first two columns are the BHTV amplitude
image, without and with interpretations respectively, whilst the third and
fourth columns depict the unrolled CT image over the same interval, also
without and with interpretations. Fractures that have been traced in red
indicate those that were matched to reorientate core. . . . . . . . . . . .
Lower hemisphere equal area stereonets depicting orientation of: (a) all
damage zone fractures that were reoriented by matching structures between
unrolled CT images and BHTV images, sorted by type (see Table 2.1) for
the depth interval 94-126 m in DFDP-1B borehole. . . . . . . . . . . . .
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The relationship between foliation and fracture orientations, as observed
in 2D CT image slices of DFDP-1 core. In (a) and (b) damage zone fractures tend to cross-cut the mylonitic foliation (orientation represented by
white line in top left corner of each image). (c) Fractures show a greater
preference to be aligned parallel to the foliation. Note that (c) was previously shown in Figure 2.11, and is not included in the reorientation analysis
in Figure 3.5, as there was no BHTV imagery for this interval. Intervals
are (borehole, core section and run, depth interval): (a) DFDP-1A 55-1
75.45-75.62 m, (b) DFDP-1B 35-1 102.49-102.64 m, (c) DFDP-1B 25-2,
44.80-45.20 m. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
(a) Compilation of stereoplots that represent fracture orientations at each
field station, with distribution represented by a Kernel probability distribution of poles to fractures that have been weighted by a correction for
orientation bias (see Section 3.3.2). Stations have been plotted as a function of distance from the fault and distance along-strike (with respect to
Havelock Creek). (b) Fracture density at all stations for phyllosilicateenriched fractures and all fractures. No orientation data was collected at
Gaunt Creek stations 1 and 2, so fracture density is calculated from the two
perpendicular transects. For field cross sections and location of stations,
see Figure C.1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Examples of different fractures observed in the field around the Alpine
Fault, and correlative fractures in DFDP-1 CT scans. (a-c) Phyllosilicateenriched fractures have a range of orientations and found ∼150 m from
the fault, are equivalent to type iii of fractures (Table 2.1). (d-f) Open
fractures are mainly foliation-parallel and are interpreted to be part of the
regional fracture network. Equivalent to type v fractures of Table 2.1. (g-i)
Gouge and cataclasite filled fractures, equivalent to type i and ii fractures
of Table 2.1. Location of field photos: (a) Waikukupa thrust, (b) and (d)
Stony Creek, (e) and (g) Havelock Creek, (h) Bullock Creek. Compass
clinometer 8 cm and yellow notebook 20 cm in length. Measuring tape
in (e) 1.1 m long, walking pole in (g) 1 m in length. DFDP-1 CT scan
intervals: (c) DFDP-1B 56-2 125.35-125.49 m, (f) DFDP-1B 35-1 102.00102.15 m, (i) DFDP-1B 33-2 99.45-99.60 m. . . . . . . . . . . . . . . . .
Field observations of variations in fracture density coincident with lithological diversity. (a & b) Intervals of micaceous and metabasite mylonite containing a relatively high proportion of phyllosilicate-enriched filled fractures
(denoted by yellow arrows) compared to interlayered quartzofeldspathic
mylonite. (c) Transition from micaceous mylonite to quartzofeldspathic
mylonite coincides with the edge of damage zone at this locality. Taken
at (a) Gaunt Creek, (b) Havelock Creek, (c) Hare Mare Creek. Compass
clinometer 8 cm and yellow notebook 20 cm in length. . . . . . . . . . . .
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3.10 Fracture styles noted in the Amethyst Hydro Project (AHP) drill core. Unrolled images of AHP drill-core (BH1 45-2 124.3-124.9 m) taken by (a) DMT
core scanner and (b) generated from a CT image. (1) Identifies fracture
cutting across foliation, (2) foliation-parallel fracture with alteration halo,
(3) foliation defined by quartzofeldspathic bands that have low CT numbers. (c and d) Core-axial parallel CT image slices of AHP drill-core. In
(c) white arrows represent a crush zone sub parallel to foliation surrounded
by a region of localised fracturing (BH2 75-2 155.92-156.04 m). (d) more
variable fracture orientations identified in BH4 (Section 70-4 196.62-196.80
m). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.11 Equal area, lower hemisphere projection of fracture orientations recognised
in CT scans of AHP drill-core separated by borehole. Kamb contours with
intervals of two standard deviations. . . . . . . . . . . . . . . . . . . . . .
3.12 Weighted poles to fractures (a&b) reoriented DFDP-1 CT scans, and (c)
AHP CT scans, represented by a Kernel probability distribution. Also
shown are the poles to predicted orientation of damage zone fractures for
(a) the regional orientation of the Alpine Fault, and (b) the local orientation
as sampled in DFDP-1, which are given in Table 2. Note that slip on a
non-planar fault may produce orientations anywhere along the M-plane. .
3.13 Weighted histograms for (a) the angle between poles to reoriented fractures in DFDP-1 CT scans and the M-Plane for the local orientation of
the Alpine Fault (085/73 N), (b) the angle between the reoriented fractures and the local fault orientation (015/43 E) and (c) the angle between
fractures in the CT scans of AHP core and the local foliation orientation
(070/60 E). Weighting for fractures is derived from a modified version of
the Terzaghi correction for orientation bias, as explained in text, to ensure
steeply dipping fractures are not under represented. . . . . . . . . . . . .
3.14 Log-log plot of fault zone thickness as a function of fault displacement previously presented in Savage and Brodsky (2011), combined with estimates
made for the Alpine Fault. Displacement for the Alpine Fault is 480 km
(Wellman, 1953; Norris and Cooper, 2007). However, convergence along
the Alpine Fault’s central section requires that it erodes its own fault rocks
so these points are plotted to reflect only the brittle displacement (22 km;
Barth et al., 2012) the rocks themselves have accommodated. Error bars
reflect uncertainty in constraining fault zone width (as for example, footwall damage is largely unknown), not necessarily variability in fault zone
thickness. (b) Compilation of our estimates of damage zone thickness on
the Pacific Plate side of the Alpine Fault from four creek sections (Gaunt
Creek, Stony Creek, Hare Mare Creek and Havelock Creek), and those
made elsewhere along strike: McKenzie Creek and Martyr River (Barth
et al., 2013), and Kaka Creek (Wright, 1998). . . . . . . . . . . . . . . .
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Conceptual model for brittle deformation and mineralisation in the hangingwall of the central section of the Alpine Fault, constructed using constraints
discussed in Section 4.5.2. Isotherms derived from Toy et al. (2010), and
fluid flow paths and topography from Menzies et al. (2014). . . . . . . . . . 102
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Geology of the Alpine Fault. (a) Location map of DFDP-1 boreholes and
field localities where fracture fill was sampled for X-ray diffraction analysis. Greyscale in map depicts topography, illuminated from the northwest.
Inset shows extent of map in terms of the plate boundary running through
the South Island of New Zealand. (b) A schematic cross section through
a thrust segment of the central section of the Alpine Fault depicting the
distribution of fault rocks, fractures and the different components of fault
structure. The relative locations of . . . . . . . . . . . . . . . . . . . . .
Examples of macroscale fractures whose fill has been quantitatively analysed using XRD. (a) CT scan and (b) 180◦ unrolled GeoTek scan of fracture
at depth interval 88.80-88.94 m in DFDP-1A. (c) and (d) field sample from
Havelock Creek. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Cathodoluminescence (CL) images and equivalent photomicrograph in PPL
of calcite veins in DFDP-1 thin sections. (a&b) Thick calcite cavity consisting of large equant grains in DFDP1A-84.45. In CL image (b), thin veins
(10-100 µm thick) and calcite disseminated into the wall rock are readily
apparent. (c&d) Calcite vein with incorporated wall rocks in DFDP1A .
Examples of calcite twins in DFDP-1A thin sections, and histogram depicting the distribution of twinning thicknesses measured from 40x (a, c and d)
and 10x photomicrographs. (a) Twins within clast-hosted vein (DFDP1A85.20) in PPL. (b) Twins within vein that cross cuts matrix and clast
(DFDP1A-83.10), photomicrograph taken in cross polarised light (XPL).
(c&d) twins in calcite filled pockets (DFDP1A-86.01 and DFDP1A-83.10
respectively). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Examples of typical habits of chlorite in DFDP-1 thin sections. (a) Photomicrograph in PPL of chlorite (DFDP1A-71.33), black box denotes area
of (b), a BSE image, overlain by the results of EDS analysis so that green
represents regions of high Mg, blue K, red Al and pink Ca. Interpretation of
semi-quantitative EDS analysis of these, and other elements, indicate that
green represents chlorite (Chl), red, albite (Alb) or muscovite (Ms), blue,
K-feldspar (Kfs), and pink, calcite (Ca). This colour scheme is used in all
other false colour EDS ‘layered images’ (Figures 4.7 and 4.11). (c) Heavily
deformed chlorite vein in photomicrograph taken in PPL of DFDP1A-71.00.
(d) EDS layered image of DFDP1B-109.61, with clast-hosted veins of chlorite that are abundant in quartz porphyroclasts, but rare in albite. P-ccl
denotes protocataclasite. . . . . . . . . . . . . . . . . . . . . . . . . . . .
K-feldspar (Kfs) and muscovite mineralisation in EDS layered images of
DFDP-1 thin sections. (a) Kfs filled veins that are (a) intergranular and
(b) concentrated in albite clasts. (c) Clast-hosted muscovite (Ms) vein that
cross-cuts chlorite vein. Colours represent elements as described in Figure
4.6. For thin sections (a) DFDP-1B-127.48, (b) DFDP1A-69.73 and (c)
DFDP1A-85.70. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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4.8

A gouge-filled fracture imaged across: (a) CT scan, (b) thin section scan,
(c) photomicrograph in PPL and (d) BSE image. At higher magnification,
fracture can be observed to contain comminuted wall rock. Fracture at
depth 128.04-128.08 m in DFDP-1B borehole. Green/black area shows
extent of area in each subsequent image. . . . . . . . . . . . . . . . . . . .
4.9 Examples of pseudotachylytes, solution seams and cataclasites in DFDP-1
thin sections. (a) BSE image of altered psuedotachylyte with chlorite (Chl)
rich matrix and clasts of quartz, albite, K-feldspar (Kfs) and calcite (Ca)
in DFDP1B-127.48. The inset is of a photomicrograph in plane polarised
light (PPL), where the yellow box defines the extent of the BSE image.
(b) Photomicrograph in PPL of a structure that contains a black aphanitic
material with quartzofelspathic clasts. It is difficult to determine if this
represents a psuedotachylyte or cataclasite. Previously presented in Toy
(2008). (c) Anastomosing opaque solution seams in PPL (DFDP1B-99.80),
yellow box denotes extent of (d) a BSE image of a single solution seam,
with adjacent pyrite (Pyr). (e) Minor cataclasite filled fracture (Ccl) with
brown fine grained matrix in PPL. Yellow box shows extent of image in a
(f) a BSE image. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.10 Scatter plot for the weight % of quartz and plagioclase feldspar, calcite, and
chlorite in gouge and cataclasite filled fractures, as a function of distance
from the Alpine Fault. The proportion of calcite and chlorites likely reflects
the extent of mineralisation, whilst quartz and feldspar are derived from
mechanical wear. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.11 Examples of cross-cutting relationships derived from BSE imaging of DFDP1 thin sections and that are summarised in Table 4.4. Abbreviations and
colour scheme of EDS layered images as previously defined in Figure 4.6.
(a) EDS layered image of DFDP1B-99.80, note in bottom right of image,
fracture network that is variably filled by calcite, K-feldspar and chlorite.
(b) BSE image of DFDP1A-69.73 in which muscovite and calcite are mutually cross-cutting. (c) and (d) BSE images of mutually cross-cutting relationships between calcite veins and cataclasite filled fractures in DFDP1B128.05 and DFDP1A-64.30 respectively. Note calcite clasts in cataclasite
derived from adjacent calcite veins in (c). White arrows indicate . . . . . .
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Location of the Alpine Fault and the DFDP-1 boreholes in the context of
the Australian-Pacific plate boundary through New Zealand. . . . . . . . . 133
Set-up of DINGO for NT scanning of DFDP-1 core. Field of view is approximately 2.5 m across. . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
Comparison of 180◦ unrolled GeoTek images and 2D core axial-parallel CT
and NT slice images of DFDP-1 for ultramylonites intervals. For cores
section intervals (borehole core run and section depth interval from top of
core section in cm): (a) DFDP-1A 55-1 82-95 (depth interval 75.82-75.95
m), (b) DFDP-1B 49-1 35-50 (115.85-116.00 m) and (c) DFDP-1B 35-1 7088 (102.57-102.75 m). Arrows in (b) identify phyllosilicate-enriched fracture
in NT image that is not identified in the CT images. Greyscale refers to
NT images, all CT images have a greyscale of CT 500-4000. . . . . . . . . 138
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As for Figure 5.3, but for cataclasite units. For core section intervals (borehole core run and section depth interval from top of core section in cm):
(a) DFDP-1B 58-2 0-8 (depth interval 127.93-128.01 m), (b) DFDP-1A 632 47-70 (86.48-86.71 m), (c) DFDP-1A 59-2 8-27 (80.01-80.20 m) and (d)
DFDP-1B 66-1 40-53 (138.50-138.63 m). Note (a) is the split core sample. 139
Comparison of ’unrolled images’ of core taken from CT and NT scans.
Outer and inner core images are constructed from the NT scans to depict
the difference in image quality between the outer core surface and the
core interior. Yellow ellipses identify major fractures across the different
images. For core section intervals (borehole core run and section depth
interval from top of core section in cm): (a) DFDP-1B 49-1 35-50 (depth
interval 115.85-116.00 m), (b) and (c) DFDP-1A 55-1 82-95 (75.82-75.95
m), with (b) at low intensity mode and (c) at high intensity mode. . . . . . 140
Compilation for all fracture density measurements made in this study as a
function of distance from the Alpine Fault. . . . . . . . . . . . . . . . . . . 144
Compilation of observed rupture extent and maximum surface displacement
(Dmax) for 209 earthquakes with magnitude >6, previously presented in
Manighetti et al. (2007). F1-F4 depict theoretical functions for a multisegment rupture model. F1 represents an immature fault and vice versa
(Manighetti et al., 2007). In addition, I include reported values for the 1717
AD Alpine Fault earthquake based on paleoseismic observations: rupture
length 380 km (Howarth et al., 2014), displacement 8.5 m (Cooper and
Norris, 1995). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
Preliminary compilation map for observed surface rupture and displacement during the 2016 Kaikoura Earthquake, as of the 28th February 2017
(http://info.geonet.org.nz/pages/viewpage.action?pageId=21200993). . . . 149

A.1 An example of a CT scan log for core section DFDP-1B-43-1-2 that was
used to record fractures observed in the scans. . . . . . . . . . . . . . . . . 188
C.1 Cross sections showing varying intensity and style of damage with distance
from the Alpine Fault principal slip zones (PSZ) for: (a) Gaunt Creek,
(b) Stony Creek, (c) Hare Mare Creek and (d) Havelock Creek. Each
cross section also presents: (1) the corrected density of fractures at all
stations as a function of the orthogonal distance from the fault, (2) fracture
orientations at each station, and (3) a map of the stations with respect to
the fault and cross section. Location of these sites shown in Figure 3.2b.
Fault rock lithologies previously described by Toy (2008). Construction of
these transects explained in section 3.3.2. *Density of fractures calculated
from two perpendicular transects at Gaunt Creek stations 1 and 2. . . . . . 206
D.1 Cross section through the Amethyst Tunnel and its four exploratory boreholes, Hari Hari, Westland, New Zealand (See Figure 3.2). Modified from
Geotech Consulting Limited (2006), to show where intervals of drill-core
that were CT scanned are located. . . . . . . . . . . . . . . . . . . . . . . . 208
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D.2 (a) Plot of fracture density with depth for an interval of AHP drill-core
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Chapter 1
Introduction

1.1

Fault zones: setting the scene

Fault zones occupy only a small volume of the earth’s crust, yet they exert an extraordinarily important influence on crustal processes (Townend and Zoback, 2000; Faulkner
et al., 2010; Bense et al., 2013). Furthermore, in their role as the seismic source (e.g.
Sibson, 1989), the consequences of fault activity extend far beyond the realms of the geosciences, and into wider human, social and economic contexts.
Fault zones also play a key role in the extraction of natural resources. Faults may act
as potential barriers (traps) or conduits (migration paths) to hydrocarbons and groundwater (Beach et al., 1999; Wibberley et al., 2008; Rotevatn and Bastesen, 2012; Bense
et al., 2013; Johri et al., 2014), and they are also a key agent in focussing economically important minerals into viable deposits (Sibson, 1990; Micklethwaite and Cox, 2004; Person
et al., 2008). More recently, the interaction of faults with fluids injected into the ground,
either to stimulate the production of hydrocarbons (Ellsworth, 2013) or to trap and store
carbon dioxide (Dockrill and Shipton, 2010; Zoback and Gorelick, 2012; Burnside et al.,
2013), has reached the forefront of political and scientific discussion.
Nonetheless, there are severe limitations in our understandings of fault zones. In
terms of societal needs, the lack of a reliable method for the prediction of an individual earthquake comes across as a stark failure of this science (Geller et al., 1997; Main,
1999). Unquestionably, this is a reflection of the inherent complexity of fault zones and
the earthquake process. Faults range from the micro to crustal scale, and evolve over both
short (101 -104 years, Chester et al., 1993) and long time scales (>106 years, Ben-Zion and
Sammis, 2003). This evolution is strongly tied to many inseparable non-linear processes
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occurring at depth within the crust, where direct observation is near impossible (BenZion, 2008; Faulkner et al., 2010). Furthermore, the driving force of crustal deformation
-plate tectonics- was established only in the 1960’s. Therefore, the physics of earthquakes
and faults is still a young scientific discipline.
This study is concerned with fault zone structure, and in particular, with that of the
damage zone of New Zealand’s Alpine Fault. Fault zone structure concerns the three dimensional manifestation of faults in terms of their thickness, geometry and continuity of
slip surfaces (Wibberley et al., 2008). The term structure is often used synonymously with
architecture, however, for the reasons outlined by Peacock (2008), the latter is not referred
to here. Despite the inherent complexity in fault zones, their structure can be described
with reference to a relatively simple robust conceptual model developed by Chester and
Logan (1986), Chester et al. (1993) and Caine et al. (1996). This model includes a ‘fault
core,’ in which the majority of strain along the fault has been accommodated. Surrounding it is a volume of rock with enhanced deformation related structures such as fractures
and subsidiary faults, termed the damage zone (e.g. Chester et al., 1993; Faulkner et al.,
2010; Bistacchi et al., 2010; Johri et al., 2014).
Damage zones accommodate only a relatively small amount of displacement. Nevertheless, as depicted in Figure 1.1, there is a strong coupling between the damage zone and
other properties of fault zones, such as their permeability (Townend and Zoback, 2000;
Faulkner et al., 2010; Mitchell and Faulkner, 2012; Johri et al., 2014), rupture dynamics
(Biegel and Sammis, 2004; Andrews, 2005; Rice et al., 2005; Kim and Sanderson, 2008;
Weng et al., 2016), and seismic hazard (Wesnousky, 2006; Finzi et al., 2009; Ma, 2009;
Cappa et al., 2014). Therefore, the outcomes of this thesis will be relevant to future
studies in structural geology, seismology, experimental rock deformation, and neotectonics of the Alpine Fault, and indeed other fault zones worldwide. It is this kind of holistic
thinking that is necessary to overcome the scientific and societal challenges posed by fault
zones (Sibson, 1989; Kim and Sanderson, 2008; Perrin et al., 2016).
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Figure 1.1: Flow diagram depicting the inter-relationships (arrows) that exists between properties of a fault zone (ellipses). Diagram adapted from Faulkner et al. (2010).

1.2
1.2.1

Why does fault-slip produce damage?
Quasi-static models

Several non-mutually exclusive quasi-static and dynamic models have been proposed to
explain the generation of fault damage (Figure 1.2; Wilson et al., 2003; Kim et al., 2004;
Blenkinsop, 2008; Mitchell and Faulkner, 2009; Faulkner et al., 2011), which I discuss
below. Deformation experiments typically show that a rocks initial response to loading
is the formation of pervasive tensile micro-cracks that are perpendicular to the minimum
compressive stress (σ3 ) (e.g. Brace et al., 1966; Lockner et al., 1991; Paterson and Wong,
2005). During progressive deformation these micro-cracks link and coalesce to form a fault
that Mohr-Coulomb and Andersonian models (Anderson, 1942) predict will be at 25-30◦
to the maximum compressive stress, σ1 (Figure 1.2a). Extensional ‘wing crack’ fractures
can also form at the tips of faults, and these will grow in order to link other fault tips
(Figure 1.2b; Segall and Pollard, 1983; Kim et al., 2004; Blenkinsop, 2008). The difference
between these two models is whether slip localisation proceeds or postdates extensional
fracturing.
Cowie and Scholz (1992) used the Dugdale (1960) for the growth of a Mode I fracture,
to explore the role of fracturing during fault-tip propagation (Figure 1.2c). In this model,
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Figure 1.2: Schematic representations of various models for how fracture damage (black lines)
is generated for faults (red line). For each model, the two panels represent the growth of a fault
and fractures over two time stages. Arrows represent sense of shear along fault. In (e), yellow
star indicates point of rupture nucleation and black line represents its extent. See text for full
details. After Wilson et al. (2003), Blenkinsop (2008) and Mitchell and Faulkner (2009).

propagation requires that the magnitude of the stress field around the tip (known as the
stress intensity factor, K) exceeds a critical value known as the fracture toughness (Kc ).
As the fault propagates, it evolves from a phase during which quasi-static distributed
fracturing occurs at its tip, to a point where fractures coalesce and develop to form a
coherent slip surface (Figure 1.3a). Cowie and Scholz (1992) demonstrated that while slip
is occurring in an inelastic medium with the shear stress (τ ) on the fault greater than τr
(the residual shear strength required for slip at dynamic frictional values), the wall-rock
must yield behind the fault-tip (Figure 1.3); if the fault were surrounded by elastic media
instead, the stress concentrations around the tip will be infinite. This region of non-elastic
deformation along a fault has been variably called the breakdown zone (Andrews, 2005),
cohesion zone (Vermilye and Scholz, 1998), or process zone (Faulkner et al., 2011).
Faults show roughness at all scales (e.g. Power et al., 1987; Sagy et al., 2007). Using
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an analytical model, Chester and Chester (2000) demonstrated that slip along a nonplanar fault can impose large variations in the magnitude and orientation of stresses,
which may induce fracturing in the surrounding wall-rock (Figure 1.2d). Although these
models are not mutually exclusive, it is significant that if the fault is well-oriented to the
regional stress (Anderson, 1942; Blenkinsop, 2008) and is embedded within mechanically
isotropic rock (c.f. Misra et al., 2015), each model will produce a distinct set of fracture
orientations with respect to the surrounding stresses (Figure 1.2; Wilson et al., 2003;
Mitchell and Faulkner, 2009). I also note that these models typically describe extensional
fracturing. However, fault damage zones may also host shear fractures/subsidiary faults
(Rice et al., 2005; Ishii et al., 2010) that can exhibit systematic orientations themselves
(for example, a Riedel shear system (Riedel, 1929)). Below I discuss how damage may be
generated by the dynamic stresses imposed by an earthquake rupture pulse (Figure 1.2e).

1.2.2

Coseismic models

In the upper crust, slip along faults is a response to tectonic loading that leads to shear
stresses (τ ) that are sufficient to overcome µ, the fault’s frictional strength (Reid, 1910;
Sibson, 1977; Verlag, 1978; Ben-Zion and Sammis, 2003). This may be described by the
Mohr-Coulomb relationship:
0

τ = µσn + C

(1.1)

0

Where σn is the effective normal stress and C is cohesion. Frequently, but not necessarily, frictional failure generates earthquakes. These are unstable finite ruptures that
nucleate at a point on a fault and then propagate within it, releasing elastic potential
strain energy and radiating seismic waves (Heaton, 1990; Kanamori and Rivera, 2013;
Ben-Zion, 2008).
The propagation of a single earthquake rupture can be viewed within the same framework of fault-tip propagation described above (Cowie and Scholz, 1992; Mitchell and
Faulkner, 2009). In this context, the τ required for slip decreases across the rupture’s
breakdown zone from τp , the peak shear stress required to overcome the static frictional
strength of intact rock (µs ), to τr , which allows slip to occur at dynamic frictional values
(µd ) along the fault (Figure 1.3). The difference between τp and τr is termed the stress
drop (Figures 1.3 and 1.4). This reduction in frictional strength requires a critical amount
of slip, commonly referred to as the slip weakening distance (Dc ) (Figure 1.3c, Rice et al.,
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2005; Savage and Cooke, 2010). After Dc is attained, we observe unstable rupture propagation, slip acceleration and coseismic slip at µd values (Figure 1.3, Cowie and Scholz,
1992; Swanson, 1992).

(a)

5.) Slipped and
now locked

Rupture propagation direction
4.) Decelerating slip

2.) Coalescence of fractures

3.) Development of through going fault

1.) Array of fractures
σ3

σ1
In compression

In dilation

σ1

σ3

τ

τp

Slip Velocity

τ
τr

(c)

Slip Velocity

(b)

Cumulative Slip

Cumulative Slip

Breakdown zone and region of inelastic strain

Dc

Figure 1.3: Idealised along-profile evolution of a finite Mode II earthquake rupture using concepts
developed by Dugdale (1960), Heaton (1990), Cowie and Scholz (1992) and Rice et al. (2005).
Panels show evolution of (a) geometric features of the rupture, (b) slip velocity and shear stress
(τ ), and (c) slip distribution. Dc denotes slip weakening distance. Stage 1 consists of an array
of tensile Mode I fractures, which are the initial response of rocks to loading. They coalesce in
stage 2 to form a coherent slip surface that in stage 3 can slip at µd . Microfractures in the far
field of rupture have Andersonian orientations (i.e. at 30◦ to σ1 ) but these rotate with respect
to the local stress field predicted for a Mode II rupture (Scholz et al., 1993).

Creation of new fractures surfaces within the breakdown zone during rupture propagation consumes energy (Andrews, 2005). The energy loss per unit fracture area is known
as the specific fracture energy (Gc ). This is a tangible term, which may be derived from
laboratory experiments (Wong, 1982; McGarr et al., 2004; Passelègue et al., 2016), seismological observations (Abercrombie and Rice, 2005; Rice et al., 2005) and field studies
(Chester et al., 2005; Wechsler et al., 2011). Cowie and Scholz (1992) and Rice et al.
(2005) find that Gc can be considered as the area between τp and τr under the curve of τ
versus displacement (D) (Figure 1.4), such that:
Z

Dc

[τD − τr ] dD

Gc =

(1.2)

0

Where τD is the variation in shear stress with D. Cowie and Scholz (1992) show that
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Figure 1.4: The evolution of shear stress with slip at a point along a rupture. Arrows represent
the different types of stress drops: τi , intial shear stress on fault, τp peak shear stress, τr residual
shear stress, τf final shear stress. The shaded area represents the fracture energy (Gc ). Modified
from Faulkner et al. (2010).

during fault growth (τD − τr ) is a constant, equal to (τi − τr ) and so:
Gc = (τi − τr ).Dc

(1.3)

This implies that once Dc is attained during rupture, Gc no longer increases with any
further displacement. However, this analysis only accounts for energy absorbed during
slip weakening on the fault plane. If energy that is absorbed off the fault plane is also
accounted for, then Gc increases linearly with propagation distance (Figure 1.5, Andrews,
2005). This has the effect of limiting the rupture velocity with propagation distance, as
the ratio of Gc to the total energy release of the rupture is held constant with rupture
length.
Gc is related to EG , the fracture energy released in an earthquake by Gc = EG /S,
where S is the area of the rupture surface (Chester et al., 2005). Compared to other
components of the seismic energy budget, such as frictional heat and the energy radiated
by seismic waves (Abercrombie and Rice, 2005; Kanamori and Rivera, 2013), EG is considered to consume only a small proportion of the budget (Chester et al., 2005; Rockwell
et al., 2009; Savage and Cooke, 2010; Wechsler et al., 2011).

7

Chapter 1: Introduction

Figure 1.5: Energy absorbed near the rupture front on the fault plane (on-fault) and energy
absorbed in the surrounding medium (off-fault) as a function of distance along-strike in twodimensional modelling of a mode II crack in a non-elastic medium (Andrews, 2005).

In summary, it has been demonstrated that fault growth and/or propagation of an
earthquake rupture must result in damage of the surrounding medium. Indeed, it is
now considered that the generation of damage is required in order for numerical rupture
simulations to match observed coseismic slip distributions (Biegel and Sammis, 2004;
Cappa et al., 2014). An assessment of some of the factors that influence fault damage
and rupture dynamics is made below.

1.3

Feedbacks between fault damage and earthquake
rupture dynamics

1.3.1

The role of dynamic weakening processes

Of fundamental importance to both the propagation of an earthquake rupture and the
generation of damage in its surrounding medium is the stress drop (Figure 1.4). Andrews
(2005) for example, predict that the width of damage is proportional to the square of
the stress drop. The stress drop will be driven to a large extent by dynamic weakening
processes. These are a range of physio-chemical processes that will act to reduce the
frictional resistance on the fault, and in doing so will localise slip, drive rupture to its
furthest extent, promoting high seismic efficiency, and increasing slip velocity (Swanson,
1992; Di Toro et al., 2011).

8

Chapter 1: Introduction

Thermal pressurisation is a dynamic weakening process that is commonly invoked to
occur within fault zones (e.g. Wibberley and Shimamoto, 2002; Faulkner et al., 2011;
Sutherland et al., 2012; Ujiie et al., 2013). It describes the process by which the coseismic
temperature increase will heat pore fluids, resulting in thermal expansion. In undrained
conditions this will lead to pore pressure increase and, therefore, a reduction of the effective normal stress around the fault (Sibson, 1973; Lachenbruch, 1980; Wibberley and
Shimamoto, 2002; Rice, 2006). The larger dynamic stress drop associated with this effect
will be expected to increase the extent of off fault damage since this increases Gc (Biegel
and Sammis, 2004; Andrews, 2005; Viesca et al., 2008a). However, it may be offset to an
extent by a commensurate reduction of τp , and so also Gc (Faulkner et al., 2011). Furthermore, coseismic fracturing may suppress thermal pressurisation by: (1) increasing the
mobility of the fluids so preventing undrained conditions from materialising, and (2) increasing the effective compressibility of the rocks surrounding a fault (Griffith et al., 2009).
A range of other dynamic weakening processes may also be operative (Rice, 2006; Di
Toro et al., 2011). These include: the formation of gels (fine-grained wear debris) in silica
rich lithologies (Di Toro et al., 2004), thermal decomposition (Han et al., 2007), and flash
heating leading to the production of lubricating frictional-melts (Swanson, 1992; Di Toro
et al., 2006; Griffith et al., 2010). Frictional melts may be preserved as psuedotachylytes.
These are most common in dry fault zones (Sibson and Toy, 2006; Smith et al., 2013),
and at asperity contacts (Rice, 1999; Hirose and Shimamoto, 2005; Rice, 2006).

1.3.2

Further controls on fault damage

2D dynamic numerical models to evaluate damage generated by the passage of an earthquake rupture are described in Andrews (2005) and Rice et al. (2005). In the simulations
of Andrews (2005), a crack with uniform stress drop propagates bilaterally through a media that yields under a Coulomb criterion. As discussed above, in this context Gc increases
with rupture propagation (Figure 1.5). This allows the development of a plastically deforming region whose fault normal thickness is proportional to propagation distance, but
is confined to the side of the fault in tension (Figure 1.6a). The magnitude of plastic
strain adjacent to the fault is a constant along-fault strike but decreases with distance
from the fault. This will be expressed by a decay in fracture density with distance from
the fault, which fits a power law (Savage and Brodsky, 2011; Johri et al., 2014).
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(a)

(b)

(c)

Figure 1.6: (a) and (b) Extent of plastic strain (colour scale bar) for a propagating crack with
uniform stress drop modified from Ben-Zion and Shi (2005). In (a), the fault is surrounded by
a homogenous media (which replicates the finding of Andrews (2005)), whilst in (b) the lower
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block is 20% stiffer than the overlying block. Arrows denote direction that fault blocks slip. For
full modelling parameters see Ben-Zion and Shi (2005). (c) Extent of off-fault failure for a finite
self-healing slip pulse from Rice et al. (2005). Contours show τmax /τcoulomb . Within the lightly
shaded areas, τmax /τcoulomb > 1 and slip on pre-existing fractures is possible. Darker shading
indicates region where the minimum effective stresses are tensile and extensive fragmentation
is possible. Short heavy and light lines indicate orientation of optimally oriented fractures for
dextral and sinistral slip respectively. The three columns are for different propagation velocities
o /σ o ) are prescribed
(vr ) relative to shear wave speed (cs ). The ratio of the initial stresses (σxx
yy
o /σ o = 2),
so that in the top row maximum compression is at a low angle to the fault plane (σxx
yy
o /σ o =
whilst in the bottom row compression direction is at a high angle to the fault plane (σxx
yy

0.8). In this example, the ratio of breakdown zone length (R) to fault length (L) is very small
(R/L= 0.001).

Ben-Zion and Shi (2005) extend the analysis of Andrews (2005) to the case of rupture
that propagates along a bimaterial interface. They find that the rupture will preferentially propagate in the direction that the more compliant side of the fault slips. This
is associated with a dynamic reduction of normal stress behind the rupture tip and the
generation of tensional stresses on the stiffer side where damage is localised (Figure 1.6b).
This is in agreement with geological (Dor et al., 2006, 2008; Wechsler et al., 2009; Mitchell
et al., 2011) and seismological (Allam et al., 2014) observations.
This is of relevance to seismic hazard modelling, since unidirectional ruptures along
bimaterial interfaces would lead to relatively strong ground motions on the compliant
side of the fault (Brietzke et al., 2009). However, for a fault to continually propagate
in unidirectional ruptures, extensive interseismic healing (See Section 1.4) is required so
that the heavily damaged stiff side of the fault recovers its elastic properties. Otherwise,
the compliance contrast across the fault is reversed and this process is ultimately selfdefeating (Townend et al., 2013).
Rice et al. (2005) examined the case for a self-healing slip pulse of limited length that
propagates at a constant velocity (Figure 1.6c). In this model, the slip pulse imposes
off-fault stresses that can induce damage by: (1) meeting the Mohr-Coulomb criterion for
frictional sliding on optimally oriented fractures or (2), causing extensive fragmentation
in regions where the minimum compressive effective stresses are tensile.
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For a Mode II rupture, Rice et al. (2005) finds that damage zone width is a function
of slip velocity, rupture velocity, the strength drop and Gc . The distribution of damage
will also vary with the stress field. When Ψ, the angle of initial compression direction to
the fault plane, is low (<20◦ ), failure occurs on both sides of the fault, though is more
extensive on the compressive side. However, damage is confined to the tensional side of
the fault when Ψ is high (compare top and bottom rows in Figure 1.6c). Further 2D
numerical modelling indicate that the extent of damage may also be controlled by the
closeness of the initial stress state to the Mohr-Coulomb failure criterion and the proximity of τi to τp (Viesca et al., 2008b).
Increasing confining pressure suppresses the generation of fault damage, so that damage zones will narrow with depth (Andrews, 2005; Ben-Zion and Shi, 2005). Along strikeslip faults this manifests in a near-surface (<3 km) broad zone of damage that narrows
with depth. This is typically referred to as a flower structure (Sylvester, 1988; Peng
et al., 2003; Ben-Zion and Shi, 2005; Ma, 2008; Finzi et al., 2009). For dip-slip faults,
the symmetry of the fault plane with respect to the free surface is broken and so normal
stresses either side of the fault are asymmetric (Ma and Beroza, 2008). Dynamic rupture simulations by Ma (2009) show that this leads to the formation of skewed ‘flower
like’ structures with near-surface damage focused within the hanging-wall, as observed by
drilling projects into dipping thrust faults (Heermance et al., 2003; Lin et al., 2007; Yeh
et al., 2007; Li et al., 2013).

