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ABSTRACT

The first phase of the Deep Fault Drilling Project (DFDP-1) yielded a continuous lithological transect through fault rock surrounding the
Alpine fault (South Island, New Zealand). This allowed micrometer- to decimeterscale variations in fault rock lithology and structure to be
delineated on either side of two principal slip zones intersected by DFDP-1A and DFDP-1B. Here, we provide a comprehensive analysis of
fault rock lithologies within 70 m of the Alpine fault based on analysis of hand specimens and detailed petrographic and petrologic analy-
sis.The sequence of fault rock lithologies is consistent with that inferred previously from outcrop observations, but the continuous section
afforded by DFDP-1 permits new insight into the spatial and genetic relationships between different lithologies and structures. We identify
principal slip zone gouge, and cataclasite-series rocks, formed by multiple increments of shear deformation at up to coseismic slip rates. A
20-30-m-thick package of these rocks (including the principal slip zone} forms the fault core, which has accommodated most of the brittle
shear displacement. This deformation has overprinted ultramylonites deformed mostly by grain-size-insensitive dislocation creep. Outside
the fault core, ultramylonites contain low-displacement brittle fractures that are part of the fault damage zone. Fault rocks presently found
in the hanging wall of the Alpine fault are inferred to have been derived from protoliths on both sides of the present-day principal slip zone,
specifically the hanging-wall Alpine Schist and footwall Greenland Group.This implies that, at seismogenic depths, the Alpine fault is either
a single zone of focused brittle shear that moves laterally over time, or it consists of multiple strands. Ultramylonites, cataclasites, and fault
gouge represent distinct zones into which deformation has localized, but within the brittle regime, particularly, it is not clear whether this
localization accompanies reductions in pressure and temperature during exhumation or whether it occurs throughout the seismogenic
regime. These two contrasting possibilities should be a focus of future studies of fault zone architecture.
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INTRODUCTION

Characterizing the internal structures of major fault zones is an impor-
tant step toward understanding the gross physical attributes of geologi-
cal faults, including their mechanical, seismic, and hydraulic properties.
Many studies have addressed this topic, and our view of fault zone struc-
ture associated with major, crustal-scale faults has developed substantially
in recent years (e.g., Chester and Logan, 1986; Ben Zion and Sammis,
2003; Faulkner et al.,, 2003, 2008; Wibberley and Shimamoto, 2003;
Holdsworth et al., 2011). These and other studies have typically revealed
that deformation is distributed across a zone several hundred meters in
width with varying degrees of localization. Some faults exhibit a rela-
tively simple architecture with a single principal slip zone surrounded by
a fracture damage zone, whereas others, including the San Andreas fault,
contain a number of principal slip zones that in some cases anastomose
and intersect, containing layers or lenses of variably fractured protolith.

These studies have contributed greatly to our understanding of the
ways in which variations in rock properties influence the distribution of
strain in the brittle regime. However, in the case of dip-slip faults, any par-
ticular fault rock assemblage reflects the cumulative effects of deforma-
tion occurring at a range of depths and thus under different pressure and

temperature conditions. Displacement profiles across a single fault struc-
ture at a range of depths (or pseudodepths) are required to determine the
three-dimensional geometry of brittle deformation. Such profiles could be
acquired by constraining pressure and temperature at different times in the
formation of brittle structures based on mineralogical analysis of a single,
continuously exhumed crustal section, or by making observations of the
structures present at a range of depths on a single large-scale structure
sampled at the surface and in boreholes.

Drilling into the Alpine fault zone in the central South Island of New
Zealand has recently provided the opportunity to observe a complete
section across this major plate-bounding fault zone (Sutherland et al.,
2012). Dextral-oblique displacement at 27 = 5 mm yr' on the Alpine
fault (Norris and Cooper, 2001) represents ~70% of the 38 + 2 mm yr'
of relative motion between the Pacific and Australian plates (DeMets
et al., 2010). Rapid transport along the moderately inclined fault plane
results in surface exposures of fault rocks that experienced ductile mid-
crustal conditions only 1-2 m.y. previously (Little et al., 2005; Norris et
al., 1990). Thus, the exhumed fault rocks can be used to document the
structure of the plate boundary, fault zone processes, and deformation
mechanisms occurring in the midcrust in the context of a relatively sim-
ple geological and geophysical setting (Townend et al., 2009). Alpine
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fault rocks have been described previously from composite sections
assembled from outcrops in streams and rivers that expose the fault, but
the footwall assemblage is poorly exposed (Norris and Cooper, 2007;
Reed, 1964; Sibson et al., 1979, 1981; Toy, 2008; Toy et al., 2008, 2010,
2011, 2012, 2013).

