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ABSTRACT

Fault reactivation occurs on a short-term cycle of tens to thousands of years between
infrequent earthquakes, and on long-term cycles of fault inactivity for 10° — 107 years.
During long-term cycles, faults may heal and renew their strength. The objective of the
present work is to study the mechanisms of fault reactivation after a long dormant period,

when the pre-existing fault is not necessarily “weak”.

The study is conducted along the Pretorius fault, TauTona mine, South Africa. The
deep gold mines in South Africa provide access to earthquake processes at focal depth,
which was motivation for the NELSAM (Natural Earthquake Laboratory in South
African Mines) project to develop an underground earthquake laboratory at ~3.5 km
depth within TauTona mine (Ch. 1). The present study is conducted within the NELSAM
site that includes the 2.7 Ga Pretorius fault, which has been inactive for at least 2.0 Ga
and is currently being reactivated due to nearby mining activity. I characterize the fault
zone by 3D underground mapping within mining tunnels at 3.6 km depth (Ch. 2). The
structural analysis is accompanied by fracture analysis from borehole image logs and
micro-structural studies. I find that the Pretorius fault is structurally complex, with a 20-
30 m wide zone of anastomosing, dominantly steep fault segments that contain a strong
cohesive sintered cataclasite. Despite the size of the Pretorius fault, a few km long with
~200m horizontal and 30-60 m vertical displacement, its complexity reflects the fault

zone immaturity.

The exposed rupture zone of the M2.2 of December 12, 2004, was mapped in detail at
focal depth (Ch. 3). It reactivated three to four quasi-planar, non-parallel segments of the

Pretorius fault, with characteristic generation of fresh fine grained rock powder along the

XIII



contact of the quartzitic host rock and the cataclasite, indicating localization of slip
during the event. To investigate the mechanism responsible for such localization, rock
mechanics experiments were conducted on cataclasite and quartzite samples within the
fault zone. The results show a mechanical contrast between the quartzite, that show
significant strain hardening due to dilation of micro-cracks, and the weaker but more
brittle cataclasite. A finite element analysis suggest that this mechanical heterogeneity
effectively controls the localization of shear strain at the contact, similar to the

observations of the M2.2 rupture and rock mechanics experiments.

The stresses associated with the M2.2 rupture are calculated from in-situ stress
measurements on borehole failures of three boreholes within 60 m from the exposed
rupture (Ch. 4). The calculations, combined with the geometry of the rupture zone,
suggest that slip during the M2.2 occurred under low shear stress. It is likely that stress
interaction between the reactivated segments, and dynamic weakening due to gouge
formation and lubrication allowed such slip. The earthquake energy balance of the event
is estimated by combining field observations and stress measurements with the seismic
signal. It appears that the fracture energy cannot be ignored and contributes for ~ 1/3 to

the total energy, similar to the frictional heat energy contribution.

The unique setting provided an extraordinary data set of a single earthquake with field
observations at focal depth, rock mechanics, rupture-associated stresses and seismic
signal. The results describe reactivation processes in detail and contribute to the

understanding of earthquake mechanisms.
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Chapter 1:

Fault Reactivation and Rupture Zones

OBJECTIVES AND APPROACH

It is generally accepted that brittle faults in the upper crust can be reactivated after
periods of inactivity (Scholz, 1998). During active periods fault-zones typically move by
infrequent earthquakes separated by tens to thousands of years, while displacement
localizes along weak surfaces. Between earthquakes, fault-zones may experience fault-
healing processes that renew their strength and resistance to rupture (Marone, 1998;
Mubhuri et al., 2003). This short-term cycle of fault activity, referred to as the earthquake
cycle (Thatcher, 1983), terminates when faults become dormant due to changes in the
regional tectonic activity. However, faults may be reactivated after being dormant for
10° — 107 years, by younger tectonic phases, frequently with inversion of the sense of
motion along the fault. Examples of fault reactivation after long term of inactivity have
been observed along the Palisades fault, Grand Canyon (Reches, 1978), along faults
within the Colorado Plateau, Arizona (Huntoon, 1974), the North Sea basin (Oudmayer
and de Jager, 1993; Wiprut and Zoback, 2000), and at multiple scales from basins to
small structures within a basin (Lowell, 1995). The long term of inactivity can lead to
significant strengthening by cementation of fault rock, depending on associated fluids,
mineralogy and cementation, similar to processes observed in shear bands (Fossen et al.,
2007). Thus, pre-existing faults are not necessarily “weak” and later earthquakes can
occur after the pre-existing fault has strengthened through time. While many fault-zone
minerals are weak hydrated alteration products of the host rocks, quartz and calcite
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cementation are common and under the right conditions, faults may heal to nearly

undamaged rock strength.

The main objective of this dissertation is to study mechanisms of fault reactivation
after long periods of inactivity, with emphasis on rupture and associated damage resulting
from a single seismic event. Many studies of brittle fault zones in the upper crust are
restricted to 2D field observations of partially exposed faults that accumulated multiple
slip events and/or periods of fault healing, after which the fault zones are exhumed at the
surface. Observations at outcrops are then often extrapolated to represent the
characteristics of the fault zone under the assumption of a homogeneous fault system. To
eliminate these limitations, the present work focuses on an ancient fault is a deep mine.
The selected fault is the Pretorius fault in TauTona mine, located within the
Witwatersrand Basin, South Africa (Fig. 1.1). The setting within the TauTona mine
provided an outstanding site for an in-situ study of mechanisms of fault reactivation and
rupture processes. The fault is being reactivated now by mining operations after a
dormant period of ~2.0 Ga. The mine provides access to the fault-zone at ~3.5 km depth,
and provides opportunities for high resolution, 3D, in-situ study of rupture processes.
Several other studies analyzed ruptures within deep mines in South Africa, documenting
rockbursts that formed in previously unfaulted regions (McGarr et al., 1979; Ortlepp,
1992, 2000). The only in-situ analyses of a rupture along a pre-existing fault-zone is the
M4.6, Matjhabeng earthquake, 1999, along the Dagbreek fault, Welkom, South Africa

(Dor et al., 2001).



Figure 1.1: Simplified geological map of the Witwatersrand Basin, South Africa,
illustrating the distribution of the Witwatersrand Supergroup and the Archean
Granitoid, the major goldfields and the location of the TauTona and Mponeng mine in
Western Deep Levels (after Frimmel and Minter, 2002).



SETTING OF THE STUDY

This study was conducted as part of the NELSAM (Natural Earthquake Laboratory in
South African Mines) project, which is designed to investigate seismogenic processes at
focal-depths of earthquakes in deep gold mines of South Africa (Reches, 2006; Reches
and Ito, 2007). The mines provide a unique setting, with in-situ access to hypocenters of
earthquakes of moment-magnitude -2 to as large as 4, where the larger magnitudes often
occur along pre-existing fault-zones. Mining operations control the location, magnitude
and timing of the earthquakes, and allow for installation of a variety of instruments in a
three-dimensional array, at distances of 1-100 m from anticipated hypocenters. The
setting within the mines provides opportunities to monitor fault activity before, during,
and after an earthquake. The direct accessibility to active faults at focal depth allows
studies of earthquake processes by integrating multiple disciplines. The scientific

objectives of NELSAM are to contribute key data in the following areas:
I. Determination of scales and processes of the nucleation zone.
I1. Detailed properties, dynamics and energetics of rupture process.
I11. Stress/Strain/Strength distribution in rocks, in the vicinity of active faults.
IV. Characterization of active fault-zones.
V. Chemical compositional variations of fluid and gas during the earthquake cycle.
VI. Microbial activity along active faults.

To address the above objectives the NELSAM site was developed in an area covering
900 m?, at a depth of ~3.5 km that is located in the SSE corner of the Tautona mine. The

NELSAM site includes the future development of TauTona mine as well as the inactive,



2700 Ma old Pretorius fault. Within this site, a total of 18 vertical and inclined boreholes
were drilled within tunnels at two different mining levels; level 118 (11,800 ft) and level
120 (12,000 ft). The boreholes were instrumented with: 3D broadband accelerometers,
velocity seismometers, electrodes and thermisters, that form a dense 3D network around
the Pretorius fault, a 110 m long strain meter that crosses the Pretorius fault, a gas
emission monitoring system with onsite mass-spectrometer and gamma detector and a

microbial monitoring system.

The establishment and layout of instrumentation at the NELSAM site is based on a
detailed structural characterization of the Pretorius fault (Ch. 2). The exposure of the
M2.2 event of December 12, 2004, was located during underground mapping of the fault-
zone. Detail mapping of the rupture at focal depth revealed reactivation of several
segments of the Pretorius fault (Ch. 3). The NELSAM drilling program provided core
samples for rock mechanics analysis in the fault zone (Ch. 3), and borehole data for in-
situ stress analysis (Ch. 4). This dissertation presents a unique multi-disciplinary dataset
of 3D in-situ field observations, rock mechanics and stress measurements that are
combined with finite element modeling, to analyze the mechanics and energetics of the

M2.2 event along the Pretorius fault.

DISSERTATION ORGANIZATION

The main focus of this dissertation is to investigate the mechanisms of reactivation
along the Pretorius fault in Tautona mine, South Africa. The dissertation is presented as

stand-alone chapters that will be prepared for submission in major scientific journals:

Chapter 1 presents the framework for the study and its objectives.



Chapter 2 characterizes the 3D structure of the Pretorius fault, based on integration of
underground mapping observations and borehole data analysis. The structural
development, the 3D complexity and maturity of the fault-zone is described, including
the origin of the massive, cohesive cataclastic fault rock that is observed along many

segments of the Pretorius fault.

Chapter 3 includes three parts; a summary of detailed observations of the exposed
rupture zone of the M2.2 2004 earthquake along the Pretorius fault; the mechanical
properties of rocks the Pretorius fault-zone determined from rock-mechanics
experiments; a finite element analysis of the mechanisms that control the reactivation
of the Pretorius fault during this M2.2 event. It is postulated that rheological
heterogeneities within fault-zones, and not necessarily the absolute strength, control

the localization and reactivation of the pre-existing fault segments.