1.4

Fault damage evolution through the seismic cycle

The preceding discussion has focussed on how damage is generated in a single rupture
event. However, faults are dynamic systems that evolve at a range of time scales. This
next section discusses how time-dependent interactions in fault zones modulate the generation of damage over the course of a single seismic cycle, and also over much larger time
scales.
In its simplest form, the seismic cycle describes the stress cycling along a fault as
the shear stress gradually increases during the interseismic period, and is then released
during an earthquake (Sibson, 1989). This is typically described in terms of elastic rebound theory, which stipulates that the strain accumulated during distinct interseismic
and coseismic phases are equal in magnitude but opposite in sign. Hence, slip along the
12
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fault is the only permanent deformation that occurs across the seismic cycle (Reid, 1910;
Simpson, 2015).
In reality this is overly simplistic as it ignores phases of pre and post seismic slip (e.g.
Dieterich, 1978; Reilinger, 2000; Fialko et al., 2005) and neglects that a continuum exists
in the timescales that faults slip (Sibson, 1989; Obara, 2002; Rogers and Dragert, 2003).
Furthermore, the very presence of damage zones is evidence that slip is not the only permanent deformation that can accumulate in the rocks surrounding a fault (Simpson, 2015).
The length of these cycles, and the stress drop of the subsequent earthquake, is strongly
conditioned by the role of fluids (Muir-Wood and King, 1993; Sibson, 1994). These can
paradoxically act to simultaneously heal and weaken a fault (Tenthorey et al., 2003).
Precipitation of secondary phases can increase C, the cohesion value in a Mohr-Coulomb
criterion (Equation 1.1), strengthening the fault. However, this will also prime it for rupture as this increases the pore pressure, and thereby reduces the effective normal stress
0

(σn ) (Figure 1.7, Tenthorey et al., 2003).
The role of the damage zone in this cycle is paramount, since it represents a heavily
fractured rock mass that can act as conduit for fluid transport (Caine et al., 1996; Gudmundsson et al., 2001, 2010; Mitchell and Faulkner, 2012). Yet the damage zone will also
evolve over the seismic cycle as damage zone fractures heal by closure or the precipitation
of secondary minerals during the interseismic period (Chester et al., 1993; Sibson, 1994;
Moore et al., 1994; Lin et al., 2007). This process results in a recovery of the damage
induced compliance of the damage zone.
The magnitude of fracture healing that can be attained within an interseismic cycle
is still unclear (Mitchell and Faulkner, 2012). A complete recovery is noted by borehole
studies of groundwater flow around faults (Wästeby et al., 2014; Xue et al., 2016), geochemical modelling (Gratier and Gueydan, 2007), and laboratory experiments (Moore
et al., 1994; Morrow et al., 2001; Mitchell and Faulkner, 2012; Rempe et al., 2015). Seismological and geodetic studies can also detect post-seismic damage zone healing (e.g. Li
and Vidale, 2001; Hiramatsu et al., 2005). However, these studies conclude that a full
recovery is not achieved, so that damage may persist around faults at time scales longer
than the seismic cycle (Cochran et al., 2009; Ellsworth and Malin, 2011).
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Figure 1.7: Mohr diagram depicting the evolution of the stress state and fault strength over the
interseismic period, which is represented by three time periods, t0 , t1 and t2 . Over this period
tectonic loading will increase the differential stress on the fault. In addition, physio-chemical
interactions with fluids results in fault cementation, which increases its cohesive strength (C)
shifting the failure envelope so that a higher differential stress is required for failure. However,
these interactions will also act to increase the pore pressure, reducing the effective normal stress
0

(σn ) on the fault. This will eventually lead to failure at t2 . σ1 and σ3 are the maximum and
minimum principal stresses respectively, and θ is the angle between σ1 and the fault. From
Tenthorey et al. (2003).

1.5

The long term evolution of fault damage

Faults are essentially lazy. With the accumulation of displacement over time scales of 106
years, positive-feedback strain weakening mechanisms will generally, but not necessarily,
act to localise strain on to a single planar layer to minimise work in the system (Ben-Zion
and Sammis, 2003; Cooke and Murphy, 2004; Faulkner et al., 2008; Childs et al., 2009;
Finzi et al., 2009; Cooke and Madden, 2014). In this context, two idealised end members
of fault zones with differing structural maturity may be considered (Figure 1.8). ‘Maturity’ is typically defined by the cumulative displacement the fault has accommodated.
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For an ‘immature’ fault this is typically <10 km, whereas for a ‘mature’ fault, this may
be in excess of 100 km. Manighetti et al. (2007) also invoke that fault length, slip rate
and age should be referenced when describing fault maturity.
Typical characteristics of an immature fault are shown in Figure 1.8a. This describes
a fault segmented onto multiple non-planar strands with deformation distributed over a
zone 100-1000’s of metres wide (e.g. Sagy et al., 2007; Childs et al., 2009; Smith et al.,
2013). It is expected that ruptures along such faults may be characterised by: low mechanical efficiency (Cooke et al., 2013), significant off-fault deformation (Dolan and Haravitch,
2014), a higher component of fracture energy (Gc ) (Chester et al., 2005), large static
stress-drops (Anderson et al., 1996; Manighetti et al., 2007), a longer Dc (Savage and
Cooke, 2010), significant shear heating with psuedotachylye production (Ben-Zion and
Sammis, 2013; Smith et al., 2013), low rupture speeds (Ben-Zion, 2008), a GutenbergRichter magnitude-frequency distribution (Figure 1.8c, Stirling et al., 1996; Ben-Zion,
2008), and shorter along-strike ruptures as there exist more sites (e.g. stepovers, jogs
and bends) capable of arresting rupture (King, 1986; Sibson, 1989; Wesnousky, 2006;
Manighetti et al., 2007). Savage and Cooke (2010) predict that since these ruptures have
a longer Dc , they will tend to radiate less seismic energy. This is contrary to the observation of higher ground motions on immature and poorly localised faults (Heermance et al.,
2003; Radiguet et al., 2009), perhaps indicating that these faults preferentially release
high-frequency energy (Wibberley et al., 2008; Savage and Brodsky, 2011).

Immature faults show significant along-strike variations in damage zone width. At
fault bends, numerical modelling predicts large changes in the magnitude and orientation of the stress field (Chester and Chester, 2000; Wilson et al., 2003; Finzi et al., 2009;
Griffith et al., 2010) that may act to localise damage. Field observations also indicate
that enhanced damage can be created at dilational (Li et al., 2014) and contractional
jogs (Bistacchi et al., 2010; Lin and Yamashita, 2013), and normal fault relay systems
(Rotevatn and Bastesen, 2012). Ruptures along these faults have a longer Dc , which can
also contribute to along-strike damage variation (Savage and Cooke, 2010). Significant
shear heating in these ruptures may also induce thermal cracking (Passelègue et al., 2016).
In Figure 1.8a, fault damage is depicted to be generated over a wide volume of rock.
This is consistent with the observed scaling relationship between fault cumulative dis-
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Figure 1.8: Block diagrams to illustrate schematically the end member properties of fault zones
at (a) an early stage in its evolution (< 10 km displacement) and (b) after it has accommodated
significant (>100 km)displacement. The predicted magnitude-frequency distribution of seismic
events for these different fault zone end members are shown in (c). For an immature fault these
are anticipated to follow a Gutenberg-Richter distribution, whilst mature faults have a peak
distribution around a large characteristic event size (Stirling et al., 1996; Ben-Zion, 2008).

placement (up to 150-2400 m for continental faults) and width (Mitchell and Faulkner,
2009; Finzi et al., 2009; Faulkner et al., 2011; Savage and Brodsky, 2011). This is contrary
to the predictions based on the process model alone, which anticipates that the width of
damage will be highest during initial rupture through intact rock (Cowie and Scholz,
1992; Faulkner et al., 2011). Further damage zone growth can be accounted for by: (1)
the juxtaposition of ever increasing asperities along the fault (Chester and Chester, 1998;
Wilson et al., 2003; Savage and Brodsky, 2011; Faulkner et al., 2011), or (2) the repeated
nucleation of new fault strands, so that damage reflects the combined width of multiple
slip surfaces (Savage and Brodsky, 2011).
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The attributes of a fault that has accommodated significant cumulative displacement
are in stark contrast to an immature fault (Figure 1.8b). These faults are more capable of localising deformation (Ferrill et al., 2008; Dolan and Haravitch, 2014), with slip
zones commonly <10 cm thick (Sibson, 2003). These faults tend to be planar, as sites
of geometrical complexity such as fault bends and jogs are smoothed out with displacement (Stirling et al., 1996; Sagy et al., 2007; Finzi et al., 2009; Childs et al., 2009; Ye
et al., 2015). This allows ruptures to propagate further along-strike (Manighetti et al.,
2007; Finzi et al., 2009), be capable of attaining super-shear speeds (Perrin et al., 2016),
radiate more seismic energy (Ben-Zion, 2008; Savage and Cooke, 2010), and have characteristic frequency-magnitude distributions (Figure 1.8c, Stirling et al., 1996; Ben-Zion,
2008).
Therefore, extensive damage that formed at low displacements is likely to be a relict
feature along structurally mature faults (Figure 1.8b), although a narrow zone of damage with near constant along-strike width will still be generated around the fault (Finzi
et al., 2009). The rupture dynamics of these faults can promote greater damage-induced
compliance of wall rocks and potentially pulverised rocks (Doan and Gary, 2009; Perrin
et al., 2016). Finally, it is noted that fault displacement (thus maturity and damage), can
vary along the strike of a single fault (Wibberley et al., 2008; Perrin et al., 2016).
From this discussion it can be concluded that rupture dynamics, fault damage and maturity, and seismic hazard are all highly coupled, and may be predictable based on simple
observations of fault zone structure. However, much of this is reasoning is based on numerical modelling or indirect sampling of fault zones through remote sensing techniques.
Linking direct observations of active fault zones with earthquake behaviour to validate
these ideas remains a key task in earthquake science (Sibson, 1989; Kim and Sanderson,
2008). This is an overarching theme of this study on the damage zone of the Alpine Fault.
Below, I present a synopsis of the Alpine Fault, which incorporates observations from
structural geology, paleoseismology, geophysical investigations and the Deep Fault Drilling
Project (DFDP). I then conclude this chapter by setting out the research questions that
are addressed in this thesis
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1.6
1.6.1

The Alpine Fault
Tectonic setting of the Alpine Fault

In the southwest Pacific region, the Pacific-Australian plate boundary cuts through the
continent of Zealandia (Figure 1.9; DeMets et al., 1990, 2010; Mortimer et al., 2017).
Only 6% of Zealandia is currently emergent (Mortimer et al., 2017), with the North (Te
Ika-a-Māui) and South (Te Waipounamu) Islands of New Zealand (Aotearoa) comprising
much of this landmass. In the South Island, plate motion is predominantly localised on
to a single crustal-scale transpressive discontinuity; termed the ‘Alpine Fault’ by Harold
Wellman in the mid 20th century (Wellman and Willett, 1942; Wellman, 1953; Norris and
Cooper, 2007).
The Alpine Fault is comparable to other crustal-scale continental faults such as the
San Andreas Fault of California and the North Anatolian Fault of Turkey (Sylvester, 1988;
Norris and Toy, 2014), although even relative to these plate-bounding faults, it accommodates an unusually high proportion (∼70%) of plate motion (Norris and Cooper, 2001;
Berryman et al., 2012). It extends for 850 km (600 km onshore) along the western margin
of the South Island where it connects subduction zones to the north (Hikurangi subduction zone) and south (Puysegur subduction zone) that are of opposite polarity (Figure
1.9; Sutherland et al., 2000; Barnes et al., 2005; Norris and Cooper, 2007). Using the Dun
Mountain Ophiolite Belt as an offset marker, 480 km of dextral strike-slip displacement
is considered to have been accommodated along the Alpine Fault (Wellman, 1953; Norris
and Cooper, 2007). This is inferred to have occurred in the past 25 million years, when
the proto-Alpine Fault was able to localise deformation along a pre-existing Eocene passive margin (Sutherland et al., 2000). Localised convergence along the Alpine Fault was
initiated 5 Ma due to a shift in the Australia-Pacific Euler Pole (Batt et al., 2004; Cande
and Stock, 2004), culminating in the formation of the Southern Alps mountain chain that
the Alpine Fault bounds on one side.
Structure, kinematics, and slip rates vary as a function of strike along the Alpine
Fault (Norris and Cooper, 2001; Sutherland et al., 2007). Below, I discuss this in terms
of northern, central and southern sections for the Alpine Fault, although I note a more
comprehensive five-section classification scheme is presented in Barth et al. (2013). The
northern section (sometimes referred to separately as the Wairau Fault) comprises the
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Figure 1.9: Map of the Pacific-Australian plate boundary (black line) in New Zealand, demonstrating the extent of the Alpine Fault and its different sections. Thick dark yellow lines indicate
extent of the Alpine Fault where it is not considered the principal plate-boundary structure. All
other onshore active faults from the GNS Active Fault Database (http:// data.gns.cri.nz/af/)
are shown by thin red lines. Hillshade obtained from a digital elevation model (Land Information New Zealand, LINZ), and 250 m bathymetry data from National Institute of Water and
Atmospheric Research (NIWA). Vectors represent Pacific to Australian plate motion for the
South Island (DeMets et al., 1994). S-slip; strike-slip rates, D-slip; Dip-slip rates

least active section of the Alpine Fault, with Pacific-Australian plate motion largely accommodated on the Marlborough Fault System (Figure 1.9). Here strike-slip rates are
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3-10 mm/yr and 0-6 mm/yr dip-slip is accommodated (Norris and Cooper, 2001). This
section extends in the north from the Cook Strait to near Hokitika where the Alpine Fault
intersects the Hope Fault, the most southerly of the major Marlborough Faults (Figure
1.9). The central section of the Alpine Fault extends south from Hokitika to Haast, where
strike-slip rates are 27 ± 5 mm/yr and the dip-slip rate is 6-10 mm/yr (Figure 1.9). At
the regional scale, this motion is accommodated on a single sub-planar structure of orientation 055/45 SE (Norris and Cooper, 2007). In the region around the Haast township
there is a significant change in fault structure so that the southern section of the Alpine
Fault is dipping at 80-90◦ . This section accommodates near pure strike-slip motion, at a
rate (28 ± 5 mm/yr; Sutherland et al., 2007; Barnes, 2009; Barth et al., 2014) broadly
similar to the central section (Figure 1.9). The active trace of the fault remains localised
to a continuous strand striking at ∼055◦ (Norris and Cooper, 2007; Barth et al., 2013)
until it passes offshore where jogs <5 km in width are observed (Barnes et al., 2005).
This thesis predominantly deals with the central section of the Alpine Fault, and it this
section that I discuss further below.

1.6.2

Fault rocks and structure of the central section of the
Alpine Fault

To the first-order (at scales >10 km), transpressional Pacific-Australian plate motion
across the Alpine Fault’s central section is accommodated by a single sub-planar structure that extends to the base of the continental crust at depths of 35 km (Figure 1.10a;
Little et al., 2005; Stern et al., 2007; Norris and Cooper, 2007; Norris and Toy, 2014). At
depths >8-12 km, temperatures are sufficient for quartzofeldspathic plasticity to dominate, so deformation is localised within a 1-2 km wide shear zone where amphibolite facies
Alpine Schist of the Haast Schist Group is progressively mylonitised (Norris and Cooper,
2003; Toy, 2008; Toy et al., 2010). This culminates in the development of a sequence
of protomylonites, mylonites and ultramylonites that record ever increasing shear strains
with proximity to the Alpine Fault (Reed, 1964; Sibson et al., 1981; Cooper and Norris,
1994; Norris and Cooper, 1997, 2003, 2007; Toy, 2008).
Brittle deformation starts to dominate around the Alpine Fault at depths <8-12 km
within a cataclasite unit that has an outcropping thickness of 5-50 m in the fault hangingwall. These cataclasites are derived from the mylonite sequence and typically contain a
10-50 cm thick principal slip zone (PSZ) gouge at their base (Sibson et al., 1981; Cooper
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(a)

(b)

Figure 1.10: (a) Simplified crustal-scale cross section through the central South Island of New
Zealand based on observations from the South Island Geophysical Transect (SIGHT) (after Stern
et al., 2001; Little et al., 2005). (b) The distribution of fault rocks on a schematic cross-section
through an oblique thrust segment of the Alpine Fault’s central section (Norris and Cooper,
2007).

and Norris, 1994; Norris and Cooper, 2007; Boulton et al., 2012). Rapid erosion and
ongoing convergence between the Pacific and Australian plates requires that the Alpine
Fault exhumes its own hanging-wall, perturbing the geothermal gradient (Koons, 1987;
Craw, 1997; Toy et al., 2010), and also exposing the full sequence of fault rocks from
protomylonite to gouges in hanging-wall sections (Figure 1.10b), which reflect deformation processes still occurring today. Here, they are juxtaposed against Australian Plate
footwall Western Province granites and gneisses, although these are commonly overlain
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by a Quaternary cover (Norris and Cooper, 2007; Lund Snee et al., 2014).
At depths <4 km, topographic stresses become increasingly prominent in controlling
the locus of Alpine Fault deformation, so that at scales of 1-10 km the active trace is
serially partitioned into north-striking oblique thrust zones dipping at ∼30◦ and more
easterly-striking steeply-dipping strike-slip segments (Figure 1.11; Simpson et al., 1994;
Norris and Cooper, 1995, 1997). A serial style of partitioning is unusual compared to
most oblique plate-boundaries, where thrust sheets typically advance ahead of a parallel
set of strike-slip faults in a process known as ‘parallel-partitioning’. The unique behaviour
of the Alpine Fault is inferred to reflect rapid erosion at the rear of thrust wedges and
the development of ‘out of sequence’ imbricates (Norris and Cooper, 1997). At scales of
<1 km, Barth et al. (2012) identified an additional set of parallel fault traces across ∼300
m wide fault wedges, which form in response to thrust sheets overriding footwall gravels
(Figure 1.11).
Using the model of fault zone structure described in Caine et al. (1996), the fault core
of the Alpine Fault can be considered to comprise te entire thickness of the cataclasites
(Norris and Cooper, 2007; Boulton et al., 2012). Prior to this study, only passing references
have been made to the Alpine Fault damage zone (Cooper and Norris, 1994; Norris and
Cooper, 1997; Wright, 1998; Norris and Cooper, 2007), where it is described as an intensive
zone of gouge-filled shears that extends for less than 100 m into the hanging-wall.

1.6.3

Alpine Fault seismicity

No large (Mw > 7) surface-rupturing earthquake has been recorded along the Alpine Fault
since historical records began in New Zealand at the beginning of the 18th century. It
has therefore been suggested that the Alpine Fault may deform aseismically (Walcott,
1978). However, over timescales of 40 years no surface creep has been observed to affect
man-made structures that cross the Alpine Fault (Sutherland et al., 2007). Although
some degree of aseismic deformation across the Alpine Fault cannot be entirely ruled out
-indeed this would be consistent with some fault rock microstructures (Toy et al., 2015;
Boulton et al., 2017)- there now exists a wealth of seismological, geodetic, paleoseismological, and structural geology observations that demonstrate that the Alpine Fault can fail
in ‘great’ (Mw > 8) earthquakes (e.g Cooper and Norris, 1995; Beavan et al., 1999; Warr
and van der Pluijm, 2005; Sutherland et al., 2007; Berryman et al., 2012; De Pascale and
Langridge, 2012; Howarth et al., 2012).
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Figure 1.11: Three-dimensional model for the near-surface geometry of the Alpine Fault’s central
section, indicating km scale segmentation into thrust and strike-slip sections with additional 100
m scale fault-parallel traces (Barth et al., 2012).

Compared to the rest of the plate boundary in New Zealand, small-moderate sized
earthquakes (ML < 5) around the Alpine Fault have been comparatively rare in the 60
years since the instillation of a national seismic network (EberhartPhillips, 1995; Leitner
et al., 2001; Sutherland et al., 2007; Boese et al., 2012). Although locating these events
can be challenging, the seismicity that has been recorded does not typically extend below depths of 10 ± 2 km (Figure 1.10a); this provides a key constraint for a relatively
shallow Alpine Fault brittle-ductile transition zone (EberhartPhillips, 1995; Leitner et al.,
2001; Boese et al., 2012). A high precision catalogue of 283 small magnitude earthquakes
(ML < 1.8) known to have occurred in the vicinity of the Alpine Fault found that this
microseismicity is not located on a single structure, but is distributed throughout a 5 km
wide zone (Chamberlain et al., 2017).
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Focal mechanisms obtained from microseismicity for the fault’s central section give
maximum (σ1 ) and minimum principal stress (σ3 ) orientations (trend/plunge) of 118◦ ±
10◦ / 10◦ ± 10◦ and 026◦ ± 5◦ / 15◦ ± 15◦ respectively (Leitner et al., 2001; Boese et al.,
2012). The intermediate principal stress (σ2 ) is sub-vertical at 059◦ ± 10◦ / 69◦ ± 10◦ .
A fault is considered to be optimally oriented for failure when it is oriented at 30◦ to
σ1 and it contains σ2 (Anderson, 1942; Sibson, 1985; Blenkinsop, 2008). Since neither
of these conditions are true for the Alpine Fault’s central section (σ1 is ∼44◦ to a fault
plane of 055/45 SE), it can be considered to be a misoriented fault (Boese et al., 2012).
In contrast to other misoriented faults (e.g. Carpenter et al., 2012), the PSZ gouges of
the Alpine Fault are not exceptionally frictionally weak (Boulton et al., 2012, see also
Section 1.6.4). Instead, high pore fluid pressures stemming from a vigorous hydrogeologic
system in the Alpine Fault’s hanging-wall have been invoked to weaken it by reducing the
effective normal stress acting on the fault (Menzies et al., 2016).
Remote geophysical sensing techniques and laboratory measurements indicate that P
wave and S wave velocity (VP and VS respectively) in the Alpine Fault’s hanging-wall
are lower than in the Australian Plate footwall, and strongly (<17%) anisotropic with
respect to the mylonitic/schistose foliation (Okaya et al., 1995; Davey et al., 1998; Christensen and Okaya, 2007; Stern et al., 2007; Adam et al., 2016). Although laboratory
derived VP and VS measurements do not vary between the different mylonite and schist
lithologies (Christensen and Okaya, 2007), their bulk seismic properties may be sensitive
to small changes in mica content (Dempsey et al., 2011). Immediately below the Alpine
Fault seismogenic zone lies a region of with a 10% reduction in VP and high conductivity
(Davey et al., 1998; Stern et al., 2001; Wannamaker et al., 2002; Stern et al., 2007). This
is linked to lithostatic pore pressures at depth, which are released by fracturing in the
brittle crust. Within 60-200 m of the Alpine Fault itself, a low velocity zone (LVZ) with
a 10-40% reduction in VS that extends to 8 km depth, is inferred from the detection of
fault zone guided waves (Eccles et al., 2015).
An exceptional record of surface-rupturing earthquakes on the southern section of the
Alpine Fault at Hokuri Creek that extends 7000 years was described by Berryman et al.
(2012). This was combined with a 2000 year-long record 20 km southwest along-strike at
John O’Groats wetland, to give a 27 event record with a mean recurrence interval of 291
±23 years (Figure 1.12; Cochran et al., 2017). Since the last major Alpine Fault earthquake occurred in 1717 AD (Wells et al., 1999; Sutherland et al., 2007; De Pascale and
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Langridge, 2012), at the time of writing (2017) it is predicted that there is 29% chance of
a surface-rupturing earthquake along the southern section of the Alpine Fault in the next
50 years (Biasi et al., 2015; Cochran et al., 2017). Key questions remain as to the size and
hazard of this next event. For example, what levels of ground shaking can be expected
(Stirling et al., 2012; Howarth et al., 2012)? Do changes in fault geometry between the
different sections present barriers to earthquake rupture (Sutherland et al., 2007; Howarth
et al., 2014)? What is the role of more moderate size (Mw ±6) Alpine Fault earthquakes
in governing the behaviour of larger events (Nicol et al., 2016)?

Figure 1.12: A 7000 year long 27 earthquake record for the Southern section of the Alpine Fault
combined from the record at Hokuri Creek (Berryman et al., 2012) and John O’Groats wetland
(Cochran et al., 2017). Event ages represented as a probability density function.

1.6.4

The Deep Fault Drilling Project

Our knowledge of fault zones has benefited enormously from a considerable effort by the
tectonophysics community to drill into active fault zones over the last 25 years (Figure
1.13). These projects allow the direct assessment of in situ conditions within active faults,
such as their state of stress, thermal structure, fluid pressure and chemistry, and the mechanical and chemical properties of the materials that constitute the fault (Zoback et al.,
2007; Brodsky et al., 2009). Many of these properties are dynamic, and so there has been
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a particular focus on rapid response projects that drill into faults within 1-2 years of a
major earthquake (Brodsky et al., 2009).

Gulf of
Corinth

Nojima, 1995 Kobe
earthquake
WFSD, 2008
Wenchuan
earthquake

JFAST, 2012 Tohoku
earthquake
NanTroSEIZE
Nankai Tough

SAFOD, San Andreas Fault

TCDP, 1999 Chi-Chi
earthquake

DFDP, Alpine Fault

Figure 1.13: A global map showing the location of drilling projects into active faults. Where
given, years relate to an earthquake that resulted in the initiation of a drilling projects to sample
the fault in its immediate post-seismic phase.

In this context, a drilling project into the Alpine Fault is highly attractive as it allows
the ambient conditions of a fault at the end of a regular and well-constrained seismic
cycle (Section 1.6.3) to be sampled. Continuous coring across the fault zone would also
yield the first complete sequence of hanging-wall to footwall fault rocks from the Alpine
Fault. Furthermore, a relatively high geothermal gradient (Koons, 1987; Craw, 1997; Toy
et al., 2010) enables conditions that are representative of the mid-crust to be accessible at
relatively shallow depths. It is for these reasons -and others- that the Deep Fault Drilling
Project (DFDP), a multiphase project to drill into and sample the Alpine Fault at depth,
was established (Townend et al., 2009).
The first phase of the Deep Fault Drilling Project (DFDP-1) at Gaunt Creek (Figure
1.14a) in 2011 saw the completion of two <150 m deep boreholes that intersected the PSZ
gouges of the Alpine Fault (Figure 1.14b; Sutherland et al., 2011, 2012). The fault rock
sequence encountered during drilling was directly comparable to that observed in the field
(Figure 1.10b; Toy et al., 2015). This was combined with new drilling datasets provided
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Figure 1.14: (a) Location map for the DFDP boreholes. The generalised underlying geology is
derived from the GNS Science 1:250000 QMAP project (Rattenbury and Isaac, 2012) and has
been draped over a digital elevation model. Inset shows extent of map in the context of the
Pacific-Australian boundary running through the South Island. (b) Cross section through the
DFDP-1 boreholes and the lithologies it sampled (Sutherland et al., 2012; Toy et al., 2015).
White boxes with crosses represent intervals of no core recovery.

by wireline logging and slug tests of the DFDP-1 boreholes to give new prominence to
the role of ‘alteration zone’ fluid migration and mineralisation around the Alpine Fault
(Sutherland et al., 2012; Townend et al., 2013; Boulton et al., 2017). Significantly, a 6 order of magnitude reduction in permeability was recorded across the ∼30 m thick alteration
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zone, which was attributed to extensive fracture healing (Sutherland et al., 2012; Tatham
et al., 2012; Townend et al., 2013; Carpenter et al., 2014). Rock deformation experiments
on a suite of DFDP-1 lithologies reveal that: (1) they exhibit moderate frictional strength
(µ = 0.4-0.8; Boulton et al., 2014; Ikari et al., 2014), (2) velocity-weakening behaviour is
dependent on sliding velocity and temperature (typically ∼200-500 ◦ C; Niemeijer et al.,
2016), and (3) that relative to the surrounding lithologies, the smectite rich PSZ gouges
are relatively weak when saturated but can restrengthen relatively fast; implying that
Alpine Fault ruptures preferentially propagate through them in the near-surface (Ikari
et al., 2014; Boulton et al., 2017).
A second phase of the Deep Fault Drilling Project (DFDP-2) took place in late 2014
(Sutherland et al., 2015, 2017) in the Whataroa Valley (Figure 1.14b). Ultimately, this
phase was not successful in achieving its aim of sampling the Alpine Fault at a depth of
∼1000 m, with the DFDP-2B borehole abandoned at a drill-string depth of 893 m (true
vertical depth 820 m) due to technical problems. Nonetheless, wireline logs and rock
cuttings were taken of a continuous sequence from schist to mylonite and an exceptionally
high geothermal gradient (average 125 ◦ C/km) was recorded (Sutherland et al., 2017).

1.7

Aims and structure of this thesis

Given the preceding discussions, I now address how the Alpine Fault can contribute to our
understanding of fault damage zones and vice-versa, using the research questions listed
below. For each question I outline: (1) how they are structured in each thesis chapter, (2)
why the Alpine Fault is a suitable case study for these questions, and (3) the contribution
that they can bring to our understanding of fault zones.

Chapter 2: Damaged beyond repair? Characterising the damage
zone of a fault late in its interseismic cycle, the Alpine Fault,
New Zealand
1. How does the density of damage zone fractures vary with proximity to
the fault?
Field observations commonly describe decays in the density of damage zone fractures
with distance from the fault (Faulkner et al., 2011; Savage and Brodsky, 2011; Keren and
Kirkpatrick, 2016b). This is in agreement with numerical simulations of the dynamic
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stresses that surround a fault or earthquake rupture tip propagating through a homogenous rock (Cowie and Scholz, 1992; Andrews, 2005; Johri et al., 2014). The Alpine Fault
provides an opportunity to determine if lithological diversity around the damage zone
(Norris and Cooper, 2007; Toy et al., 2015) may cause deviations from this trend.
2. To what extent are damage zone fractures healed?
As described in section 1.4, many indirect observations demonstrate that fault damage
zones are capable of healing within a typical (∼101 -104 years) interseismic period (e.g Li
and Vidale, 2001; Morrow et al., 2001; Hiramatsu et al., 2005; Tenthorey et al., 2003;
Gratier and Gueydan, 2007; Woodcock et al., 2007; Xue et al., 2013; Wästeby et al.,
2014). Such observations are highly significant as many models of rupture nucleation
require healing -and its associated reduction in permeability- within earthquake recurrence intervals. This allows the conditions necessary to support fluid overpressures to
materialise (e.g. Figure 1.7, Sibson, 1990; Rice, 1992; Chester et al., 1993). Qualitatively,
fracture-healing in the Alpine Fault’s hanging-wall sampled by DFDP-1 was noted by
Sutherland et al. (2012) and Townend et al. (2013) (Section 1.6.4); as would be predicted
for a fault that is currently in the late phase of a regular seismic cycle (Section 1.6.3;
Berryman et al., 2012; Biasi et al., 2015; Cochran et al., 2017). However, this healing has
yet to be quantified, nor has its spatial extent been assessed.

Chapter 3: What’s to blame for the damage? Fracture orientations and damage zone width in the hanging-wall of New
Zealand’s Alpine Fault
3. What are the orientations of Alpine Fault damage zone fractures?
The orientation of damage zone fractures provides information on the paleostress conditions under which they formed. Therefore, such datasets can be applied to assess the
relative contribution of the quasi-static and dynamic damage accumulation mechanism
discussed in Section 1.2 (Anders and Wiltschko, 1994; Vermilye and Scholz, 1998; Wilson
et al., 2003; Blenkinsop, 2008; Mitchell and Faulkner, 2009; Faulkner et al., 2011). Furthermore, whereas previous studies on this subject have tended to focus on faults hosted
in mechanically isotropic rock (e.g. Wilson et al., 2003; Mitchell and Faulkner, 2009),
the Alpine Fault damage zone protolith contains a mylonitic foliation. This allows the
possibility to investigate the influence of a mechanical anisotropy on rock damage.

29

Chapter 1: Introduction

4. What is the width of the Alpine Fault damage zone and how does this
reflect its structural maturity?
Estimates of damage zone width along the Alpine Fault’s central section can be made
based on observations of fracture density and orientation. These results can then be
compared to those made elsewhere along-strike of the Alpine Fault (Wright, 1998; Barth
et al., 2013) and to other fault zones worldwide (Savage and Brodsky, 2011). In this way,
it is possible to determine if the Alpine Fault damage zone fits our structurally mature
fault, as defined in Figure 1.8b.

Chapter 4: Fracturing, fluid-rock interaction and mineralisation
during the seismic cycle along the Alpine Fault
5. How does the damage zone evolve with depth?
The Alpine Fault rapidly exhumes its own fault rocks from depths of ∼30 km (Little et al., 2005; Norris and Cooper, 2007; Stern et al., 2007, Figure 1.10a;). Therefore,
fault rocks recovered from its near-surface trace can be used to construct a framework
for the depth dependency of the physio-chemical properties associated with fault damage
and mineralisation. This can be achieved through assessing the thermal stability of the
various mineralising phases around the Alpine Fault, their spatial distribution, and the
cross-cutting relationships that they exhibit with respect to each other and to fault rock
fabrics. Similar studies into fluid-rock interaction around other fault zones have enhanced
our understanding of fault zone permeability and weakening (e.g. Woodcock et al., 2007;
Arancibia et al., 2014; Clemenzi et al., 2015; Kristensen et al., 2016).
The Alpine Fault Low Velocity Zone (LVZ) described in Eccles et al. (2015) (Section
1.6.3) is a common feature of faults worldwide. Typically, LVZ’s are discussed in terms
of the fault damage induced compliance that reduce bulk seismic wave velocities in the
damage zone by 5-50%. LVZ’s can be detected in the seismic coda as their boundaries act
as a wave guide for critically reflected phases, termed Fault Zone Guide Waves (FZGWs)
(e.g. Ben-Zion and Sammis, 2003; Cochran et al., 2009; Ellsworth and Malin, 2011; Li
et al., 2014). Modelling of synthetic FZGWs can then be used to determine the geometry
of LVZ, however, solutions may be non-unique (Gulley et al., 2017). Modelling of the
Alpine Fault LVZ constrained its width to 60-200 m, depth extent to 8 km, and S-wave
velocity reduction to 10-40% (Eccles et al., 2015). These parameters are compared to
the geological observations of the Alpine Fault damage zone made throughout chapters
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2-4. In doing so, this study can test whether Alpine Fault FZGWs are truly sampling
the damage zone, or whether the wave guide instead reflects other phenomena such as
regional fracturing, high pore fluid pressure (Jones and Nur, 1984; Christensen, 1989;
Eberhart-Phillips et al., 1995), or the lithological variations imposed by the underlying
shear zone (Norris and Cooper, 2007).

Chapter 5: A comparison of the use of X-ray and neutron tomographic core scanning techniques for drilling projects: insights
from scanning core recovered during the Alpine Fault Deep Fault
Drilling Project
This chapter presents a critical review of the core analytical methods (X-ray and neutron
tomography) that are employed in this thesis. The outcomes of which will inform the
planning of future drilling projects into fault damage zones.

1.7.1

A note on writing style

Each chapter is written as if it were a manuscript for a peer-reviewed journal. This leads
to writing style that produces self-contained chapters, and implies that the reader is not
familiar with the previous content. Nonetheless, the work presented in these chapters are
fundamentally linked with one another. To reflect this, results are synthesised together
in Chapter 6 along with suggestions for future work.
This style also requires that towards the beginning of each chapter a short geological
setting for the Alpine Fault is presented, even though this may repeat some of the content
in section 1.6. Figures and tables are embedded in the text, though to avoid unnecessary
repetition a complete list of references is only given at the end of the thesis. The authors
listed at the beginning of each chapter are coauthors. A full outline of their respective
contributions is given in section 1.9.

1.8

Strategies to investigate the Alpine Fault damage
zone

In order to answer the questions discussed above, I have employed a range of multidisciplinary datasets that provide observations at a range of scales (Figure 1.15a). In addition,
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this study has benefited from the recognition that the Alpine Fault is currently the focus
of international scientific interest; and so where applicable, I have related my findings to
those presented elsewhere.

Figure 1.15: (a) The range of datasets used in this thesis on the Alpine Fault, and the scales of
observation that they cover. *Denote datasets reported by other authors, but whose results have
been incorporated into this study. (b) An example of a single damage zone fracture observed
by six different techniques at various scales.
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The datasets that have proved most useful in this study are those arising from first
phase of the Deep Fault Drilling Project (DFDP-1, see section 1.6.4; Townend et al.,
2009). Fault zone drilling projects have yielded important new insights into damage
zones through the characterisation of fractures recognised in drill-core (e.g. Heermance
et al., 2003; Lin et al., 2007; Bradbury et al., 2011; Li et al., 2013; Keren and Kirkpatrick,
2016b) or in borehole televiewer images (Johri et al., 2014). In addition, the low resistivity and elastic moduli reduction that damage imparts on fault rock can be detected in
wireline logs (e.g. Jeppson et al., 2010; Zoback et al., 2011).
DFDP-1 has yielded several datasets that can be used to investigate the Alpine Fault
damage zone. Most notable are X-ray computed tomography scans of DFDP-1 core (Figure 1.15). These are used in Chapters 2-4 in combination with visual core descriptions,
wireline logs, and X-ray diffraction (XRD) analysis to provide a complete characterisation
of fracture fill, density and orientation in the Alpine Fault damage zone.
Though the scientific outcomes of fault zone drilling projects are certainly impressive, the fact remains that they still represent only a single one dimensional transect
through what are essentially complex three dimensional crustal-scale structures. Using
the methodologies outlined in Priest (1993) and Schulz and Evans (2000), it is also possible to quantitatively characterise fault damage in the field. The application of this to
the Alpine Fault is presented in Chapter 3, thus providing along-strike comparisons to
the fracture network derived from DFDP-1 datasets.
The physio-chemical interactions that strongly influence fault damage occur at all
scales. Therefore, the observations made at the macro-scale in Chapter 2 and 3 are extended to the micro-scale in Chapter 4. This analysis employs datasets gathered from
petrological, cathodoluminescence and scanning electron microscopy (Figure 1.15).
Laboratory studies can reproduce the damage sustained during earthquakes (Doan and
Gary, 2009; Aben et al., 2016; Passelègue et al., 2016), and provide information about
how damage zones can condition fault zone permeability (Moore et al., 1994; Morrow
et al., 2001; Mitchell and Faulkner, 2008; Lockner et al., 2009) and velocity structure
(Rempe et al., 2013; Jeppson and Tobin, 2015). In this study, I make frequent comparisons
to P-wave velocity (VP ) and permeability measurements on DFDP-1 core reported by
Carpenter et al. (2014).