The Deep Fault Drilling Project (DFDP) was established to provide new
insight into the current state, seismological behavior, and geological evolu-
tion of the central Alpine fault (Townend et al., 2009), which is inferred to
be late in its 200400 yr earthquake cycle (Sutherland et al., 2007; Berry-
man et al., 2012). The first phase of the project, DFDP-1, was completed in
early 2011 with the successful drilling, logging, and instrumentation of two
boreholes intersecting the fault at depths of ~91 m and ~128 m at Gaunt
Creek (Sutherland et al., 2011, 2012). DFDP-1 collected the first continu-
ous set of rock cores, wireline geophysical logging data, and in situ hydrau-
lic properties through the Alpine fault (Sutherland et al., 2012; Townend
et al., 2013). Of particular value is the continuous nature of the recovered
core, which provides a more continuous sample of lithologies immediately
surrounding the principal fault slip zone than can be recovered from surface
outcrop, and it has not been subject to subaerial weathering.

In this paper, we describe the fault rocks intersected in the DFDP-1
boreholes, within ~70 m of the fault’s principal slip zone, based on obser-
vations of ~130 m of core and 25 thin sections representative of a larger

suite of sections from samples spaced at ~0.5 m intervals throughout the
core. We classify the fault rocks into eight lithological units on the basis
of mineralogy and tectonite fabrics. The fault rock sequence reflects the
operation of multiple overprinting deformation mechanisms and altera-
tion processes, as pressure, temperature, and fluid chemistry evolved
during exhumation. We analyzed the distribution of fault rocks within a
20-30-m-thick fault core (defined as the zone in which most fault dis-
placement has accumulated and which contains one or more principal
slip zones; Chester and Logan, 1986; as set out formally by Caine et al.,
1996) and broader damage zone (defined as a zone containing low-shear-
displacement structures generated during fault slip; Caine et al. 1996). In
cach of these zones, the rock mass has distinctive properties representing
its cumulative evolution. It is these properties that likely govern the fault’s
mechanical response to interseismic, coseismic, and postseismic strain
accommodation.

TECTONIC AND GEOLOGICAL SETTING

The Alpine fault extends on land for 600 km in the western South
Island, from the southern end of the Marlborough fault system (Hope,
Clarence, Awatere, and Wairau faults) to the Puysegur subduction zone
in the south (Fig. 1). In the central South Island, the Alpine fault accom-
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Figure 1. Location map. (A) Key tectonic elements of the Pacific-Australian plate boundary, including the Alpine fault through the conti-
nental South Island of New Zealand. Topography is after Sandwell and Smith (1997). White box illustrates location of B. (B) More detailed
map of the Alpine fault (red line), illustrating locations mentioned in the text. Orange lines are roads; gray lines are topographic contours.
(C) Composite schematic section through a typical Alpine fault oblique thrust segment, illustrating the sequence of fault rocks exposed
in the hanging wall, modified after Norris and Cooper (2007). Outcrops at Stoney Creek, Hare Mare Creek/Waikukupa River, and Havelock
Creek are particularly characteristic. DFDP—Deep Fault Drilling Project.
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modates oblique-reverse slip on a moderately southeast-dipping plane that
penetrates into the lower crust (Davey et al., 2007; Norris et al., 1990;
Okaya et al., 2007). It is the primary plate boundary structure, with sec-
ondary faulting distributed mostly to its southeast (Cox and Barrell, 2007,
Cox and Sutherland, 2007).

Regional exhumation rates in central South Island are highest between
the Whataroa and Karangarua Rivers, near the DFDP-1 drill site (Fig. 1),
where radiometric ages indicate that the Pacific Plate hanging wall is
being exhumed at long-term rates of 6-9 mm yr from depths of as much
as 35 km (Little et al., 2005) and geodetic measurements indicate a maxi-
mum interseismic hanging-wall uplift rate of ~4 mm yr' (Beavan et al.,
2007). Rapid exhumation is inferred to result in upward advection of iso-
therms in the hanging wall and near the fault (Koons, 1987). Microther-
mometric data from fluid inclusions suggest a geothermal gradient of at
least 40 °C km™ above the brittle-ductile transition (Toy et al., 2010), and
a geothermal gradient of 63 + 2 °C km™ has been measured in the DFDP-
1B borehole (Sutherland et al., 2012). This is more than double the foot-
wall gradient nearby (Townend, 1999), and thus qualitatively consistent
with the Koons (1987) model.

Plate motions in southern New Zealand have not changed signifi-
cantly since 5 Ma (Cande and Stock, 2004), and there is evidence for
rapid sedimentation on the footwall caused by exhumation of the hang-
ing wall throughout that time interval (Sutherland, 1996). It is reasonable
to presume, therefore, that kinematic and thermal conditions within the
Alpine fault at depth have not changed during the last 5 m.y., implying
that the fault rocks have formed under conditions and kinematics simi-
lar to those that currently exist at depth. The freshly exhumed material
provides a globally rare opportunity to examine the structural charac-
teristics of an active dextral-oblique fault zone, determine the deforma-
tion mechanisms active at different positions within the fault zone, and
assess how and why the mechanical behavior facilitates localization of
shear (Townend et al., 2009).