Chapter 4 presents an analysis of the stress state associated with the M2.2 rupture and
combines the field observations with the seismic signal in order to estimate the
energetics of the this event. Slip along the M2.2 rupture surfaces occurred under low
resolved shear stress, suggesting significant weakening during the event. The radiation
energy of the M2.2 event contributes for 2-13% to the total energy budget, the heat
energy occupies at least 30%, and the estimated fracture energy contributes for at least

33% to the total energy budget.
Chapter 5 deals with a finite element analysis of the effects of rheology on the folding
geometry above a single ramp system. The analysis indicates that fold asymmetry,

fore-limb steepness and the location of maximum curvature with respect to the ramp,



are strongly affected by the weakness of the sedimentary cover, modeled by an elastic-

plastic-damage material that undergoes significant dilation.



Chapter 2:

Structure of the Pretorius Fault, TauTona Mine, South Africa

INTRODUCTION

The NELSAM (Natural Earthquakes Laboratory in South African Mines) project was
designed to study earthquake processes at their focal depth. The deep gold mines in South
Africa provide an excellent setting to study such processes (Reches, 2006). The main
research site is located on the Pretorius fault that is exposed at a depth of 3.6 km in
TauTona mine, about 80 km west of Johannesburg, South Africa (Fig. 1.1). The Pretorius
fault, one of the major faults within the Witwatersrand Basin, was formed ~2.7 Ga ago
and has been inactive during the last 2.0 Ga. Currently, it is being reactivated by the
active mining in TauTona mine (van Aswegen and Butler, 1993). Future mining
development at deeper levels is likely to increase its seismic hazards. The NELSAM
project includes a series of studies at this site, including seismological, geochemical and
geo-biological analyses (Ch. 1) (Reches, 2006). The main objective of the present study
is to analyze mechanisms of fault reactivation. The study focuses on the rupture zone of
the M2.2 event of December 12, 2004 along the Pretorius fault, described in Ch. 3 and
Ch. 4. An essential part of the study is structural characterization of the fault zone, which

is the topic of this chapter.

The analysis of the Pretorius fault is based on 3D observations at 3.6 km depth and
includes 3D mapping within tunnels, at a scale of 1:100 and 1:50, accompanied by
mapping at a scale of 1:10. In addition, borehole data were analyzed from drilling across

and near the Pretorius fault. The boreholes range in length from 10 to 50 m with
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inclinations of 20° to vertical. In addition, microscopic work on the common fault rocks

is incorporated (Zechmeister et al., 2005).

PRETORIUS FAULT-ZONE

This chapter discusses the structural characteristics of the Pretorius fault. First, the
geological setting of the study area is outlined. Next, large and small scale features of the
fault-zone are described from underground observations, followed by analysis of brittle
fractures within and near the Pretorius fault that were found in borehole image logs.
Finally, the nature of fault rocks from both field and microscopic observations is
presented. The structural development of the fault zone is discussed, followed by the

origin of the fault rocks.

GEOLOGICAL SETTING

The Pretorius fault is located in the Western Deep Levels of the Achaean
Witwatersrand Basin, South Africa (Fig. 1.1). The basin contains the world’s largest
known gold province. Gold mineralization is mainly concentrated within conglomerate
horizons of the West Rand and Central Rand Groups, often within hydrocarbon seams of
a few cm thickness (Frimmel and Minter, 2002). The Witwatersrand Basin is a 350 x 200
km NE trending basin that developed in a foreland thrust setting during the convergence
of the Zimbabwe plate and the Kaapvaal Craton, during the later stage of the West Rand,
about 2.9 Ga ago (Gibson et al., 2000b; Robb et al., 1997). The basin accumulated the
Witwatersrand Supergroup sediments of 2.71 — 2.97 Ga age, a 7-10 km thick sequence of
terrigenous sedimentary rocks, comprising mainly of sandstones and mudrock, together
with minor conglomerate horizons (Armstrong et al., 1991; Gibson et al., 2000b; Robb et

9



al., 1997). The region experienced continuous thrusting into the Central Rand stage until
2.7 Ga BP (Gibson et al., 2000b). The sedimentation was followed by up to 3 km thick
tholeiitic flood basalts from the Ventersdorp Supergroep during the Platberg rifting. This
was followed by up to 2 km of local rift sediments (Gibson et al., 2000b). Most of the
Kaapvaal Craton was covered by a shallow sea 2.6 Ga ago, after which a period of slow
subsidence was followed by deposition of the 2-3 km thick Pretoria Group. At the later
stage of the Platberg rifting, the basin underwent low-grade burial metamorphism up to
lower greenschist grades (Robb et al., 1997). Peak metamorphism coincided with the
emplacement of the mafic and ultramafic Bushveld intrusion at 2050 Ma (Robb et al.,
1997). This resulted in major thermal perturbations of the basin. The Vredefort meteorite
impact at 2024 Ma (Kamo et al., 1996) was followed by a significant uplift of the basin
and a retrograde overprint of the metamorphism. Eroded and uplifted structures gave rise
to the younger (~200 Ma) Karoo sequence, composed mainly of interbedded shale and
sandstone layers, only a few hundred meters thick (Ward et al., 2004). Since the
Vredefort impact, the Witwatersrand Basin has been tectonically inactive, and subjected
to extensive erosion that is estimated to between 5 — 10 km (McCarthy et al., 1990).

The TauTona mine is located on the northern margin of the Witwatersrand Basin (Fig.
1.1) where the metamorphosed sedimentary rocks of the West and Central Rand Group
are tilted 20° - 25° to the SSE. The mining horizons in the TauTona mine, are in the
Carbon Leader Reef, at a depth of 3.6 km and are overlapped by the Mponeng mine that
is active in the Ventersdorp Contact Reef about 800 m above the TauTona mine (Fig.
2.1). The mining horizons, in general, follow the bedding horizons leaving unmined areas

(pillars in Fig. 2.1) for support. The NELSAM site is located on the south side of the
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Figure 2.1: Layout of the TauTona mine, South Africa. (A) Plan view of the mining at
Mponeng mine (red) and TauTona mine (blue, green and yellow) and the Pretorius
fault (black). The white area represents intact rock, the colored regions indicate areas
that have been mined. The NELSAM research site is in the south eastern part of
TauTona mine. (B) Perspective view of the mining reef from the east without the
Pretorius fault. The NELSAM site is located in the deepest part of TauTona mine.
Mponeng is about 800 m shallower than TauTona mine.

11



TauTona mine, where the mining horizon is displaced vertically ~30 m by the Pretorius
fault (Fig. 2.2). Most of the area north of the fault was mined in the long-wall method
(Brady and Brown, 1993) with backfill for support (Grice, 1998). The unmined areas
south of the Pretorius fault are future reserves to be mined down to depth of more than 4
km. Fig. 2.3 is a map view of the tunnel layout within the NELSAM area illustrating
tunnels at all levels projected on top of each other on a horizontal map view. The red
tunnels are of level 118 (11,800 ft depth), the blue tunnels are of level 120 (12,000 ft
depth). The mined area, referred to as “reef”, follows an inclined surface that dips to the
SSE (gray in Fig. 2.3). Finally, a map view of the dikes and the trace of the Pretorius
fault at reef elevation are projected on top. The mining reef is displaced by the Pretorius

fault-zone, which is traced in red.

STRUCTURE OF THE PRETORIUS FAULT

Large scale features

The Pretorius fault is about 10 km long, trends in ENE direction, forms a sub-vertical
fault-zone that extends from about 1 km to at least 5 km below the surface and exposed in
TauTona mine at a depth of 3.6 km and Mponeng mine, at depth of 2.8 km (Gibson et al.,
2000a). Underground mapping suggest that the fault is an oblique right-lateral fault with
horizontal displacement of about 200 m and vertical displacement, south side thrown up,
up to 100 m (Kershaw, personal communication, 2005) and up to 30 m at the NELSAM
site. In TauTona mine, the Pretorius fault crosscuts quartzitic rocks of the Lower
Johannesburg Subgroup of the Lower Central Rand Group (Frimmel and Minter, 2002), a
range of light gray to dark gray, fine to very coarse grained quartzite. In the NELSAM

site a mafic dike, referred to as the Swannie dike, with a thickness up to 60 m, is exposed

12



Figure 2.2: Perspective view of the NELSAM area. The active mining (yellow) is
offset by the older mining (green) by ~30 m throw along the Pretorius fault. The level
118 (red) and level 120 (blue) tunnels are separated by 50 m. The M2.2 rupture of
December 12, 2004 (yellow star) is located ~20 m below the mining reef.
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Figure 2.3: Map view of the NELSAM area, TauTona mine, South Africa. Tunnels of
level 118 (red) and level 120 (blue) are projected on top of each other. The currently
mined area dips 20-25° to the SSE and is offset by the Pretorius fault. The borehole
locations at different NELSAM sites are illustrated. Site 2 and 3 are vertical boreholes
at level 118, site 6, 7V, 9, 10 and 13 are vertical boreholes at level 120. Dafl, Daf2,
DafGAS, DafBIO and Daf5 are inclined boreholes, drilled at level 118. LIC118 is a
sub-horizontal borehole, drilled at level 118, which continues far away from active
mining activities.
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along the south side of the fault-zone. In the Mponeng mine, the Pretorius fault crosscuts
quartzitic rocks from the Venterspost Formation at the bottom of the Ventersdorp
Supergroup, overlain by metabasalt of the Klipriviersberg Group (Frimmel and Minter,

2002).
Small scale features

The Pretorius fault-zone is a complex structure with tens of fault segments that form a
25 — 35 m wide, sub-vertical zone. The segments form an anastomosing network of
dominantly east-west striking, steeply dipping (40°-90°), quasi-planar faults that crosscut
and intersect each other. The majority of these segments contain a quartzitic cataclastic

fault rock that varies in thicknesses from a few millimeters up to tens of centimeters.

Mapping of the exposed structure of the Pretorius fault was conducted in seven tunnels
that cut through the fault at depth of 3.5 - 3.6 km in TauTona mine. The height and width
of most of the tunnels is about 3 x 3 m and the tunnels are mostly horizontal or inclined
about 20°, parallel to the bedding. The tunnels were mapped at a scale of 1:100 and 1:50,
accompanied by local mapping at a scale of 1:10. Mapping methods include the
generation of tunnels maps (Fig. 2.4 and 2.5) in which 3D structures, mapped in the roof
and both sidewalls, are represented with the sidewalls unfolded to be parallel to the roof.
A mapping grid was used by marking the tunnel sidewall every 4 m. The 1:10 maps were

made by using an aluminum frame with a 10x10 cm wired grid.