33

Chapter 1: Introduction

1.9

Acknowledgement of contributions

Since chapters are written as scientific papers, other researchers have made significant
contributions as explained in the following.
Chapter 2: The R code that calculates a continuous measurement of damage zone
fracture density in DFDP-1 core using a moving average, was written by Ting Wang (Department of Mathematics and Statistics, University of Otago). I subsequently developed
the code to incorporate a weighting factor. This weighting factor is based on a modified version of the Terzaghi Correction, which was calculated using a R code provided
by Cécile Massiot (Victoria University of Wellington, GNS Science). The interpretation
of the DFDP-1B borehole televiewer images was conducted by David McNamara (GNS
Science, National University of Ireland, Galway) and has been presented elsewhere (Townend et al., 2013; McNamara, 2015). James Kirkpatrick (McGill University) and Marieke
Rempe (Ruhr-Univrsität Bochum) conducted a peer-review on an earlier version of this
manuscript, and their comments influenced my interpretations and writing style.
Chapter 3: This work also required the use of DFDP-1 BHTV data, which was previously interpreted by David McNamara who, along with Cécile Massiot, also aided me with
matching ‘unrolled’ CT and BHTV images. The script in Fiji that generated unrolled CT
images was developed by Steven Mills (Department of Computer Science, University of
Otago). Kat Sauer, Astrid Vetrhus, Loren Mathewson (all University of Otago), and Ben
Melosh (United States Geological Survey) provided field assistance. Darren Tod (Pacific
Radiology) and Steven Keys (Victoria University of Wellington) assisted in the collection
of CT scans of Amethyst Hydro Project drill-core. Steven Smith (University of Otago)
provided comments on a previous version of this chapter.
Chapter 4: Sample preparation, data collection and analysis of X-ray diffraction
(XRD) of fracture fill from DFDP-1 core was undertaken by Mark Raven (Commonwealth
Scientific and Industrial Research Organisation, CSIRO). XRD analysis of field samples
was conducted by Debra Chappell and Bruce Mountain (both GNS Science), with funding
for this analysis provided by a Wellman Research Award from the Geoscience Society of
New Zealand.
Kat Lilly (University of Otago) and Steven Smith provided instruction on the ac34

Chapter 1: Introduction

quisition and interpretation of data collected from the scanning electron and cathodoluminescence microscope respectively. The ideas presented in this chapter were aided by
discussions with Carolyn Boulton (University of Liverpool, Victoria University of Wellington).
Chapter 5: Joseph Bevitt (Australian Nuclear Science and Technology Organisation, ANSTO) assisted in the acquisition and processing of neutron tomographic scans of
DFDP-1 core. A peer-review by Christian Scheffzük (Karlsruhe Institute of Technology)
and an anonymous reviewer on an earlier version of this chapter improved the interpretations presented in this work.

35

Chapter 1: Introduction

36

Chapter 2
Damaged beyond repair? Characterising the damage
zone of a fault late in its interseismic cycle, the Alpine
Fault, New Zealand

Jack N. Williams1 , Virginia G. Toy1 , Cécile Massiot2 , David D. McNamara3 , Ting Wang4
1

Department of Geology, University of Otago, Dunedin, New Zealand

2

School of Geography, Environment and Earth Sciences, Victoria University of Welling-

ton, Wellington, New Zealand
3

GNS Science, Lower Hutt, New Zealand

4

Department of Mathematics and Statistics, University of Otago, Dunedin, New Zealand

This chapter is a version of a peer-reviewed publication, published in the Journal of Structural Geology.
Details of the various author contributions are given in section 1.9.

Citation: Williams, J. N., Toy, V. G., Massiot, C., McNamara, D. D., & Wang, T. (2016). Damaged
beyond repair? Characterising the damage zone of a fault late in its interseismic cycle, the Alpine Fault,
New Zealand. Journal of Structural Geology, 90, 76-94.

Abstract
X-ray computed tomography (CT) scans of drill-core, recovered from the first
phase of the Deep Fault Drilling Project (DFDP-1) through New Zealand’s Alpine
Fault, provide an excellent opportunity to study the damage zone of a plate-bounding
continental scale fault, late in its interseismic cycle. Documentation of the intermediatemacro scale damage zone structures observed in the CT images show that there is
no increase in the density of these structures towards the fault’s principal slip zones
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(PSZs), at least within the interval sampled, which is 30 m above and below the
PSZs. This is in agreement with independent analysis using borehole televiewer
data. Instead, we conclude the density of damage zone structures to correspond to
lithology. We find that 72% of fractures are fully healed, by a combination of clays,
calcite and quartz, with an additional 24% partially healed. This fracture healing
is consistent with the Alpine Fault’s late interseismic state, and the fact that the
interval of damage zone sampled coincides with an alteration zone, an interval of
extensive fluid-rock interaction. These fractures do not impose a reduction of Pwave velocity, as measured by wireline methods. Outside the alteration zone there
is indirect evidence of less extensive fracture healing.

2.1

Introduction

Fault zone structure analysis concerns the three dimensional manifestations of a fault,
such as its thickness, geometry, and continuity of slip surfaces (Chester and Logan, 1986;
Faulkner et al., 2008; Wibberley et al., 2008). These features are classically described
with reference to a ‘fault core’ and ‘damage zone’ (Caine et al., 1996). Under this terminology, the fault core accommodated the majority of brittle strain and generally consists of cataclasites and gouges. The surrounding damage zone is typically a zone of
enhanced fracturing, subsidiary faulting, and other deformation related features (Anders
and Wiltschko, 1994; Vermilye and Scholz, 1998; Schulz and Evans, 1998; Wilson et al.,
2003; Mitchell and Faulkner, 2009; Johri et al., 2014; Jeppson and Tobin, 2015). The
damage zone is significantly wider than the fault core and may host single (Figure 2.1a)
or multiple anastomosing fault cores (Figure 2.1b) (Faulkner et al., 2008).
Fault zones are the product of the subtle interplay between and within different components of their system such as their structure, mechanical properties, and composition
(Faulkner et al., 2010). Thus, though damage zones accommodate only a small amount
of displacement relative to the fault core, they are strongly coupled with many other fault
zone properties. In particular, there exist feedback relationships between the damage zone
and the stress state around the fault (Faulkner et al., 2006), its permeability (Wibberley
and Shimamoto, 2002; Lockner et al., 2009; Mitchell and Faulkner, 2012), elastic properties (Griffith et al., 2009; Gudmundsson et al., 2010), and the dynamics of earthquake
rupture (Andrews, 2005; Rice et al., 2005; Weng et al., 2016).
However, the exact nature of these relationships is liable to change with time since
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Figure 2.1: Typical fault zone structure showing possible configurations of fault core and damage
zone and the distribution of strain around the fault. (a) Fault zone with single core surrounded
by a damage zone, (b) fault zone with multiple anastomosing cores that are surrounded by and
bound by damage zones. Figure intentionally has no scale. Modified from Mitchell and Faulkner
(2009).

damage zones evolve through the seismic cycle. In this cycle, fractures are opened by
coseismic faulting and then progressively healed during the interseismic period by closing
or precipitation of secondary minerals (Sibson, 1990; Chester et al., 1993; Li and Vidale,
2001; Tenthorey and Cox, 2006; Lin et al., 2007; Wästeby et al., 2014). By using the example of New Zealand’s Alpine Fault, we are able to report on a fault that is understood
to be late in its interseismic cycle (Berryman et al., 2012; Townend et al., 2013).
The Alpine Fault is also an attractive target for damage zone characterisation as offfault processes are occurring within a rock mass that contains lithological variations (Toy
et al., 2015). This allows for assessment of how lithology competes with other influences
on damage zone formation, such as distance from the fault core (Chester et al., 2005;
Savage and Brodsky, 2011; Johri et al., 2014), the displacement the fault has accommodated (Beach et al., 1999; Fossen and Hesthammer, 2000; Faulkner et al., 2011; Savage
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and Brodsky, 2011), and variations in confining pressure (Ben-Zion and Shi, 2005; Lund
Snee et al., 2014; Ishii, 2016), fault geometry (Chester and Chester, 2000; Childs et al.,
2009; Finzi et al., 2009; Bistacchi et al., 2010; Lin and Yamashita, 2013) and frictional
properties (Savage and Cooke, 2010).
Here we examine a record of the Alpine Fault’s damage zone provided by X-ray computed tomography scans of drill core from the first phase of the Alpine Fault, Deep Fault
Drilling Project (DFDP-1, http://alpine.icdp-online.org). Results are then combined with
lithological characterisation of the drill-core (Toy et al., 2015) and wireline logs of the
DFDP-1 boreholes (Townend et al., 2013) to: (1) provide an assessment of the spatial
distribution of damage zone structures around the DFDP-1 boreholes, (2) offer direct
evidence of how, for a fault late in its interseismic cycle, the damage zone has healed, and
(3) explore what effect this healing has on the elastic properties of the surrounding rock
mass.

2.2
2.2.1

Geological setting of the Alpine Fault
Tectonic setting

The Alpine Fault is a major transpressive structure that extends for 850 km (∼660 km
onshore) along the west side of the South Island of New Zealand. Here it is the main
structure forming the boundary between the Pacific and Australian plates (Figure 2.2a),
accommodating slip at ∼70% of the rates indicated by the NUVEL-1A interplate velocity
vectors (DeMets et al., 1994; Norris and Cooper, 2001). This study focuses on the central
section of the Alpine Fault between Hokitika and Haast (Figure 2.2b), which has been the
focus of DFDP, a multiphase scientific drilling programme that aims to directly sample
the structure and ambient conditions of the Alpine Fault at depth (Townend et al., 2009).
Paleoseismic, geodetic and seismological observations indicate that the Alpine Fault is
locked above depths of 12-18 km (Wallace et al., 2007) and that it fails in large (MW ≥7)
and possibly great (MW ≥ 8) earthquakes (Sutherland et al., 2007; De Pascale and Langridge, 2012). A stratigraphic record of past earthquakes, spanning 8000 years on the
southern section of the Alpine Fault, indicate that the fault has a recurrence interval of
329 ± 68 years (Berryman et al., 2012). Since the last large/great earthquake occurred
in 1717 AD (Wells et al., 1999; De Pascale and Langridge, 2012) the Alpine Fault is sta-
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tistically in the late phase of its interseismic cycle. This makes it a globally significant
site for the study of tectonic deformation (Townend et al., 2009), particularly in the case
of fault damage zones that evolve over the seismic cycle (Chester et al., 1993; Lin et al.,
2007; Wästeby et al., 2014).
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Figure 2.2: Location map. (a) Map of South Island, New Zealand showing extent of Alpine
Fault and all other onshore active faults for South Island (GNS Active Fault Database,
http://data.gns.cri.nz/af/). Black box illustrates extent of (b), a locality map for the DFDP-1
site at Gaunt Creek in the context of the central section of the Alpine Fault (red line) that extends roughly between Hokitika and Haast. Hills illuminated using greyscale from 15 m digital
elevation model (Columbus et al., 2011), illumination is from the northwest, yellow lines are
roads. (c) Composite schematic section of rock sequence typically encountered in an oblique
thrust segment of the central Alpine Fault, modified after (Norris and Cooper, 2007).
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2.2.2

Alpine Fault zone structure

At the regional scale, the central section of the Alpine Fault is approximately a moderately southeast dipping, dextral-reverse, planar fault. It separates basement, granitic,
and gneissic Australian plate rocks in the footwall - that in places are overlain by Quaternary gravels - from Pacific plate, amphibolite facies (oligoclase-zone) quartzofeldspathic
Alpine Schist in the hanging-wall (Norris and Cooper, 2007). Adjacent to the principal
slip zones (PSZs) of the fault in the hanging-wall (Figure 2.2c), the schist grades into protomylonites, mylonites, and ultramylonites (Reed, 1964; Sibson et al., 1981; Cooper and
Norris, 1994; Norris and Cooper, 1997, 2007; Toy, 2008). These units are considered to be
accommodating motion along the Alpine Fault by a combination of dislocation creep and
grain-size-sensitive creep in a 1-2 km thick shear zone below the seismogenic portion of
the Alpine Fault (Norris and Cooper, 2007; Toy et al., 2015). Immediately overlaying the
PSZs is an interval of cataclasite derived from the adjacent mylonites (Figure 2.2c). This
is interpreted to have been generated through brittle deformation and pressure solutionaccommodated grain-size sensitive creep, occurring towards the base of the seismogenic
zone (Warr and Cox, 2001; Toy et al., 2015).
This same sequence was also encountered in the first phase of DFDP drilling (DFDP-1)
that took place at the extensively studied Alpine Fault exposure at Gaunt Creek (Sutherland et al., 2012; Toy et al., 2015, Figure 2.2b). This site saw the completion of two
vertical boreholes: DFDP-1A to a depth of ∼100 m and DFDP-1B to a depth of ∼152
m. Interpretations from the wireline suites in DFDP-1A and DFDP-1B (Townend et al.,
2013) were integrated with drill-core descriptions to provide a classification scheme for
the DFDP-1 lithologies (Toy et al., 2015).
The structurally reworked rocks that Toy et al. (2015) described are compatible with
the Caine et al. (1996) conceptual fault zone model. The fault core consists of the cataclasites and gouges (units 3-6 of Toy et al. (2015)) that demonstrably accommodated
the majority of brittle displacement along the Alpine Fault. Surrounding these units are
heavily fractured ultramlyonites and breccias (units 1, 2 and 7 of Toy et al. (2015)) that
constitute the damage zone.
Defining the boundary between the fault core and damage zone for the DFDP-1 drillcore is problematic. Firstly the rocks that span the damage zone-fault core transition are
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overprinted by a pervasive “alteration zone.” This is broadly defined by Sutherland et al.
(2012) as a zone of enhanced fluid-rock interaction within which there has been extensive
carbonate and phyllosilicate neomineralisation.
Secondly, in the depth interval of ∼69-80 m in DFDP-1A, and ∼96-116 m in DFDP1B, damage zone mylonites and fault core cataclasites are interlayered (Toy et al., 2015).
It is only below these depth intervals that the DFDP-1 drill-core consistently comprises
cataclasites (units 3-6), and it is these depths that we define as the boundary between
the fault core and damage zone (i.e. 80 m in DFDP-1A, 116 m in DFDP-1B).
Finally, strain within the fault core has been further localised to <0.5 m thick gouges
that comprise the PSZs and were interpreted to define active or recently abandoned slip
surfaces. These were intercepted at measured depths (MD) of 90.75 m in DFDP-1A
and 128.20 and 143.85 m in DFDP-1B. The gouges have a distinct set of geophysical
properties: low resistivity, density, and P-wave velocity, and high spontaneous potential
(Townend et al., 2013). They have a finer grain size and distinct mineralogy (particularly
the presence of smectite) compared to the surrounding cataclasites (Boulton et al., 2014).
Furthermore they have comparably low permeability (10-20 m2 , Boulton et al., 2012) and
under fluid-saturated conditions, low frictional strength (Ikari et al., 2014). These properties set up the conditions necessary for dynamic hydrologic processes, such as thermal
pressurisation (Sibson, 1973; Lachenbruch, 1980), that facilitates localisation of coseismic
slip at shallow depths onto the PSZs (Carpenter et al., 2014; Ikari et al., 2014; Mitchell
and Toy, 2014). Therefore, herein we consider the spatial distribution of damage around
the boreholes with regards to proximity to the fault core and to the PSZs.

2.3
2.3.1

Methods
X-ray computed tomography

A qualitative and quantitative analysis of the Alpine Fault damage zone was performed
using X-ray computed tomography (CT) scan images of the DFDP-1 drill-core. Drill-core
was retrieved from ∼31% and ∼36% of the DFDP-1A and DFDP-1B boreholes respectively (Toy et al., 2015). Drill-core recovery was focused around the PSZs and so a near
continuous record of rocks extending distances of <35 m from the PSZs exists. Since
an alteration zone extends <50 m from the PSZs in the DFDP-1 boreholes (Sutherland
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et al., 2012), the drill-core analysed in this study lies substantially within this zone.
CT scanning provides a quick, non-destructive means to three-dimensionally image
objects based on the extent to which they attenuate X-rays passing through them. Attenuation is a function of the material’s atomic number (Z) and density; though the extent
to which either one of these properties attenuates X-rays is also a factor of the X-ray energy (Ketcham and Carlson, 2001).
During CT scanning, the raw intensity data of the detected X-rays are converted linearly to a CT number, which in this study corresponds to the 12-bit Hounsfield Unit (HU)
scale. Two-dimensional, transverse image slices of the object are constructed with the CT
numbers represented by a greyscale. Under the HU scale, air is assigned a CT number
of -1000 and is black, whereas materials with anomalously high density or Z values, such
as calcite, are assigned higher CT numbers and appear white. Further information about
CT scanning and its application to geosciences is outlined by Ketcham and Carlson (2001).
A total of 23.2 m of drill-core from DFDP-1A and 50.5 m from DFDP-1B, that covered
all lithological units described by Toy et al. (2015), except unit 7 breccias, was scanned
at the Oncology Department of Dunedin Hospital. The Phillips Accolade scanner was
operated at 200 mA and X-ray tube voltage 120 kVp, which gives a Half Value Layer
of 8.4 mm. The horizontal slice spacing was 1 mm, field of view was 50 mm, and the
image size was 1024 x 1024 pixels. This results in a voxel size of 0.244 x 0.244 x 1 mm in
the x, y and z directions respectively. Reconstruction of two-dimensional CT slices into
three-dimensional images of the drill-core was performed using OsiriX Imaging Software
(http://www.osirix-viewer.com/).

2.3.2

Classification of damage zone structures in CT images

We documented all damage zone structures observed in the CT images. We note that
damage zones do not necessarily include just fractures, but host a continuum of features
that form as the fault accommodates displacement, such as subsidiary faults, and a gradual
change (i.e. a rotation) of foliation orientation (Schulz and Evans, 1998; Faulkner et al.,
2010; Savage and Brodsky, 2011). Therefore, we use the umbrella term ‘damage zone
structure’ to define any feature recognised in the CT images that constitutes the Alpine
Fault damage zone (Table 2.1).
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In the CT images, damage zone structures are represented by an aligned group of voxels or pixels with anomalous CT numbers relative to the surrounding matrix (Wennberg
et al., 2009), and with a distinct edge so that it is possible to differentiate them from the
mylonitic foliation also apparent in the CT images (Figure 2.3a). Given the dimensions
of a voxel in the acquired CT data, only structures with an aperture >1 mm (i.e. larger
than one pixel in the z direction) are considered. Thus this study is primarily concerned
with intermediate to macroscale damage around the Alpine Fault.
Damage zone structures were manually picked and categorised into different types
based on their aperture, the CT number of their fill and its texture (Table 2.1). The
colours used to label the different structures relate to the greyscale that was used to visualise the CT scan images (with a CT number window of 500-4000). In the damage zone
structure classification used in this study (Table 2.1), the filling of gouge and cataclasite
in type i and ii structures respectively, indicates that they have accommodated some localised strain and so represent subsidiary faults.
Lithological units 3, 4 and 6 of (Toy et al., 2015) are defined by the presence of cataclasite implying that they have been previously extensively fractured (Sibson, 1977; Chester
and Chester, 1998) during accommodation of delocalised shear strain in the fault core
We note, however, that the cataclasite fabric has been cross-cut by a later generation
of damage zone structures, and it is these structures that we account for in this study
(Figure 2.3b and c).
Damage zone structures (type iii - viii) represent different types of fractures (Table
2.1). By correlation to visual core logs, dark grey and grey fractures (type iii and iv) are
observed to be clay-filled fractures. The low CT numbers (<0) in type v fractures indicate
densities similar to air and so represent open fractures, whilst fractures that contain a
range of low and moderate CT numbers (type vi and vii) signify partially open fractures.
Quartz and calcite veins are represented by white fractures (type viii). Other features
associated with fault damage zones, such as rotation of foliation or mineralogical changes
(Schulz and Evans, 1998, 2000) were not recognised in the CT images.
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2.3.3

Differentiation of natural and induced fractures in DFDP1 drill-core

In distinguishing damage zone structures in drill-core, we need to take account of, and
remove fractures that may have been induced during drilling, coring or handling processes. Fractures reported as handling-induced were identified from visual core logs and
removed from this analysis (Figure 2.3a). To identify fractures induced by drilling or
coring we apply the frameworks developed by Kulander et al. (1990) and Keren and Kirkpatrick (2016a). Kulander et al. (1990) proposes that all fractures with a fill are natural.
Therefore only black/open fractures (type v, Table 2.1) may represent induced fractures.
Drill-core was washed immediately after recovery (Sutherland et al., 2011), so that the
chance of any induced fractures being filled with drilling mud was minimal. Nevertheless,
we cannot be certain that drilling mud was removed from all induced fractures.
Of the induced fractures types described by Kulander et al. (1990), some form with
a distinct morphology. In this way, we identified disc fractures that tend to be subhorizontal and contain convex tops and concave bottoms (Figure 2.3d), and that form in
response to a vertical tension imposed by removal of the overlaying drilled rock column
(Kulander et al., 1990; Keren and Kirkpatrick, 2016a). In foliated rocks, disc fractures
may be inclined with respect to the foliation (Kulander et al., 1990). Therefore, where
we see black/open (type v) fractures parallel to the foliation in the mylonites, we also
consider these to be induced structures (Figure 2.3a).
Some intervals of DFDP-1 drill-core show significant brecciation (Figure 2.3e and f).
The presence of slickenslides on individual clasts is typically used to determine if this
is natural or induced (Keren and Kirkpatrick, 2016a). Unfortunately DFDP-1 drill-core
has been sub-sampled to the extent that it is not possible to make these observations.
However, we consider that natural brecciation in DFDP-1 drill-core typically results in
the development of a cataclasite fabric with rounded clasts (Figure 2.3f) since they have
been sheared (Storti et al., 2007; Bjørk et al., 2009). Some intervals of breccia within the
mylonite units show evidence of in situ fragmentation with angular clasts (Figure 2.3e).
These breccias are interpreted to have been induced by drilling.
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Figure 2.3: Distinction between damage zone structures and other features in 2D X-ray computed tomography (CT) images. (a) CT drill-core axial parallel image of DFDP-1 drill-core
(1B-34-1 101.97-102.13 m). Whilst foliation and fractures both appear as linear arrangement
of anomalous CT values, fractures have more distinct boundaries and greater anomalies of CT
values. The foliation-parallel black fracture is interpreted to have formed from the release of confining pressure during the drilling itself, whilst the sub-horizontal black fracture is noted in the
core-log as being handling induced. (b) CT image and (c) equivalent section in 180◦ core scan,
to show examples of damage zone structures in a cataclasite unit (DFDP-1B 66-1 138.38-138.56
m), in which fractures and subsidiary faults cross cut the initial cataclasite fabric. (d) Disc fracture in DFDP-1A 60-2 81.50-81.70 m. Example of core sections with induced (e, DFDP-1A 49-1
67.7-67.95 m) and natural (f, DFDP-1B 31-1 96.75-96.95 m) brecciation. Induced brecciation is
characterised by angular fragmentation of the core, during drilling, whereas natural brecciation
leads to the rounding of clasts. (g) Two open fractures dipping in opposite directions to define
a triangular set whose apex points at the centre of the drill-core (DFDP-1A 54-1 73.7-73.83 m).
CT numbers refer to greyscale as shown. This greyscale is used in all subsequent CT image
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There are also some open fractures that occur in triangular sets and in which the apex
of the triangle points towards the centre of the core (Figure 2.3g). These are interpreted as
per Keren and Kirkpatrick (2016a) to be induced fractures, formed due to vertical flexure
of the core. Finally, open fractures with mineralised surfaces were not omitted from this
analysis, since they represent natural permeable fractures or fractures that opened during
core recovery. Despite the careful approach described above, we cannot categorically rule
out that some induced fractures were not removed from this analysis; also some induced
fractures may have exploited pre-existing fractures.

2.3.4

Quantitative analysis of the density and distribution of
damage zone structures

To measure how damage zone structures are distributed around the Alpine Fault, we
measured the intersection depth of any structure along a 1D core-axial scan line within a
2D CT image slice of DFDP-1 drill-core (Figure 2.4). The DFDP-1 boreholes are vertical
and so this scan line represents a vertical line. We then applied a weighted moving average
to this dataset, to illustrate the distribution and density of damage zone structures. Our
justification for using this statistical measure is twofold as explained in the following.
Accurate representation of the distribution of damage zone structures
Previous studies of fault damage zones sampled by boreholes typically represent the distribution of damage zone structures by binning them into depth intervals (e.g. Barton
and Zoback, 1992; Yeh et al., 2007; Johri et al., 2014). The frequency of fractures within
each depth bin is then represented in a histogram. However, these histograms are based
on disjoint bins, and thus may fail to capture intervals of anomalously high or low structure density that exist across the boundary of two consecutive bins. For example, for the
hypothetical fracture dataset shown in Figure 2.5a there is an interval of high fracture
density at ∼10 m depth. If fractures are binned into 5 m intervals (Figure 2.5b), the 10
m depth acts as a boundary between two bins thus splitting high fracture density across
two bins (i.e. the bins at 5-10 m and 10-15 m) and obscuring its observation. This can
be partially addressed by reducing the bin size (Figure 2.5c). However, this will increase
the amount of noise in the data resulting in a “jagged histogram” (Wand, 1997).
In this study, we performed a moving average calculation to determine the distribution
of damage zone structures. In this calculation, the density is calculated within a window
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(a)
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55˚ (apparent dip)

115˚
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10 cm

Figure 2.4: Example of how the depth of a dipping damage zone structure was measured by
recording the depth at which the structure intersected a scan-line parallel to the core axis in a 2D
CT image (1B-37-2 105.96-106.15 m). Depth is measured relative to the top of the core section;
these sections are registered to absolute depths so from them the depth of the structure within
the borehole can be calculated. (b) To measure the orientation of a damage zone structure
within a local core reference frame; strike was measured in a CT axial slice image of the core
(which represents a horizontal plane since the DFDP-1 boreholes were vertical) relative to the
right hand edge of the core container, which was denoted north. An apparent dip of the structure
was measured from the angle between the damage zone structure and a line 90◦ to the core axis
in a core axial parallel 2D CT scan image as shown in (a). Using the strike, a true dip can then
be calculated from apparent dip.

of a predetermined depth interval centred on each depth. For example for depth i, and a
moving window size 2x + 1, the moving average (MA) is calculated as:
i+x

X
1
ndamage zone structures
M A(i) =
(2x + 1) i−x

(2.1)

In this way, a continuous measurement of density is made, which more adequately
captures variations in the depth distribution of the damage zone structures. When applied
to the fracture dataset in Figure 2.5a, the region of high fracture density at ∼10 m depth
is well represented (Figure 2.5d). Caution must be applied when selecting the size of
the moving window to ensure an appropriate size is used, otherwise this method can
excessively smooth the data. Furthermore, if there was a boundary across which there was
an abrupt change in the density of damage zone structures, this may be more effectively
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represented by a discrete binning method with an appropriate bin size.
Correction for orientation sampling bias
The density of structures derived from the number of their intersections along a 1D scan
line should account for an orientation bias in which structures (sub) parallel to the scan
line are under-sampled (Terzaghi, 1965; Barton and Zoback, 1992; Priest, 1993). In order
to account for this, each damage zone structure was assigned a statistical weight, w,
(Terzaghi, 1965):
1
(2.2)
cosδ
where δ is the acute angle between the normal plane to a structure and the scan line. A
w=

maximum value of w = 10, which corresponds to an angle of δ = 84.3◦ , was placed to limit
the overestimation of w (Priest, 1993; Massiot et al., 2015). Since the scan line represents
a vertical line, δ is equivalent to the true dip of the damage zone structure. DFDP-1
drill-core is not oriented (Sutherland et al., 2011) and so the orientation of structures was
measured within a local drill-core reference frame applying the convention described in
Figure 2.4. A weighted moving average (WMA) was then calculated in which the density
of damage zone structures for a given depth (i ) is calculated from the sum of w of all
damage zone structures found within a moving window 2x + 1, divided by the length of
the window as expressed by:
i+x

W M A(i) =

X
1
wdamage zone structures
(2x + 1) i−x

(2.3)

This correction for orientation bias was also applied to the hypothetical dataset in
Figure 2.5a to illustrate its effect on the calculation of fracture density. The corrected
fracture population was represented by both binning into depth intervals (represented by
weighted histograms, where the frequency of each bin is the sum of w of all fractures
within each bin, Figure 2.5b and c), and by using a weighted moving average (Figure
2.5d). In both cases a higher fracture density is calculated at intervals where steeply
dipping fractures intersect the vertical scan line. This more accurately reflects the density of steeply dipping fractures that are not accounted for in the uncorrected calculations.
However, the weighting does add a bias, since it is only applied to the intervals where
a steeply dipping fracture has been sampled. This implies that all the unsampled steeply
dipping fractures, which are required for the correction, are located at the same depths as
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Figure 2.5: (a) A hypothetical fractured rock mass intersected by a vertical borehole, illustrating
how fracture density and distribution may be calculated in a borehole. The rock mass contains
two fracture sets: (1) dipping at 3◦ (red) and (2) dipping at 70◦ (black). These intersect the
borehole at a randomly generated set of depths using the “sample” function in the statistical
programming language R (https://www.r-project.org/). (b&c) Fracture distribution around
the borehole represented using a histogram with frequency calculated in (b) 5 m bins and (c)
2.5 m bins. Blue boxes in histograms represent fracture density calculated using the Terzaghi
correction for orientation bias as explained in text. (d) Fracture set depicted using a (black)
moving and (red) weighted moving average calculation, which are uncorrected and corrected
orientation bias respectively. Moving average has been calculated using a moving window of 2.5
m and at intervals of 25 cm. When fracture density is represented using a moving average it
gives a better representation of intervals of high fracture density that are split across two bins
(such as at ∼10 m) than when fracture density is represented on a histogram. Introducing a
weighting to correct for orientation bias gives a better representation of the density of steeply
dipping fractures in the rock mass but does not inform us further on their distribution.
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where they were sampled in the borehole. This could consequently overestimate the fracture density for these depths. In short, applying a weighted moving average will provide
information on the density of poorly oriented fractures within a rock mass, but not their
distribution across the rock mass. For this reason, we show results for cases where the
Terzaghi weighting correction has, and has not been applied to damage zone structure
distribution in the DFDP-1 boreholes. To fully account for density and distribution of
fractures in a rock mass, ideally two mutually perpendicular scan lines or a circular scan
line should be employed (Mauldon et al., 2001; Watkins et al., 2015).
For this study a weighted moving average was calculated at intervals of 2 cm depth.
A moving window of 1 m was used unless otherwise stated. Where there was incomplete
drill-core recovery, the size of the moving window was reduced by the length of the interval
of missing drill-core.
We also apply the weighted and non-weighted moving averages techniques to the
documented density of damage zone structures picked in the acoustic borehole televiewer
(BHTV) logs of the DFDP-1B borehole (McNamara, 2015). BHTV data are continuously
recorded with depth and the acquired image has a consistent quality throughout (Townend
et al., 2013), removing the need to normalise for missing intervals or zones of variable
quality. However, a BHTV log has a lower resolution than CT images; it reveals structures
only with an aperture of >5 mm and with a significant acoustic contrast with the rock
hosting the structure (Figure 2.6). Thus a moving window of 5 m was used and the
density of damage zone structures was calculated at 10 cm intervals.

2.4
2.4.1

Results
Density and distribution of damage zone structures

The densities of damage zone structures, which are apparent from CT images of DFDP1A and 1B drill-core, are shown in Figure 2.7 and Figure 2.8 respectively. The CT images
show no increase in the density of damage zone structures towards either the fault core
or the PSZs. Indeed the core sections with the highest density of structures are those at
depths of 39-45 m from DFDP-1B, which have the greatest distance (<89 m) from PSZ-1
sampled in DFDP-1.
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Figure 2.6: A comparison between borehole televiewer (BHTV) statically normalised data (two
way travel time (TWTT) and amplitude) and an unrolled CT image, which depicts an image
of the outer surface of the drill-core, for the depth interval 107.57-108.56 m in DFDP-1B. This
demonstrates that, because the resolution of the BHTV is less than that of the CT images,
damage zone structures picked in the CT images may not be picked in the BHTV data.

Initial interpretations of BHTV data for the DFDP-1B borehole indicate no increase in
the density of damage zone structures towards either the fault core or the PSZ (Townend
et al., 2013). A revision of these data (McNamara, 2015), which is included in Figure
2.8, does indicate a small degree of non-monotonic increasing damage immediately above
PSZ-1 (105-125 m), regardless of whether a correction for orientation bias is added. The
overall lower density of damage zone structures in the BHTV dataset compared to the
drill-core CT images reflects its lower resolution as described above. The damage zone
structures most consistently sampled by the BHTV images are type i, ii and type v structures (Table 2.1), which tend to be the structures with the highest aperture.
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Figure 2.7: Density of damage zone structures within CT scan images of DFDP-1A drill-core
calculated using a moving average and weighted moving average with a 1 m window size. Results
are shown for cases in which a weighting has, and has not, been applied to correct for orientation
bias. Colours adjacent to plots reflect the DFDP-1 lithologies defined by Toy et al. (2015).
Wireline logging data previously presented in Townend et al. (2013).

Though we note no, or very little, control on damage zone structure density with
proximity to the PSZs, it is apparent that some noticeable trends in the damage zone
structure density profiles coincide with lithological changes (Figure 2.7 and Figure 2.8).
For example at ∼100, 106 and 116 m in DFDP-1B, a drop in the density of damage zone
structures corresponds to a transition from unit 3 cataclasites to unit 2 ultramylonites.
This is qualitatively observed in the CT images (Figure 2.9). Damage zone structure density is low below PSZ-1 in DFDP-1B (128.2 m depth) within the footwall cataclasites, and
below 81 m in DFDP-1A in an interval dominated by hanging-wall foliated cataclasites.
The profile for the corrected density of damage zone structures (calculated using a
weighted moving average) tends to follow the uncorrected profile (calculated using a moving average, Figure 2.7 and Figure 2.8). This suggests that the distribution of steeply
dipping damage zone structures, that are poorly oriented for intersection by the DFDP-1
boreholes, is fairly homogeneous The interval 43-45 m in DFDP-1B is an exception to this.
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Figure 2.8: As for Figure 2.7, but for the DFDP-1B borehole. Additionally we show the density
of damage zone structures picked in BHTV data (McNamara, 2015), calculated with a moving
average at intervals of 10 cm and with a 5 m moving window to reflect the lower resolution
of these data. Note that the resistivity anomaly associated with PSZ-1 is 0.2 m below that
measured in the drill-core.
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This reflects the fact that it has a particularly high density of steeply dipping structures,
which is not accounted for in the uncorrected profile.

2.4.2

Effect of damage zone structures on the elastic properties
of the rock mass

Of the damage zone structures observed in the CT images of DFDP-1 drill-core that are
located within the alteration zone of the Alpine Fault (that is all DFDP-1A drill-core and

Unit 3 cataclasite
Unit 2 ultramylonite
10 cm

Figure 2.9: CT image slice of drill-core section DFDP-1B 49-1, 115.50-116.05 m. This section
exemplifies the disparity between unit 3 cataclasite that exhibits a relatively high amount of
fault damage zone (denoted by vertical white arrows), compared to unit 2 ultramylonites that
contain relatively few damage zone structures, even though it is only ∼12 m vertical distance
from PSZ-1 sampled in DFDP-1B. Horizontal green arrows and ellipse indicate areas of induced
damage in the drill-core.
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all DFDP-1B drill-core at depths >94 m), 96% of fractures were healed to some extent
(i.e. only 4% exhibited no evidence of filling, and so were classed as open type v structures) and 72% were fully healed (i.e. only 28% were open or partially open, type v-vii
structures, Table 2.1).
In order to constrain the influence of damage zone structures on the elastic properties
of the rock mass surrounding the Alpine Fault, we compare the density of damage zone
structures in the DFDP-1 boreholes to the P-wave velocity (VP ) of the boreholes. These
were obtained by wireline logging and previously presented in Townend et al. (2013).
Previous studies have shown that the presence of damage zone fractures may reduce VP
around a fault at a range of scales (e.g. Stierman and Kovach, 1979; Jeppson et al., 2010;
Jeanne et al., 2012; Rempe et al., 2013; Jeppson and Tobin, 2015). Qualitative comparisons of VP logs to damage zone structure density (Figure 2.7 and Figure 2.8) show that
intervals of high damage zone structure density (e.g. 125-127 m, DFDP-1B) do not show
corresponding reductions in VP and vice versa (e.g. 135-140 m, DFDP-1B).
We explore this further using the following approach. In DFDP-1, VP was measured
at 2 cm intervals using a single-source dual receiver logging sonde that estimates VP over
a 30 cm interval (Townend et al., 2013). Therefore, by calculating the density of damage
zone structures using a moving average with a window size of 30 cm, we can directly compare VP to damage zone structure density for the DFDP-1 boreholes at depth intervals of
2 cm. We follow the convention of Townend et al. (2013) who noted that the resistivity
anomaly associated with PSZ-1 in the DFDP-1B borehole is at 128.4 m (Figure 2.8),
which is 0.2 m below that measured in the drill-core. Therefore the DFDP-1B drill-core
depths are adjusted by 0.2 m downward. No correction is required for DFDP-1A drill-core
depths. It is noted that due to uncertainty in the core depths, for example where there
are intervals of no drill-core recovery, there may still be a <30 cm difference between the
corrected core depths and wireline log depths.
Cross-plots for all depths, and for depths separated by lithological unit, are shown in
Figure 2.10. Also shown is the 95% confidence interval (CI) for the slope of the best-fit
line to describe any correlation between damage zone structure density and VP . In cases
where the CI’s are both close to zero and positive (Figure 2.10a, b and e-g), a very weak
positive correlation exists. Where the CI’s are either side of zero, there is no statistically
significant correlation between damage zone structure density and VP (Figure 2.10c and
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Figure 2.10: Cross-plots of damage zone structure density, calculated using a moving average
with a window size of 30 cm, against P-wave velocity (VP ) obtained from wireline logging
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Townend et al. (2013). CI refers to the 95% confidence interval of, b, the slope of the best-fit
line between the damage zone structure density and VP , to four decimal places. If the CI values
are close to, but both above zero, it suggests a very weak positive correlation and vice versa.
Values either side of zero indicate that, statistically, there is no significant correlation between
these parameters. (a) For all data points in the DFDP-1 boreholes. (b)-(g) are selected from
(a) by lithological unit: (b) unit 1 mylonites, (c) unit 2 mylonites, (d) unit 2-4 mixture, (e)
unit 3 cataclasites, (f) unit 4 cataclasites, (g) unit 6 cataclasites. (h) Cross plot calculated as
for previous plots, but accounting for open and partially open fractures only (type v, vi and vii
structures, Table 2.1.

d). If we account for damage zone structures that are open or partially open, only, then
no significant correlation is also observed (Figure 2.10h). Thus we find no systematic and
consistent correlation between the elastic moduli of the fault rocks, as measured by the
VP wireline logs of the DFDP-1 boreholes, and the density of damage zone structures.