Geodetic measurements and observations of contemporary structures
(roads, buildings, fences, etc.) and river terraces indicate that the central
Alpine fault is presently locked and does not creep; however, paleoseis-
mic evidence shows the fault to have produced large or great (M >
8) earthquakes in the recent geological past (Sutherland et al., 2007).
From stratigraphic records of Alpine fault earthquakes at Hokuri Creek
(~200 km southwest of DFDP-1), Berryman et al. (2012) determined
a recurrence interval of 329 £ 68 yr. The last earthquake on the cen-
tral Alpine fault was in A.D. 1717 (Howarth et al., 2012; Wells et al.,
1999); present-day seismicity is diffuse and of low magnitude (M, <
2.5; Boese et al., 2012). Trenching of the Alpine fault scarp close to the
DFDP-1 drill site indicates Holocene movement and is consistent with
a last rupture in A.D. 1717 (De Pascale and Langridge, 2012). Tectonite
fabrics in the fault rocks must therefore at least partially develop during
earthquake-generating slip.

PREVIOUS WORK ON ALPINE FAULT ROCKS

The Alpine fault rock sequence was first described by Reed (1964)
based on observations made on outcrops at Saddle Creek in the upper
Kokatahi Valley, ~70 km northeast of the DFDP-1 site. Sibson et al.
(1979, 1981) presented more comprehensive descriptions based on
observations at many sites along strike of the fault section between Sad-
dle Creek and Haast (~120 km southwest of DFDP-1). During the 1980s
and 1990s, an extensive fault zone mapping program was undertaken by
faculty and postgraduate students from the Department of Geology, Uni-
versity of Otago; this research and allied studies by students and faculty
at other universities enabled the construction of a conceptual composite

section through Alpine fault-related rocks presented by Norris and Coo-
per (2007).

In the central South Island (Fig. 1; typical outcrops are found at
Gaunt Creck, Hare Mare Creek, Havelock Creek), the Alpine fault rocks
comprise an ~1-km-thick sequence of protomylonites, mylonites, and
ultramylonites derived from the adjacent Alpine Schist (Cox and Bar-
rell, 2007), which in turn structurally overlie cataclasites and cohesive
but uncemented basal gouges (Reed, 1964; Sibson et al., 1979, 1981,
Warr and Cox, 2001; Norris and Cooper, 2007; Toy et al., 2010, 2011,
2012, 2013; Boulton et al., 2012). Footwall-derived rocks are present in
DFDP-1, but they are rare in outcrop.

To provide a framework for DFDP-1 borehole observations, we summa-
rize previously published descriptions of Alpine fault units in Appendix 1.

ROCK UNIT DEANITION IN DFDP-1 BOREHOLES

In early 2011, two vertical boreholes (DFDP-1A, ~100 m depth;
DFDP-1B, ~152 m depth) were drilled at Gaunt Creek using exploration
diamond coring techniques (Sutherland et al., 2012). Gouges interpreted
to delineate active and relict principal slip zones (PSZ) were intercepted
at 90.75 m in DFDP-1A, and 128.1 m and 143.85 m in DFDP-1B (PSZ-1
and PSZ-2, respectively). We retrieved core (e.g. Fig. 2) from ~31% and
~36% of the total drilled depth in DFDP-1A and DFDP-1B, respectively,
but core recovery was close to 100% near the principal slip zone surfaces.
Further information regarding the technical operations, core recovery,
and core processing procedures during DFDP-1 are provided in Appen-
dix 2 and were documented extensively in the borehole completion report
(Sutherland et al., 2011).

Core sections were imaged using a Geotek multisensor core logger
(MSCL), which involved taking photographs from three different angles
and then stitching these images together to produce unrolled images (e.g.,
Fig. 3). Mineralogical and microstructural characterization was under-
taken on samples spaced at intervals of ~0.5 m throughout both DFDP-1A
and DFDP-1B cores. Polished thin sections were examined using standard
optical microscopy. Some of the fault rocks are very fine grained; thus,
microstructural and chemical characterization required backscattered
electron images, which were obtained on a Zeiss Sigma VP FEG (field
emission gun) scanning electron microscope.