The complexity of the intersecting fault segments of the Pretorius fault-zone is
presented in tunnel maps [three north-south trending tunnels that cross the fault-zone
(Fig. 2.4) and three oblique tunnels within the fault-zone (Fig. 2.5)]. The tunnels are

labeled according to their depth and their function with regard to the mining operations.
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Figure 2.4: Structural tunnel maps of the Pretorius fault. The tunnel maps are
generated by mapping the 3D structures in the roof and sidewalls of the tunnels,
presented with the sidewalls unfolded parallel to be parallel to the roof. The 120-MM-
incline is inclined ~20° to the S, 5 m wide and 5 m high and mapped at a scale of
1:100. The 118-TW-Raise-120 is inclined ~20° to the N, the 118-xcut tunnel is
horizontal. Both are 3 m wide and 3 m high, and mapped at a scale of 1:50. Cataclasite
bearing fault segments are illustrated in green and gray, fractures in red, bedding
surfaces in blue and quartz veins in yellow. The main fault segment of the Pretorius
fault (see text for explanation) is linked between the 3 tunnel maps. The segments that
are reactivated by the M2.2 of December 12, 2004 are illustrated in light green.
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Figure 2.5: Structural tunnel maps of the Pretorius fault (see text for explanation). The
120-17-raise tunnel dips ~25° to the E, the 120-17-a and 120-17-b tunnels are
horizontal. All three tunnels are 3 m high and 3 m wide and mapped at a scale of 1:50.
Cataclasite bearing fault segments are illustrated in green, fractures in red and bedding
surfaces in blue. The segment that is reactivated by the M2.2 of December 12, 2004 is
illustrated in light green.
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For example, tunnel 120-MM-incline (Fig. 2.4) represents an inclined tunnel at depth of
12,000 ft, designed for the new shaft that will transport men and material. In Fig. 2.4, the
120-MM-incline tunnel dips about 10° S, the 118-TW-Raise-120 dips about 25° S,
parallel to the bedding, and the 118-xcut is a horizontal tunnel. In Fig. 2.5, the 120-17-

raise tunnel dips ~25° to the E, the 120-17-a and 120-17-b tunnels are horizontal.

Three main types of structures in the Pretorius fault-zone were indentified; cataclasite-
bearing segments, fault-associated fractures and bedding surfaces. Fault-associated
fractures were distinguished from fractures related to the tunnel geometry or blasting, by
their continuation throughout the tunnel. Many of the individual segments in the 25-35 m
wide Pretorius fault-zone contain green to gray cataclastic rock that is described below.
The width of the cataclasite in the individual segments varies significantly from a few
mm to a few tens of cm over a distance. along the strike of the segments, of just a few m
or less (Fig. 2.6). Fig. 2.6a illustrates two steep fault segments that dip in opposite
direction (S1 and S2) together with a third segment that is parallel to the bedding (S3).
The cataclasite in these three segments is only a few mm thick. An injection vein up to 15
cm thick is injected from the bedding-parallel segment into the quartzite (Fig 2.7b). Fig.
2.6¢ and d illustrate thickness variations of the cataclasite along strike of the fault
segment; from 1-2 cm at A to 11-18 cm at B. The thick zone of cataclasite is composed
of sub-rounded quartz grains up to 12 cm in diameter (C in Fig. 2.6¢). Intense variations
in thickness of the cataclasite suggest mobilization of the incohesive gouge during the
formation of the Pretorius fault, into local zones of relatively low fault-normal effective

stress.
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Figure 2.6: Characteristic fault segments in the NELSAM area. (A) Two steep fault
segments with cataclastic zone up to only a few mm, both dipping in opposite direction
(S1 and S2), and a bedding-parallel fault segments (S3). (B) An injection vein up to 15
cm thick injected into the quartzite, from the S3 fault segment, with a cataclastic zone of
just a few mm. Location is at the SW-wall of 120-MM-incline, at the intersection with
the 120-17-TW (see Fig. 2.5). (C) Thickness variation of the cataclasite zone, from g cm
at A to 18 cm at B. The cataclasite displays quartz clasts up to 12 cm in diameter at C.
Location is at the NE-wall of 118-xcut (D) Thickness variations of the cataclasite zone
from 2 cm at A to 11 cm at B. Location is at the NE-wall of 118-xcut.
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The tunnel maps (Fig. 2.4 and 2.5) illustrate the individual segments that contain
cataclasite in green, fault-zone associated fractures in red and bedding surfaces in blue.
The maps dominantly show steeply, north and south dipping segments with minor
bedding parallel fault segments. The color of the cataclasite changes from green to gray
towards the Swannie dike that bounds the Pretorius fault-zone on the south (see Fig. 2.4
120-MM-incline tunnel). Crosscutting relationships with offset between individual fault
segments were not observed. Dominantly south dipping fault segments with abundant
bedding surfaces are observed within the three tunnels (Fig. 2.5), most of which are on

the northern side of the Pretorius fault-zone.

Fault segments within the 118-xcut tunnel (Fig. 2.4) contain two dominant orientation
groups; south and north dipping segments with mean values of 69°/170° + 17° (T1 in Fig.
2.7) and 72°/346° + 9° (T2 in Fig. 2.7). The angle between these two groups is 39°,
suggesting that they are conjugate sets. However, evidence for slip along any of these

segments was not found.

A distinct structural difference between the north and the south side of the Pretorius
fault-zone exists (Fig. 2.4). Within the north side of the fault-zone, bedding surfaces are
abundant and the quartzitic host rock is light gray. On the south side, no bedding surfaces
are observed and the density of cataclasite-bearing segments significantly increases.
Occasionally quartz veins (yellow in Fig. 2.4) are observed within the south section of the
fault-zone. The quartzitic host rock on the south side of the fault is dark gray, most likely
representing up-thrown quartzites from lower stratigraphic horizons (Rob Barnett,

personal communication, 2007).
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Figure 2.7: Stereographic projection of poles of fault segments mapped within the
118-xcut tunnel. Two groups of fault segments are recognized, with mean values of T1
69°/170° £ 17° and T2 72°/346° + 9°.
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This structural transition between the north and south side of the Pretorius fault-zone
occurs along a dominant fault segment (Fig. 2.4). It is believed that most of the ancient
slip of the Pretorius fault was localized along this segment, referred to as the “main slip
zone” (MSZ). This zone is best characterized in the 120-MM-incline tunnel (Figs. 2.4 and

2.8) where its characteristics are:

1) Sub-vertical segment, dipping 81° to the south, with a dark green cataclasite zone

of 30 — 50 cm thick (Fig. 2.8).

2) Structural transition, with abundant bedding surfaces and light gray quartzitic host
rock north of the MSZ, and higher density of cataclasite-bearing fault segments,
lack of bedding surfaces and dark gray quartzitic host rock south of the MSZ (Fig.

2.4).

3) Light green — yellow cataclasite distributed dominantly at the edge of the MSZ,

during ancient reactivation of the MSZ (Fig. 2.8 and text below).

4) Recent reactivation during the M2.2 event on December 12, 2004, characterized
by white fresh rock powder that dominates along the contact between the

cataclasite and quartzite (Fig. 2.8 and Ch.3).

Similar characteristics along one segment are observed in the 118-TW-Raise-120 and
118-xcut tunnels, with the addition of quartz veins, observed on the south side of this
segment (Fig. 2.4). The cataclastic zone for these dominant segments is up to 30 cm
thick, and bedding-parallel injection are observed from this segment (118-TW-Raise-120
Fig. 2.4), with the injected material being up to 20 cm thick and continuous for several

meters. Based on these observations, these segments are interpreted to link to the MSZ in
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Figure 2.8: The main slip zone of the Pretorius fault, at the SW-wall of the 120-MM-
incline. Three phases of activity are recognized; Phase 1 generated the dark green
cataclasite during the formation of the Pretorius fault; Phase 2 generated the light
green cataclasite that cuts the cataclasite of the first phase following right-lateral
Riedel shear structures, indicating reverse shear along the main fault segments; Phase
3 generated fresh rock flour during the M2.2 event that reactivation of the main fault
segment. The reactivation cuts the cataclasite following left-lateral Riedel shear
structures, indicating normal shear along the main fault segment.
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the 120-MM-incline (Fig. 2.4), indicating alternating N and S dips of this overall steep

segment.

Two sets of slickenside striations were observed in several segments of the Pretorius
fault. The most dominant and best developed set indicates a sub-horizontal right-lateral
strike slip motion. This slickenside set likely corresponds with the initiation of the
Pretorius fault. A second slickenside set forms a poorly developed, sub-vertical group of
slickensides. The existence of two distinct sets of slickensides suggests that the total
oblique right lateral slip along the Pretorius fault is composed of either two separate slip

phases or slip-partitioning between lateral and vertical motion.
Ancient fault reactivation

Certain segments of the Pretorius fault display evidence of multiple slip events that
occurred along the same fault segment. The MSZ of the fault-zone displays two stages of
cataclasite development (Fig. 2.8) based on their color difference. One group is a dark
green cataclasite, interpreted to belong to the early phase. A second group is the lighter
green cataclasite, interpreted as the second phase, which concentrates along the edges of
the dark green cataclasite and cuts the cataclasite of the first phase in Fig. 2.8. Following
the geometrical relation of Riedel shear structures with respect to the main shear zone,
discussed by Katz et al. (2004), the lighter green cataclasite is interpreted to have been
developed during a right lateral shear, as the south block of the fault moved up with
respect to the north block. The orientation of the MSZ (81°/149°) along with Riedel
fractures suggest a reverse shear along this segment. The south side moved up, during the
second phase (Fig. 2.8). Gibson et al. (2000a) suggested that the Pretorius fault was

reactivated by gravitational collapse and extension during the Platberg rifting and / or the

26



Vredefort impact. The reactivation in Fig. 2.8 could be the result of one of these events.
Recent reactivation event along the MSZ, associated with the M2.2 event of December
12, 2004, is described in details in Ch. 3.