2.5

Discussion

An analysis of the distribution of damage zone structures around the Alpine Fault, measured from DFDP-1 drill-core CT images and BHTV log data from the DFDP-1B borehole
(Townend et al., 2013; McNamara, 2015), is made here. These results are then discussed
in the context of other datasets gathered from the DFDP-1 project and their interpretations (Sutherland et al., 2012; Townend et al., 2013; Carpenter et al., 2014; Eccles et al.,
2015; Toy et al., 2015) to inform how the damage zone may influence various aspects of
fault zone behaviour.

2.5.1

On the density of damage zone structures with proximity
to the fault core and PSZs

We find the highest density of damage zone structures in the shallowest core intervals
(39-45 m) in DFDP-1B (Figures 2.8). This is attributed to a high proportion of steeplydipping foliation-parallel fractures, relative to the rest of DFDP-1B core (Figure 2.11).
However, these fractures could conceivably have been generated from unloading effects
(Engelder, 1985; Zangerl et al., 2006), during the rapid exhumation of the Alpine Fault
hanging-wall (Norris and Cooper, 2007). For this interval, their presence could therefore
mask a trend of increasing damage zone structure density towards the fault.
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For all other intervals sampled in DFDP-1, foliation-parallel fractures account for only
11% of all damage zone structures. Consequently, uncertainty in whether this fracture
set reflects fault damage or unloading, will not affect our conclusion that the density of
damage zone structures does not increase with proximity to the PSZ or fault core, within
the scale of these intervals of DFDP-1 (30 m vertical distance in the borehole both above
and below the PSZs). It is still possible, though, that the density of damage zone structures decays over a larger scale. Field studies, and coring from deeper wells, which would
provide a continued record of fracturing around the Alpine Fault and span the transition
from inside to outside the damage zone, would help elucidate these observations.

10 cm

Figure 2.11: CT image of heavily fractured mylonite that was amongst the drill-core recovered
furthest from PSZ-1 in DFDP-1B (core section 1B-25-2, depth 44.8-45.2 m). Green (horizontal)
arrows identify foliation-parallel filled fractures. It is unclear whether this fracture set formed
as a result of seismic damage or from unloading during exhumation. White (vertical) arrows
identify a non-foliation parallel set of fractures that continue to be identified in this interval.

The lack of decay in the density of damage zones sampled in the DFDP-1 CT images
is dissimilar to previous studies of fault damage zones that find clear decays in fracture
density with increasing distance from the fault core. Logarithmic (Chester et al., 2005),
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exponential (Mitchell and Faulkner, 2009), and power law (Savage and Brodsky, 2011;
Johri et al., 2014) relationships have all been invoked to describe this decay. Although
(McNamara, 2015) recognises a small degree of increasing damage towards PSZ-1 in the
BHTV logs of DFDP-1B (Figure 2.8), it is not as marked as has been reported elsewhere.

2.5.2

Lithological role on the Alpine Fault damage zone

Influence of lithology on the intensity of damage
Though no relationship is found between the density of damage zone structures and proximity to the PSZs within the scale of DFDP-1, we note some trends can be modulated by
lithology. For each of the lithological units defined by Toy et al. (2015), a representative
example CT image of the unit and the density of damage zone structures section is given
in Figure 2.12. Unit 1 ultramylonites and the ‘2-4 mixture unit’ contain the most damage
zone structures. Unit 2 ultramylonites, which tend to be sampled closer to the PSZs, contain fewer damage zone structures than unit 1 ultramylonites. The footwall cataclasite
(unit 6) is cross cut by noticeably fewer damage zone structures than the hanging-wall
cataclasites (unit 3 and 4). A link between lithology and the intensity of damage zone
structures has been described elsewhere for faults in mixed sedimentary sequences (e.g.
Chester and Logan, 1986; Pearson, 1994; Berg and Skar, 2005).
A lithological control on fracture density can be explained by the following. Ishii
et al. (2010) and Ishii (2016) invoke that fractures are induced in damage zones during
fault slip by increasing differential stresses and/or decreasing effective normal stresses,
so that the Griffith-Coulomb failure criterion is met. Tensional strength (T0 ), frictional
strength (µ) and cohesion (C) are fundamental constitutive properties of lithology (Twiss
and Moores, 2007; Ishii, 2016). Therefore, if variations existed in these properties for the
different units sampled in DFDP-1, the stresses (yield strength) necessary for tensional,
hybrid and/or shear fractures to form in each of these units will also differ. Rheological
variations associated with lithology will also control fracturing since less competent rocks
are more likely to respond to failure by ductile shear deformation than by fracturing
(Peacock and Xing, 1994; Fagereng and Sibson, 2010; Rowe et al., 2013). Further aspects
of damage zone formation may also be influenced by lithology, such as the asymmetry of
damage either side of a fault (Ben-Zion and Shi, 2005; Dor et al., 2006), and the width
of the damage zone (Beach et al., 1999; Heynekamp et al., 2013).
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Representative CT image of lithological unit
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Figure 2.12: A representative drill-core axial parallel CT image of each DFDP-1 lithology (Toy
et al., 2015) to qualitatively show how damage zone structure density varies across lithology.
(b) Density of damage zone structures for each lithological unit, corrected for orientation bias.
Error bars show the interquartile range of damage zone structure density calculated using a
weighted moving average for each lithology.

Lithological influence on the spatial distribution of damage zone structures
around DFDP-1
Given our finding that lithology is systematically related to the density of damage zone
structures within the vicinity of the DFDP-1 boreholes, the distribution of the lithologies
will in turn control the distribution of damage zone structures. We find that unit 1 ultramylonites that lie furthest from the Alpine Fault are the most heavily damaged (Figure
2.13), though the degree with which this reflects seismic damage or exhumation is unclear.
With increasing proximity to the PSZs, a zone of interlayered unit 2 ultramylonites, and
unit 3 cataclasite units are encountered, as observed in Figure 2.9. The PSZ itself is
overlain by a ∼10 m thick unit of foliated cataclasite (unit 4), in which the structures
that define the damage zone are infrequent compared to units 1-3. These observations
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indicate that with respect to Figure 2.1, the Alpine Fault represents a composite of the
two models. It has a central thick (∼10 m) fault core with well-defined PSZs (c.f. Figure
2.1a), but at its margins, fault core cataclasites anastomose with damage zone units (c.f.
Figure 2.1b). Below PSZ-1, lies unit 6 footwall cataclasite that exhibit few damage zone
structures cross cutting the initial cataclasite fabric (Figure 2.13).
Since damage zone structures are present within the fault core cataclasite units, where
they cross-cut its fabric (Figures 2.3b and c, 2.7, 2.8, and 2.12), the fault core and fault
damage zone spatially overlap. Damage is generated around the plane that accommodates
shear displacement (Cowie and Scholz, 1992; Andrews, 2005; Ben-Zion and Shi, 2005);
thus at shallow depths where the frictional properties of the PSZ facilitate the localisation
of coseismic slip (Ikari et al., 2014), fracturing can occur within the surrounding wellcemented cataclasites.
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Figure 2.13: A schematic representation of the distribution of damage zone structures in a cross
section around the Alpine Fault, which was sampled in DFDP-1.
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2.5.3

Extent of fault zone healing

As discussed in section 2.4.2, we find no consistent relationship between the density of
damage zone structures around the DFDP-1 boreholes and VP as measured by wireline
logs of the DFDP-1 boreholes (Figure 2.10). This observation may be interpreted in two
ways: (1) in this study we only consider intermediate-macroscale damage zone structures
(aperture >1 mm), thus VP may instead be controlled by microfracture damage around
the fault (e.g. Rempe et al., 2013), or (2) from healing of fractures, at all scales since the
last Alpine Fault earthquake, resulting in a negligible effect of the fractures on the elastic
moduli of the fault rocks and thus VP .
We favour the latter explanation since evidence of widespread fracture healing is found
at both the macroscale in the CT images, and at the microscale, where a pervasive calcite and clay cement, and relatively few open microfractures are noted (Toy et al., 2015).
Furthermore, laboratory elastic wave speed tests on cylindrical samples from the DFDP-1
drill-core, whose dimensions (25 mm in diameter, <36 mm long) dictate that they sample
microfractures only, did not demonstrate a reduction in VP associated with microscale
fracture density (Tatham et al., 2012; Carpenter et al., 2014).
Even where open and partially open fractures are observed, they are not found to exert an influence on VP (Figure 2.10h); although it should be acknowledged that the lack
of filling in these fractures may not necessarily result from a lack of healing, but instead
from disturbance and opening during drilling. Nonetheless, it is clear that variations in
the elastic properties -and other petrophysical properties- of the rock mass surrounding
the DFDP-1 boreholes do not reflect fracturing, but instead changes in the extent of
alteration and comminution superimposed on differences in primary lithology (Townend
et al., 2013; Carpenter et al., 2014). This is in contrast to the San Andreas Observatory
at Depth borehole, where it is inferred that macro scale fractures contribute to the development of a low velocity zone around the fault (Jeppson and Tobin, 2015).
The concept of fault and fracture healing within the timescale of seismic cycles (101 104 years) has gathered much attention owing to its fundamental role in many models
for earthquake generation (Sibson, 1990; Rice, 1992; Chester et al., 1993). Monitoring
of fault zones immediately after an earthquake by seismic surveys (Li and Vidale, 2001;
Hiramatsu et al., 2005), or by studies of groundwater flow in boreholes (Xue et al., 2013;
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Wästeby et al., 2014) report hydrochemical recovery initiating immediately following an
earthquake and that healing is complete within 2-10 years of an earthquake. Laboratory
measurements of permeability on drill-core recovered approximately a year after the 1995
Mw 7.2 Kobe in Japan, show that despite fracture filling noted in the drill-core itself
(Lin et al., 2007), the damage zone is still an interval of enhanced permeability (Lockner
et al., 2009). This indicates that within a year of an earthquake the damage zone is only
partially healed. Laboratory studies, which aim to recreate healing within natural fault
zones, find these processes are effective on timescales that range that from days to tens of
years, depending on the temperature and the chemistry of the pore fluid (Morrow et al.,
2001; Tenthorey and Cox, 2006). Field observations have also identified fracture sealing
within the recurrence intervals of large earthquakes (Woodcock et al., 2007). Since the
Alpine Fault last hosted a major rupture in 1717 AD (Wells et al., 1999; De Pascale and
Langridge, 2012), we conclude that in the intervening ∼300 years, there has been ample
time for fracture healing to occur.
However, it is significant that this study considers the damage zone immediately
around the fault only (<25 m orthogonal distance from the PSZs). This interval lies
within the alteration zone, that is noted as a zone within which fractures have been
extensively healed (Sutherland et al., 2012). Outside the <50 m thick alteration zone,
drill-core recovery was low (Sutherland et al., 2011) with only 1.6 m of drill-core recovered
over a depth range of 7 m. This means we cannot directly compare fracture healing inside
and outside of the alteration zone using CT scans of DFDP-1 drill-core.
Nonetheless, the low drill-core recovery does indicate that this rock mass has low
geotechnical strength. This is an indicator that it contains more open fractures. However, as noted in section 2.5.1, some of these fractures may have been generated by
mechanisms other than seismic damage. Further indirect evidence of less extensive fracture healing outside the alteration zone comes from downhole permeability measurements
that record the highest permeability (∼10-14 m-2 ) in the damage zone above the alteration
zone (Sutherland et al., 2012), again suggesting the presence of more open fractures in this
interval. Thus, in the case of the Alpine Fault in its current late interseismic state, the
damage zone immediately adjacent to the fault core is not the interval with the highest
permeability.
This discrepancy in the extent to which fractures are healed inside and outside the
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alteration zone of the Alpine Fault can contribute to our understanding of the inconsistency between studies that report fracture healing and strength recovery through seismic
cycles (Moore et al., 1994; Morrow et al., 2001; Tenthorey et al., 2003), and geophysical
studies that find evidence of long-lived fracture induced damage around faults (Cochran
et al., 2009; Ellsworth and Malin, 2011). In the case of the Alpine Fault, although fracture
healing has occurred in the immediate vicinity of the fault (within the alteration zone),
healing did not universally affect the entire damage zone. This allows damage-induced
reduction in the elastic rigidity of rocks to persist even though the Alpine Fault is late in
its interseismic cycle, which thus permits the propagation of Fault Zone Guided Waves,
as reported within the Alpine Fault by Eccles et al. (2015).
Determining the extent of fracture healing within a fault damage zone and its effect on
the elastic properties of the rock mass is important as unhealed fractures can rotate the
stress field around the fault (Faulkner et al., 2006; Gudmundsson et al., 2010), increase
the extent of seismic ruptures (Weng et al., 2016), and increase fault zone compressibility
which suppresses its ability to accommodate thermal pressurisation (Griffith et al., 2009).
In DFDP-1, interseismic healing has yielded a damage zone that, immediately above
(<50 m) the PSZs, has low permeability and high rigidity. Coupled with a particular low
PSZ permeability (Boulton et al., 2012; Sutherland et al., 2012) this suggests that the
conditions around the Alpine Fault are favourable for thermal pressurisation to occur.

2.5.4

Alpine Fault damage zone asymmetry

Higher fracture densities have been observed in the hanging-wall of a fault relative to the
footwall in several drilling projects into dipping thrust faults (Heermance et al., 2003;
Lin et al., 2007; Yeh et al., 2007; Li et al., 2013). Based on the relative compliance of
the rocks across the PSZs (Ben-Zion and Shi, 2005; Dor et al., 2006) and its setting as
a dipping thrust fault (Ma and Beroza, 2008; Ma, 2009), Townend et al. (2013) predict
that the extent of damage in the Alpine Fault will be greater in the hanging-wall, as it is
relatively stiffer than the footwall.
Based on the CT images, we note that the unit 6 footwall cataclasites exhibit relatively
few damage zone structures that cross cut the cataclasite fabric compared to the hangingwall units (Figure 2.12 and 2.13). This is consistent with the observations of (Townend
et al., 2013) and the analysis of fractures identified in the BHTV images (McNamara,
2015).
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Below the footwall cataclasites in DFDP-1B (i.e. at depths >143.85 m MD) a ∼7
m thick sequence of uncemented breccias were encountered; however it is not possible to
discriminate if brecciation was tectonic or drilling induced (Toy et al., 2015). As they
were not CT scanned these rocks have not been considered in this study. Consequently,
the full extent of the damage in the Alpine Fault footwall is still poorly constrained and
we cannot categorically state that the hanging-wall is more damaged than the footwall.
Accounting for the bi-material effects on rupture dynamics and damage zone asymmetry
(Ben-Zion and Shi, 2005; Ma and Beroza, 2008) for the Alpine Fault will require, but is
worthy of, further study.
Finally, we note that these observations are based on two 1-D transects through a
heterogeneous fault system that exhibits variability along strike and with depth. Future
work characterising the Alpine Fault in the field will account for along strike variation.
A more complete assessment of damage at depth and damage in the footwall would be
particularly possible in future scientific drilling projects into the Alpine Fault.

2.6

Conclusions

Qualitative and quantitative characterisation of structures that define the Alpine Fault
damage zone has been conducted using X-ray computed tomography (CT) scans of drillcore recovered from the first phase of the Deep Fault Drilling Project (DFDP-1). Statistical analysis of the density and distribution of these structures was performed using a
moving average that provides a more reliable measure of their distribution. A weighting
was also added that accounts for orientation bias. Our major findings, listed below, are
broadly consistent with independent analysis of damage zone structures picked in BHTV
logs of the DFDP-1B borehole (Townend et al., 2013; McNamara, 2015).
1. The density of damage zone structures does not increase with proximity to the PSZs,
within the scale of the DFDP-1 boreholes. Instead there is a lithological influence
on the density and distribution of damage zone structures.
2. Damage zone structures extends into the fault core cataclasites where they cross-cut
the fabric. This is consistent with slip at shallow depths on Alpine Fault occurring
on the PSZs.
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3. We find that the majority of the damage zone structures sampled in this study are
cemented/healed (72% fully, an additional 24% at least partially) by a combination
of clays, calcite and quartz. This is consistent with the fact that the Alpine Fault is
late in its interseismic cycle and has resulted in the structures imparting no influence
on the stiffness of the rocks as evidenced by their P-wave velocity. This facilitates
the conditions necessary for thermal pressurisation to occur within the PSZ during
earthquake rupture.
4. However, direct evidence of such damage zone healing is localised to within <50 m
of the Alpine Fault in the alteration zone. Outside this interval, there is indirect
evidence that fracture induced damage persists. Thus in the outer damage zone,
damage maybe a permanent feature of the Alpine Fault throughout the seismic
cycle.
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Abstract
The orientations of fractures in the hanging-wall of the Alpine Faults central
section have been determined from: (1) X-ray computed tomography (CT) images
of drill-core collected within 25 m of the principal slip zones (PSZs) during the
first phase of the Deep Fault Drilling Project (DFDP-1), which have been oriented
with respect to borehole televiewer images, (2) field measurements from four creek
sections <500 m from the PSZs, and (3) CT images of oriented drill-core collected
during the Amethyst Hydro Project at distances of ∼500-1400 m from the fault.
At distances >150 m from the fault, fractures are predominantly subparallel to the
well-defined, moderately east-dipping, regional foliation in the mylonite sequence
and surrounding schists. However, within ∼150 m of the fault, fractures exhibit a
much broader range of orientations. In DFDP-1 CT images, only 11% of fractures
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have orientations parallel to the ultramylonitic foliation, implying that the mechanical anisotropy imparted by the foliation did not strongly control fracturing. Instead,
fracture orientations may reflect a variable stress state adjacent to the Alpine Fault
imposed by slip along the non-planar fault surface at depths <4 km. At greater
depths the Alpine Fault is a subplanar structure that is misoriented with respect to
the regional static stress field, and these conditions can also generate a wide range
of fracture orientations. The 50-150 m-wide zone of variable fracture orientations is
the best estimate of the hanging-wall damage zone width in the Alpine Faults central section. This width is comparable to estimates made elsewhere along the Alpine
Fault, indicating that it is embedded in a relatively tabular damaged medium. A
damage zone of such geometry is consistent with other large-displacement structurally mature faults. We discuss how this observation can be used as a guide to
predict the rupture dynamics of the next Alpine Fault earthquake.
Graphical Abstract

Figure 3.1: A schematic cross section through a thrust section of the central section of the
Alpine Fault depicting the fracture network, its relationship to foliation, damage zone width,
and the distribution of subsidiary faults. Respective position of DFDP-1 boreholes also shown.
Modified from Norris and Cooper (2007). PSZ: Principal Slip Zone.
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3.1

Introduction

Brittle fault zones contain a volume of heavily fractured and deformed rock termed the damage
zone. This surrounds the fault core in which the majority of shear displacement is accommodated
(Chester and Logan, 1986; Chester et al., 1993; Caine et al., 1996; Faulkner et al., 2010). An
understanding of damage zone width, asymmetry, and depth extent, as well as the orientations,
distributions, and lengths of fractures, is important in predicting the fault zone permeability
structure (Wibberley et al., 2008; Mitchell and Faulkner, 2012; Johri et al., 2014), coseismic slip
distribution (Cappa et al., 2014; Perrin et al., 2016), rupture propagation direction (Anders and
Wiltschko, 1994; Vermilye and Scholz, 1998; Dor et al., 2006), and rupture extent (Weng et al.,
2016). Ultimately, these attributes influence seismic hazard (Heermance et al., 2003; Brietzke
et al., 2009; Choi et al., 2012; Perrin et al., 2016).
Fault damage can be generated by a number of non-mutually exclusive quasi-static and dynamic mechanisms (Wilson et al., 2003; Blenkinsop, 2008; Mitchell and Faulkner, 2009; Faulkner
et al., 2011), including linkage within fault and fracture networks (Kim et al., 2004; Rotevatn
and Bastesen, 2012), slip on non-planar faults (Chester and Chester, 2000), and generation of
tip and near-fault stresses during dynamic rupture (Cowie and Scholz, 1992; Scholz et al., 1993;
Anders and Wiltschko, 1994). A careful analysis of fracture orientations within damage zones
can enhance our understanding of the relative contribution of these various damage-forming
mechanisms, since they are predicted to generate a population of fractures with distinct orientations within the ambient or dynamic stress field (Wilson et al., 2003; Mitchell and Faulkner,
2009).
In this contribution, we present the results of the first comprehensive study of fracture
orientations within the hanging-wall of New Zealands Alpine Fault. Brittle fracturing in the
hanging-wall of the active fault trace has occurred within a 1-2 km wide mylonite sequence containing a pervasive foliation, typically subparallel to the main fault surface (Cooper and Norris,
1994; Norris and Cooper, 1997, 2007; Toy, 2008). This presents an opportunity to investigate the
role of mechanical anisotropy in damage zone evolution. Evidence from field studies (Peacock
and Sanderson, 1992; Bistacchi et al., 2010), and numerical modelling (Chester and Fletcher,
1997) demonstrates that mechanical anisotropy can significantly affect the orientation of brittle
fractures. However, although many brittle fault zones develop in mylonite sequences or other
anisotropic (e.g. jointed) rocks (Chester and Fletcher, 1997; Massironi et al., 2011), there have
been comparatively few studies of the nature of fault damage in anisotropic rock (Bistacchi et al.
(2010) and Misra et al. (2015) being notable exceptions).
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In this study, fracture orientations were obtained from multiple datasets and across a range
of scales. Measurements from within 25 m of the principal slip zones (PSZs) were made from
drill-cores and wireline logs obtained during the first phase of the Alpine Fault Deep Fault
Drilling Project (DFDP-1). These were combined with four field transects at distances <500
m from the fault and analyses of drill-core recovered 500-1400 m from the Alpine Fault during
the Amethyst Hydro Project (AHP). The combination of our results with previous field-based
(Wright, 1998; Barth et al., 2013) and geophysical (Eccles et al., 2015) studies of the Alpine
Fault damage zone permits evaluation of possible mechanisms of damage accumulation, fault
structural maturity, and the implications this carries for rupture dynamics.

3.2

Tectonic setting of the Alpine Fault

The Alpine Fault is a crustal-scale (along strike extent ∼850 km, depth 35 km) transpressive discontinuity accommodating ∼70% of Pacific-Australian plate motion in the South Island of New
Zealand (Figure 3.2a, DeMets et al., 1994; Norris and Cooper, 2001). Slip rates on the Alpine
Fault vary along strike such that it can be broadly divided into three sections: (1) a northern
section between Lake Rotoiti and its intersection with the Hope Fault near Hokitika, (2) a central section between Hokitika and Haast (Figure 3.2), and (3) a southern section between Haast
and its offshore termination near the Puysegur subduction thrust (Norris and Cooper, 2007;
Sutherland et al., 2007). This study focuses on the central section where the fault accommodates dextral strike-slip at a rate of 27 ± 5 mm/yr and dip-slip at a rate of 6-10 mm/yr (Norris
and Cooper, 2001).
In the central section at depths greater than 8-12 km, the Alpine Fault accommodates motion via viscous creep across a >1 km wide ductile shear zone (Norris and Cooper, 2001, 2007;
Toy et al., 2010). When mylonites formed in this shear zone are exhumed to depths <8 km,
temperatures drop below those at which quartz plasticity occurs and brittle deformation starts
to dominate. This results in the generation of a ∼20 m thick cataclasite zone that is preserved
along the currently-active fault trace. Within this cataclasite interval, brittle deformation may
become further localised to a 10-50 cm thick clay-rich PSZ gouge (Boulton et al., 2012, 2017;
Ikari et al., 2014; Mitchell and Toy, 2014).
Focal mechanisms from microseismicity at depths <10 km within the hanging-wall of the
central section of the Alpine Fault, give maximum (σ1 ) and minimum principal stress (σ3 ) orientations (trend/plunge) of 118◦ ± 10◦ / 10◦ ± 10◦ and 026◦ ± 5◦ / 15◦ ± 15◦ respectively(Boese
et al., 2012). The intermediate principal stress (σ2 ) is sub-vertical at 059◦ ± 10◦ / 69◦ ± 10◦ .
Projections of outcrop derived measurements (Norris and Cooper, 1995, 2007) and geophysical
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Figure 3.2: (a) Location map for Alpine Fault and all other onshore active faults on the South
Island of New Zealand (GNS Science Active Fault Database, http://data.gns.cri.nz/af/). Box
shows extent of (b), a location map for the DFDP-1 and AHP boreholes, and field cross sections.
The generalised underlying geology is derived from the GNS Science 1:250000 QMAP project
(Rattenbury and Isaac, 2012) and has been draped over a digital elevation model.

imaging (Stern et al., 2007) indicate that at depths >4 km, the central section of the Alpine
Fault is a single planar structure with an orientation of approximately 055/45 SE, which is
subparallel to the foliation in the surrounding mylonite sequence. The angle between this fault
orientation and trend of σ1 , when measured in the plane defined by σ1 and σ3 , is 44◦ . Based
on this angle, and the fact that the fault plane does not contain σ2 , the Alpine Fault has been
suggested to have an unfavourable orientation for failure within the regional stress field (Sibson,
1985; Blenkinsop, 2008; Boese et al., 2012).
At depths of less than 4 km along the central section of the Alpine Fault, perturbations in
the stress field from hanging-wall topography results in the segmentation of the fault trace into
a series km-long, approximately E-W striking, steeply-dipping strike-slip fault strands and NESW striking, gently-dipping (∼30◦ ) thrust segments (Simpson et al., 1994; Norris and Cooper,
1995, 1997; Barth et al., 2012). These segment orientations are close to optimal with respect to
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Andersonian fault models (Boese et al., 2012).
Based on high-resolution mapping of traces of the Alpine Fault using LiDAR, Barth et al.
(2012) also identified that a small degree of partitioning affects the hanging-wall of the fault,and
hypothesised this relates to the overthrusting of footwall sediments. This manifests in the development of en-echelon anticlines and additional small faults, so that the surficial fault structure
overall resembles an asymmetric positive flower structure between 200-600 m wide. Paleoseismic
evidence indicates that this near-surface complexity does not inhibit rupture propagation to the
surface during large to great earthquakes (MW 7-8, Sutherland et al., 2007; De Pascale and
Langridge, 2012).

3.3
3.3.1

Methodology
Fracture orientations in the Alpine Fault damage zone
from DFDP-1 drill-core

To assess fracture orientations immediately adjacent to the Alpine Fault, an analysis was
made of datasets arising from the first phase of the Deep Fault Drilling Project (DFDP-1,
http://alpine.icdp-online.org). Damage zones contain both extension and shear fractures, however, it was not possible to reliably differentiate between these types from the drill-core provided
by DFDP-1. Therefore, we use ‘fracture’ in the sense outlined by Peacock et al. (2016), as a
term to describe all brittle discontinuities with an unknown mode of displacement.
DFDP-1 successfully sampled the Alpine Fault in two boreholes (DFDP-1A and DFDP-1B,
Figure 3.3) at depths <150 m in early 2011 at Gaunt Creek (Figure 3.2b, Sutherland et al.,
2012). X-ray computed tomography (CT) scans were taken of approximately 70 m of DFDP-1
drill-core (Toy et al., 2015), which I described in Chapter 2 in terms of the structures that define
the damage zine and their distribution around the DFDP-1 boreholes. We extend these results
by analysing the orientation of fractures observed in the CT scans, through reorienting the drillcores with respect to geographically-referenced borehole images. True fracture orientations were
derived for the depth interval 94-126 m in the DFDP-1B borehole (Figure 3.3), which is entirely
within the hanging-wall and <25 m orthogonal distance from the PSZ-1.
It is possible to reorient drill-core to correct geographic coordinates by aligning planar
structures recognised in core (e.g. fractures, bedding and foliations) with their counterparts
in geographically-referenced downhole logs such as borehole televiewer (BHTV) or microresistivity logs (MacLeod et al., 1992; Payenberg et al., 2000; Haggas et al., 2001; Jarrard et al., 2001;
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Figure 3.3: Cross section through the DFDP-1 boreholes, showing interval where reoriented drillcore is located. Boxes with diagonal lines depict intervals in borehole with no core recovery, grey
lines represent mylonitic foliation. Modified from Sutherland et al. (2012), with lithological units
previously defined by Toy et al. (2015).

Paulsen et al., 2002; Shigematsu et al., 2014). The orientation of planar structures from the
drill-core may be extracted using a range of methods, such as mechanical goniometers (Payenberg et al., 2000), core protractors (Holcombe, 2011), or acetate-peel overlays that allow manual
tracing of core features. Alternatively, orientations can be extracted from ‘unrolled images’ acquired from continuous imaging of a core section as it is rotated on rollers using core-scanners
such as the DMT CoreScan system® (Haggas et al., 2001; Jarrard et al., 2001; Paulsen et al.,
2002). This has the benefit of allowing easier collection of structure orientations in the core, as
well as generating images directly analogous to the geographically referenced downhole logs.
The technique employed to reorient core here is a slight modification of these methods, in
that unrolled CT images of the drill-core are used to correlate structures with those recognised
in BHTV logs of the DFDP-1 boreholes (Figure 3.4). The acquisition and interpretation of the
DFDP-1 BHTV logs has been previously described by Townend et al. (2013) and McNamara
(2015). DFDP-1 CT scans consist of a stack of core-axial perpendicular image slices with a
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pixel size of 0.244 mm and a spacing of 1 mm. The CT stack for each core section was loaded
into Fiji (http://fiji.sc/Fiji) and a circle was manually defined around the irregular boundary
of drill-core in a core axial-perpendicular image slice. This circle was then used to define the
path of the image in all other slices. Generation of the unrolled images accounts for the fact
that the spacing between individual CT slices (1 mm, i.e. the core-axial parallel pixel size) is
greater than the pixel size within the slices (0.244 mm). Unrolled images were then reflected
around the borehole axis as an image of the outer surface of the core and a BHTV image are
reflections of each other. This technique has benefits over methods using the DMT CoreScan
system® , since drill-core does not have to be physically rotated and so can be used without the
risk of damaging fragile core sections.
Unrolled CT images were imported into the composite log viewing software WellCAD®
(http://www.alt.lu/wellcad.htm) along with the BHTV images, where they are placed side-byside to allow matching of structures (Figure 3.4). When correlating the two datasets, it was first
necessary to account for possible depth shifts between recorded drill-core depths and BHTV imagery due to factors such as stretching of the logging cable and intervals of no drill-core recovery
(Haggas et al., 2001; Jarrard et al., 2001). In this study, depth shifts of no more than ± 30 cm
were allowed.
The orientation of fractures in the DFDP-1 CT images had previously been measured within
a local core reference frame (see Figure 2.4). Since the DFDP-1 boreholes were vertical, corrections to reorient the drill-core back into a geographic reference frame required only a single
rotation about the core axis to correct for the dip direction. When correlating structures, errors
may be introduced by: (1) the internal BHTV magnetometer (± 2◦ ), (2) the manual picking of
sinusoidal curves on BHTV and unrolled CT images that can be ± 10◦ for shallowly dipping
(<30◦ ) structures (Jarrard et al., 2001), and (3) the fact that the DFDP-1B BHTV data is
imaging the open borehole, which has a larger diameter (127 mm) than the drill-core (85 mm).
To mitigate against the cumulative effect of these errors, Jarrard et al. (2001) stitched unrolled
images of many different core sections together that spanned intervals of 5-30 m, prior to the
matching with BHTV imagery. This meant that only a single rotation was necessary to rotate
all core sections across the entire stitched interval, which could be based on identifying ∼20-30
matching structures between the BHTV and unrolled core images.
In DFDP-1 it was not possible to stitch unrolled CT images of each core section together
as no prominent reference marker across different core-sections was identified. This required
that each <1 m long core section was reoriented individually, within which we never identified
>3 matching structures. Therefore, compared to the methodology described by Jarrard et al.
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Figure 3.4: Examples of matching structures between BHTV images and unrolled CT images.
In each image, the first two columns are the BHTV amplitude image, without and with interpretations respectively, whilst the third and fourth columns depict the unrolled CT image over
the same interval, also without and with interpretations. Fractures that have been traced in red
indicate those that were matched to reorientate core.

(2001), the degree of confidence on the applied reorientation that was applied was strongly
dependent on the quality of individual matches, and the range of rotations that they indicated
for a single core section. We recorded this qualitatively for each core section using the scheme
outlined below.
• High degree of confidence: images matched with one very prominent structure (e.g. Figure
3.4d), or matched with >2 structures whose range of suggested rotations are within 10◦
of each other (Figure 3.4b and c).
• Moderate degree of confidence: images matched with one prominent feature, or two features that indicate rotations that range 10-19◦ (e.g. Figure 3.4a), or three features whose
range of suggested rotations are within 20-30◦ of each other.
• Low degree of confidence: images matched with one feature, or two features whose range
of suggested rotations are within 20-30◦ of each other.
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In this scheme, a core reorientation is deemed unreliable if the range of rotations suggested
by different structures is ≤30◦ , i.e. equivalent to the cumulative effect of possible errors listed
above. For those core sections where more than one matching structure was identified, the
rotation that was applied was derived from the average of that required for each match. If one
of the matched structures was more prominent, then the applied rotation was biased towards
that structure.