Lithological Descriptions and Structural Interpretation of Rock
Units Identified in DFDP-1

We distinguished eight rock units in the DFDP-1 boreholes: gray
and dark-green ultramylonites; brown-green-black ultramylonites; upper
unfoliated cataclasites; upper foliated cataclasites; gouges; lower cata-
clasites; breccias; and Quaternary gravels (not further described herein).
‘We have defined these units such that they can be distinguished at hand-
specimen scale, and we have placed particular emphasis on distinctive
mineralogical compositions, colors, and tectonite fabrics (summarized in
Table 1). Our fault rock nomenclature follows that of Woodcock and Mort
(2008). Units are numbered sequentially in the order they were encoun-
tered from top to bottom of the recovered core. The distribution of these
rock units, compiled from the full suite of comprehensive core logs, is pre-
sented in Figure 2, and Figure 3 illustrates representative sections of core
within each lithology. Typical microstructures of the units are illustrated
in Figures 4-6. Basic descriptions of the characteristic mineralogy, micro-
structure, and fabric for each unit are presented in Table 1. Resulls are
based on a combination of thin-section observations and qualitative X-ray
diffraction (XRD) analysis of samples from the finest-grained materials,
as described in detail elsewhere (Boulton, 2013).
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vided in Table 1. Notable features
within these scans include (A)
steep trains of feldspar augen and
later crosscutting fractures; (B)
spaced foliation; (C) discontinu-
ous foliation-parallel quartz veins;
(D) steep and shallow foliations;
(E) oblique foliations and disjunc-
tive cleavage; (F) late, high-angle
conjugate gouge-bearing faults;
(G) recemented breccia; (H) rem-
nants of mylonitic foliation at
top right; () all mylonitic folia-
tion destroyed; yellow (Fe-carb?)
veins; (J} remnant dark-gray-
green ultramylonite layering; (K)
disjunctive cleavage; (L) highly
comminuted end member; (M)
unit 8 sedimentary gravel (base of
image); (N-O) principal slip zone
(PSZ) gouges: (N) centimeter-
scale layers of different grain sizes
and disaggregated fragment of
calcite vein (arrowed); (O) upper
and lower margins of this particu-
lar gouge layer that are not par-
allel; (P-R) layer boundaries that
mostly parallel fabrics in bound-
ing cataclasites in gouges not
identified as principal slip zones;
{S-U) the broad range of appear-
ances of the lower cataclasites
(remnant gneissic layering is very
obvious in part U); (V-W) the typi-
cally uncemented nature of unit 7
breccia; and (X) foliations, which
are revealed where clasts in the
gravel were dissected during cor-
ing. DFDP—Deep Fault Diilling
Project.
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TABLE 1. CHARACTERISTIC FEATURES OF LITHOLOGICAL UNITS ENCOUNTERED IN DEEP FAULT DRILLING PROJECT (DFDP-1)

Un‘;te Name General lithology Mineralogy and grain sizes Fabric and microstructure Notes
number
1 Grayanddark green 1a. Planar-foliated, Quartz + ofigoclase + biotite  Millimeter- to centimeter-long quartz + feldspar versus mica/amphibole- 1a. is medium to dark gray (locally
ultramylonites medium-gray (N5) to + muscovite = calcite + rich segregations (Fig. 3B), aligned mineral long axes and locally black) and 1b. is dark green. This color
medium dark-gray (N4) chlorite + accessories. abundant feldspar augen trains (Fig. 3A) define a smooth, milimeter- division reflects original protoliths.
quartzofeldspathic, Grains mostly 230 ym and spaced to continuous foliation (S). Transition from spaced (Fig. 4B) to The averal! protolith for unit 1 is almost
mostly oligoclase-bearing range up to milimeters long.  continuous foliation (Fig. 4A) occurs with increasing strain. certainly the Alpine Schist subgroup of
ultramylonites. S surfaces are transected by C’ shear bands (Figs. 4Aand 4B). Inunittb.,  the Haast Schist, as discussed in the
1b. Planar-foliated, dark Quartz + ofigoclase + biotite +  8paced felsic-amphibole layering (Fig. 4B) and continuous foliations are section entitled “Discussion of Inferred
greenish gray (5GY homblende + muscovite observed with no systematic relation to position in the fault zone. Protoliths™.
4/1) metabasic, mostly calcite  epidote + chlorite + Quartz grains have undulose extinction and interlobate grain boundaries  Bands of 1b. range from 0.1 to 2 m thick.
oligoclase-bearing accessaries. (arrowed Fig. 4A).
ultramylonites. All grains 230 pm and range

2  Brown-green-black
ultramylonites

3.  Upper unfofiated
cataclasites

4.  Upper foliated
cataclasites

Planar-foliated, mixed
medium dark-gray (N4),
grayish black (N2), olive
gray (5Y 4/1), olive
black (5Y 2/1), dark
greenish gray (5GY 4/1),
quartzofeldspathic to
metabasic, mostly albite-
bearing ultramylonites.