Fractures in the Pretorius fault

The fractures in the Pretorius fault were analyzed in image logs in 11 boreholes drilled
at the NELSAM site (Reches, 2006). The boreholes were logged with a slim borehole
Digital Optical Televiewer (DOPTV) made by Robertson Geologging, UK. Eight of the
boreholes are 10 m deep, located within, or close to, the Pretorius fault-zone (borehole
locations Fig. 2.3). Six of the boreholes are vertical (site 2, 3, 7V, 9, 10 and 13) and two
are inclined 45° to azimuths 152° (site 7N) and 323° (site 7S), all 75 mm in diameter.
Three holes, Daf2, Daf5 and DafBio, are 20 - 50 m deep, drilled at 20° and sub-parallel to
bedding, at azimuths of 165°, 150° and 36° respectively, 96 mm in diameter, and cross
the Pretorius fault-zone. The boreholes are drilled from TauTona mine tunnels at levels
120 and 118. Some of these boreholes are used to install NELSAM instrumentation. The
different inclinations and range of azimuths of the boreholes probably eliminated a bias
in fracture orientation sampling.

The Digital Optical Televiewer records an oriented image of the borehole wall with a
radial resolution of 720 pixels / 360° and a vertical resolution up to 1 mm. Borehole
features were identified with RG-DIP interpretation software version V6.2 provided by

Robertson Geologging, UK (http://www.geologging.com). The software was used to

calculate the true fracture orientations, corrected for the borehole orientation and

magnetic declination. The overall quality of the images is good to excellent, with the
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exception of Daf2, DafBio and hole 13, which are of poor quality due to logistical

problems with the power supply.
Results

Three types of features mapped in the borehole images are; bedding, continuous
fractures that can be traced with a complete sine curve and discontinuous fractures that
can only be traced by parts of a sine curve (Fig. 2.9). Bedding-parallel fractures are
distinguished from bedding surfaces by the presence of an apparent roughness, where
contacts between bedding surfaces appear as smooth, dark gray features (Fig. 2.9). A

cataclasite layer along the fracture could be recognized in some cases.

There exists a synthesis of orientations for continuous and discontinuous fractures and
bedding surfaces in all 11 boreholes. The discontinuous fracture orientations are more
scattered but they belong to the same fracture population as do the continuous fractures
(Fig. 2.10a and 2.10b). Density contours on the continuous fracture dataset indicate three
dominant sets of fractures, marked group A, B and C in Fig. 2.10c. These fracture groups
are oriented 66°/139° + 12°, 30°/169° + 14°, and 09°/087° + 12° respectively. Fracture
set B is interpreted as bedding-parallel fractures, as bedding surfaces from all 11

boreholes (Fig. 2.10d) have an average orientation of 28°/171° + 12°.

The fracture orientations for each borehole are shown separately and grouped
according to the location with respect to the fault-zone (Fig. 2.11); including the number
of fractures per drilling length, f, and the distance of the borehole from the fault-zone, d.
The borehole map locations in relation to the Pretorius fault are illustrated in Fig. 2.3.
Boreholes north of the fault-zone (Fig. 2.11a) display dominant development of the

bedding-parallel fracture set B. This set is poorly developed south of the fault zone
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Figure 2.9: Borehole image logs of DAF5 (A) and Hole 3 (B). (A) The image log of
DAFS displays high fracture density with dominant development of fractures
belonging to set A. The borehole is inclined 20°, sub-parallel to bedding, towards
azimuth 150°. (B) Image log of Hole 3 displays clear bedding surfaces as smooth dark
curves, while continuous fractures developed parallel to the bedding, recognized by an
apparent roughness. Discontinuous fractures are defined by partial sine-curves.
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Figure 2.10: Stereographic projection of fractures and bedding surfaces from image
logs of 11 boreholes within the NELSAM area. (A) Orientations of discontinuous
fractures. (B) Orientations of continuous fractures, suggesting that the discontinuous
fractures belong to the same fracture set as the continuous fractures. (C) Density
contours of all continuous fractures display 3 fracture sets A, B, and C. (D)
Orientations of bedding surfaces display mean orientation that indicates that fracture
set B is parallel to the bedding.
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Figure 2.11: Stereographic projection of the fractures for each individual borehole.
The number of fractures per drilling length, f, and the distance to the borehole from
the center of the Pretorius fault, d, are displayed for each plot. (A) Fracture
orientations on the north side of the Pretorius fault (Hole 2, 3, 10 and 13) display
dominantly set B. (B) Fracture orientations within the fault-zone (Hole DAF2,
DAFBIO and DAF5). DAF2 and DAFBIO are not representable due to poor quality.
DAFS5 displays high fracture density of dominantly fracture set A. (C) Fracture
orientations south of the fault-zone display scattered fracture orientations with
development of fracture set B.
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(Fig. 2.11c), and absent in boreholes within the fault-zone (Fig. 2.11b). Fracture set A are
dominantly within DAF5, inside the fault-zone but are not observed outside of DAF 5.
Fractures of set C is only present in boreholes DAF 5 and hole 13. The data quality of
image logs DAF2 and DAFBIO is poor, therefore the fracture density and orientations for

these image logs are not represented.

In summary, three fracture sets characterize the NELSAM research area. Within the
fault-zone the fracture density is high and characterized by fracture set A. The bedding-
parallel set B occurs mainly outside and dominantly north of the Pretorius fault, where no
other fracture sets are present. Fracture set C occurs both inside and outside the fault-

zone. Our interpretation of the origin of the three fracture sets is discussed below.

THE FAULT ROCK

Many of the segments in the Pretorius fault-zone contain a highly cohesive cataclasite
(Figs. 2.7 and 2.8) that is distributed along fault segments in planar zones with sharp,
planar contacts within the host rock. The thicknesses of the zones range from a few mm
to tens of cm and vary significantly along the strike of individual segments (Fig. 2.6¢ and
2.6d). Abundant injection veins can be observed, ranging in thickness from a few cm to
tens of cm thick. The majority of the injection veins are injected sub-perpendicular to
fault segments (Figs. 2.7b and 2.12). Fig. 2.12 represents a detailed map (scale 1:10) of
an injection vein on the south side of the fault-zone. The injection has a maximum
thickness of ~15 cm and originated from a fault segment only ~10 mm thick. Several
large injection veins with thicknesses up to tens of cm have been injected along bedding

surfaces. An example of this appears on the north side of the fault-zone (Fig. 2.4, tunnel
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Figure 2.12: Detailed map, mapped at a scale 1:10 of an injection vein on the NE-wall
of the 118-xcut tunnel. The cataclasite is illustrated in green, fractures in red, bedding
surfaces in bleu. The vein with a thickness of ~15 cm was injected from a fault
segment with a cataclasite zone of only 1 cm thick.
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118-TW-Raise-120). These bedding parallel injection veins are abundant and laterally

continuous for several meters, suggesting macroscopic flow of the cataclasite.

During the mapping three different types of cataclasite, each with distinct color, were
recognized: (1) a dark green cataclasite, (2) a light green-yellow cataclasite and (3) a gray
cataclasite, found in the vicinity of the Swannie dike on the south side of the Pretorius
fault-zone (Figs. 2.4 and 2.5). The micro-structural features of the cataclasite were
examined in thin sections and SEM images (Zechmeister et al., 2005). It was found that
the dark green cataclasite is predominantly composed of ultra-fine grained matrix of
quartz, mica, and opaque minerals and abundant angular to rounded clasts of quartz (Fig.
2.13). The clasts range from less than mm to tens of cm. An anastomosing cleavage is
rarely developed within the matrix, surrounding the clasts (Fig. 2.13b). Some quartz
clasts are dynamically re-crystallized (see clasts P and D in Fig. 2.13c). Microscopic flow
structures within the cataclasite include flow banding parallel and close to the fault
segment wall, dominantly found within injection veins (Figs 2.14a and 2.14e). Dark
bands are composed of high concentrations of mica while lighter bands are composed of
predominantly quartz and brown bands due to oxidation (Figs. 2.14c and 2.14d). SEM
images of the dark green cataclasite display significant small grains within the cataclasite
down to nano-scale, which reveal “hour glass” contacts between quartz grains (Fig. 2.15).
This observation suggests sintering at grain contact, under elevated temperature, of a
granular material after granulation (Zechmeister et al., 2005). The light green cataclasite
is less abundant, generally forms thin zones up to tens of mm thick, along the edge of the
dark green cataclasite, and rarely crosscuts (Fig. 2.8). Its general composition is similar,

with less abundant and smaller quartz clasts, ranging from less than mm to several cm.
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Figure 2.13: Dark green cataclasite of the Pretorius fault. (A) Field appearance
displays a wide range in size of quartz clasts that angular to rounded. (B) Thin section
(plane polarized) displays ultra-fine grained matrix with anastomosing cleavage
around the quartz clasts. (C) Thin section (cross polarized) displays dynamic re-
crystallization of several quartz clasts (see P and D).
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Figure 2.14: Injection veins of the Pretorius fault. (A) Injection vein within a core
sample, displays significant flow banding parallel to the fault edge and within the
injection vein. (B) Thin section of the injection vein in A. (C and D). Close-up of the
injection vein in plane and cross polarized light, display dark bands composed of high
concentrations of mica and lighter bands composed of high concentrations of quartz
grains. (E) Field example of an injection vein, displaying significant flow banding
similar to the core sample (Zechmeister et al., 2005).
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Figure 2.15: SEM image of the cataclasite displays grains down to the nano-scale and
hourglass contacts suggestive of sintering of the granular material (Zechmeister et al.,
2005).
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The gray cataclasite is composed of a gray ultra-fine matrix that is dominantly grain
supported (Fig. 2.16). The grains are predominantly quartz with opaque minerals, ranging
from 0.005 — 1 mm. A brown oxidation is observed between the grains. The grain size is
reduced towards the contact of the cataclasite with the dike. Cathodeluminescence images
indicate the development of microlitic textures (*snow flakes’) around quartz grains

(Figs. 2.16c and 2.16d) (Zechmeister et al., 2005), which is suggestive of a super-cooled

melt (Lin, 1994; Swanson and Fenn, 1986).

In summary, the cataclasite of the Pretorius fault-zone consists of gray-green-yellow
cataclasite that varies significantly in thickness. Its ultra-fine matrix is poorly sorted, with
coarse and angular to rounded clasts. Although rarely a foliation is developed, the
cataclasite lacks a shear fabric of the coarse clasts. Abundant flow features on macro- and
micro-scale consist of injection veins and flow banding. The gray cataclasite displays rare
evidence for the development of melt in the vicinity of the Swannie dike. The origin of

the fault rocks is discussed below.