3.3.2

Field observations of fracture orientations around the Alpine
Fault

At distances beyond the scale of DFDP-1 (i.e. >25 m from the Alpine Faults PSZs) the fracture
network surrounding the Alpine Fault was examined in four <500 m long creek transects (Gaunt
Creek, Stony Creek, Hare Mare Creek and Havelock Creek, Figure 3.2b), which run approximately perpendicular to its surface trace and cut down into the mylonitic bedrock. Fracture orientations and densities were collected at multiple stations within each of the creeks. To derive the
orthogonal damage zone thickness at each creek, these results were projected onto cross sections
oriented at 90◦ to the local trace of the Alpine Fault (as mapped during the University of Otagos
Department of Geologys fault zone mapping program, http://www.otago.ac.nz/geology/research/
structural-geology/alpine-fault/af-maps.html, Figure C.1). Each transect is adjacent to a thrust
segment of the Alpine Fault, where the fault surface is assumed to be dipping at 30◦ (Norris
and Cooper, 1995, 1997).
The density of fractures at each station was assessed following the methodology of Hudson
(1983) and Schulz and Evans (2000), where the number and orientation of veins, fractures and
small faults that intersect a linear transect was recorded. This technique has the tendency to
under-sample fractures oriented subparallel to the scan-line. Therefore, a weighting w calculated
using a modified version of the Terzaghi correction (?Massiot et al., 2015) was applied to each
fracture. We thus show results as ‘corrected’ fracture density. The orientation of poles to
fractures at each stations are plotted on stereoplots. Contouring was applied for poles that
are weighted depending on their orientation correction (with w rounded to the nearest whole
number), generated using a probability distribution calculated by a Kernel function in the RFOC
package for R (Lees, 2014).
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3.3.3

Regional fracture orientations from Amethyst Hydro Project
(AHP) drill-core

The Amethyst Hydro Project (AHP) was developed to divert water from the Amethyst Ravine
down a 1040 m long tunnel to a powerhouse on the floodplain of the Wanganui River. Prior to
the main phase of tunnelling, four exploratory boreholes (BH1-4; Figure 3.2b) were completed
between 2005-2006, resulting in the recovery of a total of ∼890 m of drill-core from depths of 50200 m.. These boreholes are situated 1-2 km to the east of the surface trace of the Alpine Fault.
At this scale, the fault dip approaches 45◦ (Norris and Cooper, 1995) so that these boreholes
are potentially at an orthogonal distance of ∼0.5-1.4 km from the fault. In their compilation
of fault zone thicknesses, Savage and Brodsky (2011) reported only very rare occurrences of
damage zones extending >1 km in width, so drill-core recovered in this project should contain
structures that are representative of regional fracturing around the Alpine Fault.
In order to provide a dataset directly analogous to the DFDP-1 CT scans, a total of 31.9 m of
core from the AHP boreholes was CT scanned at the Southern Cross Hospital in Wellington, New
Zealand. Initial descriptions of the drill-core found that the Rock Quality Designation (RQD,
the % of intact core lengths >100 mm/1 m of drill-core) varied considerably. Intervals with
RQD values <10% are related to proximity to the nearby Tarpot Fault, other minor faults, and
‘crush zones,’ which are defined as fractures composed of fill with variable grain size (Geotech
Consulting Limited, 2006; Savage, 2013). To ensure that the description of the fracture network
sampled in the AHP is unaffected by damage from other faults, CT scanning was focussed on
intervals of high RQD (Figure D.1). The CT scanner was operated at 100 mA and a X-ray tube
voltage of 120 kVp. Slice spacing was 1.25 mm, field of view 250 mm, and the image size was
512 x 512 pixels. Therefore, the size of one voxel is 0.488 x 0.488 x 1.25 mm in the x, y, z directions respectively. Reconstruction of two-dimensional CT slices into three-dimensional images
of the drill-core was performed using OsiriX Imaging Software (http://www.osirix-viewer.com/).
AHP drill-core was not oriented. However, the prominent schistose foliation observed in the
drill-cores has a known orientation and can be used as a reference with which to reorient drill-core
back into a geographic reference frame. For BH2 and BH3 drill-cores, which are vertical, this
required only a single transformation. For the inclined BH1 and BH4 drill-cores, this required
first rotating the core with respect to the foliation. These orientations were then corrected for
the inclination of the drill core using the Planes from Oriented and Navigated Drillcore (POND)
Excel spread sheet (Stanley and Hooper, 2003).
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3.4
3.4.1

Results
Fracture orientations in DFDP-1 drill-core

In the CT images of the core sections that could be reoriented using the criteria outlined in
section 3.3.1, a total of 637 fractures were observed and subsequently rotated into their true
geographic orientation (Figure 3.5). In both the CT and BHTV datasets, a cluster of fractures
exists roughly parallel to the Alpine Fault orientation at Gaunt Creek (015/43 E, Townend et al.
(2013), Figure 3.5a and b).
In the BHTV data there is a subordinate north-dipping population of fractures (Figure
3.5b). However, this cluster is not apparent in the orientations extracted from the CT scans,
which show a much wider spread of fracture orientations (Figure 3.5a). This broad range of
orientations is also observed within a single core section (Figure 3.5c), and when fractures are
rotated based on a high degree of confidence (Figure 3.5d). This result therefore cannot be an
artefact of incorrect core rotations where only a low degree of confidence could be assigned.
No clear relationships are observed between the type of fractures and fracture orientation
(Figure 3.5a). Plotted separately in Figures 3.5 e and f, are fractures hosted in mechanically
anisotropic foliated ultramylonites and cataclasites (Units 1, 2 and 4 of Toy et al. (2015)) and
fractures hosted in relatively homogenous unfoliated cataclasite (Unit 3 of Toy et al. (2015)).
From this, it is evident that in the foliated units, fractures are more clustered parallel to the
local Alpine Fault and foliation orientation. However, even within the foliated units there are
still many fractures that are not subparallel to the foliation (Figure 3.5e).

3.4.2

Fracture orientations and densities in field transects <500
m from the Alpine Fault

The orientations and densities of fractures observed in the four field transects are synthesized
in Figure 3.7. In these creeks, similar structures to those observed in the CT scans of DFDP-1
core are identified (Figure 3.8). We do not observe a decrease in fracture density with increasing
distance from the Alpine Fault in any of the creek sections (Figure 3.7b). Phyllosilicate-enriched
fractures (Figure 3.8a-c) are only present within ∼150 m of the fault where they exhibit a range
of orientations (Figure 3.7a). Open fractures (Figure 3.8d-f) are present at all distances from
the fault, though are most prevalent at greater distances where they are also clustered around
the foliation (Figure 3.7a). Gouge and cataclasite-filled fractures are thicker (>1 cm) than
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(a) All fractures in reoriented CT images

(b) Features in BHTV images over
depth interval of reoriented CT images

Key for (a)
Gouge filled
Cataclasite filled
Dark grey/phllylosilicate
enriched
Grey filled
Black/Open
Black-dark grey/partially
open
Black and dark
grey/partially open
White/Quartz veins
Pole to Alpine Fault local
orientation
Great circle to Alpine
Fault local orientation

N = 637

N = 366

(d) Fractures in CT images rotated
with high degree of cofidence

(c) Reoriented core section
DFDP-1B 56-2

N = 41

(e) Foliated units

N = 313

(f) Unfoliated units

Key for (e) and (f)
Unit 1 ultramylonite
Unit 2 ultramylonite
Unit 3 unfoliated
cataclasite
Unit 4 foliated
cataclasite

Pole to Alpine Fault
local orientaiton
Great circle to
Alpine Fault local
orientation

N = 451

N = 188

Figure 3.5: Lower hemisphere equal area stereonets depicting orientation of: (a) all damage zone
fractures that were reoriented by matching structures between unrolled CT images and BHTV
images, sorted by type (see Table 2.1) for the depth interval 94-126 m in DFDP-1B borehole.
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(b) Orientation of features recognised in the BHTV images over the same interval in (a). (c) Orientation of reoriented fractures within a single core section, DFDP-1B 56-2, and (d) orientation
of fractures in CT images from core sections that were rotated with a high degree of confidence
with BHTV images. Fracture orientations extracted from reoriented DFDP-1 CT images in (e)
foliated units and (f) unfoliated units, using the DFDP-1 lithological classification scheme (Toy
et al., 2015). Kamb Contours, with intervals of two standard deviations, are also depicted for
stereoplots. Great circle represents orientation of Alpine Fault plane and foliation at DFDP-1
site (Townend et al., 2013).

(a)

(b)

10 cm
500

CT Number Key:

(c)

10 cm
2250

10 cm

4000

Figure 3.6: The relationship between foliation and fracture orientations, as observed in 2D
CT image slices of DFDP-1 core. In (a) and (b) damage zone fractures tend to cross-cut the
mylonitic foliation (orientation represented by white line in top left corner of each image). (c)
Fractures show a greater preference to be aligned parallel to the foliation. Note that (c) was
previously shown in Figure 2.11, and is not included in the reorientation analysis in Figure 3.5,
as there was no BHTV imagery for this interval. Intervals are (borehole, core section and run,
depth interval): (a) DFDP-1A 55-1 75.45-75.62 m, (b) DFDP-1B 35-1 102.49-102.64 m, (c)
DFDP-1B 25-2, 44.80-45.20 m.
phyllosilicate-enriched fractures and commonly juxtapose different lithologies or offset markers
(Figure 3.8g-i). These fractures are observed at distances of up to at least 500 m from the
surface trace of the Alpine Fault (Figure 3.8).
Local variations in fracture density can be correlated with lithological variations. In particular, micaceous or metabasite mylonites and ultramylonites contain relatively high amounts
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Figure 3.7: (a) Compilation of stereoplots that represent fracture orientations at each field
station, with distribution represented by a Kernel probability distribution of poles to fractures
that have been weighted by a correction for orientation bias (see Section 3.3.2). Stations have
been plotted as a function of distance from the fault and distance along-strike (with respect to
Havelock Creek). (b) Fracture density at all stations for phyllosilicate-enriched fractures and
all fractures. No orientation data was collected at Gaunt Creek stations 1 and 2, so fracture
density is calculated from the two perpendicular transects. For field cross sections and location
of stations, see Figure C.1.
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of phyllosilicate-enriched fractures where they are juxtaposed against quartzofeldspathic mylonites and ultramylonites (Figure 3.9a and b). At Hare Mare Creek station 2, the disappearance
of phyllosilicate-enriched fractures coincides with a transition from micaceous-quartzofeldspathic
mylonite to quartzofeldspathic mylonites (Figure 3.9c).

Figure 3.8: Examples of different fractures observed in the field around the Alpine Fault, and
correlative fractures in DFDP-1 CT scans. (a-c) Phyllosilicate-enriched fractures have a range of
orientations and found ∼150 m from the fault, are equivalent to type iii of fractures (Table 2.1).
(d-f) Open fractures are mainly foliation-parallel and are interpreted to be part of the regional
fracture network. Equivalent to type v fractures of Table 2.1. (g-i) Gouge and cataclasite
filled fractures, equivalent to type i and ii fractures of Table 2.1. Location of field photos: (a)
Waikukupa thrust, (b) and (d) Stony Creek, (e) and (g) Havelock Creek, (h) Bullock Creek.
Compass clinometer 8 cm and yellow notebook 20 cm in length. Measuring tape in (e) 1.1
m long, walking pole in (g) 1 m in length. DFDP-1 CT scan intervals: (c) DFDP-1B 56-2
125.35-125.49 m, (f) DFDP-1B 35-1 102.00-102.15 m, (i) DFDP-1B 33-2 99.45-99.60 m.
Although the field data do not demonstrate a relationship between fracture density and
proximity to the Alpine Fault, widely spread fracture orientations are localised immediately
adjacent to the fault (Figure 3.7a). This is consistent with the observations of DFDP-1 CT
scans (Figure 3.5a). Within this interval, phyllosilicate-enriched fractures are abundant in the
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field and are the most common type of fracture in DFDP-1 CT scans (where they are equivalent
to type iii structures in Table 2.1). At greater distances from the fault, open foliation-parallel
fractures dominate (Figure 3.7a). Since broadly oriented phyllosilicate-enriched fractures are
uniquely found adjacent to the fault, we conclude that their extent acts as a criteria for defining
damage zone width for the Alpine Faults hanging-wall.

Figure 3.9: Field observations of variations in fracture density coincident with lithological diversity. (a & b) Intervals of micaceous and metabasite mylonite containing a relatively high
proportion of phyllosilicate-enriched filled fractures (denoted by yellow arrows) compared to
interlayered quartzofeldspathic mylonite. (c) Transition from micaceous mylonite to quartzofeldspathic mylonite coincides with the edge of damage zone at this locality. Taken at (a)
Gaunt Creek, (b) Havelock Creek, (c) Hare Mare Creek. Compass clinometer 8 cm and yellow
notebook 20 cm in length.
Applying this criteria to field data yields constraints of hanging-wall Alpine Fault damage
zone width to be approximately 118-146 m at Gaunt Creek (i.e. between stations 3-4), 73-103
m at Stony Creek (i.e. between stations 2-3), 151 m at Hare Mare Creek (at station 2, Figure
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8c) and 47-154 m at Havelock Creek (i.e. between stations 2-3). At greater distances from the
fault, fractures are predominantly open and foliation-parallel (Figure 3.8d-f).

3.4.3

Fracture orientations in AHP drill-core: 500-1400 m from
the Alpine Fault

The AHP sampled grey, well-foliated schist bedrock of the Haast Schist Group (textural zone IIIIV, Turnbull et al. (2001)). Foliation is defined by alternating quartzofeldspathic and micaceous
layers (Figure 3.10a and b). All 239 fractures measured in the CT scans of drill-core are plotted
in Figure 3.11. There is a very strong alignment of fractures parallel to the foliation, in agreement
with the findings during initial drill-core descriptions Geotech Consulting Limited (2006); Savage
(2013) and the fracture network sampled in the field (Section 3.4.2). Fracture orientations not
aligned parallel to foliation are most frequent in BH4 (Figure 3.10d and 3.11).

3.5
3.5.1

Discussion
Correlating structures in CT and BHTV images

CT scans can image fractures >1 mm in thickness whereas BHTV imaging is typically capable of
revealing fractures >5 mm in thickness. Therefore, it was not possible to correlate all fractures in
the reoriented CT images (637 fractures) with those in the equivalent BHTV images (366). This
is also why 9 of the 40 possible core sections could not be reoriented (For a full list of rotations
see Table B.1). Structures observed in the BHTV logs, but not interpreted as fractures in the
CT images are also identified (Figure 3.4). These may represent the ultramylonitic foliation
or noise in the BHTV images. If the Alpine Fault damage zone is defined by a broad set of
fracture orientations, then it is pertinent that the DFDP-1 BHTV logs predominantly recorded
foliation-parallel fractures (Figure 3.4b). This suggests that these logs alone are not able to
determine if a borehole has sampled the Alpine Fault damage zone.

3.5.2

Fracture orientations in the Alpine Fault damage zone

Fracture orientations collected from drill-core and field measurements were summarised in a
schematic cross-section through a thrust segment in the central section of the Alpine Fault in
Figure 3.1. Fractures adjacent to the fault in reoriented DFDP-1 CT images and field transects
show a weak cluster parallel to the Alpine Fault and the ultramylonitic foliation at the DFDP1 site (Figure 3.5 and Figure 3.7a). For the DFDP-1 CT images, this result is maintained
after a correction for orientation bias (as previously described for the field datasets, Section
3.3.2) has been applied to the data (Figure 3.12). Within the entire set of DFDP-1 CT images,
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CT Number Key:
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Figure 3.10: Fracture styles noted in the Amethyst Hydro Project (AHP) drill core. Unrolled
images of AHP drill-core (BH1 45-2 124.3-124.9 m) taken by (a) DMT core scanner and (b)
generated from a CT image. (1) Identifies fracture cutting across foliation, (2) foliation-parallel
fracture with alteration halo, (3) foliation defined by quartzofeldspathic bands that have low CT
numbers. (c and d) Core-axial parallel CT image slices of AHP drill-core. In (c) white arrows
represent a crush zone sub parallel to foliation surrounded by a region of localised fracturing
(BH2 75-2 155.92-156.04 m). (d) more variable fracture orientations identified in BH4 (Section
70-4 196.62-196.80 m).

only 11% of fractures in foliated units are clearly foliation-parallel (Section 2.5.1), and it is
also conceivable that these fractures were generated during exhumation along the Alpine Fault
(Norris and Cooper, 2001). This would be consistent with the fact that the greatest proportion of
foliation-parallel fractures is observed in the core recovered from the shallowest depths sampled
in DFDP-1 (Figure 3.6c). Overall, the fracture orientation data show that mechanical anisotropy
represented by the ultramylonitic foliation did not strongly control fracture orientations in the
hanging-wall damage zone.
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BH1
BH2
BH3
BH4
Pole to regional
Alpine Fault
Pole to regional
foliation
Great circle to regional Alpine Fault
Great circle to regional foliation

N = 239

Figure 3.11: Equal area, lower hemisphere projection of fracture orientations recognised in CT
scans of AHP drill-core separated by borehole. Kamb contours with intervals of two standard
deviations.

This finding is in contrast to previous studies of fault damage within foliated rocks (Bistacchi et al., 2010; Misra et al., 2015). Experimental studies on foliated lithologies report that the
extent to which a mechanical anisotropy can control rock failure depends on: (1) the confining
pressure, (2) the angle between σ1 and the anisotropy (α), and (3) the mechanical ‘strength’ of
the anisotropy (Donath, 1961; Nasseri et al., 2003; Paterson and Wong, 2005). In the Alpine
Fault, stress determinations (Boese et al., 2012) suggest that α is approximately 44◦ , given
that the mylonitic foliation is parallel to the fault itself Norris and Cooper (2007). This is an
intermediate value of α, as fractures may or may not align to an anisotropy depending on the
lithology and the confining pressure (Donath, 1961; Nasseri et al., 2003; Paterson and Wong,
2005). This implies that for the Alpine Fault, fractures must have formed at high confining
pressures and/or that the strength of the anisotropy (which can be defined as the ratio of the
viscosity normal to the anisotropy, to the viscosity parallel to it (Chester and Fletcher, 1997))
represented by the mylonitic foliation is low. Currently, these parameters are poorly constrained
for the Alpine Fault rocks. Additionally, if fractures are coseismic they may have formed under
a dynamic stress field (Griffith et al., 2009; Scholz et al., 1993) different to the ambient stress
state reported by Boese et al. (2012).
To explore other mechanisms that may account for fracture damage around the Alpine Fault,
we apply the methodology proposed by Wilson et al. (2003). They suggested that if the orien-
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Figure 3.12: Weighted poles to fractures (a&b) reoriented DFDP-1 CT scans, and (c) AHP CT
scans, represented by a Kernel probability distribution. Also shown are the poles to predicted
orientation of damage zone fractures for (a) the regional orientation of the Alpine Fault, and
(b) the local orientation as sampled in DFDP-1, which are given in Table 2. Note that slip on
a non-planar fault may produce orientations anywhere along the M-plane.

tation of the fault plane and the slip vector are known, it is possible to predict the orientation
of Mode I fractures that form during fault growth, slip or wear. This methodology predicts that
the poles to Mode I fractures should all lie in the plane that contains the slip vector and the
pole to fault plane (the M-Plane of Arthaud (1969) and Aleksandrowski (1985)). The Alpine
Fault orientation varies with depth because of near-surface partitioning into thrust and strikeslip segments Simpson et al. (1994); Norris and Cooper (1995, 2007); Barth et al. (2012), so two
sets of possible fracture orientations must be considered (Table 3.1): (1) based on the regional
orientation of the Alpine Fault at depth (055/45 SE, Figure 3.12a), and (2) on the local orientation of the Alpine Fault at the DFDP-1 site (015/43 E, Figure 3.12b; Townend et al. (2013)). In
both cases, we assume that the slip vector is contained within the fault plane and is parallel to
the direction of the Pacific-Australian plate-motion (DeMets et al., 1994). Furthermore, some
fractures around the Alpine Fault damage zone formed in shear (Table 2.1). Therefore, their
orientation cannot be predicted by the methods outlined in Wilson et al. (2003), though they
may be predicted by a Riedel shear system (Riedel, 1929), which we also consider (Table 3.1).
The fracture orientations in DFDP-1 drill-core are dissimilar to those predicted using the
methodologies outlined by Wilson et al. (2003) (Figure 3.12a and b). The closest correlation
between observed fracture orientations and the theoretical predictions are to P shears in a Riedel
shear system based on the local orientation of the Alpine Fault (Figure 3.12b). P shears typically
form after R shears and constitute only a minor component of a Riedel shear system (Naylor
et al., 1986; Sylvester, 1988). Considering that a substantial number of R shears are not observed, we do not consider a Riedel fracture system has developed. Instead clustering around
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the predicted P shear orientation results from its coincidence with the mylonitic foliation orientation, which can exert a minor control on fracture orientation.

Fracture

genera-

tion mechanism

Orientation relative

Predicted fracture orientation

to a fault plane
Regional
Fault

Alpine

Local Gaunt Creek

(Orientation

Alpine Fault (Orien-

(055/45

SE,

slip

tation 015/43 E, slip

vector 15/071)

vector 38/071)

075/42 SE*

028/30 SW

R shear

10-20◦

P shear

10-20◦ anticlockwise

038/52 SE*

007/57 E

R’ shear

75◦

clockwise

150/64 SW

152/39 SW

P’ shear

75◦ anticlockwise

171/86 W

168/66 W

Mode II tip com-

20◦

082/38 S

034/26 SE

pression

plane

Mode II tip tension

70◦ to fault along M-

152/53 SW

148/34 SW

122/40 S

102/18 S

NA

NA

099/37 SE

054/20 SE

clockwise

to fault along M-

plane
45◦ to fault along M-

Mode III tip

plane
Slip

along

non-

Anywhere along M-

planar fault

plane

Andersonian

30◦ to fault along Mplane

Table 3.1: The predicted orientation of damage zone fractures from the Alpine Fault, based
on its regional orientation and local orientation sampled in DFDP-1. *Taken from Barth et al.
(2012).
We now discuss two possible mechanisms by which a wide range of fracture orientations
around the Alpine Fault can be generated. Firstly, partitioning of the Alpine Fault at depths
<4 km leads to discrete thrust and strike-slip segments (Norris and Cooper, 1995), which introduce non-planarity in the active fault trace. Quasi-static models predict that slip along such
rough faults imposes large (<90◦ ) variations in the local stress field (Wilson et al., 2003; Chester
and Chester, 2000). This will manifest as a set of variable fracture orientations, though fractures will still intersect the fault along a line (i ) that is at 90◦ to the maximum resolved shear
stress (τmax ). This requires that the poles to fractures are always on the M-plane and that they
always contain σ2 . Stress rotations will be promoted by the mechanical anisotropy within the
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hanging-wall rocks of the Alpine Fault (Chester and Fletcher, 1997). However, the largest rotations in the stress field are observed on rough faults that have low frictional strengths (Chester
and Chester, 2000; Keren and Kirkpatrick, 2016b), yet the PSZ gouges recovered in DFDP-1
are not exceptionally weak (Boulton et al., 2014; Ikari et al., 2014; Niemeijer et al., 2016).
Furthermore, rotations in the stress field induced by fault non-planarity cannot explain the
orientation of fractures whose poles are not on the M-plane. Fractures with these orientations
can instead be accounted for in terms of a fault that does not contain σ2 and so is misoriented
with respect to the stress field (Blenkinsop, 2008). This is the case for the Alpine Fault at depths
>4 km (Boese et al., 2012), where its orientation is controlled by a combination of the mylonitic
foliation, exploitation of a pre-existing lithospheric discontinuity (Sutherland et al., 2000), and
the fault’s rapid uplift rates leading to thermal weakening and strain localisation (Koons, 1987).
Blenkinsop (2008) showed that for misoriented faults, the angle between i and τmax can
vary between 0-90<90◦ . Consequently, the poles to these fractures do not have to align to the
M-plane. The exact orientation of the fractures themselves will depend on θ (the angle between
the fault and σ1 ) and the stress ratio, R = (σ2 -σ3 )/(σ1 -σ3 ). For the central section of the Alpine
Fault θ is 44◦ (principal stresses plunge and trend vary by ± 15◦ ). However, R varies considerably with values of 0.5 ± 0.4 (Boese et al., 2012). These local variations could conceivably
combine to generate a wider range of fracture orientations than possible by slip along a rough
fault.
In summary, the mylonitic foliation exerted a relatively minor control on fracture orientations
in the Alpine Fault damage zone. Instead, a wide range of fracture orientations is observed, which
is consistent with: (1) slip on a non-planar fault in the near surface (depths <4 km) and/or (2)
slip on a fault at depths >4 km that is misoriented with respect to the regional stress field. These
models are not mutually exclusive and others not discussed here in detail may also contribute.
These include rotations in the stresses imparted by the damage-induced compliance around a
fault (Faulkner et al., 2006; Gudmundsson et al., 2010), topography (Styron and Hetland, 2015;
Upton and Sutherland, 2014; Upton et al., 2016), generation of fractures in a dynamic coseismic
stress field (Scholz et al., 1993; Griffith et al., 2010), and the development of an asymmetric
flower structure at depths <600 m (Barth et al., 2012). The accruement of brittle damage
around the Alpine Fault by a number of mechanisms is consistent with previous observations of
other fault damage zones (e.g. Wilson et al., 2003; Mitchell and Faulkner, 2009; Faulkner et al.,
2011).
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Figure 3.13: Weighted histograms for (a) the angle between poles to reoriented fractures in
DFDP-1 CT scans and the M-Plane for the local orientation of the Alpine Fault (085/73 N),
(b) the angle between the reoriented fractures and the local fault orientation (015/43 E) and
(c) the angle between fractures in the CT scans of AHP core and the local foliation orientation
(070/60 E). Weighting for fractures is derived from a modified version of the Terzaghi correction
for orientation bias, as explained in text, to ensure steeply dipping fractures are not under
represented.

3.5.3

Regional fracture orientations around the Alpine Fault

Fracture orientations outside the Alpine Fault damage zone, as represented by fractures in AHP
drill-core, are strongly clustered around the regional schistose foliation orientation (Figures 3.12c,
and 3.13c). Those that do not align with the foliation may reflect fracturing within the damage
zone of the nearby Tarpot Fault and other unidentified minor faults and crush zone (Geotech
Consulting Limited, 2006).
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It is possible that fractures in AHP core may reflect those induced during drilling, coring,
or handling processes. Typically, the filling of fractures provides a reliable indication that fractures are natural (Kulander et al., 1990). Previous drill-core descriptions noted a dominance of
foliation-parallel fractures that were filled with a light brown micaceous gouge (Geotech Consulting Limited, 2006; Savage, 2013). However, CT scans of the AHP drill-core were conducted
∼10 years after it was recovered, and it is conceivable that in this time period some of the original fracture filling may have been lost through drying or handling of the drill-core. This means
the presence or absence of fracture fill is not a robust indicator of natural fractures in this case.
Nevertheless, at least some of the open fractures must be natural as they are surrounded by
alteration haloes (Figure 3.10a) indicating that they were conduits for fluid flow within an active
hydrogeological system around the Alpine Fault (Cox et al., 2015). This system was sampled
in the second phase of the Deep Fault Drilling Project (DFDP-2), where BHTV images show
fractures are predominantly aligned subparallel to the foliation (Massiot, 2015; Sutherland et al.,
2017). These observations, along with the identification of a prominent set of filled foliationparallel fractures in the original drill-core logs, indicates that our observation of predominantly
foliation-parallel fractures in the AHP drill-core is robust, even though the sampling of induced
fractures cannot be ruled out.
We interpret these foliation-parallel fractures were formed in response to unloading and the
release of confining pressure (Price, 1959; Engelder, 1985; Zangerl et al., 2006) during exhumation of the host rocks, and so can be classified as“release joints” in the scheme of Engelder (1985).
This alignment indicates that unlike the ultramylonitic foliation in DFDP-1, the schistose foliation in AHP drill-core can exert a control on rock failure. This is consistent with Unconfined
Compressive Strength and Point Loading Tests on samples recovered from the Amethyst Hydro
Tunnel, which demonstrate that the strength of the rock mass is strongly dependent on the
orientation of the principal stresses relative to the foliation (Savage, 2013).

3.6

The width of the Alpine Fault damage zone

Although the disappearance of phyllosilicate-enriched fractures defines the width of the Alpine
Fault hanging-wall damage zone, fracture densities do not decay systematically with distance
from the active fault trace (Figure 3.7b). This contrasts with several previous studies of fracture density in other fault damage zones that reported systematic distance-density relationships
(Chester et al., 2005; Mitchell and Faulkner, 2009; Savage and Brodsky, 2011; Johri et al., 2014).
This may be a sampling issue, since densities in this study were only measured in up to 4 places
per creek section. However, some variations in fracture density correspond to changes in lithology (Figure 3.9). Such a lithological control on the density of damage zone fractures is consistent
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with observations of the CT scans from DFDP-1 core (Section 2.5.2) and other fault zones (Berg
and Skar, 2005; Chester and Logan, 1986; Peacock and Xing, 1994).
The extent of minor gouge and cataclasite filled faults (Figure 3.8g-i) are independent of
the Alpine Fault damage zone width, as they are observed >500 m from the fault. They offset
markers and so imply that a proportion of slip around the Alpine Fault is accommodated away
from its fault core. This may relate to: (1) poor slip efficiency at the bends in the fault (Cooke
et al., 2013; Dolan and Haravitch, 2014; Hatem et al., 2015), (2) the effect of overriding footwall
gravels in the near surface (Barth et al., 2012), and (3) imbrication of the thrust wedge as a
result of erosion of its rear edge (Norris and Cooper, 1997). It is also conceivable that these
structures accommodate the microseismicity (ML <1.8) that is detected across a diffuse zone
at distances of up to 5 km from the Alpine Fault and at depths <10 km (Chamberlain et al.,
2017).
Based on the presence of widely oriented phyllosilicate-enriched fractures, the damage zone
in the hanging-wall of the Alpine Fault in its central section is constrained to be between 47-154
m wide. Our analysis only concerns width on the Pacific Plate (eastern) hanging-wall side of
the Alpine Fault. Here, other estimates of damage zone thickness have been made along-strike
(Figure 3.14a), at Martyr River and McKenzie Creek for the southern section of the Alpine
Fault (50-80m; Barth et al., 2013), and at Kaka Creek at the northern end of the central section
(100-200m; Wright, 1998). Extensive Quaternary conglomerates cover the Western Province
Australian Plate side of the Alpine Fault (Figure 3.2; Norris and Cooper, 2007; Lund Snee
et al., 2014) obscuring the footwall damage zone so its width cannot be assessed. However,
based on the mechanisms by which fault damage asymmetry may be generated (ruptures along
bimaterial faults (Ben-Zion and Shi, 2005; Townend et al., 2013) and/or differences in confining
pressure across dipping faults (Ma, 2009) it is unlikely that the Alpine Fault footwall damage
zone is thicker than in the hanging wall. Our results would therefore predict a total damage zone
thickness of roughly 100-300 m. This is comparable to estimate of total damage zone thickness
of 60-200 m for the Alpine Faults central section made by (Eccles et al., 2015) based on fault
zone guided waves (FZGWs).
Collectively, these results suggests that the Alpine Fault is embedded in a damage zone
with broadly similar width along hundreds of kilometres of strike length (Figure 3.14a), despite
variations in wall rock lithology and kinematics (Norris and Cooper, 2007; Barth et al., 2013).
This is consistent with predictions for a crustal-scale, rapidly-moving (∼few cm/yr) fault zone
that has accommodated hundreds of kilometres of displacement (Biegel and Sammis, 2004;
Manighetti et al., 2007; Childs et al., 2009; Savage and Cooke, 2010; Savage and Brodsky, 2011).

98

Chapter 3: What’s to blame for the damage?

170º0’0’’E

168º0’0’’E

172º0’0’’E

(b)

174º0’0’’E

Wright 1998
This study
Barth et al 2013

Bleinheim
42º0’0’’S

42º0’0’’S

Gaunt Creek: 118-146 m
Hare Mare
Creek: 151 m

!

Havelock Creek:
47-154 m

Kaka Creek:
(100-200 m)

Stony Creek:
!
73-103 m

Christchurch
44º0’0’’S

!
Martyr
River:
80 m
!

44º0’0’’S

Fault zone thickness (m)

(a)

103

101

McKenzie
Creek: 50 m

101
Dunedin

46º0’0’’S

0 25 50

168º0’0’’E

170º0’0’’E

46º0’0’’S

100

172º0’0’’E

150

Compilation from Savage
and Brodsky 2011
Northern Alpine Fault
(Wright 1998)
Central Alpine Fault, field
(this study)

200
Kilometers

174º0’0’’E

103

Fault displacement (m)

105

Central Alpine Fault, FZGW
(Eccles et al 2015)
Southern Alpine Fault (Barth
et al 2013)

Figure 3.14: Log-log plot of fault zone thickness as a function of fault displacement previously
presented in Savage and Brodsky (2011), combined with estimates made for the Alpine Fault.
Displacement for the Alpine Fault is 480 km (Wellman, 1953; Norris and Cooper, 2007). However, convergence along the Alpine Fault’s central section requires that it erodes its own fault
rocks so these points are plotted to reflect only the brittle displacement (22 km; Barth et al.,
2012) the rocks themselves have accommodated. Error bars reflect uncertainty in constraining
fault zone width (as for example, footwall damage is largely unknown), not necessarily variability in fault zone thickness. (b) Compilation of our estimates of damage zone thickness on the
Pacific Plate side of the Alpine Fault from four creek sections (Gaunt Creek, Stony Creek, Hare
Mare Creek and Havelock Creek), and those made elsewhere along strike: McKenzie Creek and
Martyr River (Barth et al., 2013), and Kaka Creek (Wright, 1998).

By comparison, geometrical complexities along faults with low displacement (<10-100 km) result
in very variable damage zone widths of 10’s to 1000’s of metres thick along-strike (e.g. Kim et al.,
2004; Bistacchi et al., 2010; Rotevatn and Bastesen, 2012; Lin and Yamashita, 2013). This has
significant implications because structurally-mature faults tend to be characterised by ruptures
with high propagation velocities (Perrin et al., 2016) and along-strike extents (as previously
observed for the Alpine Fault by Howarth et al. (2014)), characteristic frequency-magnitude
distributions (Stirling et al., 1996; Ben-Zion, 2008), low static stress drops (Anderson et al.,
1996), and lower ground motions compared to earthquakes of equivalent magnitudes on more
geometrically complex immature fault system (Heermance et al., 2003; Radiguet et al., 2009;
Savage and Brodsky, 2011).
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3.6.1

Conclusions

Fracture orientations in the Alpine Fault’s central section hanging wall damage zone were characterised by developing a methodology to reorient drill-core by matching structures between unrolled CT scans and geographically-referenced borehole televiewer images. This was applied to
datasets arising from the first phase of the Deep Fault Drilling Project (DFDP-1) and combined
with field transects and with oriented drill-core recovered from the Amethyst Hydro Project.
Fractures in the damage zone exhibit a wide range of orientations with only a small number
of fractures (11% in DFDP-1 CT images) aligned subparallel to the mylonitic foliation. This
range of fracture orientations indicates local variations in stress states immediately adjacent to
the Alpine Fault. At shallow depths (<4 km) this results from slip along a fault that is segmented
in order to accommodate oblique dextral-reverse slip. At greater depths, this reflects variations
in the stress ratio around the Alpine Fault against the backdrop of a fault that is unfavourably
orientated with respect to the regional stress field. Other factors such as topography and damageinduced compliance of fault zone rocks may also contribute to a locally heterogeneous stress state.
By comparison, the regional fracture network in the hanging-wall of the Alpine Fault shows a
much stronger preference to be aligned subparallel to foliation. Given that the Alpine Faults
hanging-wall damage zone contains a wide range of fracture orientations, we find that its width
is on the order of ∼50-150 m for its central section. This is comparable to field-based estimates
made elsewhere along-strike of the Alpine Fault, and an estimate of total damage zone width
made by fault zone guided waves. Results are also consistent with damage zone thicknesses
reported for other structurally mature strike-slip faults worldwide.
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Abstract
The Alpine Fault has a <50 m wide geochemically distinct hanging-wall alteration zone. Using a combination of petrological and cathodoluminescence (CL)
microscopy, Energy Dispersive Spectroscopy, and X-ray diffraction, we document
the habitat and mineralising phases of macro- and micro-fractures within the alteration zone using samples derived from outcrop and the Deep Fault Drilling Project.
Veins predominantly contain calcite, chlorite, K-feldspar, or muscovite. Gouge-filled
fractures are also observed and reflect filling from mechanical wear and chlorite mineralisation. CL imaging suggests that each calcite vein was opened and sealed in
one episode, possibly corresponding to a single seismic cycle. The thermal stability
of the mineralising phases and their mutually cross-cutting relationships indicate
a cyclic history of fracture opening and mineralisation that extends throughout
the seismogenic zone. Cataclasites contain calcite veins hosted within quartzofeldspathic clasts or that cross-cut both the clasts and surrounding matrix. The former
indicates broadly synchronous calcite veining and cataclastic deformation. However,
cross-cutting veins are interpreted to form within the cataclasites after slip had localised onto the Alpine Faults principal slip zone (PSZ) gouges. Twin morphologies
and thicknesses in cross-cutting calcite veins indicate precipitation at depths <2-5
km, which provides a lower depth constraint for strain localisation onto the PSZs.
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Graphical Abstract

Figure 4.1: Conceptual model for brittle deformation and mineralisation in the hanging-wall of
the central section of the Alpine Fault, constructed using constraints discussed in Section 4.5.2.
Isotherms derived from Toy et al. (2010), and fluid flow paths and topography from Menzies
et al. (2014).