Unfoliated, pale yellowish to
olive gray (5Y 8/1-5Y 4/1),

greenish gray (5GY 6/1),
and medium bluish gray

(5B 5/1), quartzofeldspathic

and rarely metabasic
cataclasites.

Foliated, yeflowish to olive
gray (5Y 8/1-5Y 4/1),
and very light-gray (N8),
with seams of greenish
gray to greenish black
(5GY 6/1-5GY 2/1),
quartzofeldspathic
and rarely metabasic
cataclasites.

up to millimeters long.

Quartz + albite{?) + chlorite +

apidote + accessories.

Grains mostly <50 ym but
rare feldspar porphyroclasts

range <200 ym. Quartz
aggregates composed of
grains <10 ym.

As for units 1 and 2, with more

chlorite, epidote, calcite
(mostly as cements), and
brown or blue-gray clay
{chlorite + illite/muscovite).

Matrix grains mostly <10 ym

to below aptical resolution,
feldspar porphyroclasts
<100 ym.

As for units 1 and 2, with

more chlorite, epidote,

calcite (mostly as cements),

and significant amounts
of typically blue-gray clay
(chlorite + illite/muscovite).

Centimeter-scale

quartzofeldspathic pods and
salmon pink clasts/iveins are

present.

Matrix grains mostly <10 ym

to below optical resolution,

feldspar porphyroclasts
<100 ym.

Indistinct millimster-spaced foliation defined by dark, hairine seams
of opaques and paralls! large grains of mica (sericite?) forming a
locally dilatant “disjunctive” cleavage (Fig. 4C). In places, a spaced
foliation is defined by brown-black bands of fine-grained quartz-
feldspar-epidote-chlorite alternating with millimeter-thick bands higher
in opaques and clay minerals, or quartzofeldspathic bands that are
planar, or anastomosing around equant feldspar porphyroclasts. Aligned
phytlosilicate foliation s also present in some of the black pods.

Afew dark seams are at high angle to the dominant follation. No
systematic crosscutting relationship is observed between these and the
main seams; they were presumably coeval.

Angular fragments <10 cm in diameter of units 1 and 2 in a variably
calcite-cemented patchy cryptocrystalline (clay) matrix (Fig. 4E). Clast-
supported when fragments are >1 cm diameter (Fig. 2G); in these
cases, protolith foliations are not significantly misaligned in adjacent
clasts, implying minimal clast rotation, and clast:matrix ratios are mostly
<0.5. Matrix-supported when clasts are finer than ~1cm diameter (Figs.
3H and 3l); in these cases, there is evidence of significant clast rotation,
and clast:matrix ratios range from 0.5 to 1.0. Rarely a foliation is defined
by anastomosing, dark, hairline seams, spaced <0.2 mm (e.g., Fig. 3H).

Comprises clasts of lense-shaped, subangular feldspar or angular calcite
(Fig. 4G) in a very variable proportion of clay matrix (from 0%-90%).
The latter may form tabular patches (Fig. 4H). Elsewhere the matrix is
comminuted feldspar, quartz, chiorite, white mica, and calcite (Fig. 5A) =
epldote (Fig. 5B) or disseminated (neomineralized?) calcite (Fig. 58).

The clast size generally decreases with proximity to the inferred principal
slip surfaces; the finest-grained materials are barely cohesive and clay-
rich, and equate to ultracataclasite sensu stricto (Sibson, 1977).

Fofiation is defined either by anastomosing dark seams (i.e., disjunctive
cleavage; Figs. 3K and 6A) appearing as black hairlines on core surface
and defined by opaques or clays in thin section (Fig. 4F) or by aligned
phyllositicates that may link in an anastomosing network similar to an
S-C” shear fabric (Fig. 4G), mostly appearing black on the core surface.
Millimeter-scale brown-green-black bands (inherited mylonitic foliation)
are also rarely preserved (Fig. 3J).

Both fabrics may anastomose around lenticular fractured clasts of protolith
{quartz + epidote + chlorite [Fig. 4F]; internally unfoliated quartz-feldspar
{Fig. 4H]; feldspar with Intragranular calcite and overgrowths {Fig. 5A];
disaggregated veins and clasts of calcite with narrow, planar e-twins
(Fig. 5C, D}; quartz [Fig. 58]).

Foliation may anastomose within packages and displays both gradual and
discrete (shear-bounded) changes in orientation.

There are manganese and iron oxide~hydroxide cements (e.g., Figs. 5A
and 5B).

Distinctly finer grained than unit 1

(quartz grain sizes ~10 um rather

than ~30 um). Microfaults at high

angle to foliation commonly divide the
decimeter- to meter-thick black + green
layers (Figs. 2D and 2E) into fault-
bounded wedgss (Fig. 2F)

Major-element chemistry suggests

a mixture of Pacific and Australian
plate protoliths (as discussed in the
section entitled “Discussion of Inferred
Protoliths™).