DISCUSSION

STRUCTURAL DEVELOPMENT OF THE PRETORIUS FAULT

The multiple fracture sets, segments and faults in the vicinity of the fault-zone are
described above. The origin of fractures and their relations to the fault-zone are discussed
in this section. There are three sources for the fracture data (Table 2.1): (1) tunnel
mapping (Figs. 2.4, 2.5 and 2.7) that reveal two sets of steep, large fractures noted by T1

dipping 69° and T2 dipping 72°; (2) borehole mapping (Figs. 2.9, 2.10 and 2.11) that

reveal three sets of fractures noted as set A (dip 66°), set B (dip 30°), and set C (dip 09°);
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Figure 2.16: Microlitic structures within gray cataclasite. (A) Field appearance of gray
cataclasite in the vicinity of the Swannie dike, 120-MM-incline. (B) Thin section of a
segment with gray cataclasite within a dike. (C and D) Cathodeluminescence images
of the gray cataclasite display microlitic textures (‘snow flakes’) around quartz grains
(Zechmeister et al., 2005).
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and (3) faults mapped by TauTona mine geologists in the reef surfaces (Fig. 2.17) that

have a mean strike direction of 050°. A summary of features associated with these

fractures is presented in Table 2.1 and Fig. 2.18. During the tunnel mapping, cataclasite

zones of various thicknesses were found along many fractures (Figs. 2.4, 2.5 and 2.6).

Mapping Se@ Mean attitude . Structura_ll Comments Fig.
sites notation interpretation
Tunnels T1 69°/170° £ 17° Fault _sur_faces _
(levels 118 within May contain 57
and 120) T2 72°/346° + 9° Pretorius cataclasite '
fault-zone
Fault surfaces :
oIano o o ; Found only in | 2.10
A 66°/139° £+ 12° | within Pretorius borehole Daf5 | 2.11b
image 011 ea0 o Bedding and | Found in most | 2.10
analyses B 30°/169° + 14 fault surfaces boreholes 2.11
R o | Mining related Relief of 2.10
¢ 09°/087° + 12 fractures vertical load | 2.11
Reef Faults related Faults, dip
——— R 050° + 14° to the to north 2.17
PRINg Pretorius fault and south

Table 2.1: Different data sets used to analyze fractures in and near the Pretorius fault.

Our interpretation of the relationships between the fracture sets and the Pretorius fault is

as follows (Table 2.1 and Fig. 2.18):

1.  The faults of set R are sub-parallel to the Pretorius fault, that displace the reef

layer up to 3 m, and form a ~100 m wide zone south of the fault (Fig. 2.17).

These features suggest that the faults of set R are part of the Pretorius fault

system. These faults probably represent the distributed brittle deformation during

the early stages of the Pretorius fault development.

2.  Fractures of sets T1, T2 and A strike generally parallel to the Pretorius fault and

occur only in the Pretorius fault-zone (Fig. 2.11), and, where observed, in tunnels
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Figure 2.17: Map view of fractures mapped within the mined reefs in the NELSAM
area. Mapping was conducted by geologists of the TauTona mine. The fractures are
projected on top of the tunnel network of level 120 (blue).
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Figure 2.18: Compiled fracture orientation data. Fracture sets from tunnel mapping
(T1 and T2), set A from borehole image analysis and fractures from reef mapping are
sub-parallel to the trend of the Pretorius fault, suggesting a structural relation. Fracture
set B formed as preexisting, weak sedimentary surfaces that may be activated during
motion of the Pretorius fault. Fracture set C is interpreted to be tensile fractures
induced by relaxation of vertical, gravitational load due to mining.
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3. (T1, T2). Many of these features carry cataclasite zones (Figs. 2.4, 2.5 and 2.6)
or slickenside striations. Evidence of displacement was found in only one case.
This is probably due to the lack of markers in the tunnels (unlike mapping in the
reef where displacement of the gold-bearing conglomerate layer is clearly
detectable). These sets (T1, T2 and A) are interpreted as fault segments and

fractures that form the Pretorius fault-zone.

4.  Set B, which is sub-parallel to the bedding surfaces, is a special case. On one
hand, they are found almost exclusively in boreholes away for the Pretorius
fault-zone (boreholes 2, 3, 10, 7V and 7S, in Fig. 2.11), and this distribution
suggests that they are not related to the Pretorius fault. However, in several
locations, cataclasite zones are found along bedding surfaces (Fig. 2.4, 118-TW-
Raise-120 tunnel), and even a recent rupture (Ch. 3) that occurs along a bedding
surface. Hence, fractures of set B are interpreted as pre-existing, weak

sedimentary surfaces that may be activated during motion of the Pretorius fault.

5.  Set C (sub-horizontal fractures) is enigmatic. It is found in only two boreholes
(Daf5 and hole 13 in Fig. 2.11), it is not observed in the tunnels, and its
orientation has no simple relations to the Pretorius fault (e.g., a Riedel shear).
The fractures in set C are suspected to be tensile fractures induced by relaxation
of vertical, gravitational load that is due to mining in the reef. In this respect,
they are analogous to sheet fractures in granite bodies that form sub-parallel to

the ground surface due to stress relaxation (Johnson, 1970).

The above discussion raises an important question: why does the Pretorius fault

display such a complicated structure with a network of anastomosing faults and fractures
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(Figs. 2.4 and 2.5)? One possible reason is that the Pretorius fault, in spite of being fairly
large (~10 km long, up to 200 m displacement), is still an immature fault. It is proposed
that the complexity of a fault-zone decreases with increase of cumulative displacement
along the fault. Wesnousky (1988) showed that the number of steps per unit fault length
form a monotonically decreasing function with increasing cumulative offset. Chester et
al. (1993) analyzed the San Gabriel fault, a large displacement fault of the San Andreas
Fault system, and showed that the ultra-cataclasite within the core of the fault-zone
displays extreme slip localization by repeated reworking, reflecting a mature internal
fault-zone structure. Following these and other studies, it is commonly viewed that large
crustal scale faults that accumulated large amount of displacement mostly form smooth
narrow slip surfaces that may accommodate several km of slip. Aydin and Johnson
(1978) showed that faults in porous sandstone evolve in stages. In the early stage,
displacement is accommodated by increasing number and complexity of deformation
bands (~small faults), whereas in the later stage the displacement is only localized along
a narrow slip surface, which typically develops on one side of a zone with dense
deformation bands. Similar evolution processes have been observed in wet clay

experiments (An and Sammis, 1996; Reches, 1988).

The Pretorius fault displays structural features that resemble the fault evolution
described in the previous paragraph. The structural complexity of the Pretorius fault is
attributed to its early stage of evolution, and it was found that the fault has already passed
into the localization stage. A MSZ is recognized within the Pretorius fault that divides the
fault-zone into a northern and southern block. This is based on structural transitions. The

combination of the structural transition, thickness of the cataclasite zone and lateral
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continuation of this segment, suggest that this is the most mature segment within the fault
zone, and likely accommodated the majority of the slip along the Pretorius fault. The
observations of ancient reactivation of the MSZ (Fig. 2.8), as well as recent reactivation
during the M2.2 event (Ch. 3) support the hypothesis that the Pretorius fault has passed

into a stage of localization of slip along the MSZ.

ORIGIN OF THE FAULT ROCKS

Many of the fault segments in Pretorius fault-zone contain cataclasite zones that are
described in detail above (Figs. 2.6, 2.8 and text). The properties of this cataclasite are:
(1) ultrafine grain matrix with poorly sorted, coarse angular to rounded clasts (Figs. 2.13,
2.14 and 2.15); (2) intense thickness variations (Fig. 2.6); (3) flow structures on macro-
and micro-scales (Figs. 2.6, 2.12 and 2.14); (4) rare occurrence of fabric in the ultra fine
matrix (Fig. 2.13); (5) lack of shear fabric in the coarse clasts; (6) rare evidence of
melting; (7) composition similar to the host rocks; and (8) coloring in the gray-green-
yellow range that differentiate them from host rocks. The estimated burial depth to form
such fault rock is estimated to be within the brittle upper ~5 km of the crust. Faulting
along the Pretorius fault at 2.7 Ga occurred before peak metamorphism within the
Witwatersrand Basin that coincides with the emplacement of the Bushveld intrusion at
2050 Ma (Robb et al., 1997). Therefore it is anticipated that the cataclasite is a product of

faulting within sandstone, later to be metamorphosed to quartzite.

Similar cataclasites have been observed in South Africa. Killick et al. (1988) studied a
large, bedding-parallel fault-zone in mines and boreholes in the West Rand area, about 40
km east of TauTona mine. They found that pseudotachylytes are the prevailing fault rock

in their study area. The authors did not provide evidence that these pseudotachylytes
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underwent melting, and commented that pseudotachylytes could form by melt (e.g.,
Sibson, 1975) or cataclasite (Wenk, 1978). The field and thin-section descriptions in
Killick et al. are very similar, if not identical to the cataclasite observed in TauTona mine.
Here however, these fault rocks are not referred to as pseudotachylytes because the
common use of the term *pseudotachylyte’ is for rocks that formed from a melt, either by
shear along faults (Sibson, 1975) or by impact (Reimold, 1995; Spray, 1995).
Pseudotachylyte may be in a glass form (no crystals), or in a devitrified form with
evidence for melting (Lofgren, 1971) (e.g., ‘snow flakes’ in Fig. 2.16), however, without
evidence for melt, to use the term *pseudotachylyte’ for any ultrafine grain, cohesive,

dark fault rock is not justified.

Above it was proposed that the cataclasite formed as a granular material that was
fluidized to form abundant flow features observed on both macro- and micro-scale.
Subsequently, the granular material sintered at grain contacts under elevated temperature.
This is based on observations of “hour glass” contacts in Fig. 2.15. The sintering process
likely occurred during the later stage of the Platberg rifting, as the Witwatersrand Basin
underwent low-grade burial metamorphism up to lower greenschist grades, with peak
metamorphism during the emplacement of the mafic and ultramafic Bushveld intrusion at
2050 Ma that resulted in major thermal perturbation of the basin (Robb et al., 1997). The
following 2.0 Ga period of inactivity on the Pretorius fault is likely to contribute to

strengthening of the cataclasite to the current massive, cohesive state.
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SUMMARY AND CONCLUSIONS

The structural characteristics of the Pretorius fault, South Africa, is described based on
3D underground mapping at a depth of 3.6 km, and borehole fracture analysis of 11
boreholes within the NELSAM site, TauTona mine. The Pretorius fault is a 10 km long,
oblique strike slip fault with right lateral displacement up to 200 m and 60 m vertical
displacement. The fault-zone consists of a 30 m wide zone containing tens of
anastomosing segments that form conjugate sets of steeply N and S dipping segments,
and minor bedding-parallel segments. The N-side of the Pretorius fault is characterized
by light gray quartzitic host rock with abundant bedding surfaces, while at the S-side
bedding surfaces are absent within dark gray quartzite, but quartz-veins are observed.
This structural division occurs at a major segment, with a cataclasite zone up to 50 cm

thick, and is interpreted to be the main slip zone (MSZ) of the Pretorius fault.