4.1

Introduction

Fracturing and brecciation during earthquake rupture can lead to an increase in permeability
in the surrounding rock mass (e.g. Muir-Wood and King, 1993; Sibson, 1994; Wibberley and
Shimamoto, 2002; Woodcock et al., 2007; Xue et al., 2013; Gomila et al., 2016). This permeability is transient and is reduced by mineralisation and the closing of fluid pathways during the
interseismic period. Fluid-rock interactions that occur over the seismic cycle are important for
understanding fault mechanics (Evans and Chester, 1995; Clemenzi et al., 2015), the priming
of future ruptures along the fault (Sibson, 1973; Chester et al., 1993; Tenthorey et al., 2003;
Woodcock et al., 2007; Menzies et al., 2016) and the formation of some types of ore deposits
(Sibson, 1990; Micklethwaite and Cox, 2004).
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Fluid-rock interaction often results in structural and geochemical changes that culminate in
the development of distinct fault alteration zones (Evans and Chester, 1995; Schulz and Evans,
2000; Sutherland et al., 2012; Smith et al., 2013; Arancibia et al., 2014; Kristensen et al., 2016).
Microstructural and geochemical analysis of such alteration zones can be used to constrain the
composition of the mineralising phases and the source fluids, the permeability architecture of
fault zones, and the relative sequence of fluid flow events. Faults are complex three-dimensional
structures, and fluid flow and related alteration will inevitably vary with depth and along-strike,
depending on factors such as host rock lithology and permeability (Laubach et al., 2014), hydrological regimes (Evans and Chester, 1995), and the distribution and scale of fault geometrical
irregularities (Sibson, 1994; Micklethwaite and Cox, 2004).
Cross-cutting relationships between veins and fault rocks show that faults experience a multitude of fluid-flow episodes during their lifetimes (Sibson, 1990; Gudmundsson et al., 2001;
Potts and Reddy, 1999; Petrie et al., 2014). However, the internal texture of individual veins
demonstrates that their growth history may reflect single or multiple episodes of opening and
sealing (Bons, 2001; Tarasewicz et al., 2005; Borg et al., 2014). The former suggests rapid sealing rates with the reseal stronger than the intact rock (Sibson, 1986; Woodcock et al., 2007;
Melosh et al., 2014), while the latter indicates growth via crack-seal mechanisms, possibly over
multiple earthquake ruptures (Ramsay, 1980; Chester and Logan, 1986; Gudmundsson et al.,
2001; Renard et al., 2005).
This study investigates the spatial and temporal evolution of the Alpine Fault alteration zone
by assessing the composition, texture, and cross-cutting relationships among veins, fractures
and fault-rock fabrics sampled in outcrop and in drill-core recovered during the first phase of
the Deep Fault Drilling Project (DFDP-1). The Alpine Fault is an active transpressive plate
boundary fault (Figure 4.2a) that rapidly exhumes (<10 mm/yr) its hanging-wall from depths
of ∼35 km (Little et al., 2005; Norris and Cooper, 2007; Sutherland et al., 2007). Fracture
networks, veins, and fault rocks in the hanging-wall therefore provide an important opportunity
to investigate processes of fluid-rock interaction, mineralisation and strain localisation at depths
ranging from below that of the brittle-ductile transition zone (White and White, 1983; Toy
et al., 2010; Menzies et al., 2014) to less than 2 km (Warr and Cox, 2001; Boulton et al., 2012,
2017; Menzies et al., 2014; Schleicher et al., 2015). Results are also discussed in the context of
geophysical observations of the Alpine Fault and its surrounding damage zone (Townend et al.,
2013; Eccles et al., 2015).
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4.2

Fault rocks and fluid-rock interaction around the
Alpine Fault

Below, we summarise the structure and fault rock sequence encountered within the Alpine Faults
hanging-wall with reference to the lithological classification scheme for DFDP-1 core outlined
by (Toy et al., 2015). This is also represented schematically in Figure 4.2b. We then relate this
to the width and distribution of the alteration zone that is the focus of this study, as well as
previous work on crustal-scale fluid sources and fluid-rock interactions.

4.2.1

Alpine Fault rocks and structure

Units 1 and 2 of Toy et al. (2015) are ultramylonites. With respect to the active trace of the
Alpine Fault, they represent the most distal interval of core recovered during DFDP-1 (Figure 4.2b). The ultramylonites are defined by a foliation of alternating quartzofeldspathic and
mica/amphibole segregations (Unit 1) or by dark hairline seams of opaque minerals (Unit 2).
They are derived from the Alpine Schist and have a mineralogy dominated by quartz, plagioclase, biotite and muscovite (Warr and Cox, 2001; Toy, 2008; Toy et al., 2015). Hanging-wall
cataclasites (Units 3 and 4 of Toy et al. (2015)) that are sourced from the ultramylonites comprise quartzofeldspathic clasts surrounded by a fine-grained matrix that is dark brown in plane
polarised light (PPL). A smectite rich principal slip zone (PSZ) gouge (Unit 5) separates the
hanging wall cataclasites from the footwall cataclasites (Unit 6) or Quaternary gravels (Figure
4.2b).
Foliation in Unit 4 cataclasites is defined by anastomosing seams of opaque minerals, and has
been inferred to form at low strain rates from pressure-solution-accommodated aseismic grainsize-sensitive creep (Gratier et al., 2011; Toy et al., 2015; Boulton et al., 2017). All lithologies
sampled in DFDP-1 core contain pseudotachylytes (Sibson et al., 1981; Warr et al., 2007, 2003;
Toy et al., 2015). These most likely formed at seismic slip rates (Sibson, 1975; Cowan, 1999;
Kirkpatrick and Rowe, 2013), thereby indicating fluctuating strain rates around the Alpine Fault
(Toy et al., 2015). Using the model of fault zone structure developed by Chester and Logan
(1986), Chester et al. (1993) and Caine et al. (1996), Units 3-6 constitute the“core” of the Alpine
Fault (Toy et al., 2015). The density and distribution of gouge-filled fractures, 1-3 mm thick,
are interpreted to define the extent of the Alpine Fault damage zone (Chapters 2 and 3). Such
fractures are also pervasive in the fault core (Figure 4.2b).
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Figure 4.2: Geology of the Alpine Fault. (a) Location map of DFDP-1 boreholes and field
localities where fracture fill was sampled for X-ray diffraction analysis. Greyscale in map depicts
topography, illuminated from the northwest. Inset shows extent of map in terms of the plate
boundary running through the South Island of New Zealand. (b) A schematic cross section
through a thrust segment of the central section of the Alpine Fault depicting the distribution of
fault rocks, fractures and the different components of fault structure. The relative locations of
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of the DFDP-1 boreholes and the distribution of its lithologys (Toy et al., 2015) are also given.
Adapted from Norris and Cooper (2007), Sutherland et al. (2012) and Figure 3.1. (c) A simplified
cross-section depicting the fluid flow regime around the Alpine Fault. Arrows depict infiltration
of meteoric fluids into the hanging-wall of the Alpine Fault, which are then focussed back to the
surface along the fault. After Sutherland et al. (2012) and Menzies et al. (2014).

4.2.2

The Alpine Fault alteration zone

The alteration zone is the most obvious expression of fluid-rock interactions within the Alpine
Fault. It is defined by enhanced levels of phyllosilicate and calcite mineralisation compared to
the surrounding protolith (Sutherland et al., 2012; Boulton et al., 2017). In field exposures,
the alteration zone is expressed as an interval of minty green rock that is 3-50 m thick in the
fault hanging-wall (Norris and Cooper, 1997, 2007; Toy et al., 2012). It was also detected by
wireline logging of the DFDP-1 boreholes within c. 50 m of the PSZs by an increase in spontaneous potential and neutron porosity and a decrease in resistivity (Sutherland et al., 2012;
Townend et al., 2013). Geochemical analyses of DFDP-1 drill-core indicate that the alteration
is most pervasive within c. 20 m of the PSZs (Boulton et al., 2017). Therefore, in relation to
the DFDP-1 lithologies discussed above, the alteration zone is most prevalent within the fault
core cataclasites (Units 3 and 4), but also extends into the inner portion of the ultramylonite
sequence (Units 1 and 2, Figure 4.2b). Extensive mineralisation within the alteration zone has
contributed to its relatively low permeability (10-16 -10-18 m2 ) compared to the surrounding unaltered ultramylonite sequence (10-14 m2 ) (Boulton et al., 2012; Sutherland et al., 2012; Carpenter
et al., 2014).
Hydrothermal mineralisation and veining in the Alpine Fault has occurred along a relatively
well-constrained retrograde reaction path as fault rocks in the hanging-wall were rapidly exhumed from depths of ∼35 km (Warr and Cox, 2001; Little et al., 2005). Geochemical and
isotopic analyses of the main fluid-rock interactions suggest that fluids circulating within the
hanging-wall are dominantly meteoric in origin (Upton et al., 1995; Templeton et al., 1998; Menzies et al., 2014, 2016). Fluids are capable of penetrating to depths below the brittle-ductile
transition zone due to a combination of abundant rainfall, steep hanging-wall topography, an
elevated geothermal gradient, and deformation-related dilatancy (Upton et al., 1995; Menzies
et al., 2014). The low permeability PSZ gouges act as a barrier to cross-fault fluid flow (Boulton
et al., 2012; Sutherland et al., 2012). Consequently, when meteoric fluids reach the PSZ they do
not cross into the footwall but are instead focused back up the fault (Figure 4.2c), emanating
in warm springs distributed along the length of the Southern Alps (Barnes et al., 1978; Allis
and Shi, 1995; Menzies et al., 2016). This hydrogeologic system, combined with the rapid ad-
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vection of hanging-wall rocks (Koons, 1987), generates an elevated geothermal gradient within
the Alpine Faults seismogenic zone of 40-60 ◦ C/km (Toy et al., 2010; Sutherland et al., 2012),
which can locally exceed 125 ◦ C/km (Sutherland et al., 2017).
Mineralisation in the alteration zone follows a well-constrained series of temperature-dependent
hydrothermal retrograde reactions as fault rocks in the hanging-wall are rapidly exhumed from
depths <35 km (Warr and Cox, 2001; Little et al., 2005). Comprehensive analysis has been
made of the geochemical record of the main fluid-rock interactions, which have been used to
define a fluid-flow scheme around the Alpine Fault. This suggests that fluids circulating within
the hanging-wall are dominantly meteoric in origin. They are capable of being driven to depths
below the brittle-ductile transition zone by abundant rainfall, the steep hanging-wall topography
and an elevated geothermal gradient (Upton et al., 1995; Menzies et al., 2014). The low permeability principal slip zone (PSZ) gouges act as a barrier to cross-fault fluid flow. Consequently,
when meteoric fluids reach the PSZ they do not cross into the footwall but are instead focused
back up the fault, emanating in a number of warm springs distributed along the strike of the
Alpine Fault (Allis and Shi, 1995; Menzies et al., 2016).

4.3
4.3.1

Methodology
Optical, cathodoluminescence and electron microscopy

A suite of 24 polished thin sections cut from DFDP-1 core were examined. Sections were cut
parallel to the core-axis, but since DFDP-1 core was not oriented, the geographic orientation
of the sections is not known. Standard petrological techniques were used to characterise vein
composition, microfracture damage and fault rock fabric in all thin sections. Cathodoluminescence images (CL) were collected on calcite veins with a 8200 Mark II cold CL stage operating
at 20kv with a gun current ranging between 500-600 µa.
Backscatter electron imaging and semi-quantitative Energy Dispersive Spectroscopy (EDS)
analysis was performed on 15 of the DFDP-1 thin sections using a Zeiss Sigma FEG-Scanning
Electron Microscope (SEM) in the University of Otago Centre for Electron Microscopy. The
SEM operated at a working distance of 8.5 mm, a voltage of 15 keV and a 120 µm aperture.
Dwell time for EDS analysis varied between 1000-2000 µs. Before each element map, spectra
were acquired from a cobalt standard two times for 60 seconds ensuring repeat analysis were
within ±1 wt%. Results were defined against a standards file where Si, Al, Ca, and Na were
calibrated against labradorite, K on microline, and Mg, Fe, Mn, and Ti on Kaknui Hornblende.
EDS maps of major element variations were created and analysed using the Quant Map function
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in Aztec Software.

4.3.2

X-ray diffraction of macroscale fracture fill

Visual descriptions and tomographic scanning of DFDP-1 core (Chapters 2 and 3, Toy et al.,
2015) show abundant fractures >1 mm thick that contain an incohesive gouge or cataclasite
fill (Figure 4.3a and b). To assess the composition of these fractures, X-ray diffraction (XRD)
was undertaken on 11 samples taken from these fractures in DFDP-1 core. To obtain sufficient
material, fractures >3 mm in thickness were generally sampled. By using drill-core samples, we
mitigate against the effect of surface weathering on the composition of the fault rocks (Isaacs
et al., 2007; Rockwell et al., 2009). The core samples used for XRD analysis cover orthogonal
distances of <25 m from the Alpine Fault PSZ, however, similar fractures are observed in outcrop
at greater distances from the fault trace (Figure 4.3c and d). XRD data were also acquired from
5 of these fractures, so our analysis of fracture composition extends to distances <500 m from
the fault trace (Figure 4.2b). Note that these latter samples may have undergone near-surface
alteration.
For XRD analysis on DFDP-1 samples, 0.1-0.5 g of fracture-derived material was ground
by hand in an agate mortar and pestle. XRD patterns were then collected using a PANalytical
XPert Pro Multi-purpose Diffractometer with Fe filtered CoK radiation at the Waite Campus of
the Commonwealth Scientific and Industry Research Organisation, Australia (CSIRO). Diffraction patterns were run over a range of 3 to 80◦ in steps of 0.017◦ 2θ. Qualitative analysis was
performed using the CSIRO in-house XPLOT and the PANalytical interpretive software HighScore Plus. Quantitative analysis was performed using the package SIROQUANT. To more
accurately assess clay composition, samples were also magnesium-saturated and glycerolated.
The coarse material was then allowed to settled out and analyses were performed on the remaining fine-grained (∼<10 µm) fraction.
For XRD analysis on outcrop-derived samples, we used a Philips XPert Pro (P1700 series)
instrument with CoKα radiation at the GNS Science New Zealand’s Geothermal Analytical
Laboratory. Samples were dried and crushed (where required) and then spiked with 10% zinc
oxide. The XRD measurements were run over a range of 2◦ to 80◦ with step sizes of 0.05◦ 2θ.
The mineralogy of these samples was determined using the PANalytical software X’Pert High
Score, and quantitative mineral percentages determined using the software SIROQUANT. For
each field sample, an analysis of the clay-sized (<2 µm) fraction was also undertaken, under both
air-dried and glycolated conditions, to test for swelling clay mineral content. The abundance of
different phases in this analysis was derived from the relative intensity of the mineral primary
peak and so we only report semi-quantitative results.
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Figure 4.3: Examples of macroscale fractures whose fill has been quantitatively analysed using
XRD. (a) CT scan and (b) 180◦ unrolled GeoTek scan of fracture at depth interval 88.80-88.94
m in DFDP-1A. (c) and (d) field sample from Havelock Creek.

4.4
4.4.1

Results
Calcite mineralisation around the Alpine Fault

Calcite is the most abundant mineralising phase observed in DFDP-1 thin sections. It is found
in pockets <5 mm across (Figure 4.4a and b), disseminated in the wall rock cataclasites (Figure
4.4b and h), or in veins that range in thickness from 1 µm-1.5 mm (Figure 4.4c-h). Calcite veins
are frequently highly twinned and multiple generations can be identified through cross-cutting
relationships. In CL images, it is observed that older generations tend to luminesce less (Figure
4.4f). Evidence of both shear offset and tension is identified across calcite veins (Figure 4.4e).
The thicker veins and pockets contain multiple equant calcite crystals 50 µm-1.5 mm in size,
which can surround apparently isolated angular clasts of wall rock (Figure 4.4a and d). Thinner
(<300 µm) veins are typically filled by single crystals that grew across the full thickness of the
veins (Figure 4.4a).
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Figure 4.4: Cathodoluminescence (CL) images and equivalent photomicrograph in PPL of calcite
veins in DFDP-1 thin sections. (a&b) Thick calcite cavity consisting of large equant grains in
DFDP1A-84.45. In CL image (b), thin veins (10-100 µm thick) and calcite disseminated into
the wall rock are readily apparent. (c&d) Calcite vein with incorporated wall rocks in DFDP1A
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-71.00 (generated from stitching of multiple images, hence slight variations in luminescence).
(e&f) Clast-hosted veins in DFDP1A-87.34. Note that veins in PPL appear opaque, and that
younger veins (Ca2) luminesce with a brighter orange and in some cases have offset older generations (Ca1) in shear (marked by blue arrows). (g&f) Calcite veins that cross-cut both clasts
and matrix and show a preferred orientation, DFDP1A-86.01. Thin section name references the
DFDP-1 borehole and the absolute depth within the borehole (in metres) from which the section
was cut.

Though we recognise multiple generations of calcite veins, within the cataclasite units we
can broadly differentiate between: (1) an older clast-hosted set of veins that penetrate across
entire quartzofeldpathic clasts and truncate abruptly at their edges (Figure 4.4e and f), and (2)
relatively younger sets of veins that cross-cut both clasts and the surrounding matrix (Figure
4.4g and h). In both cases CL images show relatively homogenous luminescence across individual veins with no obvious crack-seal banding (Figure 4.4). Individual crystals may show broadly
concentric growth zoning (Figure 4.4b).
We interpret the formation and subsequent deformation conditions of calcite based on twin
morphology, applying the scheme outlined by Ferrill et al. (2004) who classify four types (I-IV)
of twins based on their morphology and width. We measured calcite twin thicknesses across
line profiles at x10 and x40 magnification in 30 µm thick sections (Figure 4.5). Our results are
likely to be a slight overestimate of twin thickness as the true orthogonal thickness of the twins
was not measured (Ferrill et al., 2004). Twins in clast-hosted veins (Figure 4.5a), cross-cutting
veins (Figure 4.5b) and calcite pockets (Figures 4.5c, d) are consistently tabular, rather than
exhibiting the curved and patchy morphology of Type III and IV twins (Ferrill et al., 2004).
Tabular Type I and II twins are distinguished by twin thickness, with Type I twins <1 µm thick
and vice versa. Twin thicknesses in our samples range from 1-30 µm, but are most frequently
<5 µm. On this basis, the samples contain a combination of Type I and II twins. In clast-hosted
veins, twin densities can be so high that grains appear opaque in PPL (Figure 4.4e).

4.4.2

Silicate vein-filling phases

Chlorite is the most common mineralising phase after calcite. It can be observed optically as
grains ∼100 µm across (Figure 4.6a and b) and in deformed fractures <100 µm thick (Figure
4.6c). In addition, EDS maps indicate that it may be disseminated within the cataclastic matrix
and quartz porphyroclasts (Figure 4.6d). Potassium-feldspar (K-feldspar) and muscovite are
both observed to fill clast-hosted and cross-cutting veins <20 µm thick (Figure 4.7). Clasthosted K-feldspar is rare in quartz clasts but common in albite clasts (Figure 4.7b). Minor
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amounts of apatite and pyrite are also present as vein fills.

Figure 4.5: Examples of calcite twins in DFDP-1A thin sections, and histogram depicting the
distribution of twinning thicknesses measured from 40x (a, c and d) and 10x photomicrographs.
(a) Twins within clast-hosted vein (DFDP1A-85.20) in PPL. (b) Twins within vein that cross
cuts matrix and clast (DFDP1A-83.10), photomicrograph taken in cross polarised light (XPL).
(c&d) twins in calcite filled pockets (DFDP1A-86.01 and DFDP1A-83.10 respectively).

4.4.3

Cataclasite- and gouge-filled fractures

Cataclasite- and gouge-filled fractures that vary between 10 µm- and 10 cm-thick are identified
both in thin section and DFDP-1 drill-core (Figure 4.8, Toy et al., 2015; Boulton et al., 2017).
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These fractures may display similar textures to pseudotachylytes and solution seams (Figure 4.9).
Pseudotachylytes may be distinguished by the presence of flow textures, injection structures,
chilled margins, and angular quartz or rounded feldspar clasts that are surrounded by a matrix
that has altered to chlorite (Toy et al., 2011). Solution seams demonstrate an anastomosing
arrangement that follows shear bands, a foliation, or a shape preferred orientation (Figure 4.9c
and d).

Figure 4.6: Examples of typical habits of chlorite in DFDP-1 thin sections. (a) Photomicrograph
in PPL of chlorite (DFDP1A-71.33), black box denotes area of (b), a BSE image, overlain by
the results of EDS analysis so that green represents regions of high Mg, blue K, red Al and pink
Ca. Interpretation of semi-quantitative EDS analysis of these, and other elements, indicate that
green represents chlorite (Chl), red, albite (Alb) or muscovite (Ms), blue, K-feldspar (Kfs), and
pink, calcite (Ca). This colour scheme is used in all other false colour EDS ‘layered images’
(Figures 4.7 and 4.11). (c) Heavily deformed chlorite vein in photomicrograph taken in PPL of
DFDP1A-71.00. (d) EDS layered image of DFDP1B-109.61, with clast-hosted veins of chlorite
that are abundant in quartz porphyroclasts, but rare in albite. P-ccl denotes protocataclasite.
EDS analysis shows that clasts in cataclasite-filled fractures are predominantly quartz or
albite with minor calcite. Bulk XRD analyses of DFDP-1 fractures (See E for full diffractograms)
identified quartz and plagioclase as the dominant minerals, with chlorite also relatively abundant
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(7-20 wt.%, Table 4.1, Figure 4.10) compared to the surrounding mylonites and cataclasites (6-8
wt.%,Table 4.1). Analysis of the fine-grained fraction (<10 µm) indicates that trace amounts
(<5 wt.%) of smectite are present in all DFDP-1 samples, except one sample, which contains
corrensite (DFDP-1B 115.6, Table 4.1). Calcite is also detected, though this could simply
represent the entrainment of calcite veins into these fractures (Figure 4.11c). Chlorite and
calcite are present in two outcrop-derived samples collected at distances of 48 and 70 m from
the main fault trace, outside the main alteration zone (Table 4.2, Figure 4.10). In the sample
collected at the greatest distance (∼500 m) from the Alpine Fault at Bullock Creek, calcite and
chlorite are present, but in much smaller quantities (Table 4.3, Figure 4.10).

Figure 4.7: K-feldspar (Kfs) and muscovite mineralisation in EDS layered images of DFDP-1
thin sections. (a) Kfs filled veins that are (a) intergranular and (b) concentrated in albite clasts.
(c) Clast-hosted muscovite (Ms) vein that cross-cuts chlorite vein. Colours represent elements
as described in Figure 4.6. For thin sections (a) DFDP-1B-127.48, (b) DFDP1A-69.73 and (c)
DFDP1A-85.70.

4.4.4

The relative sequence of fracturing and mineralisation

The relative sequence of fracture formation and mineral precipitation for the four main mineralising phases (calcite, chlorite, K-feldspar and muscovite), as well as the formation of cataclasiteor gouge-filled fractures, can be determined by systematic observation of cross-cutting relationships (Figure 4.11). These are analysed using the criteria outlined by Potts and Reddy (1999)
where cross-cutting relationships are displayed in younging tables (Table 4.4). In this analysis, a
sequential history of fracture filling would display a maximum number of relationships possible
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of n(n-1)/2, where n is the number of different structures (Potts and Reddy, 1999). In the
case of 5 distinct fracture-filling materials observed in the Alpine Fault samples, no more than
10 cross-cutting relationships should thus be identified if formation is sequential. In total, we
identified 13 deformation histories in these samples (Table 4.4), suggesting a cyclical and overprinting history of mineralisation in which the various phases are precipitated more than once
(Figure 4.4e). This is consistent with our observations of mutually cross-cutting relationships
(Figure 4.11c and d), as well as the observation that some veins are filled by calcite, chlorite and
K-feldspar, suggesting co-precipitation of these phases broadly within the same episode (Figure
4.11a).

Figure 4.8: A gouge-filled fracture imaged across: (a) CT scan, (b) thin section scan, (c) photomicrograph in PPL and (d) BSE image. At higher magnification, fracture can be observed
to contain comminuted wall rock. Fracture at depth 128.04-128.08 m in DFDP-1B borehole.
Green/black area shows extent of area in each subsequent image.

115

Chapter 4: Fault damage and mineralisation though the seismogenic zone

Figure 4.9: Examples of pseudotachylytes, solution seams and cataclasites in DFDP-1 thin sections. (a) BSE image of altered psuedotachylyte with chlorite (Chl) rich matrix and clasts of
quartz, albite, K-feldspar (Kfs) and calcite (Ca) in DFDP1B-127.48. The inset is of a photomicrograph in plane polarised light (PPL), where the yellow box defines the extent of the BSE
image. (b) Photomicrograph in PPL of a structure that contains a black aphanitic material
with quartzofelspathic clasts. It is difficult to determine if this represents a psuedotachylyte or
cataclasite. Previously presented in Toy (2008). (c) Anastomosing opaque solution seams in
PPL (DFDP1B-99.80), yellow box denotes extent of (d) a BSE image of a single solution seam,
with adjacent pyrite (Pyr). (e) Minor cataclasite filled fracture (Ccl) with brown fine grained
matrix in PPL. Yellow box shows extent of image in a (f) a BSE image.
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4.5

Discussion

4.5.1

Fracture growth and sealing

The equant crystal morphologies, growth zoning and relatively homogenous luminescence observed in calcite imply that fractures and pockets opened more rapidly than the rate at which
calcite was precipitated into them, with each crystal growing into an open void until it met a
fracture margin or another crystal face (Tarasewicz et al., 2005; Woodcock et al., 2007). Subsequent fractures apparently opened and were sealed elsewhere in the cataclasite, as opposed to
reactivating a pre-existing vein/fracture margin. Zoning within CL images of individual calcite
crystals suggests trace element variations (Figure 4.4b). This may reflects changes in bulk fluid
composition, which can be interpreted as evidence that multiple pulses of fluid were required to
seal openings (e.g. Shore and Fowler, 1996). However, more recent observations have demonstrated that trace element variations can occur within an individual crystal precipitated from
a single fluid pulse, if the fluid becomes progressively enriched or depleted in certain elements
during crystal growth (Paquette and Reeder, 1995; Barker and Cox, 2011; Borg et al., 2014).
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Figure 4.10: Scatter plot for the weight % of quartz and plagioclase feldspar, calcite, and chlorite
in gouge and cataclasite filled fractures, as a function of distance from the Alpine Fault. The
proportion of calcite and chlorites likely reflects the extent of mineralisation, whilst quartz and
feldspar are derived from mechanical wear.
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fractures, see Table 2.1. *Bulk samples derived from DFDP-1 core, reported in Williams (2013).

XRD diffractograms for all DFDP-1 samples are presented the appendix (Section E). For full definition and description of different type of

metres) the sample was located. Results are normalised to 100%, and so do not include estimates of unidentified or amorphous material.

that is recognised in the fine-grained (<10 µm) fraction. Sample name references DFDP-1 borehole and the depth within the borehole (in

Table 4.1: Quantitative XRD analysis (as weight %) of bulk samples recovered from DFDP-1 fractures, with the addition of smectite
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dipping at 30◦ Norris and Cooper (1995). See appendix section E for XRD diffractograms of these samples.

mapping program (http://www.otago.ac.nz/geology/research/structural-geology/alpine-fault/af-maps.html), and assuming a fault trace

the distance the sample was collected from the active fault trace as mapped by the University of Otagos Department of Geology fault zone

Table 4.2: Bulk quantitative XRD results of field samples as % abundance. Orthogonal distance from the Alpine Fault calculated based on
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Table 4.3: Semi-quantitative XRD analysis of clay fraction (<2 µm) of field samples. A =
abundant (>20%), M = minor (5-20%), T = trace (<5%). *Unable to distinguish between
chlorite and kaolinite. XRD diffractograms are presented in appendix (section E).
Collectively, detailed analyses of calcite veins in DFDP-1 drill-core indicate that fracture
opening occurred more rapidlythat the growth rate of the infilling calcite crystals, which wereprecipitatedfrom a single pulse of fluid. This is consistent with rapid coseismic fracturegrowth,
followed by mineralisation and sealing during the postseismic and interseismicphases of the
seismic cycle (Hilgers and Urai, 2002; Woodcock et al., 2007; Clemenzi et al., 2015). Gratier
et al. (2003) demonstrated through geochemical modelling that for cracks 0.6-60 µm thick,
calcite sealing via a pressure-solution mechanism is achievable within the 291 ± 23 year recurrence interval of Alpine Fault earthquakes (Boulton et al., 2017; Cochran et al., 2017). Though
calcite filling the thinner veins observed in this study may have been locally sourced, thicker
(100-1000 µm) veins without solid-to-solid contacts would have required advectively transported
calcite-saturated fluids for sealing (Gratier and Gueydan, 2007). Furthermore, pressure-solution
mechanisms typically form veins that contain: (1) syntaxial textures, (2) cross-cutting solution
seams, and (3) the same mineral(s) as the solution seal. The thicker Alpine Fault calcite veins
contain none of these microstructural features (Figure 4.4).
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Figure 4.11: Examples of cross-cutting relationships derived from BSE imaging of DFDP-1
thin sections and that are summarised in Table 4.4. Abbreviations and colour scheme of EDS
layered images as previously defined in Figure 4.6. (a) EDS layered image of DFDP1B-99.80,
note in bottom right of image, fracture network that is variably filled by calcite, K-feldspar
and chlorite. (b) BSE image of DFDP1A-69.73 in which muscovite and calcite are mutually
cross-cutting. (c) and (d) BSE images of mutually cross-cutting relationships between calcite
veins and cataclasite filled fractures in DFDP1B-128.05 and DFDP1A-64.30 respectively. Note
calcite clasts in cataclasite derived from adjacent calcite veins in (c). White arrows indicate
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observations of shear offset. (e) EDS layered image of chlorite that overprints a K-feldspar vein,
but is also cross-cut by calcite veins (DFDP1B-128.05). (f) K-feldspar vein cross-cutting chlorite
in DFDP1A-69.73.

Quantitative analyses of DFDP-1 drill-core recovered from the alteration zone find that
macroscale fractures are predominantly filled and do not affect the elastic properties of the rock
mass (Townend et al., 2013, Section 2.4.2, and). Given that DFDP-1 sampled the Alpine Fault
towards the end of its typical earthquake cycle (Wells et al., 1999; Berryman et al., 2012; Biasi
et al., 2015; Cochran et al., 2017), it is clear that macroscale fracture sealing is also achievable
within the faults average recurrence interval. Sealing can trap and isolate fluids, contributing
to the generation of low fault zone permeability and suprahydrostatic fluid pressures (Cosgrove,
1995; Woodcock et al., 2007), as measured by the DFDP-1 boreholes (Sutherland et al., 2012).
Outside the alteration zone, DFDP-1 yielded higher permeability measurements and lower drillcore recovery (Sutherland et al., 2011, 2012). This is consistent with more modest interseismic
fracture sealing outside the alteration zone. This permits the continued existence of an active
hydrogeologic system around the Alpine Fault late into its interseismic cycle, which was sampled
during the second phase of Deep Fault Drilling Project (Sutherland et al., 2017).

Calcite
Calcite
Cataclasite

Cataclasite

Chlorite

K-feldspar

Muscovite

—
—

Chlorite

—

K-feldspar

—
—

Muscovite

Table 4.4: Younging table that displays all observed relative age relationships between different
fractures. Where a relationship is observed, the younging symbol points towards the youngest
structure. If no age relationship between fractures is recognised, table is left blank. Constructed
using methodology presented in Potts and Reddy (1999).

4.5.2

Depth of fracture generation and mineralisation

Figure 4.1 shows a conceptual model of fracturing, fluid flow and mineralisation regimes in the
hanging-wall of the Alpine Fault. Previous work has shown that calcite and quartz veins in
the Alpine Fault are likely to have formed both above and below the brittle-ductile transition
zone (Toy et al., 2010; Menzies et al., 2014) from circulating meteoric fluids that are driven
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up-dip into the alteration zone(Upton et al., 1995; Menzies et al., 2014, 2016; Boulton et al.,
2017). Below, we discuss how our observations of vein compositions, textures and cross-cutting
relationships were used to further develop this model.

Constraints from silicate minerals
The thermal stability of the different vein-filling phases provides upper and lower bounds on the
temperature of precipitation, which can be converted to depths by adopting an Alpine Fault
geothermal gradient (e.g. Toy et al., 2010). The formation of authigenic chlorite within the
Alpine Fault reflects hydrous breakdown of biotite (Warr and Cox, 2001). This reaction occurs
at temperatures of <400 ◦ C (Vry et al., 2001; Boulton et al., 2017) and so could potentially
reflect alteration at any depth (<8-10 km) within the seismogenic zone of the Alpine Fault.
Similarly, muscovite is a primary phase in the Alpine Fault mylonites and could have mineralised at any depth within, or substantially below, the seismogenic zone (Warr and Cox, 2001).
K-feldspar is preferentially located within albite clasts (Figure 4.7b). However, within these
clasts calcite is also found in association with the K-feldspar, indicating that these were sites of
fluid flow and mineralisation, so it is likely that K-feldspar did not form from exsolution during
crystallisation but is authigenic. The precipitation of K-feldspar is not explicitly noted in the
reactions described by Warr and Cox (2001), although it may form in their second stage of
alteration reactions when K+ is liberated by hydrous chloritization of biotite. The presence of
K-feldspar in the alteration zone was also noted by Boulton et al. (2017), and it is contained
within in ’inboard fissure veins’ collected 5-10 km from the Alpine Fault (Menzies et al., 2014).
It is possible that K-feldspar is present in its polymorph adularia, which has been described in
many other low temperature (<400 ◦ C) hydrothermal environments (e.g. Laves, 1952; Steiner,
1970; Cerny and Chapman, 1986; Dong and Morrison, 1995). However, it is present in such
small localised quantities in DFDP-1 thin sections that it is not possible to confirm this using
petrological observations.
The abundance of quartz and plagioclase feldspar in the XRD analyses of cataclasite- and
gouge-filled fractures (Table 4.1-4.3) indicates that wear of the surrounding rock is important in
generation of these fractures. Compared to the wall rock, authigenic phases, particularly chlorite, are also abundant and biotite is absent (Table 4.1). Enrichment of authigenic phases within
these fractures indicates that their composition reflects chemical alteration in addition to mechanical wear. This is consistent with neutron tomography (NT) scans of DFDP-1 core, which
show that these fractures have a high concentration of hydrogen relative to the surrounding rock
(Chapter 5). There is considerable scatter in the abundance of alteration phases (calcite and
chlorite) in these fractures with proximity to the fault, though they are only a minor constituent
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of samples recovered furthest from the fault (∼500 m, Figure 4.10, Tables 4.1 and 4.2).
Trace (<5 wt.%) amounts of smectite are also detected in XRD analyses of the fine-grained
fraction of all DFDP-1 fractures except DFDP-1B 115.6. Though DFDP-1 drill-core was washed
immediately after recovery, we cannot be certain that the presence of smectite does not reflect
contamination from the drilling mud in the large-aperture (>3 mm) fractures sampled. Smectite
is present within the PSZ gouges of the Alpine Fault (Boulton et al., 2012, 2014, 2017; Schleicher
et al., 2015), but it is not detected in bulk XRD analysis of DFDP-1 wall rock (Table 4.1) or
in any veins that were analysed using EDS in this study. Smectite is also not detected in any
field sample (Table 4.2 and 4.3). Complex interlayered smectite minerals are an intermediate
product of clay-mineral weathering around the Alpine Fault, and take an extensive amount of
weathering to breakdown further (Dietel et al., 2016). Therefore, the absence of smectite in field
samples reflects that its growth in gouge-filled fractures is localised to <30 m of the Alpine Fault
(as sampled by DFDP-1), or that our DFDP-1 XRD samples were contaminated by drilling mud.
Enrichment in chlorite suggests that shearing and/or mineralisation in cataclasite- or gougefilled fractures could have occurred at any depth within the seismogenic zone (Figure 4.1). If the
trace amounts of smectite measured are real, it can only have precipitated in these fracture fillings
at temperatures <120-150 ◦ C (Warr and Cox, 2001; Boulton et al., 2012, 2017). The highly
variable near-surface thermal structure around the Alpine Fault means that these temperatures
could have been be attained at depths ranging from 1-4 km (Craw, 1997; Toy et al., 2010;
Sutherland et al., 2012, 2017).

Constraints from calcite
Multiple generations of clast-hosted calcite veins are revealed by CL images, where veins with a
dull luminescence are cross-cut by veins with a brighter luminescence (Figure 4.4e and f). Allen
et al. (2016) reported that older generations of Alpine Fault calcite veins have higher contents of
Fe, lower Mn, and evidence of recrystallization along twin boundaries. They interpreted these
observations as evidence that the older generations were precipitated at temperatures of 250-350
◦ C.

Clast-hosted veins that contain thin tabular twins were also identified in this study (Figure

4.5a), which implies precipitation at temperatures of <200 ◦ C Ferrill et al. (2004). Together,
these observations indicate that clast-hosted veins precipitate over a range of temperatures <350
◦C

and so potentially throughout the brittle seismogenic portion of the Alpine Fault (Figure 4.1).
Cross-cutting veins exhibit a bright luminescence and display Type I and II twinning (Figure

4.5b). By applying the geothermometer suggested by (Ferrill et al., 2004), these results indicate
that calcite precipitated in these veins at temperatures of <200 ◦ C (Figure 4.1). This is consistent
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with estimates made by Menzies (2012) for the precipitation of carbonate cements in cataclasites
(125 ± 50 ◦ C). Considering the locally variable near surface geothermal gradient surrounding
the Alpine Fault, we interpret these veins to have formed at depths <2-5 km (Toy et al., 2010;
Sutherland et al., 2017). It should be noted that clast-hosted calcite veins have also been
documented at distances of >100 m from the Alpine Fault, beyond what was sampled in DFDP1 drill core (Prior, 1993; White and White, 1983). Here they are observed not to cross-cut
entire clasts, and so are interpreted to form via sub-critical fracturing in the brittle-ductile
transition zone (Figure 4.1). They are thus distinct from the clast-hosted veins sampled in
DFDP-1 observed in this study.