The extent to which original intact rock

has been fractured and clasts have
been rotated varies so these rocks
span the spectrum from “fractured
protolith” to “ultracataclasite” sensu
stricto (Sibson, 1977). Multiple
apisodes of cataclasis and calcite
cementation are typlcally indicated by
crosscutting relationships,

No evidence for shear on solution seams.
Phyllosilicate foliation inherited?
Fabrics better developed with increasing

depth in the core, accompany gradual
color changes, suggasting change in
alteration mineralogy.

Black/green division has been retained

from unit 2, but lenses are boudinaged
and offset by centimeter-displacement
faults (e.q., Fig. 2J).

(continued)
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TABLE 1. CHARACTERISTIC FEATURES OF LITHOLOGICAL UNITS ENCOUNTERED IN DEEP FAULT DRILLING PROJECT (DFDP-1) (continued)

Unit Name General lithology Mineralogy and grain sizes Fabric and microstructure Notes
number

5. Gouges Foliated to unfoliated, light As for units 3 and 4, butwith  Medium brown or gray-blue clay-rich uttra-fine-grained materia! with a Typically cohesive but uncemented.
olive gray to olive black (S5Y significantly more calcite scaly fabric. Layering is indistinct; rarely, subplanar, high aspect ratio, Upper and lower boundaries of unii are
6/1-5Y 2/1), with seams of (mostly as cement), and clay  less than centimeter-thick lenses of material with visible versus invisible not necessarily parallel.
greenish black (5GY 2/1) (smectite + illite/muscovite particles mostly <50% define a fabric parallel to unit boundaries (Fig. In PSZ-1 in DFDP-1B, the boundary
and white (N9) to very light- = kaolinite). 3N). Matrix includes aligned phyliosilicates with uniform extinction with lower cataclasite has <1-mm-long
gray (N8) clasts, cemented Matrix grain size o<10 pym. and amorphous iron and manganese oxide-hydroxides (Fig. 5D). The flame-iike injection structures.
to uncemented gouges. Clasts range <1 ym but subrounded clasts include grains of calcite with narrow e-twins; fine-

mostly much less. grained aggregates of calcite with aftered (to sericite and saussurite)
feldspar (Figs. 5C, 5D, and 5F); recycled ultracataclasites/gouges (Fig.
§D) with calcite cement and rarely amygdaloidal material (possible
pseudotachylyte; Fig. 5F). Matrix phyllosilicates may wrap clasts
(“snowball® fabric of Warr and Cox, 2001; Fig. 4D).

6. Lower cataclasites 6a. White (N9) to very light-  Quartz + feldspar (may be Cataclasite with medium to coarse sand (0.5-1 mm) sized, subangular Sporadic observations of feldspar and
gray (N8) and yellowish plagioclase or orthoclase) + to subrounded qtz-feldspar clasts and matrix proportion from 0% (quite biotite in an interlocking texture strongly
gray (5Y 81) granular chiorite-muscovite + clays commony) to >70%. The unit is poorly indurated but cohesive. Gneissic suggest a granitic protolith (Fig. 5D).
cataclasite, (blue-gray; illita/muscovite) texture may be defined by elongate muscovite and quartz ribbons Clast color ranges from light to dark

+ blotite. composed of numerous blocky, moderately equant grains (Fig. 6C). green, black, white, and saimon pink.
Grains in protolith granites Feldspar porphyroclasts comprise microciine (note cross-hatched twins  Granitold and gneissic textures and high
and gneisses mostly indicated by arrows in Fig. 6C). Myrmekite (Fig. 6B) and flame perthite natural gamma values (Townend et
>>100 pym diameter (Fig. (Fig. 6A). Rare clasts display interlocking texture of biotite-quartz- al., 2013) suggest derivation from an
6). Cataclasites comprise feldspar typical of granite (Fig. 6D). Australian plate protolith as discussed
6b, Dark greenish gray (5GY  patches of clasts <100 Distinctly layered foliated protocataclasite to cataclasite, locally retaining in the sectlon entitled “Discussion of
4/1) foliated cataclasite to um (Figs. 6G and 6C) in an uttramylonite fotiation (sometimes in pods with fotiation oblique to Inferred Protoliths”.
fractured protofith. a matrix of grains <30 ym contacts with surrounding rock; Fig. 3U).
6c. Unfoliated dark-gray and rarely much larger Matrix-supported, cohesive, foliated gray to green clay-rich ultracataclasite
(N3)to dark greenish gray ~ (milimoter-scale) clasts to gouge, with clayey matrix and subrounded to subangular, coarse
{5GY 4/1) and greenish (Fig. 68). sand-sized (0.5-1 mm) clasts of a quartz-plagioclase-chloriterich
black (8GY 2/1) clay-rich protolith.
ultracataclasite to gouge.
6d. Mixture of 6a-6c. Range Coarse to very coarse grained with >50% cohesive matrix of comminuted
of colors including those K-faldspar + plagioclase + clinochlore + calcite + epidote + apatite +
observed in 6a-6c¢, as pyrite + muscovite (Figs. 5E and 5G). Constituent materials are either
well as medium dark-gray interlayered (Fig. 5F) or form fault-bounded pods. Ultra-fine-grained,
(N4) and light ofive gray clayey patchss are present. Clasts include subangular to subrounded
(5Y 6/1). quartz + feldspar in places crosscut by caicite veins and fragmented
with little clast rotation or translation (Fig. 4E).