Three distinct fracture groups are distributed in and around the Pretorius fault (Table
2.1 and Fig. 2.18); (1) Fracture sets T1, T2 and A are fault segments and fractures that
form in the Pretorius fault-zone, (2) Set B are bedding-parallel fractures that formed as
pre-existing, weak sedimentary surfaces that may be activated during motion of the
Pretorius fault, (3) Set C are tensile fractures induced by relaxation of vertical,

gravitational load due to mining.

Many of the fault segments in Pretorius fault-zone contain cataclasite zones. The main
properties of the cataclasite are: (1) ultrafine grain matrix with poorly sorted, coarse,
angular to rounded clasts (Figs. 2.13, 2.14 and 2.15); (2) intense thickness variations (Fig.
2.6); (3) flow structures on macro- and micro-scales (Figs. 2.6, 2.12 and 2.14); (4) rare

occurrences of fabric in the ultra fine matrix (Fig. 2.13); (5) lack of shear fabric of the
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coarse clasts; (6) rare evidence of melting; (7) composition similar to the host rocks; and
(8) coloring in the gray-green-yellow range that differentiates them from the host rocks.

The massive, cohesive cataclasite probably formed by sintering of granular material.

The structural complexity of the Pretorius fault reflects its immaturity. However, it
was found that the Pretorius fault passed into the stage of localization of slip along the
MSZ that displays evidence of ancient as well as recent fault reactivation. This suggests
that, despite a long period of inactivity leading to significant fault strengthening, its
structural complexity is due to fault-zone immaturity and different fault loading
conditions caused by nearby mining, the settings and accessibility of the Pretorius fault
provide a unique opportunity to study earthquake and reactivation processes of single

events at focal depths.
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Chapter 3:
Earthquake Rupture at Focal Depth: The M2.2 Event Along the

Pretorius Fault, TauTona mine, South Africa

INTRODUCTION

The M2.2 of December 12, 2004, reactivated several segments of the Pretorius fault-
zone. Chapter 3 analyzes the rupture zone and investigates its mechanism of reactivation
along the fault. This study provides one of the very few cases in which the structure of a
rupture zone along a major fault can be studied at focal depth. There are several studies
of ruptures associated with the formation of a new fault zone during rockbursts in a deep
mine. McGarr et al. (1979) presented the first case in a Western Deep mine, South Africa.
They mined and mapped in 3D the structure of the new fault and found a complex
network of fractures formed in a previously unfaulted region, and documented a complex
shear zone of fracture segments of various lengths (1 cm up to 5 m) at roughly 30° to the
local direction of o;. These fractures form en échelon offsets to form a shear zone parallel
to the maximum shear stress. While these studies demonstrated the complexity of the
development of new faults in intact rock, they did not analyze the nature of rupturing
along an existing, large fault. The only study that address this issue, is the analyses of the
M4.6, Matjhabeng earthquake, 1999, along the Dagbreek fault, Welkom, South Africa
(Dor et al., 2001). This event, mapped in three tunnels at 1660 m below surface,
displaced rail tracks within a tunnel for 44 cm vertically. Displaced rock bolts were found
up to a distance of 30 - 45 m from the main Dagbreek fault, showing the width of the

rupture zone. This zone is characterized by several fine grained and/or clayey, soft fresh
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gouge zones of 0.5 — 5 cm thick that characterize individual slip surfaces of the M4.6

rupture.

Fault-zones are generally weaker than the surrounding rocks and thus tectonic loading
in the upper crust leads to localization of shear along the weaker faults. The activity
period of a fault is determined by the duration of the regional tectonic activity, and faults
become dormant when the latter stops (Scholz, 2002; Thatcher, 1983). During periods of
activity, faults do not slip at a constant rate but typically move by infrequent earthquakes,
that are separated by tens to thousands of years. Even after becoming dormant, faults may
be reactivated by a younger tectonic phase, frequently with inversion of the sense of
motion along a given fault. For example, Reches (1978) describes the Palisades fault, the
major structure in the Palisades Creek branch of the East Kaibab monocline, in the Grand
Canyon, Arizona. They discuss that the first phase of normal faulting during the late
Precambrian is overprinted by reverse faulting during the Laramide orogeny, which
formed the present monocline in the Palisades Creek. Similar reversal of slip has been
reported on the Colorado Plateau (Huntoon, 1974), as well as within the North Sea basin,
e.g. Oudmayer and de Jager (1993) and Wiprut (2000), and in many other locations
around the world, at multiple scales (Lowell, 1995). Thus one can establish two
timescales of fault reactivation: a short term of 10° — 10* years, and a long term of 10° —
107 years between tectonic phases. The central question of this study is the mechanisms
of fault reactivation after a very long period of inactivity. The Pretorius fault in TauTona
mine, South Africa, provides another site for such a study as it has been reactivated by

mining activity after a dormant period of ~2.0 Ga.
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The study of the rupture of the M2.2 event is approached from several directions.
First, the exposed rupture zone was mapped at its focal depth in 3D. Second, mechanical
properties of the fault rocks along the Pretorius fault were determined from rock
mechanics experiments. Third, the effects of the measured mechanical heterogeneities on
reactivation processes were analyzed by the finite element method. Later, in Ch. 4, the
stresses associated with the rupture are discussed, as well as the earthquake energy

balance.

SETTING OF THE RUPTURE ZONE

The NELSAM (Natural Earthquakes Laboratory in South African Mines) project was
designed to conduct studies on earthquake ruptures at their focal depths (Reches, 2006).
The main site of the project focuses on the Pretorius fault within the TauTona mine (Ch.
1). This chapter focuses on the analysis of the rupture of the M2.2 event of December 12,
2004, that is exposed within a few tunnels in the Tautona mine at a depth of 3.6 km. This
event reactivated several quasi-planar segments of the Pretorius fault-zone that formed ~
2.7 Ga ago and has been inactive during the last 2.0 Ga. The structural details of the
Pretorius fault were described in Chapter 2. The objective of the present chapter is to

analyze the rupture zone and to investigate the mechanisms of reactivation.

STRUCTURE OF THE PRETORIUS FAULT

The present study is conducted in the TauTona mine, located in the Western Deep
Levels of the Witwatersrand Basin, South Africa (Fig. 3.1). The tectonic setting of the
study area and the structure of the Pretorius fault-zone were presented in Chapter 2 and

only the main features are outlined here. The Witwatersrand Basin consists of about 10
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Figure 3.1: Simplified geological map of the Witwatersrand Basin, South Africa,
illustrating the distribution of the Witwatersrand Supergroup and the Archean
Granitoid, the major goldfields and the location of the TauTona and Mponeng mine in
Western Deep Levels (after Frimmel and Minter, 2002). Upper-left corner displays the
location of the NELSAM research area and the Pretorius fault within the mining
grounds of TauTona and Mpeneng, in map view (after Lucier et al. (2009)). Mponeng
is mining the Ventersdorp Contact Reef, ~800 m above the Carbon Leader Reef.
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km thick sequence of sedimentary rocks, mainly sandstones, mudrocks, and gold-bearing
conglomerates (Armstrong et al., 1991; Gibson et al., 2000b; Robb et al., 1997). The
basin underwent low-greenschist grade metamorphism and was tectonically inactive for
the last 2.5 Ga (Robb et al., 1997). The Pretorius fault is a 10 km long, ENE trending,
oblique, right-lateral fault forming a sub-vertical fault-zone (see Ch. 2). The fault has
right-lateral displacement of about 200 m, and vertical displacement of 30-100 m. Itis a
complex structure with tens of segments that form a 25 — 30 m wide network of cross-
cutting and anastomosing faults and fractures (Ch. 2). The segments are dominantly east-
west striking, steeply dipping (40°-90°), quasi-planar surfaces that crosscut, intersect and
branch from each other, and minor bedding-parallel fault surfaces that dip

~22° southward. Most of the segments contain a highly cohesive, green to gray quartzitic
cataclasite that varies in thicknesses from a few millimeters to tens of centimeters (Ch. 2).
Its ultra-fine matrix is poorly sorted, with coarse and angular to rounded clasts. A
foliation is rarely developed within the cataclasite zones and the cataclasite lacks shear
fabric of the coarse clasts. Abundant flow features on macro- and micro-scale consist of
injection veins and flow banding. The cohesive cataclasite possibly formed by sintering

of granular material (Ch. 2).

SEISMICITY OF THE PRETORIUS FAULT REGION

The seismic activity of the NELSAM area was described in a series of recent papers
(Boettcher et al., 2007; Boettcher et al., 2009; Boettcher et al., 2006; McGarr et al.,
2009), that discuss the relation of seismic events with the Pretorius fault (Fig. 3.2a), after
the relocation of several events of M>2. This chapter focuses on the rupture-zone of the

M2.2 event of December 12, 2004.
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Figure 3.2: Location map of events within the NELSAM area. (A) Locations of events
M>2 that occurred since January 2004. The circles represent the hypocenters as
determined by the seismic network of ISS International, stars represents relocations of
the events (Boettcher et al., 2006). The location of the exposure of the M2.2 event of
December 12, 2004 (red box) is 120 m away from the locations suggested by the
seismic records. (B) Close up of the pre-rupture tunnels of 120-17-TW, consisting of
120-17-raise, 120-17-a and 120-17-b tunnels, and the 120-MM:-incline that was
developed six months after the rupture of the M2.2 event. The location of the exposure
of the rupture zone is given in red.
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The M2.2 event triggered 16 seismometers of the ISS network in TauTona mine that
was described in van Aswegen and Butler (1993). Analysis by ISS assigns a moment of
2.6 x 10" Nm and a radiation energy of 3.0 x 10 J to this event (Boettcher et al., 2006).
The damage reported by miners and the exposed rupture-zone, analyzed by us, are
located within the Pretorius fault-zone at the 120-17-Raise and 120-MM:-incline tunnels
(Fig. 3.2). This location is 120 m away from the hypocenter location as determined by the
ISS seismic network (Fig. 3.2a); the apparent location error is probably due to the large
spacing (~0.5 km) of seismometers in the TauTona mine and the quasi two-dimensional

distribution of these stations (van Aswegen, personal communication).