4.5.3

Strain localisation around the Alpine Fault

Results of this study, combined with those from Sutherland et al. (2012) and Boulton et al.
(2017) demonstrate that the alteration zone of the Alpine Fault is characterised by a relative
abundance of calcite and phyllosilicate resulting from neomineralisation. The thermal stability
and cross-cutting relationships of the main mineralising phases (calcite, chlorite, K-feldspar,
muscovite) indicate that fracture opening and mineralisation occurred repeatedly and possibly
throughout the seismogenic depth range of the Alpine Fault Warr and Cox (2001); Boulton et al.
(2012). The abrupt termination of clast-hosted calcite, chlorite and K-feldspar veins at the edge
of clasts (Figures 4.4f and 4.7b and c) indicates that such veins formed before a later stage
of cataclasite deformation and reworking of vein material into the fabric. This implies cyclic
interchange between cataclasite generation during shearing, fracturing, and mineralisation that
results in fault zone sealing (Tanaka et al., 2001; Uehara and Shimamoto, 2004,?; Holdsworth
et al., 2011; Arancibia et al., 2014).
Veins that everywhere cross-cut the cataclasite clasts and matrix (Figure 4.4g and h and
Figure 4.6a) must have formed after the youngest increment of cataclastic deformation. One
interpretation is that such veins formed in a shallow environment after strain had localised
onto the 10-50 cm thick PSZ gouges. In terms of common fault structure models (Chester and
Logan, 1986; Chester et al., 1993; Caine et al., 1996), this suggests that the boundary between
the actively deforming fault core and the generally passive damage zone is dynamic around
the Alpine Fault. Clast-hosted veins represent deformation when the fault core comprises the
entire thickness of the cataclasites. This stage is then overprinted as strain localises into the
PSZ gouges, entailing that the fault core-damage zone boundary must also migrate into the
cataclasite sequence. At this point, the dynamic coseismic stresses associated with rupture
along the PSZ gouges can induce off-fault damage (Andrews, 2005; Rice et al., 2005; Ishii,
2016) throughout the cataclasite and mylonite sequence in the form of tensile cracks that are
subsequently mineralised (Figures 4.4, 4.6 and 4.7), and minor gouge- and cataclasite-filled shear
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fractures (Figure 4.8). However, slip localisation accompanied by off fault damage cannot result
in the extensive disruption and reworking of the veins that occurs during bulk cataclastic flow
and the formation of clast-hosted veins (Figure 4.4e and f). As discussed above, we interpret
cross-cutting calcite veins to have precipitated at depths of <2-5 km. If our interpretation of the
cross-cutting veins is correct, this provides a lower depth constraint for strain localisation onto
the PSZs (Figure 4.1). Near-surface slip localisation onto the PSZ gouges is consistent with the
distinct mechanical and hydrological properties of the gouges that enables slip to localise in the
Alpine Fault (Boulton et al., 2012, 2014, 2017; Ikari et al., 2014; Niemeijer et al., 2016), and in
other crustal-scale faults (Frost et al., 2009; Shigematsu et al., 2017).

4.5.4

The geophysical signature of Alpine Fault damage and
mineralisation

Extensive mineralisation by calcite and phyllosilicates was also indicated by wireline logging of
the DFDP-1 boreholes, where their presence is marked by an increase in spontaneous potential
and neutron porosity logs, with a decrease in resistivity (Townend et al., 2013). At the scale
of DFDP-1 (<25 m from the faults PSZs), a combination of alteration, and wall rock lithology
also affects the elastic properties of the rock-mass, as measured by P-wave velocity (VP ) wireline
logs (Townend et al., 2013; Carpenter et al., 2014). A particularly compliant interval induced by
excessive alteration and mechanical grain size reduction is localised to within just 2 m around
PSZ-1 (Sutherland et al., 2012; Carpenter et al., 2014). Extensive interseismic fracture healing
means that mechanical damage does not affect VP at other intervals in the DFDP-1 boreholes
(Townend et al., 2013, see also Section 2.4.2).
Assuming a three layer model, forward modelling of Fault Zone Guided Waves (FZGWs)
indicate a 60-200 m wide low velocity zone (LVZ) around the Alpine Fault that extends to 8
km depth and where the S-wave velocity (VS ) is ∼2.8 km/s, 10-40% lower than the country
rock (Eccles et al., 2015). A reduction in VS implies that the Alpine Fault damage zone is still
relatively compliant despite the fracture healing reported above. Such an inconsistency between
the apparent amount of the fault damage interseismic recovery in geological and geophysical
datasets is a common phenomena in fault zones (Mitchell and Faulkner, 2012).
This discrepancy arises partly because limitations exist in the ability of both geological and
seismological datasets to fully resolve all aspects of fault damage. The disparity in scaling between these techniques is a particular problem. For example, observations of fracture healing
in DFDP-1 drill-core (Townend et al., 2013, Section 2.5.3) were made at scales of 0.1-1 m at
distances <25 m from the PSZs. Conversely, FZGWs form in response to velocity contrasts
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across the entire fault zone at scales of 10-100’s of metres. Therefore, Alpine Fault FZGWs may
be an indicator of the unhealed fracture damage that conceivably exists beyond the interval
sampled by DFDP-1 (Section 2.5.3). However, the 2 m wide compliant interval immediately
around PSZ-1 in DFDP-1 (Sutherland et al., 2012; Carpenter et al., 2014) will not be detected
by FZGWs.
Studies of LVZ are also limited as they offer non-unique solutions to both their geometry
and their underlying phenomena (Eberhart-Phillips et al., 1995; Gulley et al., 2017). Below we
address how this study can constrain the Alpine Fault LVZ’s geometry, and how its development
reflects: (1) regional fracturing (Chapter 3), (2) lithological variations imposed by a ductile shear
zone at depth (Norris and Cooper, 2007), and (3) high pore-fluid pressure (Jones and Nur, 1984;
Christensen, 1989; Eberhart-Phillips et al., 1995).
Though extensive (foliation-parallel) regional fracturing is identified, it is interpret to result
from the release of confining pressure during rapid hanging-wall exhumation along the Alpine
Fault (Section 3.5.3). Qualitatively, this must be a near-surface feature, so surely cannot explain
a waveguide that extends to 8 km depth.
Laboratory derived VS measurements for Alpine Fault mylonite and Alpine Schist samples
at a range of confining pressures, reveal that both lithologies have similar VS values of ∼3-4
km/s (Christensen and Okaya, 2007). This provides two arguments against the Alpine Fault
LVZ being generated by this particular lithological variation: (1) the measured intrinsic velocities of the mylonite are higher than in the LVZ model (which indicates a VS <3 km/s, Eccles
et al. (2015)), and (2) there is no contrast in VS in comparison to the surrounding Alpine Schist
to create a waveguide. However, Christensen and Okaya (2007) only measured a small range
of mylonite and schist samples, and a comprehensive study of measured seismic velocities of
protomylonites, mylonties and ultramylonites has yet to be conducted. Any such study must
also recognise that seismic velocities in these rocks are highly anisotropic (Okaya et al., 1995;
Christensen and Okaya, 2007; Adam et al., 2016), and that it requires only small variations in
the mica content of Alpine Fault rocks to change their bulk seismic properties (Dempsey et al.,
2011) and susceptibility to fracturing (Section 3.4.2). DFDP-1 sampled a ∼30 m thick cataclasite sequence around the Alpine Fault (Toy et al., 2015). It therefore follows that differences
in the seismic velocities between Alpine Fault cataclasites and mylonites cannot account for a
60-200 m wide LVZ.
Large-scale geophysical transects indicated lithostatic fluid pressures below the Alpine Fault
brittle-ductile transition at depths >10 km, which contribute to a low seismic velocity zone in
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this region (Stern et al., 2001; Wannamaker et al., 2002; Stern et al., 2007). Although fracturing in the brittle crust was interpreted to relieve these pressures, the DFDP-1 and DFDP-2
boreholes measured suprahydrostatic fluid pressures at depths <1 km around the Alpine Fault
(Sutherland et al., 2012, 2017) that can lower seismic velocities (e.g. Nur and Simmons, 1969;
Jones and Nur, 1984; Christensen, 1989; Eberhart-Phillips et al., 1995). We predict that fluid
pressures will be highest immediately adjacent to the Alpine Fault, where fractures are healed
so that interstitial pore water is trapped (Cosgrove, 1995; Woodcock et al., 2007).
Given the above discussion, we discount the effect of regional fracturing and lithological
variations in generating Alpine Fault FZGWs. Instead we conclude that the LVZ represents
a combination of high pore pressure and unhealed fracture damage that was not sampled by
DFDP-1 core. This interpretation also accounts for similar widths of fault damage zone measured by FZGW and in field transects (Section 3.6). We also advocate further modelling of
FZGWs, which accounts for observations of the Alpine Fault damage zone made here. For example, preliminary modelling of Alpine Fault FZGWs was conducted assuming isotropic media
(Eccles et al., 2015). This is likely to be valid for the Alpine Fault LVZ, where a range of fracture
orientations exist (Section 3.5.2). However, this will not be account for the strongly foliated mylonites and schists in the country rock (Okaya et al., 1995; Gulley et al., 2017). Fracture density
does not decrease systematically with distance from the Alpine Fault (Section 3.6). Therefore,
a sharp boundary in seismic velocity with the country rock would be predicted.

4.6

Conclusions

From our observations of veins and fractures in DFDP-1 drill-core and outcrop, we can draw
the following conclusions regarding mineralisation during the seismic cycle on the Alpine Fault:
• Earthquake rupture and brittle fracturing within the hanging-wall of the Alpine Fault
generates transient conduits for fluid that are repeatedly mineralised by (in order of abundance) calcite, chlorite, muscovite and K-feldspar.
• Veins may be entirely contained within quartzofeldspathic clasts or alternatively cross-cut
the clasts and cataclasite matrix. The former reflects broadly cyclic episodes of cataclasite
deformation and fluid flow, while the latter could have formed after near-surface (<2-5
km) strain localisation onto the PSZ gouges.
• The composition and texture of cataclasite- and gouge-filled fractures reflects mechanical
wear of the wall-rock combined with phyllosilicate (mainly chlorite) mineralisation.
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• Calcite mineralisation is associated with the rapid opening of veins that are filled from
a single fluid pulse. This is consistent with calcite sealing being achieved within the
recurrence interval of Alpine Fault earthquakes.
• An Alpine Fault Low Velocity Zone (LVZ) reflects high pore-fluid pressures and unhealed
damage beyond the interval sampled by DFDP-1.
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Abstract
It is now commonplace for non-destructive X-ray computed tomography (CT)
scans to be taken of core recovered during a drilling project. However, other forms
of tomographic scanning are available, and these may be particularly useful for core
that does not possess significant contrasts in density and/or atomic number to which
X-rays are sensitive. Here, we compare CT and neutron tomography (NT) scans
of 85 mm diameter core recovered during the first phase of the Deep Fault Drilling
Project (DFDP-1) through New Zealand’s Alpine Fault. For the instruments used in
this study, the highest resolution images were collected in the NT scans, which allows
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clearer imaging of some rock features than in the CT scans. However, DFDP-1 core
strongly attenuates the neutron beam. Therefore, the quality of images diminishes
towards the interior of the core. A comparison is also made in the suitability of
these two scanning techniques for a drilling project. We conclude CT scanning is
far more favourable in most circumstances. Nevertheless, it could still be beneficial
to take NT scans over limited intervals of suitable core, especially when it contains
features that are poorly resolved by X-rays.

5.1

Introduction

The value of core obtained in drilling projects can be significantly enhanced through application
of non-destructive tomographic scanning techniques. These techniques permit high resolution
imaging of the internal structure of the core, and allow the identification of features that would
not be apparent during visual inspection of the core alone. They may also allow assessment of
bulk material properties such as porosity and permeability (e.g Grader et al., 2000; Wennberg
et al., 2008; Voorn et al., 2015) and act as a historical record of the core once it has been
sub-sampled. For these reasons, and others, it is now common to obtain X-ray computed tomographic (CT) scans of core upon its recovery during drilling projects (Withjack et al., 2003;
Rothwell and Rack, 2006).
Tomography refers to the cross-sectional imaging of an object through the transmission or
reflection of an incident wave penetrating the object from multiple directions. In the case of
CT scanning, the internal structure of an object is visualised based on the extent to which it
attenuates X-rays. Data like these have demonstrably contributed to the scientific outcomes of
drilling projects (e.g Withjack et al., 2003; Sills, 2013; Keren and Kirkpatrick, 2016a). However,
the applicability of CT scanning can be limited. For example, if the core does not contain materials that possesses significant contrasts in X-ray attenuation, then features within the core will
not be observed in the scans. In these cases, other forms of non-destructive tomographic core
scanning may be more useful, such as neutron tomography (NT) or nuclear magnetic resonance
(NMR) imaging. These techniques use different incident waves from CT scanning and so they
are sensitive to different material properties. Therefore, they can image features that may be
poorly resolved in CT images.
In this contribution, we compare and contrast CT and NT scans taken of core collected from
phase 1 of the Deep Fault Drilling Project through New Zealand’s Alpine Fault zone (Figure
5.1). Assessments have been made previously of the quality of images derived from CT and NT
scanning of geologic materials (Schwarz et al., 2005; Vontobel et al., 2005) including drill-core
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(Christe et al., 2007). Herein, we provide the first comparison of: (1) CT and NT images in
samples from an active fault zone, and, (2) the practicality of these scanning techniques within
the constraints of a drilling project.

5.2

Experimental set-up of CT and NT scanning of
DFDP-1 core

The Alpine Fault accommodates approximately 70% of the motion between the Australian and
Pacific plates in the South Island of New Zealand (Figure 5.1). Several criteria, such as its late
interseismic state (Sutherland et al., 2007; Berryman et al., 2012), well-determined Quaternary
slip rates (Norris and Cooper, 2001), and the fact it currently exhumes a suite of deformed
rocks, whose features are representative of deformation processes still occurring today, make the
Alpine Fault a globally unique target for scientific drilling (Townend et al., 2009). The Alpine
Fault Deep Fault Drilling Project (DFDP, http://alpine.icdp-online.org) was initiated in 2011
with its first phase (DFDP-1) resulting in the completion of two vertical boreholes, DFDP-1A
and DFDP-1B, drilled to depths 100 m and 152 m respectively. Both holes intercepted the
principal slip zone gouges of the Alpine Fault (Sutherland et al., 2012).
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Figure 5.1: Location of the Alpine Fault and the DFDP-1 boreholes in the context of the
Australian-Pacific plate boundary through New Zealand.
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Within several weeks of the completion of the DFDP-1 boreholes, 23.2 m of PQ (i.e. diameter
85 mm) core from DFDP-1A and 50.5 m from DFDP-1B were CT scanned. In this technique,
the attenuation of the X-ray signal is mainly a result of interaction between the X-ray photon
and the electrons of an atoms shell (Schwarz et al., 2005; Vontobel et al., 2005). Attenuation
reflects the density and the atomic number (Z) of the material it passes through. The raw
intensity data are converted linearly to a CT number, which are typically represented visually
by a greyscale value (Ketcham and Carlson, 2001).
CT scans were collected at the Oncology Department of Dunedin Hospital, New Zealand.
The Phillips Accolade scanner was operated at 200 mA and X-ray tube voltage 120 kVp, which
gives a Half Value Layer of 8.4 mm. The horizontal slice spacing was 1 mm, field of view was
250 mm, and the image size was 1024 x 1024 pixels. This results in a voxel size of 0.244 x
0.244 x 1 mm in the x, y and z directions respectively. To reconstruct the CT image stack into
three-dimensional images and two dimensional slice images of the core, OsiriX Imaging Software
(http://www.osirix-viewer.com/) was used.
NT scans of DFDP-1 core were collected using the thermal neutron tomography instrument,
DINGO, at the Australian Centre for Neutron Scattering, Australian Nuclear Sciences and Technology Organisation (ANSTO), Sydney, Australia (Garbe et al., 2011). Neutrons mainly interact
with matter through absorption and scattering with atomic nuclei, so neutron beam attenuation is strongly affected by the presence of light atoms, which present a small cross sectional
area to the neutron flux (Christe et al., 2007). Therefore, NT scans are able to resolve features
that contain contrasts in the concentration of light elements such as hydrogen, boron and lithium.
The set-up used to scan DFDP-1 core is shown in Figure 5.2. Core was wrapped in aluminium foil, which is highly transparent to neutrons. During the scan, the core was rotated
around its axis through 180◦ or 360◦ , while the neutron beam was passing through it. The scintillation screen of DINGO, and thus field of view, is 20 x 20 cm. The 100 µm thick scintillation
screen consists of an aluminium sheet, which is coated by a thin layer of the scintillation material
ZnS/6LiF (Garbe et al., 2011). It is possible to translate the sample stage in the z-direction
(up and down), so that scans are taken in two separate fields of view. In this way it is possible
to scan a core of length <40 cm, or two different core samples of total length <40 cm, at one
time (e.g. Scan 1, Table 5.1). In these cases, two separate scans are collected that later require
stitching together.
We selected ten sub-samples of DFDP-1 core, of length <25 cm. Selection of these samples
was based on: (1) whether they contained noteworthy fault rock fabrics and, (2) ensuring that a

134

Chapter 5: X-ray and neutron tomographic core scanning techniques comparison

Rotation axis of
core during scan

Detector
box

To reactor core

Flight tube

Scintillation
screen

Core sample
wrapped in foil

Figure 5.2: Set-up of DINGO for NT scanning of DFDP-1 core. Field of view is approximately
2.5 m across.

range of the lithologies described in DFDP-1 core (Toy et al., 2015) were scanned. Nine samples
were whole core and, for comparison, one was split along its length. In five days we were able
to perform nine scans (Table 5.1), which amounted to a total length of core scanned of 2.26 m.
All core samples were scanned with a low intensity, low-divergent neutron beam with a
collimation ratio of L/D = 1000, where L is the collimator length and D is the neutron aperture diameter (ASTM, 1996). For comparison, two scans of core were also taken with a high
intensity and more divergent beam (L/D = 500). When allowing for the collection of reference images of the empty beam, typical run time for a <20 cm length of core was ∼5 hours.
For scanning intervals of core of length 20-40 cm, which required the automated height adjustment of the scintillation screen, the run times were ∼10 hours. The raw image files collected from the scan were reconstructed into an image stack comprising slices perpendicular to
the rotation axis using Octopus Reconstruction (https://octopusimaging.eu/octopus/octopusreconstruction). In this step, a beam hardening correction was applied to the images. The
actual correction applied was chosen subjectively, since noise can be added to images in which
a beam hardening correction is too harsh. Image stacks were then viewed using the software Avizo (http://www.fei.com/software/avizo3d/), after the application of Avizo’s Non-Local
Means Smoothing image filter.
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Table 5.1: Summary of core samples and acquisition parameters for the NT scans performed on
DFDP-1 core on the NT instrument DINGO at ANSTO.

5.3

CT and NT image comparison

Broadly speaking, the DFDP-1 cores scanned comprise two types of lithology, ultramylonites
(Units 1 and 2 of Toy et al. (2015)) and cataclasites (Units 3, 4 and 6 of Toy et al. (2015)).
Ultramylonites contain a foliation defined by alternating mm-cm quartzofeldspathic and phyllosilicate (biotite, muscovite and chlorite) rich layers. Cataclasites are found to contain mm-cm
quartzofeldspathic clasts surrounded by a phyllosilicate matrix. All lithologies are cross-cut by
mm-cm thick phyllosilicate-enriched fractures, which contain quartz, albite, muscovite, chlorite,
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calcite and smectite (Tables 4.1, 4.2 and 4.3), and that constitute the damage zone of the Alpine
Fault (Caine et al., 1996; Schleicher et al., 2015; Toy et al., 2015, see also Chapter 2).
Figures 5.3 and 5.4 present a comparison of CT and NT scans of ultramylonite units and
cataclasite units respectively. In addition, we include 180◦ unrolled GeoTek images of the same
interval of core. Both scanning techniques are capable of imaging the core features described
above, and in particular phyllosilicate-enriched fractures. In NT scans, these fractures appear
as bright white indicating high neutron attenuation and so relatively high concentrations of
hydrogen. This may reflect that the phyllosilicates contain bonded water in their mineralogical
structure. Open and partially open fractures were more successfully imaged by CT scanning
(Figure 5.3c).
The voxel size in NT scans is 0.000870 mm3 (3 s.f.), which is ∼70x smaller than the voxel
size of the CT scans (0.0595 mm3 3 s.f.). This allows better characterisation of the morphology
of the fractures, the identification of some fractures not identified in the CT scans (e.g Figure
5.3b), and more precise imaging of the cataclastic fabric (Figure 5.4a). However, we note that
industrial CT instruments may permit higher spatial resolution (100-200 µm) than the medical
CT instrument used in this study (Masschaele et al., 2013; Kyle and Ketcham, 2015). In addition, the resolution of the CT scans will depend on core diameter and density. Therefore, the
higher resolution of the NT scans in this study will not necessarily be realised in all cases.
DFDP-1 core was found to be highly neutron attenuating and so posed considerable challenges in imaging the centre of the drill-core, even after the application of a beam hardening
correction. In Figure 5.4c and d, it can be observed that it is difficult to trace features that are
well defined near the outer surface of the core, into its centre. This problem is exemplified in
Figure 5.5. This shows ‘unrolled’ images of the CT and NT scans generated using a script in Fiji
(https://fiji.sc/). To obtain these, the image stack is loaded in Fiji and a circle is drawn around
the core in an axial-perpendicular slice. This is then used to a define a path around which the
image is constructed for all slices perpendicular to the core axis. In this way we can generate
circumferential images of the outer surface of the core and also of surfaces within the core interior.
In the case of the NT scans, this shows that it is possible to resolve more features that
are close to the outer surface of the core, where there has been less absorption and scattering
of the neutron beam, than in an interior surface of the core (Figure 5.5). This result was
found regardless of whether the core was scanned using a low or high intensity neutron beam.
Therefore, the most successful imaging of the interior of highly neutron attenuating core will
be acquired in split core samples as in Figure 5.4a, which has a thickness of 3.5 cm. Similar
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CT Scan

NT Scan

1

GeoTek Core Scan

(a)

65535

Scan noise

5 cm
2142

(b)

63342

5 cm

(c)
1977
65048

5 cm

Figure 5.3: Comparison of 180◦ unrolled GeoTek images and 2D core axial-parallel CT and NT
slice images of DFDP-1 for ultramylonites intervals. For cores section intervals (borehole core
run and section depth interval from top of core section in cm): (a) DFDP-1A 55-1 82-95 (depth
interval 75.82-75.95 m), (b) DFDP-1B 49-1 35-50 (115.85-116.00 m) and (c) DFDP-1B 35-1 7088 (102.57-102.75 m). Arrows in (b) identify phyllosilicate-enriched fracture in NT image that is
not identified in the CT images. Greyscale refers to NT images, all CT images have a greyscale
of CT 500-4000.

problems with neutron penetration were also encountered by Christe et al. (2007), however, a
correction to account for neutron scattering could mitigate this to an extent (Hassanein et al.,
2005, 2006). No such penetration issues were found when CT scanning DFDP-1 core.
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Figure 5.4: As for Figure 5.3, but for cataclasite units. For core section intervals (borehole core
run and section depth interval from top of core section in cm): (a) DFDP-1B 58-2 0-8 (depth
interval 127.93-128.01 m), (b) DFDP-1A 63-2 47-70 (86.48-86.71 m), (c) DFDP-1A 59-2 8-27
(80.01-80.20 m) and (d) DFDP-1B 66-1 40-53 (138.50-138.63 m). Note (a) is the split core
sample.

5.4

Applying CT and NT scanning during drilling
projects

Table 5.2 outlines a list of criteria that may be applied when deciding which scanning technique
to employ during a drilling project. Based on these criteria, CT scanning is more advantageous
than NT scanning. For example, whereas CT scanning is suitable for a wide range of geological
samples, NT scanning may not be appropriate for wet samples as the high amounts of H they
contain will mean they have strongly neutron attenuating properties (Table 5.2i). Furthermore,
whereas CT scanners are widespread and portable - to the extent that they can be bought onto
a drill-site or ship (Freifeld et al., 2006) - NT scanners require a neutron source, of which only
a handful are available worldwide (Table 5.2ii).
When designing a core-flow plan for a drilling project, it is often critical that the rate of core
scanning is equal to, or exceeds, the rate at which core is recovered. This is in order to prevent
the accumulation of un-scanned core, which can lead to delays in other aspects of the core-flow
plan. In this respect, CT scanning is preferable as core can be scanned more rapidly than the
rate at which it is recovered (Table 5.2iii, and assuming an average core recovery rate of 1 m
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Unrolled CT image

Unrolled outer NT core image

Unrolled inner NT core image

(a)

5 cm

Scan noise

(b)

5 cm

Scan noise

(c)

5 cm

Figure 5.5: Comparison of ’unrolled images’ of core taken from CT and NT scans. Outer and
inner core images are constructed from the NT scans to depict the difference in image quality
between the outer core surface and the core interior. Yellow ellipses identify major fractures
across the different images. For core section intervals (borehole core run and section depth
interval from top of core section in cm): (a) DFDP-1B 49-1 35-50 (depth interval 115.85-116.00
m), (b) and (c) DFDP-1A 55-1 82-95 (75.82-75.95 m), with (b) at low intensity mode and (c)
at high intensity mode.

per hour). In CT scanning, the X-ray source and detector can be moved rapidly around the
long axis of a fixed sample (Ketcham and Carlson, 2001; Schwarz et al., 2005). Conversely, in
the case of NT scanning, the neutron source and detector are fixed whilst the sample is rotated
through 180◦ or 360◦ . In addition, once the NT scans have been taken, further processing of the
raw sinograms is required to construct the image stack. Moreover, in our experience of scanning
DFDP-1 core, it was also necessary that the core be quarantined for 1-2 weeks at the scanning
facility before their radiation decayed to safe background levels.
The current set up of DINGO requires that the maximum length of core that can be scanned
is 40 cm (Table 5.2iv). This limit is imposed by the maximum vertical movement of the sample
stage relative to the scintillation screen. In future it is conceivable that a continuous scan of
whole core sections >40 cm in length may be carried out on DINGO, if core is mounted on a
horizontal-axis rotation stage (as opposed to the current vertical rotation setup, Figure 5.2), so
that core is translated horizontally past the scintillation screen between measurements. In such
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X-ray computed tomogra-

Neutron

tomography

phy scanning

scanning

(i) Applicability to geologic

Broadly applicable to all geo-

Not recommended for wet (i.e.

materials

logical materials

H rich) samples. Best suited
to dry, dense geological materials

(ii) Availability and portabil-

Widely available at major

Requires neutron source, lim-

ity of scanner

hospitals and scientific insti-

ited availability

tutions. Portable, so can be
bought onto a drillsite or ship
(iii) Scanning rate

∼50-200 cm/day, depending

12 m/hour

on scanner set-up
(iv) Maximum length of core

∼1.5 m

40 cm

100-1000 µm, depending on

∼25-200 µm, independent of

direction

direction

scanned
(v) Resolution
(vi) Sensitive to
(vii) Penetration

Contrasts

in

density

and

Presence of hydrogen and

atomic number

other light elements

10-50 cm, depending on sam-

10-50 cm, depending on sam-

ple composition, X-ray energy

ple composition

and desired image quality
(viii) Cost, per metre of drill-

$15/m (USD)*

$2640-10560/m (USD)**

core
Table 5.2: A comparison of the practicality of CT and NT scanning in the framework of a drilling
project. *Calculated assuming that it is possible to scan 12 m of core per hour (i.e. each scan of
a 1 m core section takes 5 minutes), for the pricing structure at the Dunedin Hospital Oncology
Department. **Based on a scanning rate of 50-200 cm/day, and the commercial pricing for use
of the DINGO facility at ANSTO (see http://www.ansto.gov.au).
a set-up, the field of view will still be 20 cm, and so generation of a continuous image stack of
the entire core section will require that each of the individual scans are stitched together.
Given the above considerations, in the framework of a drilling project CT scanning is more
desirable than NT scanning. However, instances exist when it would be desirable to take NT
scans, given that it is sensitive to different material contrasts than CT scans (Table 5.2vi).
We therefore propose the following strategy for scanning core. On site, or immediately after
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core recovery, all core should be CT scanned. This will provide an excellent ‘bulk’ dataset
of the core and, along with visual core descriptions, allow the determination of noteworthy
intervals. We advocate that these selected intervals should then be imaged by NT as this
allows the identification of features that may not have been resolved during CT scanning. The
most successful NT imaging will be performed for core samples that contain localised amounts
of hydrogen, or other light elements, and which are surrounded by only weakly interacting
materials, such as is the case for DFDP-1 core. In cases of cores that contain a relatively high
amount of strongly neutron attenuating elements, successful imaging can still be achieved if the
core is split before NT scanning, or if smaller diameter core was collected at the outset.

5.5

Conclusions

We have reviewed the use of X-ray computed tomography (CT) and neutron tomography (NT) to
scan core recovered during the first phase of the Deep Fault Drilling Project (DFDP-1) through
New Zealand’s Alpine Fault. Both scanning techniques successfully imaged mm-cm core features such as phyllosilicate-enriched fractures and cataclasite fabrics. The morphology of these
features was more adequately captured by the NT scanning as it is capable of higher resolution
imaging than the CT scans, however, because of the highly neutron attenuating properties of
DFDP-1 core, these features are poorly resolved towards the centre of the core in NT scans.
In the work-flow typically encountered during a drilling project, CT scanning offers considerable advantages in terms of scanning rate, availability of scanners, applicability to a wide range
of geologic materials, and cost. We thus recommend that this is used to generate a bulk dataset
of the 3D internal structure of the core. Nevertheless, NT scans have the potential to provide a
complementary dataset to these CT scans over limited intervals of core.
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6.1

Major findings of this thesis

At the outset of this thesis in section 1.7, I postulated several research questions that may
be addressed by study of the Alpine Fault damage zone. Below, it is demonstrated how the
research undertaken in this thesis has advanced our understanding of these questions. I then
outline future research directions.
1. How does the density of damage zone fractures vary with proximity to the fault?
In Chapter 2, I documented a continuous record of fracture density at distances <25 m
from the Alpine Fault’s principal slip zones (PSZs), using X-ray computed tomography (CT)
scans of drill-core recovered during the first phase of the Deep Fault Drilling Project (DFDP-1).
At a scale larger than DFDP-1, a discontinuous analysis of fracture density was made in field
observations adjacent to the Alpine Fault (Section 3.3.2).
In both cases, no systematic decrease in the density of fractures with distance from the
fault is observed (Figure 6.1, Sections 2.4.1 and 3.4.2). This is dissimilar to studies of fracture
densities in fault damage zones made elsewhere (Chester et al., 2005; Mitchell and Faulkner,
2009; Savage and Brodsky, 2011; Johri et al., 2014). Instead, variations in the density of fractures
are associated with changes in fault rock lithology around the Alpine Fault (Sections 2.5.2 and
3.4.2). However, it is noted that the detection of a systematic decrease in fracture density may
not have been detected due to the sampling of fractures that do not relate to fault damage,
and/or from the limited sampling (≤4 stations in ∼150 m long transects) that was possible in
the field analysis.
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Figure 6.1: Compilation for all fracture density measurements made in this study as a function
of distance from the Alpine Fault.
2. To what extent are damage zone fractures healed?
Coseismic fracturing is typically followed by a phase of interseismic fluid flow, mineralisation
and healing of damage zone fractures (e.g. Sibson, 1994; Tenthorey et al., 2003; Woodcock et al.,
2007). To quantify the extent of intermediate-macroscale fracture healing around the Alpine
Fault, an analysis of fractures in DFDP-1 CT scans was made in Chapter 2. This first required
careful differentiation of natural and induced fractures in DFDP-1 drill-core (Section 2.3.3).
Following this correction, I documented that 72% of fractures are fully filled, with an additional
24% partially filled. These fractures predominantly contain a fine-grained fill that XRD analysis
reveals is the product of mechanical wear of the wall rock, with a small input from hydrothermal
alteration and phyllosilicate mineralisation (Section 4.5.2). This is consistent with CT and neutron tomography (NT) drill-core scans, which can image these fractures as they have a relatively
low density, but are enriched in hydrogen (Section 5.3). These phyllosilicate-enriched fractures
are also found at the micron scale, along with calcite, chlorite, K-feldspar and muscovite veins
(Section 4.4.2).
I conclude that within the scale of DFDP-1 (distances <25 m orthogonal distance of the
PSZs), the Alpine Fault damage zone has healed extensively since its last major rupture. This
is also demonstrated by: (1) the relatively low permeability of this interval (Sutherland et al.,
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2012), (2) the fact that fractures do not impart a reduction in elastic moduli of the surrounding
rock (Section 2.4.2), and (3) cathodoluminescence (CL) imaging of calcite veins, which indicate
that these veins are filled in a single episode (Section 4.5.1). However, beyond the alteration
zone at intervals > 30 m above the PSZs in DFDP-1, there is indirect evidence of less extensive
fault zone healing (Section 2.5.3).
Healing of a fault within its earthquake recurrence interval has been documented elsewhere
(e.g. Tenthorey et al., 2003; Wästeby et al., 2014; Xue et al., 2016), however, this is the first
time such a finding has been reported based on direct observations of the damage zone known
to be late in its interseismic cycle. Such healing reduces fault zone permeability as it can trap
the fluids that circulate around it. This can lead to the generation of fluid overpressures. In the
DFDP-1B borehole, a 0.53 MPa reduction in fluid pressure was recorded across PSZ-1, which has
been linked to elevated hanging-wall pore pressures and the very low permeability PSZ gouges
that act as a hydraulic seal (Sutherland et al., 2012). Suprahydrostatic fluid pressures may
even extend beyond the damage zone, as indicated by the DFDP-2B borehole where fluid pressures 9% above hydrostatic were sampled (Sutherland et al., 2017). In turn, these elevated fluid
pressures can reduce the effective normal stress around a fault, which ultimately will weaken it
(Rice, 1992; Sibson, 1994; Menzies et al., 2016).
Eccles et al. (2015) report the presence of Fault Zone Guided Waves (FZGWs) around the
Alpine Fault, which reflect a 10-40% reduction in S-wave velocity (VS ). They infer that this
is associated with the mechanical effect of fault damage persisting late into the Alpine Fault’s
interseismic period. These datasets can be reconciled in terms of: (1) differences in the scales
of observation between DFDP-1 and FZGWs, (2) the presence of unhealed fractures beyond the
interval sampled by DFDP-1, and/or (3) elevated pore pressures (Section 4.5.4).
3. What are the orientations of Alpine Fault damage zone fractures?
The true geographic orientation of 637 damage zone fractures recognised in CT scans of
DFDP-1 core was obtained by reorienting core sections with respect to geographically referenced borehole televiewer (BHTV) images (Section 3.4.1). Reoriented fractures have a wide
range of orientations (Figure 3.5), consistent with the fracture network sampled immediately
adjacent to the Alpine Fault in the field (Section 3.4.2). This indicates that the mylonitic foliation is capable of exerting only a small influence on damage zone fracture orientation.
If fractures are invoked as a marker of stress states, then these results indicate that these
stresses must be highly variable adjacent to the Alpine Fault. Such a stress state can be gener-
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ated by slip along the non-planar trace of the Alpine Fault for depths <4 km. At depths greater
than 4 km, small local variations in the static stress state adjacent to the misoriented Alpine
Fault could also contribute to a wide range of fracture orientations (Section 3.5.2).
4. What is the width of the Alpine Fault damage zone and how does this reflect its
structural maturity?
Field observations and CT scans of drill-core recovered during the Ameythst Hydro Project
demonstrate that, in comparison to DFDP-1, the regional network of fractures exhibit a much
stronger alignment to foliation (Section 3.4.2). It thus follows that for the hanging-wall of the
Alpine Fault’s central section, damage zone width can be defined by fracture orientations. This
criteria constrains the damage zone thickness to ∼50-150 m within the hanging-wall (Figure
3.1). These estimates are comparable to those made based on FZGWs, elsewhere along-strike
of the Alpine Fault, and to other crustal-scale faults worldwide (Figure 3.14)
In Figure 1.8, I proposed two idealised end member models of fault zones based on their
structural maturity. In the case of the Alpine Fault, its total displacement, slip rate and age
all indicate it should behave as a mature fault (Manighetti et al., 2007). The properties of the
Alpine Fault damage zone described here support this prediction (Section 3.6). Namely, that
damage is confined to a tabular volume around the fault (Finzi et al., 2009; Perrin et al., 2016),
and that the total damage zone width is independent of fault displacement (Savage and Brodsky, 2011). Other characteristics of the Alpine Fault are also compatible with a structurally
mature fault. For example its active trace is continuous along-strike (Norris and Cooper, 2007),
except for where it shows a number of jogs offshore along its southern section (Barnes, 2009).
Furthermore, coseismic slip may also be localised onto thin (10-50 cm) PSZ gouges. (Sibson,
2003; Boulton et al., 2012; Ikari et al., 2014).
I note that the trace of the Alpine Fault’s central section exhibits near-surface segmentation
(Simpson et al., 1994; Norris and Cooper, 1995; Barth et al., 2012) and pervasive secondary
faulting, neither of which are usually associated with structurally mature faults (Section 3.6).
Nevertheless, these features are imposed by the topography that is generated by movement
along the fault itself (Norris and Cooper, 1995; Barth et al., 2012). Furthermore, correlations
of the paleoseismic record across the Alpine Fault find that this segmentation is not sufficient
to halt propagation of major ruptures along its entire central section (Sutherland et al., 2007;
Howarth et al., 2014). Indeed, these estimates of past rupture extents (∼200-400 km, Howarth
et al., 2014) coupled with observed coseismic displacements (8-9 m, Cooper and Norris, 1995),
are entirely compatible with other structurally mature faults (Figure 6.2, Manighetti et al., 2007).
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Figure 6.2: Compilation of observed rupture extent and maximum surface displacement (Dmax)
for 209 earthquakes with magnitude >6, previously presented in Manighetti et al. (2007). F1-F4
depict theoretical functions for a multi-segment rupture model. F1 represents an immature fault
and vice versa (Manighetti et al., 2007). In addition, I include reported values for the 1717 AD
Alpine Fault earthquake based on paleoseismic observations: rupture length 380 km (Howarth
et al., 2014), displacement 8.5 m (Cooper and Norris, 1995).
In summary, I conclude that the Alpine Fault displays most of the typical characteristics of
a structurally mature fault. Thus, although we have no direct historical records of an Alpine
Fault earthquake, observations of seismicity along other structurally mature faults can be used
as a guide to the likely characteristics of its next earthquake (Section 3.6). In particular, I would
predict a short slip weakening distance (Dc , Savage and Cooke, 2010), characteristic frequencymagnitude distribution (Stirling et al., 1996; Ben-Zion, 2008), low static stress drops (Anderson
et al., 1996), and less high frequency ground waves than an equivalent sized earthquake on an
immature fault (Heermance et al., 2003; Radiguet et al., 2009).
5. How does the damage zone evolve with depth?
Fault rocks exposed near the surface trace of the Alpine Fault’s hanging-wall provide a
record of fault damage and mineralisation that has been accrued throughout its seismogenic
zone. In Chapter 4, an assessment was made of the composition of the various mineralising
phases that have precipitated in fractures around the Alpine Fault. Calcite, chlorite, K-feldspar
and muscovite veins are dominant. Their thermal stability and mutually cross-cutting relationships suggest that they precipitated in a cyclic manner that extends throughout the full depth
extent of the Alpine Fault’s seismogenic zone (Section 4.5.2).
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Within cataclasite intervals, a distinction was made between clast-hosted veins, which formed
prior to a later stage of cataclasite deformation and reworking of the vein material, and a later
set of veins that cross-cut the cataclasite fabric. The preservation of this later intact set of veins
is interpreted to reflect strain that is distributed across the 10-20 m thick cataclasites, localising
onto the 10-50 cm thick PSZ gouges in the near-surface, and thereby indicating that the fault
core-damage zone boundary must also migrate with depth. Calcite twins in these younger veins
indicates that this localisation must have occurred at depths less than 5 km (Section 4.5.3) for a
typical Alpine Fault geothermal gradient (Toy et al., 2010). These observations have been used
to construct a conceptual model for the depth evolution of physio-chemical processes associated
with Alpine Fault seismicity (Figure 4.1).