7. Brecclas Unfoliated, dark greenish Quartz + K-feldspar + Variably cemented protocataclasite to breccia composed of angular- We cannot say if brecciation is drilling-
black (5G 2/1) breccia with amphibole + epidote + subangular clasts of weakly foliated black mylonite-gneiss that are induced or tectonic.
remnant mylonitic foliation chlorite + muscovite + elther augen-bearing or contain quartz segregations. A sandy matrix,
and white (NO) to very light-  opaques + accessories may be drilling-induced material or primary. Clasts intemally have
gray (N8) porphyroclasts. (e.g., apatite, graphite). spaced foliation of quartz bands wrapping feldspar porphyroclasts.

Matrix quartz and mica There are also phytlosilicates on porphyroclast margins. Quartz bands
generally tens of millimeters  are subdivided into polygonal aggregates and subgrains in elongate
in diameter with larger (>250  patches with similar extinction reminiscent of stretched larger grains,
um) feldspar porphyroclasts and rare elongate grains with undulose extinction but no distinct
(Fig. 5H) subgrains (Fig. 5H).
8. Sedimentary gravels Color ranges from white (N9) Gravel composed primasily of angular to subrounded Alpine Schist clasts, This unit is only present at the base of

to grayish black (N2).

~1-10 cm dlameter, in a medium sand matrix.
scamp and terrace exposures,

DFDP-1a as well as in the Gaunt Creek

Note: Colors used in descriptions in this table accord with Munsell (1912) hues, values, and chroma, and are expressed as codes (e.g., 5N, or 5GY 4/1). These were chosen by reference to The Geological
Society of America’s Rock Color Chart, 7th printing (1991).
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Figure 4. Optical microscope
images of characteristic hanging-
wall lithologies. Abbreviations for
mineral labels follow Whitney and
Evans (2010). PPL—plane polar-
ized light; XPL—cross-polarized
light. Arrows indicate shear senses
inferred from microstructures. (A)
0uU77897 and (B) OU77887 are
derived from outcrop adjacent to
Deep Fault Drilling Project (DFDP-
1) boreholes. (A) Unit 1 gray ultr
amylonite. (B) Unit 1 dark-green
(metabasite) mylonite. (C) Unit
2 black ultramylonite, DFDP-1A,
79.72 m depth (1A.59_1.32). There
are rare larger (<200 mm) feldspar
porphyroclasts. (D) Transitional
unit 2 black ultramylonite to unit
4 foliated cataclasite, DFDP-1A,
7450 m depth (1A.54_CC.08).
(E} Unit 3 upper unfoliated
cataclasite, DFDP-1A, 79.35 m
depth (1A.58_CC.05). (F) Unit 4
upper foliated cataclasite, DFDP-
1A, 80.50 m depth (1A.60_1.0).
{G) Unit 4 upper foliated cata-
clasite, DFDP-1B, 128.04 m
(1B_58_1_0.90). (H) Unit 4 upper
foliated cataclasite, DFDP-1B,
128.04 m (1B_58_1_0.90). In this
image, three different domains
within which grain size and pro-
portion of opaques vary are num-
bered 1-3 in order of decreasing
clast sizes and increasing propor
tion of clays in matrix.
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Figure 5. Optical and scanning elec-
tron microscope (SEM) images of
fault core and footwall lithologies.
Abbreviations for mineral labels
follow Whitney and Evans (2010);
additionally, m—mica, u-ccl—
ultracataclasite, ccl—cataclasite,
m—gouge matrix, pst—pseudo-
tachylyte, PPL—plane polarized
light, XPL—cross polarized light,
BSE—backscattered electron SEM
image. (A) Unit 4 foliated catacla-
site to unit 5 blue gouge transi-
tion interval in Deep Fault Drill-
ing Project (DFDP-1A), 90.36 m
depth  (1A.66_CC.18). Armows
indicate overgrowths on feldspar
porphyroclasts. (B) Unit 5 blue
gouge in DFDP-1A, 90.62 m depth
{1A.66_CC.44). Both photomicro-
graphs are of the same sample.
{C) Principal slip zone (PSZ) unit 5
brown gouge in DFDP-1A, 90.70 m
depth (1A.66_CC.52). (D) PSZ-1
unit 5 brown gouge in DFDP-1B,
128.44 m depth (1B_59-2_0.14).
Cracks crosscutting the image
formed during thin-section prepa-
ration. (E) Unit 6d mixed catacla-
site immediately above an undu-
lating contact with PSZ-2 unit 5
gouge, DFDP-1B, 144.01 m (1B_§9-
2_0.47). (F) PSZ-2 unit 5 gouge,
DFDP-1B, 144.02 m (1B_69-2_0.48).
(G) Unit 6d. Plane polarized light.
(H) Clast in unit 7 breccia, DFDP-
1B, 144.75 m (1B_71-2.0.55).