The damage by this event is located in the 120-17-TW tunnel, consisting of 120-17-
raise, 120-17-a and 120-17-b (Fig. 3.2b). Major damage occurred along 70 m in the 120-
17 tunnel (Fig. 3.2b), that closed down the tunnel due to safety hazards. Several nearby
tunnels suffered minor damage as reported by miners. The rupture-zone itself is exposed
at the intersection of the 120-17-raise and 120-17-b tunnel (Fig. 3.2b). These exposures
are regarded as the rupture-zone of the M2.2 December 12, 2004 event and mapped in
detail. Six months after the event, in June 2005, a second tunnel (120-MM:-incline) was
developed east of the lateral extension of the rupture-zone, oblique to the 120-17-b tunnel
(Fig. 3.2b). This new tunnel was excavated across the rupture-zone and allows us to
extend our mapping, similar to the previous studies of McGarr et al. (1979) and Ortlepp

(2000) that were conducted on different rupture zones.
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STRUCTURE OF THE RUPTURE ZONE OF THE M2.2 EVENT

GENERAL STRUCTURE

The rupture-zone reactivated at least three and possibly four segments of the Pretorius
fault-zone, including one bedding surface. A cross section through the rupture-zone area
displays the reactivated segments (Fig. 3.3a). The figure includes the structural features
of the Pretorius fault-zone (Ch. 2) and the trace of the reactivated segments as observed
in the 120-MM-incline (Fig. 3.3b).

The reactivated segments can be identified by the presence of fresh white, fine grained
gouge, referred to as ‘rock flour’ that developed along the slip surfaces (Figs. 3.4, 3.5 and
2.8). Such rock flour is typically observed for rock-burst ruptures within South African
mines and evidently generated by shear (Dor et al., 2001; McGarr et al., 1979; Ortlepp,
2000; Stewart et al., 2001). The presence of this rock flour was used to locate and trace
the M2.2 rupture. All reactivated segments are quasi-planer and contain cataclastic fault
rock varying in thickness from a few mm to tens of cm. The reactivated segment A is
oriented 43°/167° (Figs. 3.3, 3.4a), contains 1-6 cm thick zone of cataclasite. Reactivated
segment B is a bedding-parallel surface (Figs. 3.3, 3.5a, 3.5b) oriented 20°/161° that
branches from surface A. The third segment, marked C in Fig. 3.3 and orientated
81°/149¢°, is interpreted as the main slip zone (MSZ) of the Pretorius fault-zone with a
cataclastic zone up to 50 cm thick (Figs. 3.3, 3.5¢, 2.8). The nature of the MSZ segment
was described in Ch. 2. Segments A and B can be traced horizontally for 25 m and 5 m
vertically. The rupture along segment C can be traced horizontally for ~6 m and ~5 m

vertically.
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Figure 3.3: The exposed M2.2 rupture. (A) Schematic cross section of the rupture that
reactivated 3, possibly four segments of the Pretorius fault (A, B, C and D). In green
the cataclasite bearing fault segments of the Pretorius fault, in red the rupture of the
M2.2 based on the generation of fresh rock flour. (B) The trace of the reactivated
segments and the location of the cross section are highlighted in the tunnel map
though the 120-MM-incline (Ch. 2).
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Figure 3.4: Exposed rupture of the M2.2 within the south part of the 120-17-b tunnel.
(A) Rupture surface A. The rupture is recognized by the generation of fresh white rock
flour. (B) Displaced rock bolt with a measured displacement of 25 mm. The rusty
imprint represents the original position of the rock bolt. (C) Displaced rock bolt within
the roof, cutting segment A (yellow paint), with a measured displacement of 10 mm.
The rusty imprint represents the original position of the rock bolt.
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Figure 3.5: Exposures of the M2.2 rupture that reactivated the Pretorius fault and
generated rock flour as slip localized along the contacts of the cataclasite and the
quartzite. (A) Rock flour along segment B, a bedding-parallel fault segment, within
the south wall of the 120-17-b tunnel. Rock flour occurs on both the upper and lower
contact. (B) Rock flour along segment B within the NE-wall of the 120-MM-incline.
(C) Fine grained rock flour and coarser grained gouge along the south contact of the
main fault surface, surface C, of the Pretorius fault, within the SW-wall of the 120-
MM-incline. Note the rounded quartz grains within the fault segment several tens of
cm in diameter.
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Surrounding tunnels east and west of the exposed rupture are separated 45 m and did not
display rupture surfaces, thus bounding the extent of the rupture-zone. The mined reef is
situated ~20 m above the exposed rupture surface (Fig. 2.2, Ch 2), and can be
approximated as a free surface that bounds the maximum upper extents of the rupture-
zone. This limits the maximum area of reactivated fault surfaces to 3,375 m?. Continuous
exposures of the rupture suggest a minimum area of at least 280 m*. The estimated
rupture area from the seismic signal of 2900 m? (Boettcher et al., 2006) suggests that

~10% of the rupture zone is exposed.
Slip localization

The observed slip associated with the M2.2 event along the reactivated segments
described above is localized dominantly at the contacts of the cataclasite and the
quartzitic host rocks (Figs. 3.4, 3.5, and 2.8). The slip generated a white, ultra-fine
grained, incohesive gouge (referred to as rock flour) that is commonly observed in mines
(Dor et al., 2001; McGarr et al., 1979; Olgaard and Brace, 1983; Ortlepp, 2000; Stewart
et al., 2001). The rock flour is frequently distributed along both upper and lower contacts
of the cataclasite and the quartzite (Fig. 3.5a). Segments A and B display rock flour of 1-
5 branching zones, with a thickness of 0.5-1 mm each, observed along most of the
exposure (Figs. 3.4 and 3.5). No observations were made of segment A and B, in which

the rock flour cross-cut the 1-6 cm thick cataclasite zone.

The reactivated segment C, MSZ of the Pretorius fault-zone, consists of a 30-50 cm
thick cataclasite and indicates two older phases of activity that resulted in the dark and
the lighter green cataclasite (Ch. 2). The first phase, generating the dark green cataclasite,

is interpreted to be the oldest phase of activity, during the formation of the Pretorius fault.
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The second phase, generating the lighter green cataclasite, is concentrated along the edge
of the dark green cataclasite. Locally the light green cataclasite crosses the dark green
cataclasite following a Riedel shear that fits a right lateral shear, as the south block of
segment C moved up with respect to the north block (Fig. 2.8). The slip during the
reactivation of the M2.2 event is localized along the south-side contact, between the
cataclasite and the quartzite (Fig. 3.5¢). A zone of ~1 mm thick of fine grained rock flour
developed along this contact similar to segments A and B. In addition to the rock flour, a
coarser gouge zone was formed, dominantly along the south side contact (Fig. 3.5¢). This
gouge apparently has a coarser grain than the rock flour, and its thickness is up to 5 cm.
This coarse gouge is interpreted to be gouge formed by the rupture of the M2.2 event. At
one local a fracture that carries the coarse gouge crosses the cataclasite from the south
contact of segments C to the north contact (Fig. 2.8). This structure appears to be a Riedel

shear that fits the normal slip component during the M2.2 rupture (Figs. 3.3 and 2.8).

The third phase of activity, the reactivation during the M2.2 event that generated rock
flour, displays similar characteristics as the second phase that generated light green
cataclasite; in both cases the slip dominantly localized at the contact. During both phases,
local Riedel shear structures transfer slip across the segment. The slip during the recent
rupture, however, suggests slip in an opposite sense than the second phase (Fig. 2.8).
Nevertheless, similar characteristics suggest that the recent reactivation of the Pretorius
fault due to nearby mining activity occurs following similar mechanisms as the ancient

slip, more than 2 Ga ago.

A fourth segment, D, oriented 85°/340°, was reactivated (Figs. 3.3 and 3.6). The

segment was traced for 6 m horizontally and 5 m vertically within the120-MM-incline
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Figure 3.6: Possible reactivation during the M2.2 event of segment D, within the NE-
wall of the 120-MM-incline. The south contact of this segment displays 1-2 mm thick
zone of fresh rock flour, similar to the observations along segment A, B and C.
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and displays a 2-10 cm thick cataclasite. The slip along this segment localized along the
south contact of the cataclasite and the quartzite (Fig. 3.6), and generated rock flour in a
1-2 mm thick zone. The reactivation along segment D was discovered at a later stage of
the mapping; hence it remains ambiguous whether its reactivation is associated with the

M2.2 rupture or by another event.
Displacement

Evidence for displacement during the M2.2 event was found at two locations in which
rock-bolts were cross-cut by segment A within the 120-17-TW (Fig. 3.4). The pre-rupture
positions of the rock-bolts are recognized by a rusty imprint within the quartzite (see
Figs. 3.4b and 3.4c). The measured displacement produces a normal-dextral slip with a
rake of 23° and 35°, on segment A, oriented 43°/167°, with magnitudes of 10 mm and 25

mm respectively. No additional evidence of measurable displacement was found.

FRACTURES ASSOCIATED WITH THE RUPTURE

The M2.2 event ruptured distinct, pre-existing segments of the Pretorius fault,
evidenced by the occurrence of rock flour along cataclasite zones. These rupture surfaces
are quasi-planar and continuous but at several locations, more complex fracture systems
were observed that are associated with the rupture that will be discussed later in this
chapter.