6.2

Suggestions for future work

The MW 7.8 Kaikoura Earthquake on the 14th November 2016 has been a sobering lesson in
illustrating how much is still lacking in our understanding of fault zones. At the time of writing,
21 faults have been demonstrated to have exhibited surface rupture during this event (Figure
6.3). Furthermore, this multi-fault rupture may have jumped several km between segments (c.f.
Wesnousky, 2006) and even across the active crustal-scale Hope Fault. Three avenues for future
research are outlined below, which will contribute to our understanding of the Alpine Fault
damage zone.

6.2.1

A future project drilling into the Alpine Fault

This study has been almost exclusively concerned with damage on the Pacific Plate side of
the Alpine Fault. DFDP-1 sampled only a ∼15 m long interval of cataclasites derived from
Australian Plate granites and gneisses (Unit 6 of Toy et al. (2015)), and an underlying interval
of heavily fragmented breccia (Unit 7 of Toy et al. (2015)), although, it was not possible to
determine if this fragmentation was tectonic or drilling induced. Lund Snee et al. (2014) report
the nature of damage in a secondary footwall strand of the Alpine Fault, however, no exposures
of damage from a primary footwall strand exist along its central section.
In order to sample damage within the Australian Plate footwall, a future drilling project into
the Alpine Fault, which drills beyond the fault itself and into the footwall, would be required.
This was a primary goal of the second phase of the Deep Fault Drilling Project (DFDP-2, see
section 1.6.4), which was was ended above the fault at a measured depth of 893 m (Sutherland
et al., 2015).
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Figure 6.3:

Preliminary compilation map for observed surface rupture and dis-

placement during the 2016 Kaikoura Earthquake,

as of the 28th February 2017

(http://info.geonet.org.nz/pages/viewpage.action?pageId=21200993).

A renewed attempt at this project would provide accurate assessment of damage asymmetry
across the fault (Section 2.5.4) and total damage zone width (Section 3.6). Furthermore, it
would also enable: (1) constraints of the exceptional geothermal gradient sampled in DFDP-2
(Sutherland et al., 2017), (2) the sampling of fault zone materials above the smectite thermal
stability range, (3) in situ measurements of the stress state around the Alpine Fault, and (4) the
establishment of a long-term observatory providing direct measurements of fault zone properties
in the period immediately prior to its next major rupture. The establishment of a rapid response
drilling project for the next Alpine Fault earthquake (Brodsky et al., 2009) could allow the unique
opportunity for a fault to be sampled at depth in its immediate pre and post seismic phases. A
work flow for tomographic core scanning during such projects is discussed in Section 5.4.
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6.2.2

Constraining the depth of mineralisation

In Chapter 4, the thermal stability of the mineralising phases around the Alpine Fault was used to
constrain the depth at which they precipitated. However, with the exception of smectite, these
phases could potentially have formed anywhere within the seismogenic zone (Section 4.5.2).
More direct analysis of the temperatures (and hence depths) at which chlorite and aduluria
precipitated could be derived from more detailed analysis of their composition and structural
state (Cerny and Chapman, 1986; Dong and Morrison, 1995; Lanari et al., 2014; Trincal et al.,
2015). In addition, a more thorough analysis of twin thickness and density in calcite veins, using
ultra-thin sections (<5 µm thick) and a universal stage would allow tighter constraints on the
temperatures at which calcite precipitated (Ferrill et al., 2004).

6.2.3

Reconciling geological and seismological observations

The discrepancy between the extent of fault-zone healing measured by geological (this study)
and seismological observations (Eccles et al., 2015) is not unique to the Alpine Fault (Mitchell
and Faulkner, 2012). The role of: (1) disparities in scales of observations, (2) elevated pore
pressures, and/or (3) localised fracture healing was discussed in Section 4.5.4. Exploring these
points further is important since the extent of healing will directly influence fault zone fluid flow
and rupture dynamics.
This latter point is based on observations that extensive fault zone healing may be a fairly
localised phenomena, which is restricted to the alteration zone (Section 2.5.3). Field observations demonstrate that alteration zone width varies along the length of the Alpine Fault from
3-50 m (Norris and Cooper, 1997; Sutherland et al., 2012; Toy et al., 2012). One might suppose
that the conduits for fluid transport that damage zone fractures create will be able to exert
some control on these along-strike variations. However, alteration zone widths appear to be
independent of damage zone width. At Stony Creek, the alteration zone is entirely within the
cataclasite unit (i.e. <3 m thick), and the damage zone is ∼70-100 m thick. By contrast, at
Gaunt Creek where the damage zone is ∼120-150 m thick, the alteration zone extends for >25 m.
If fault damage cannot be invoked, then the questions remains as to what controls alteration
zone width. Is it related to variations in the composition of pore-fluids and wall rock? Or
is it significant that the thickest extent of the alteration zone occurs within the Waikukupa
thrust sheet? This is an abandoned section of the Alpine Fault, where the active fault trace
is interpreted to have back-stepped on the imbricate Hare Mare thrust (Norris and Cooper,
1997). The Waikikupa thrust is characterised by a large number of minor reverse faults that
rotate the mylonitic foliation, and this internal deformation may have created fluid pathways
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that contributed to alteration zone development.

6.3

Concluding remarks

The outcomes of this thesis have demonstrated the power of constructing a complete description
of a fault damage zone to elucidate earthquake behaviour. This has required a holistic and
multidisciplinary approach that is encapsulated in Figure 1.1. It is recognised that the Alpine
Fault is an exceptional fault zone to have performed such a study; thanks to the wealth of
available datasets, and its well-constrained kinematics and paleoseismic history. Nonetheless, it
is hoped that this study will stimulate research into the damage zones of active and inactive
fault zones around the world.
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Chapter A
Methodology for quantitative analysis of structure density in DFDP-1 and AHP CT Scans

A.1

Construction of CT scan logs

All X-ray computed tomography (CT) scans of core sections from the first phase of the Deep
Fault Drilling project (DFDP-1) and the Amethyst Hydro Project (AHP) were described using
a core log template as shown in Figure A.1. Each core log contained representative 3D CT and
2D CT core-axial parallel slices of the section, and an equivalent GeoTek image of the section.
All fractures noted in the scans were described in terms of their thickness and the range of CT
numbers within the fracture fill. In the case of DFDP-1 CT scans, a classification scheme was
constructed to describe similar types of fractures (Table 2.1).

A.2

Moving Average Calculation Codes

As discussed in section 2.3.4, fracture density in DFDP-1 CT scans was derived from a moving
average calculation. This calculation was constructed so that it could account for depth intervals
of no core recovery, where the length of the moving window was reduced by the interval of missing
core. The R source codes to calculate the moving average (code A.1) and the weighted moving
average (code A.2), which incorporates a weighting based on a modified version of the Terzagi
correction for orientation bias (Massiot et al., 2015), are present below.
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Figure A.1: An example of a CT scan log for core section DFDP-1B-43-1-2 that was used to
record fractures observed in the scans.
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#### CALCULATION OF MOVING AVERAGE ####
### Parameters ###
### x : the observed depth values ( for each fracture category )
### mwdow: the length of the moving window
### midp : the centers of each moving window
### missS : the s t a r t i n g points of the missing cores
### missE : the end points of the missing cores
MovAve <− function ( x , mwdow, midp , missS , missE ) {
isbw <− function ( y , a , b ) {
(y − a)

∗

( b − y ) >= 0

}
l i n d <− 1 : length ( missS )
maN <− NULL
f o r ( i i n 1 : length ( midp ) )
{
i f ( any ( isbw ( midp [ i ]−mwdow/ 2 , missS , missE ) ) ) {
i f ( any ( isbw ( midp [ i ]+mwdow/ 2 , missS , missE ) ) ) {
j <− l i n d [ isbw ( midp [ i ]−mwdow/ 2 , missS , missE ) ]
k <− l i n d [ isbw ( midp [ i ]+mwdow/ 2 , missS , missE ) ]
lenwd <− 0
j k <− j
while ( j k < k ) {
lenwd <− lenwd + missS [ j k +1] − missE [ j k ]
j k <− j k + 1
}
maN[ i ] <− (sum( x>=midp [ i ]−mwdow/2)−sum( x>=midp [ i ]+mwdow/ 2 ) ) /lenwd
} else {
j <− l i n d [ isbw ( midp [ i ]−mwdow/ 2 , missS , missE ) ]
i f ( j <length ( missS ) ) {
lenwd <− 0
j k <− j
while ( missS [ j k +1] <= midp [ i ]+mwdow/ 2 ) {
lenwd <− lenwd + missS [ j k +1] − missE [ j k ]
j k <− j k + 1
i f ( jk>=length ( missS ) ) break
}
lenwd <− lenwd + midp [ i ]+mwdow/2 − missE [ j k ]
} else {
lenwd <− midp [ i ]+mwdow/2 − missE [ j ]
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}
maN[ i ] <− (sum( x>=midp [ i ]−mwdow/2)−sum( x>=midp [ i ]+mwdow/ 2 ) ) /lenwd
}
} else {
i f ( any ( isbw ( midp [ i ]+mwdow/ 2 , missS , missE ) ) ) {
j <− l i n d [ isbw ( midp [ i ]+mwdow/ 2 , missS , missE ) ]
i f ( j >1){
lenwd <− 0
j k <− j
while ( missS [ jk −1] >= midp [ i ]−mwdow/ 2 ) {
lenwd <− lenwd + missS [ j k ] − missE [ jk −1]
j k <− j k − 1
i f ( jk <=1) break
}
lenwd <− lenwd + missS [ j k ] − ( midp [ i ]−mwdow/ 2 )
} else {
lenwd <− missS [ j ] − ( midp [ i ]−mwdow/ 2 )
}
maN[ i ] <− (sum( x>=midp [ i ]−mwdow/2)−sum( x>=midp [ i ]+mwdow/ 2 ) ) /lenwd
} else {
i f ( any ( isbw ( missS , midp [ i ]−mwdow/ 2 , midp [ i ]+mwdow/ 2 ) ) ) {
j <− l i n d [ isbw ( missS , midp [ i ]−mwdow/ 2 , midp [ i ]+mwdow/ 2 ) ]
lenwd <− mwdow − sum( missE [ j ]− missS [ j ] )
maN[ i ] <− (sum( x>=midp [ i ]−mwdow/2)−sum( x>=midp [ i ]+mwdow/ 2 ) ) /lenwd
} else {
maN[ i ] <− (sum( x>=midp [ i ]−mwdow/2)−sum( x>=midp [ i ]+mwdow/ 2 ) ) /mwdow
}
}
}
}
return (maN)
}

Code A.1: R source code for calculating moving average of fracture density in CT core images,
which can account for an intervals of missing core by reducing the size of the moving window
accordingly. Written by Ting Wang (Department of Mathematics and Statistics, University of
Otago).
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#### CALCULATION OF WEIGHTED FOR MOVING AVERAGE ####
### Parameters ###
### x : the observed depth values ( for each fracture category )
###W: weighting factor for each fracture
### WFS: sum of weighting factor for each moving window
### mwdow: the length of the moving window
### midp : the centers of each moving window
### missS : the s t a r t i n g points of the missing cores
### missE : the end points of the missing cores
#isbw = function that i f a<y<b or b<y<a where y=midp [ i ]−/+mwdow/2 , a=missS , b= missE
#So function i s looking i f missing i n t e r v a l s within each search window .
# j looks in the top h a l f of the search windown and k looks in the bottom h a l f
# lenwd=length of window corrected for missing i n t e r v a l s
#maN[ i ]= calculation of average for each point
MovAve <− function ( x , mwdow, midp , missS , missE ,W) {
isbw <− function ( y , a , b ) {
(y − a)

∗

( b − y ) >= 0

}
l i n d <− 1 : length ( missS )
maN <− NULL
WFS<−NULL
WF<−NULL
f o r ( i i n 1 : length ( midp ) )
{
i f ( any ( isbw ( midp [ i ]−mwdow/ 2 , missS , missE ) ) ) {
i f ( any ( isbw ( midp [ i ]+mwdow/ 2 , missS , missE ) ) ) {
j <− l i n d [ isbw ( midp [ i ]−mwdow/ 2 , missS , missE ) ]
k <− l i n d [ isbw ( midp [ i ]+mwdow/ 2 , missS , missE ) ]
lenwd <− 0
j k <− j
while ( j k < k ) {
lenwd <− lenwd + missS [ j k +1] − missE [ j k ]
j k <− j k + 1
}
f o r ( j i n 1 : length ( x ) ) {
WF[ j ]<−i f ( x [ j ] >( midp [ i ]−mwdow/ 2 ) & x [ j ] <( midp [ i ]+mwdow/ 2 ) ) {
WF[ j ]<−(W[ j ] ) }
e l s e {WF[ j ]<−0}
}
WFS[ i ]<−sum(WF)
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maN[ i ]=WFS[ i ] /lenwd
} else {
j <− l i n d [ isbw ( midp [ i ]−mwdow/ 2 , missS , missE ) ]
i f ( j <length ( missS ) ) {
lenwd <− 0
j k <− j
while ( missS [ j k +1] <= midp [ i ]+mwdow/ 2 ) {
lenwd <− lenwd + missS [ j k +1] − missE [ j k ]
j k <− j k + 1
i f ( jk>=length ( missS ) ) break
}
lenwd <− lenwd + midp [ i ]+mwdow/2 − missE [ j k ]
} else {
lenwd <− midp [ i ]+mwdow/2 − missE [ j ]
}
f o r ( j i n 1 : length ( x ) ) {
WF[ j ]<−i f ( x [ j ] >( midp [ i ]−mwdow/ 2 ) & x [ j ] <( midp [ i ]+mwdow/ 2 ) ) {
WF[ j ]<−(W[ j ] ) }
e l s e {WF[ j ]<−0}
}
WFS[ i ]<−sum(WF)
maN[ i ]=WFS[ i ] /lenwd
}
} else {
i f ( any ( isbw ( midp [ i ]+mwdow/ 2 , missS , missE ) ) ) {
j <− l i n d [ isbw ( midp [ i ]+mwdow/ 2 , missS , missE ) ]
i f ( j >1){
lenwd <− 0
j k <− j
while ( missS [ jk −1] >= midp [ i ]−mwdow/ 2 ) {
lenwd <− lenwd + missS [ j k ] − missE [ jk −1]
j k <− j k − 1
i f ( jk <=1) break
}
lenwd <− lenwd + missS [ j k ] − ( midp [ i ]−mwdow/ 2 )
} else {
lenwd <− missS [ j ] − ( midp [ i ]−mwdow/ 2 )
}
f o r ( j i n 1 : length ( x ) ) {
WF[ j ]<−i f ( x [ j ] >( midp [ i ]−mwdow/ 2 ) & x [ j ] <( midp [ i ]+mwdow/ 2 ) ) {
WF[ j ]<−(W[ j ] ) }
e l s e {WF[ j ]<−0}
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}
WFS[ i ]<−sum(WF)
maN[ i ]=WFS[ i ] /lenwd
} else {
i f ( any ( isbw ( missS , midp [ i ]−mwdow/ 2 , midp [ i ]+mwdow/ 2 ) ) ) {
j <− l i n d [ isbw ( missS , midp [ i ]−mwdow/ 2 , midp [ i ]+mwdow/ 2 ) ]
lenwd <− mwdow − sum( missE [ j ]− missS [ j ] )
f o r ( j i n 1 : length ( x ) ) {
WF[ j ]<−i f ( x [ j ] >( midp [ i ]−mwdow/ 2 ) & x [ j ] <( midp [ i ]+mwdow/ 2 ) ) {
WF[ j ]<−(W[ j ] ) }
e l s e {WF[ j ]<−0}
}
WFS[ i ]<−sum(WF)
maN[ i ]=WFS[ i ] /lenwd
} else {
f o r ( j i n 1 : length ( x ) ) {
WF[ j ]<−i f ( x [ j ] >( midp [ i ]−mwdow/ 2 ) & x [ j ] <( midp [ i ]+mwdow/ 2 ) ) {
WF[ j ]<−(W[ j ] ) }
e l s e {WF[ j ]<−0}
}
WFS[ i ]<−sum(WF)
maN[ i ]=WFS[ i ] /lenwd
}
}
}
}
return (maN)
}

Code A.2: R source code for calculating weighted moving average of fracture density in CT core
images, where weighting is based on a modified version of the Terzagi correction for orientation
bias. Code was developed myself based on the original code for the moving average calculation
(Code A.1).

193

194

Chapter B
Supplementary information for DFDP-1B core rotations

‘Unrolled’ CT images were used to rotate DFDP-1B core into it correct geographic orientation
(Section 3.3.1). These images were directly analogous to the borehole televiewer (BHTV) images
and so facilitated matching of correlative structures between the different datasets. The script
to generate these images and a table summarising the rotations that were applied is given below.

B.1

Script for generating unrolled images

/ / Some p a r a m e t e r s t o a l t e r i f needed
t h r e s h o l d = 2 5 5 ; / / Minimum b r i g h t n e s s t o be i n s i d e t h e c o r e sample
o f f s e t = 2 ; / / O f f s e t t o g e t o v e r t h e a l i a s e d p i x e l s a t t h e boundary
minRatio = 0 . 5 / / R a ti o o f minimum t o maximum r a d i u s o f t h e boundary
/ / Get t h e v o x e l s i z e
g e t V o x e l S i z e ( sizeX , sizeY , s i z e Z , s i z e U n i t s ) ;
print ( ” Size : ” + sizeX + ” x ” + sizeY + ” x ” + sizeZ + ” ” + sizeUnits ) ;
// General information to gather
done = f a l s e ;
windowName = g e t T i t l e ( ) ;
width = getWidth ( ) ;
height = getHeight ( ) ;
/ / Get u s e r t o s e l e c t a c i r c l e with 3 c l i c k s

195

numClicks = 0 ;
xs = newArray ( 3 ) ;
ys = newArray ( 3 ) ;
setColor (0 ,255 ,0);
Overlay . remove
Overlay . show
l a s t X = −1;
l a s t Y = −1;
w h i l e ( numClicks < 3 ) {
getCursorLoc (x , y , z , f l a g s ) ;
// Check f o r l e f t button
i f ( f l a g s&16 != 0 && ( x != l a s t X | | y != l a s t Y ) ) {
xs [ numClicks ] = x ;
ys [ numClicks ] = y ;
lastX = x ;
lastY = y ;
numClicks++;
p r i n t ( numClicks + ” : ” + x + ” , ” + y ) ;
Overlay . d r a w E l l i p s e ( x−3, y−3, 7 , 7 ) ;
Overlay . show
}
}
// S o l v e f o r e q u a t i o n o f t h e c i r c l e
a1 = 2∗ ( xs [0] − xs [ 1 ] ) ;
b1 = 2 ∗ ( ys [0] − ys [ 1 ] ) ;
d1 = ( xs [ 0 ] ∗ xs [ 0 ] − xs [ 1 ] ∗ xs [ 1 ] ) + ( ys [ 0 ] ∗ ys [ 0 ] − ys [ 1 ] ∗ ys [ 1 ] ) ;
a2 = 2∗ ( xs [1] − xs [ 2 ] ) ;
b2 = 2 ∗ ( ys [1] − ys [ 2 ] ) ;
d2 = ( xs [ 1 ] ∗ xs [ 1 ] − xs [ 2 ] ∗ xs [ 2 ] ) + ( ys [ 1 ] ∗ ys [ 1 ] − ys [ 2 ] ∗ ys [ 2 ] ) ;
cx = ( d1 − d2∗b1/b2 ) / ( a1 − a2 ∗b1/b2 ) ;
cy = ( d1 − a1 ∗ cx ) /b1 ;
r = s q r t ( ( xs [1] − cx ) ∗ ( xs [1] − cx ) + ( ys [1] − cy ) ∗ ( ys [1] − cy ) ) ;
// Get u s e r t o s e l e c t c i r c l e r a d i u s
numClicks = 0 ;
w h i l e ( numClicks < 1 ) {
getCursorLoc (x , y , z , f l a g s ) ;
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i f ( l a s t X != x | | l a s t Y != y )
r = s q r t ( ( x−cx ) ∗ ( x−cx ) + ( y−cy ) ∗ ( y−cy ) ) ;
windowName = g e t T i t l e ( ) ;
Overlay . remove
Overlay . d r a w E l l i p s e ( cx−r , cy−r , 2 ∗ r +1, 2∗ r +1);
Overlay . show
i f ( f l a g s&16 != 0 && ( x != l a s t X | | y != l a s t Y ) ) {
numClicks++;
}
}

/ / Unwrap t h e c o r e
/ / F i g u r e out s i z e o f t h e unwraped image
wrapWidth = f l o o r ( 2 ∗ PI ∗ r ∗ s i z e X / s i z e Z ) ;
maxS = n S l i c e s ;
newImage ( ”Unwrap” , ”16− b i t b l a c k ” , wrapWidth , maxS , 1 ) ;
selectWindow ( windowName ) ;
maxR = r ;
minR = minRatio ∗ r ;
v a l s = newArray ( maxS∗wrapWidth ) ;
p r i n t ( maxS ) ;
ix = 0;
/ / Loop through t h e s t a c k f i n d i n g v o x e l v a l u e s
f o r ( s = 1 ; s <= maxS ; s++) {
selectWindow ( windowName ) ;
setSlice (s );
f o r ( p = 0 ; p < wrapWidth ; p++) {
a n g l e = 2 ∗ PI ∗p/wrapWidth ;
r = maxR ;
x = cx + r ∗ c o s ( a n g l e ) ;
y = cy + r ∗ s i n ( a n g l e ) ;
vals [ ix ] = getPixel (x , y ) ;
w h i l e ( v a l s [ i x ] < t h r e s h o l d && r > minR ) {
r −−;
x = cx + r ∗ c o s ( a n g l e ) ;
y = cy + r ∗ s i n ( a n g l e ) ;
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vals [ ix ] = getPixel (x , y ) ;
}
r −= o f f s e t ;
x = cx + r ∗ c o s ( a n g l e ) ;
y = cy + r ∗ s i n ( a n g l e ) ;
vals [ ix ] = getPixel (x , y ) ;
i x ++;
}
}
// Draw t h e v o x e l v a l u e s i n t o t h e unwrapped image
selectWindow ( ”Unwrap” ) ;
ix = 0;
f o r ( s = 0 ; s < maxS ; s++) {
f o r ( p = 0 ; p < wrapWidth ; p++) {
setPixel (p , s , vals [ ix ] ) ;
i x ++;
}
updateDisplay ( ) ;
}
// Enhance c o n t r a s t s o we can s e e what ’ s g o i n g on
selectWindow ( ” Unwrap ” ) ;
run ( ” Enhance C o n t r a s t . . . ” , ” s a t u r a t e d = 0 . 4 ” ) ;
updateDisplay ( ) ;

Code B.1: Script for generating ‘unrolled CT images.’ To be run on an image stack that has been
loaded into Fiji (https://fiji.sc/). Written by Steven Mills (Department of Computer Sciences,
University of Otago).
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B.2

DFDP-1B Core Rotations

Core Section

Depth of matched

Counterclockwise

Rotation

structure (m)

rotation to match

(◦ )

match

310

Good

319

Poor

20

Good

124

Poor

170

Good

330

Good

199

Poor

287

Moderate

307

Good

85

Good

BHTV
29-1

31-1

31-2

32-1

33-2

34-1

34-2

35-1

35-2

36-1

94.75

313

94.90

307

96.70

319

97.35

16

97.45

24

98.51

124

99.45

164

99.50

186

100.00

158

100.90

349

101.30

333

101.35

326

101.65

199

102.15

294

102.20

281

102.85

307

103.15

306

103.65

93

103.75

77

104.30

90

applied

Quality

(◦ )

199

of

Core Section

Depth of matched
structure (m)

Counterclockwise

Rotation

rotation to match

(◦ )

match

211

Moderate

245

Good

202

Moderate

11

Moderate

110

Good

109

Moderate

148

Good

106

Moderate

223

Moderate

applied

Quality

BHTV (◦ )
36-2

37-1

37-2

38-1

39-1

39-3/40-1

41-1

41-2

43-1

104.40

204

104.85

217

105.60

246

105.95

244

106.16

198

106.30

219

106.55

189

107.25

3

107.30

27

107.34

5

107.65

114

107.70

111

108.15

106

108.70

116

108.80

102

110.05

155

110.10

144

110.25

145

110.60

101

110.70

111

111.65

229

111.85

235

112.15

205

200

of

Core Section

Depth of matched
structure (m)

Counterclockwise

Rotation

rotation to match

(◦ )

match

96

Moderate

21

Good

8

Good

110

Good

135

Good

applied

Quality

BHTV (◦ )
113.00

112

113.20

89

113.65

87

114.00

17

114.10

25

115.70

10

114.95

5

115.00

8

115.70

108

116.25

112

118.65

132

118.95

134

119.05

140

53-1

120.70

338

338

Poor

53-2

121.40

267

267

Poor

122.15

47

122.30

45

40

Moderate

122.40

27

122.85

279

122.90

281

280

Good

123.40

325

123.75

309

317

Moderate

45-1

46-1

48-1

49-1

52-1

54-1

54-2

55-1
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of

Core Section

Depth of matched
structure (m)

Counterclockwise

Rotation

rotation to match

(◦ )

match

333

Moderate

328

Good

applied

Quality

of

BHTV (◦ )

56-1

56-2

124.95

340

125.35

327

126

313

126.10

325

126.20

331

Table B.1: Summary of rotations applied to DFDP-1B core sections to rotate drill-core back
into a geographic reference frame. Rotations derived by matching structures in CT images with
correlative structures in BHTV images. Numbers in bold indicate matching between prominent
structures in the drill-core and so the rotation applied is weighted towards them. Quality of
matching refers to classification scheme outlined in section 3.3.1.
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Chapter C
Field cross sections

203

204

205

206

perpendicular transects at Gaunt Creek stations 1 and 2.

previously described by Toy (2008). Construction of these transects explained in section 3.3.2. *Density of fractures calculated from two

(3) a map of the stations with respect to the fault and cross section. Location of these sites shown in Figure 3.2b. Fault rock lithologies

density of fractures at all stations as a function of the orthogonal distance from the fault, (2) fracture orientations at each station, and

for: (a) Gaunt Creek, (b) Stony Creek, (c) Hare Mare Creek and (d) Havelock Creek. Each cross section also presents: (1) the corrected

Figure C.1: Cross sections showing varying intensity and style of damage with distance from the Alpine Fault principal slip zones (PSZ)

Chapter D
Supplementary information for the Amethyst Hydro
Project

A total of 31.9 m of drill-core recovered from four exploratory boreholes in the Amethyst Hydro Project was scanned using X-ray computed tomography (CT) as described in Section 3.3.3.
These scans gave crucial information regarding fracture orientations in the regional network
around the Alpine Fault (Section 3.5.3). However, no assessment of fracture density in these
scans was reported due to the ambiguity of the analysis that was undertaken. This is instead
presented below. In addition, Figure D.1 presents a cross section through the Amethyst Tunnel
to give context of where the scanned core is located within the four boreholes.
Quantitative assessment of fracture density was performed using a moving average and
weighted moving average. This was calculated at intervals of 2 cm and with a 1 m moving
window. In this way, fracture density was assessed in the same way as for the DFDP-1 CT scans
(Section 2.3.4).
Typical values of 5-15 fractures/metre were recorded, which increased to 5-20 fractures/metre
after application of the correction for orientation bias (Figure D.2). This is in accordance with
the initial drill-core logs that note typical fracture spacing of 60-200 mm (Geotech Consulting
Limited, 2006). However, there are also localised intervals of elevated fracture density with >20
fractures/metres (e.g. at ∼155-157 m in Figure D.2), which reflect intervals with Rock Quality
Designation (RQD, the % of intact core lengths > 100 mm/1 m of core) values of <10%. Low
RDQ intervals are associated with damage around the Tarpot Fault and other unidentified faults
(Figure D.2, see also Geotech Consulting Limited, 2006). These values may be an overestimate
since it was difficult to differentiate between natural and induced fractures in AHP drill-core
(Section 3.5.3).
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3.2). Modified from Geotech Consulting Limited (2006), to show where intervals of drill-core that were CT scanned are located.

Figure D.1: Cross section through the Amethyst Tunnel and its four exploratory boreholes, Hari Hari, Westland, New Zealand (See Figure
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Classically, fault damage zones are defined as the volume of rock within which the density
of deformation related features exceeds that of the regional level (Chester et al., 1993; Mitchell
and Faulkner, 2009; Faulkner et al., 2010). With regards to the Alpine Fault, CT scans of
DFDP-1 that are contained entirely within the damage zone, report fracture densities of 20-100
fractures/metre (See Figures 2.7 2.8). This is higher than the regional fracture network of 520 fractures/metre (Figure D.2). However, given the wide range of values these results cover,
the possible sampling of induced fractures in AHP drill-core, and the fact that locally high
concentrations of damage may occur within the regional fracture network around subsidiary
faults, it was concluded that fracture density is not the most reliable indicator of Alpine Fault
damage zone width.
(b)
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Figure D.2: (a) Plot of fracture density with depth for an interval of AHP drill-core from BH2
that was CT scanned, calculated using a moving and weighted moving average. Core-axial
parallel CT scans of representative core sections with (b) low and (c) high fracture density are
also given. (b) Core section AHP-BH2-74-3-153.5-154.1, (c) AHP-BH2-75-2-155.8-156.2.
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Chapter E
Diffractograms for X-ray diffraction analysis of Alpine
Fault damage zone fracture-fill

Sample preparation and X-ray diffraction (XRD) analysis for all samples is described in section
4.3.2. For DFDP-1 samples, name refers to DFDP-1 borehole, and absolute depth from with
the borehole where sample was taken.Mineral identification performed using the PANalytical
software HighScorePlus (for DFDP-1 samples) and X’Pert HighScore (field samples).
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E.1

DFDP-1 core bulk samples
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Figure E.1: Diffractogram showing XRD pattern for bulk sample DFDP-1A 69.8.
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DFDP-1A 74.1 Bulk
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Figure E.2: Diffractogram showing XRD pattern for bulk sample DFDP-1A 74.1.
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Figure E.3: Diffractogram showing XRD pattern for bulk sample DFDP-1A 74.35.
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DFDP-1A 76.1 Bulk
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Figure E.4: Diffractogram showing XRD pattern for bulk sample DFDP-1A 76.1.
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Figure E.5: Diffractogram showing XRD pattern for bulk sample DFDP-1A 76.4.

214

DFDP-1A 79.5 Bulk
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Figure E.6: Diffractogram showing XRD pattern for bulk sample DFDP-1A 79.5.

DFDP-1A 88.9 Bulk
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Figure E.7: Diffractogram showing XRD pattern for bulk sample DFDP-1A 88.9.
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DFDP-1B 102.6 Bulk
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Figure E.8: Diffractogram showing XRD pattern for bulk sample DFDP-1B 102.6.

DFDP-1B 108.7 Bulk
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Figure E.9: Diffractogram showing XRD pattern for bulk sample DFDP-1B 108.7.
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DFDP-1B 110.1 Bulk
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Figure E.10: Diffractogram showing XRD pattern for bulk sample DFDP-1B 110.1.
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Figure E.11: Diffractogram showing XRD pattern for bulk sample DFDP-1B 115.6.
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E.2

DFDP-1 core fine-grained samples
DFDP-1A 69.8 Hand ground. Mg saturated. Orientated. Glycerolated.
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Figure E.12: Diffractogram showing XRD pattern for fine-grained (<10 µm) fraction of DFDP1A 69.8.
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DFDP-1A 74.1 Orientated. Mg saturated. Glycerolated.
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Figure E.13: Diffractogram showing XRD pattern for fine-grained (<10 µm) fraction of DFDP1A 74.1.
DFDP-1A 74.35 Orientated. Mg saturated. Glycerolated.
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Figure E.14: Diffractogram showing XRD pattern for fine-grained (<10 µm) fraction of DFDP1A 74.35.
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DFDP-1A 76.1 Orientated. Mg saturated. Glycerolated.
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Figure E.15: Diffractogram showing XRD pattern for fine-grained (<10 µm) fraction of DFDP1A 76.1.
DFDP-1A 76.4 Orientated. Mg saturated. Glycerolated.
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Figure E.16: Diffractogram showing XRD pattern for fine-grained (<10 µm) fraction of DFDP1A 76.4.
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DFDP-1A 79.5 Orientated. Mg saturated. Glycerolated.
46- 1045QUARTZ, SYN
6- 263 MUSCOVITE-2M1
7- 25
MUSCOVITE-1M, SYN
21- 1272ANATASE, SYN
9- 466 ALBITE, ORDERED
29- 701 CLINOCHLORE-1MIIB, FERROAN
31- 966 ORTHOCLASE
5- 586 CALCITE, SYN
12- 219 MONTMORILLONITE-18A

Intensity (Counts) X 1000

30

20

10

10.00

20.00

30.00

2-Theta Angle (deg)

Figure E.17: Diffractogram showing XRD pattern for fine-grained (<10 µm) fraction of DFDP1A 79.5.
DFDP-1A 88.9 Hand ground. Mg saturated. Orientated. Glycerolated.
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Figure E.18: Diffractogram showing XRD pattern for fine-grained (<10 µm) fraction of DFDP1A 88.9.
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DFDP-1B 102.6 Orientated. Mg saturated. Glycerolated.
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Figure E.19: Diffractogram showing XRD pattern for fine-grained (<10 µm) fraction of DFDP1B 102.6.
DFDP-1B 108.7 Orientated. Mg saturated. Glycerolated.
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Figure E.20: Diffractogram showing XRD pattern for fine-grained (<10 µm) fraction of DFDP1B 108.7.
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Figure E.21: Diffractogram showing XRD pattern for fine-grained (<10 µm) fraction of DFDP1B 110.1.
DFDP-1B 115.6 Hand ground. Mg saturated. Orientated. Glycerolated.
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Figure E.22: Diffractogram showing XRD pattern for fine-grained (<10 µm) fraction of DFDP1B 115.6.
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Figure E.23: Diffractogram showing XRD pattern for bulk field sample Stony Creek 1. Mineral
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Figure E.25: Diffractogram showing XRD pattern for bulk field sample Stony Creek 2.
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Figure E.24: Diffractogram showing XRD pattern for bulk field sample Havelock Creek 1.
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Figure E.27: Diffractogram showing XRD pattern for bulk field sample Bullock Creek 1b.
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Figure E.26: Diffractogram showing XRD pattern for bulk field sample Bullock Creek 1a.
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Figure E.28: Diffractogram showing XRD pattern for the fine-grained (<2 µm) fraction of field
sample Stony Creek 1.
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Figure E.29: Diffractogram showing XRD pattern for the fine-grained (<2 µm) fraction of field
sample Havelock Creek 1.
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Figure E.30: Diffractogram showing XRD pattern for the fine-grained (<2 µm) fraction of field
sample Stony Creek 2. *Unable to distinguish between kaolinite and chlorite.
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Figure E.31: Diffractogram showing XRD pattern for the fine-grained (<2 µm) fraction of field
sample Bullock Creek 1a.
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Figure E.32: Diffractogram showing XRD pattern for the fine-grained (<2 µm) fraction of field
sample Bullock Creek 1b. *Unable to distinguish between kaolinite and chlorite
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