LITHOSPHERE | | www.gsapubs.org



TOY ET AL

Figure 6. Photomicrographs and photographs illustrating evidence for a granitic or gneissic protolith to unit 6a “white
to gray granular cataclasite” in Deep Fault Drilling Project (DFDP) borehole 1B. Abbreviations for mineral labels follow
Whitney and Evans (2010); additionally, mrym —myrmekite, perth—perthite, PPL—plane polarized light, XPL—cross-
polarized light. (A) 1B.61_3.0, (B) 1B.61_3.0, (C) 1B.65_2.7; note gneissic texture with foliation delineated by dashed
line; (D) 1B.66_2.10-12: 180° scan of core. Red arrows highlight features particularly indicative of a granitic protolith

as explained inTable 1.

INTERPRETATIONS OF DEFORMATION PROCESSES FROM
CORE-TO MICROSCOPIC-SCALE OBSERVATIONS

Unit 1: Gray and Dark-Green Ultramylonites

Millimeter-spaced foliation of coarse quartz-feldspar and mica or
amphibole layers is transected by shear bands (e.g., those apparent in
Fig. 4B) and forms the interconnected weak layer morphology defined by
Handy (1990). Quartz microstructures, such as undulose extinction, sub-
grains, and interlobate grain boundaries (arrowed in Fig. 4A), and undulose
extinction observed in biotite, muscovite, and feldspar are typical of those
observed experimentally during crystal plastic deformation (Hirth and Tul-
lis, 1992; Mariani et al., 2006; Pryer, 1993). We infer that dislocation creep
and grain-size-sensitive creep accommodated deformation within these
rocks (see also Toy et al., 2013), and that this lithology mostly developed
within midcrustal parts of the shear zone below the seismogenic zone.

Unit 2: Brown-Green-Black Ultramylonites

Abundant solution seams are defined by concentrations of micas and
opaque minerals (e.g., Fig. 4C and 4D), and apparent pressure shadows
contain quartz, epidote, and chlorite, combined with a more hydrous min-
eralogy than that found in other schist-derived ultramylonites (chlorite +
epidote + albite + quartz as opposed to biotite + muscovite + quartz +
oligoclase + amphibole). These features suggest that pressure solution—
accommodated, aseismic, grain-size-sensitive creep was an important

deformation mechanism in these rocks (Gratier et al., 2011); however,
pseudotachylyte patches, particularly fault veins displaying mutual cross-
cutting relationships with other brittle structures, are also common in this
unit (arrowed in Fig. A2D), indicating that slip rates were episodically
high (Cowan, 1999; Sibson and Toy, 2006; Toy et al., 2011). We conclude
that this unit records a fluctuation in deformation mechanisms as slip rates
varied between aseismic and seismic slip.

Unit 3: Upper Unfoliated Cataclasites

The random fabric results from numerous mutually overprinting brit-
tle events, manifest as decimeter- to centimeter-scale faults (macroscop-
ically visible in Fig. 3G and Fig. A2G-A2I, where they are highlighted
by yellow arrows). Crosscutting relationships and the general abundance
of hydrous minerals (mica, chlorite) and calcite, which commonly pre-
cipitate from solution, illustrate a complex history of brittle failure and
fluid migration likely accompanying deformation. Anastomosing solu-
tion seams are also observed microscopically (Fig. 4E), suggesting some
deformation was accommodated by pressure solution—accommodated
grain-size-sensitive creep (Gratier et al., 2011). The lack of penctrative
foliation in this unit indicates that brittle frictional deformation mecha-
nisms predominated (Sibson, 1977). This is most likely in quartzofeld-
spathic crust at temperatures less than 300 °C (Voll, 1976; Stiéckhert et
al., 1999; Tullis, 2002) in the seismogenic portion of the fault zone. In
addition, the predominance of illite/muscovite and chlorite (as opposed
to the smectite found in unit 5; see following) suggests that much of
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