The rupture-zone in the 120-17-TW tunnel is accompanied by a set of sub-vertical,
secondary tensile fractures (Fig. 3.7). These fractures are interpreted as wing cracks
(mode I cracks that form at the tips of a mode 11 fracture) at an angle that maximizes the

local tensile stress acting across the incipient crack path (Reches, 1988). The wing cracks
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Figure 3.7: Secondary tensile fractures (wing cracks) associated with the rupture,
developed in the hanging wall of segment A. Concave structure of the fractures results
from propagation away from the rupture, in the direction of the major axis of
compression which is sub-vertical from the overburden (o). The wing cracks
developed at the location of the displaced rock bolt of Fig. 3.4.
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tend to propagate towards the axis of maximum compression (Germanovich et al., 1994).
The wing cracks in 120-17-TW formed in the hanging wall of the rupture that reactivated
segment A with development of minor amounts of fresh rock flour (Fig. 3.7). These
cracks appear to nucleate at the tip of the propagating rupture, associated with a dextral-
normal slip component. After nucleation the cracks eventually propagate into the
direction of the maximum compressive axis which, in this extensional regime, is sub-

vertical (ov in Fig. 3.7).

The observed normal slip component of the rupture is also in agreement with the
observation of segment B and C within the120-MM-incline. Segment B deflects to
become sub-horizontal, before it intersects at almost right angles with the main segment
C (see Fig. 3.8). At this deflection, the rupture splits: one part continues to follow the
contact between the cataclasite and the quartzite; one part continues in a straight line,
cutting the quartzite until it hits segment C. The rupture widens as it cuts through the
quartzite, forming a 1-2 cm wide shear zone with the development of multiple Riedel
shear structures (Fig. 3.8). This suggests a normal slip component during the rupture, in
agreement with to the suggested slip by Riedel shear structures within segment C and the

measured rake of the displaced rock-bolts within segment A.

MAIN FEATURES OF THE RUPTURE-ZONE

The M2.2 rupture-zone is recognized by: (1) intense local damage in a few tunnels; (2)
formation of fresh, fine-grained, white gouge (rock flour) along several segments in the
fault-zone; and (3) displacement of rock-bolts along the slipped fault segments. The main

structural features of the rupture zone are the following:

65



Figure 3.8: Rupture zone along segment B, bedding-parallel, near the intersection of
segment C. (A) Overview of the rupture as it traced the contact of segment B. Right
side represents the geological interpretation of the picture on the left. As segment B
deflects to become sub-horizontal near the intersection with segment C, the rupture
splits in two: one part continues to follows the contact between the cataclasite and the
quartzite; one part continues in a straight line, cutting the quartzite until it hits segment
C. (B) Close up of the rupture as its cuts through the quartzite. The rupture zone
widens to form a 1-2 cm wide shear zone with development of multiple Riedel shear
structures, suggesting a normal slip component.
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1)

2)

3)

4)

5)

Slip occurred along three to four, pre-existing large, quasi-planer segments of the
Pretorius fault, that are not parallel to each other (Fig. 3.3).

Slip, as identified by the presence of the rock flour, was almost exclusively
localized along the contacts between the cataclasite of the ancient fault segment
and the quartzitic host rock (Figs. 3.3, 3.4, 3.5 and 3.6).

Locally, slipped segments display complex networks with multiple small fractures
of tensile (Fig. 3.7) or shear character (Figs. 2.8 and 3.8).

The maximum measured shear displacement is 25 mm in oblique, normal slip.
Gouge zones range in thickness from ~ 1 mm to 5 mm at a given position. These
values indicate wear-rates of at least 0.4 mm®N-m. Wear-rate is calculated here by
[(volume of wear products) / (area of sliding surfaces)] / [normal stress-slip

distance].

ROCK MECHANICS EXPERIMENTS

The mechanical properties of rocks in the Pretorius fault-zone were determined from

experiments. The samples were derived from cores of boreholes drilled during the
NELSAM project, across the fault-zone. The measured properties include strength,
elastic parameters and acoustic velocities under confining pressures up to 200 MPa. A
total of 30 experiments were conducted in the rock mechanics lab of the USGS in Menlo

Park, CA.

SAMPLE COLLECTION

Samples from within the Pretorius fault-zone were collected from three boreholes,

DafBio, Dafl and Daf2 (location Fig. 3.9). The boreholes were drilled in quartzites sub-
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parallel to bedding that locally dip ~ 22° to the south. The host rock samples (quartzite)
contain delicate bedding features, recognized by grain size differences and pyrite rich
beds, oriented sub-parallel to the sample axis. Fault-rock (cataclasite) samples were taken
from DafBio and contain a poorly developed foliation oriented 20° - 30° to the sample

axis.

EXPERIMENTAL SETUP

A total of 22 quartzite samples and 8 cataclasite samples from within the Pretorius
fault were prepared. The quartzite cores were re-drilled to 75 mm long samples, 25 mm
in diameter. The more brittle cataclasite samples were cut into rectangular prisms of 55 x
18 x 18 mm. A two component strain gage was mounted on seven quartzite samples and
three cataclasite samples to record axial and traverse strain. The quartzite samples were
jacketed with a polyurethane jacket, and the cataclasite samples were jacketed with heat
shrink plastic. All experiments were conducted in a standard non servo-controlled triaxial
test apparatus with oil confining medium, external load cell and under room-dry
conditions at room temperature. Sixteen quartzite experiments were run, with duplicates,
at 0, 20, 60, 90, 120 and 200 MPa confining pressure, and five cataclasite experiments
were run at 0, 20, 60 and 120 MPa confining pressure. Strain gages were used on both
rock types samples at 20, 60, 120 and 200 MPa confining pressure. An axial strain-rate of
3 x 10° s was typically applied by an axial piston velocity of 0.2 um/sec. Most
experiments were carried out to failure; six quartzite experiments were terminated after a
total piston displacement of 5 and 10 mm to initiate stable sliding. Three sliding

experiments with 5 mm piston displacement were conducted on the cataclasite samples.
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The conditions and main results are listed in Table 3.1. Poisson’s ratio was determined

only for experiments that included strain gages.

Table 3.1: Conditions and results for rock mechanics experiments on the quartzite
(Table 3.1a) and the fault rock (Table 3.1Db).
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RESULTS

Strength

The maximum differential stress, Ac, = 61-03, Is linearly related to the confining
pressure (Fig. 3.10a), corresponding to a Mohr-Coulomb failure envelop. The strength of
samples loaded under high confining pressures, 200 MPa for the quartzite and 120 MPa
for the cataclasite, deviate from linearity (Fig. 3.10a) and are not incorporated in the
linear regression. The quartzite has uniaxial strength of 207 MPa, and the cataclasite has
uniaxial strength of 99 MPa. The failure strength data can be represented by Coulomb

criterion with cohesion, C, and the angle of internal friction, ¢, following the relation:
t=C+o,tang

where t and o, are the shear stress and the normal stress respectively, on the fault plane at
failure. C and ¢ are; C = 49 MPa and ¢ = 39° for the quartzite, and C = 29 MPa and ¢ =

29° for the cataclasite.
Elastic properties

Young’s modulus (Fig. 3.10b) is calculated from the strain gage readings or, in
experiments without stain gages, from load cell readings, corrected for machine stiffness.
Young’s modulus gently increases with confining pressure. The two data points for the
cataclasite at confining pressures of 20 and 60 MPa (Nel35 and Nel36, Table 3.1) are not
incorporated in the linear relation, since during these experiments oil leaked through the
plastic jackets near the gages. The average Young’s modulus for quartzite and cataclasite

is 77 GPa and 52 GPa respectively.
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Figure 3.10: Main results of the rock mechanics experiments. (A) Maximum
differential stress at failure vs. confining pressure for the quartzite (blue) and
cataclasite (red), displays linear relations. The strength under high confining pressure,
200 MPa for the quartzite and 120 MPa for the cataclasite, deviate from linearity. The
linear relation between the differential stress and confining pressure, in MPa, for the
quartzite and cataclasite is given by Ac, = 2.3963 + 207.3 and Ao, = 1.8563 + 98.6
respectively. (B) Young’s modulus (E) vs. confining pressure. Average E for the
quartzite and cataclasite are 77 GPa and 52 GPa respectively. (C) Poisson’s ratio vs.
confining pressure with an average ratio of 0.21 for the quartzite, 0.23 for the
cataclasite. Due to oil leakage at the strain gage, the measurements for 20 and 60 MPa
are ignored.(D) P-wave velocities (Vp) vs. confining pressure. Three quartzite samples
(blue) with maximum values of 5.98 to 6.08 km/s. The cataclasite sample (red) with
velocity to a maximum of 5.69 km/s.

72



Poisson’s ratio varies with the confining pressure (Fig. 3.10c). The quartzite displays a
decrease with increasing confining pressure and an average Poisson’s ratio of 0.21.
Poisson’s ratio of the cataclasite is 0.23 based on one sample (experiments at 20 and 60

MPa confining pressure are ignored).
P-wave velocity

P-wave velocities were measured for three 1x1 inch cylindrical quartzite samples and
one 1x1 inch cubic cataclasite sample. The first arrivals of a voltage pulse were measured
at confining pressures of 10, 20, 40, 60, 80 and 100 MPa, using an oscilloscope at

frequency of 10 MHz.

The Vp of the quartzite increases significantly with confining pressure, to maximum
values of 5.98 to 6.08 km/s (Fig. 3.10c). This Vp increase suggests wide-spread crack
closure within the samples. The cataclastic sample displays only minor increase of Vp
with increasing confining pressure, suggesting negligible crack closure; the maximum Vp

for the cataclasite is 5.69 km/s.

DAMAGE ANALYSIS

The increase in Vp with increasing confining pressure in the quartzite was the first
indication that the quartzite is internally damaged, and that this damage can be
manifested by inelastic strain. Determination of the inelastic strain for the seven
experiments with strain gages was done by subtracting the calculated elastic strain from
the total measured strain following the method of Katz and Reches (2004). Considering
the Poisson’s effect and Hooke’s law, the axial elastic strain, (g;;)elast, and the

circumferential elastic strain, (exx)elast, CaN be calculated from the following relationships:
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(Szz)elast =

(gxx)elast = E [Gxx - V(O-yy + Gzz)]

where E and v are the Young’s modulus and Poisson’s ratio respectively and are derived
for the state of linear stress / strain relationships. For rock mechanics experiments under
constant confining pressure, oy and oyy, which are initially held constant during

deformation, may be ignored (Katz and Reches, 2004), reducing the above equations to:

O0zz
E = —_—
( Zz)elast E

VO,,
& = —
( xx)elast E

The inelastic strain, (€)inelast, 1S calculated by subtracting the elastic strain, (€)ejast, from the

total experimental strain (g,;)wta following the method of Katz and Reches (2004):

(Szz)inelast = (gzz)total - (Szz)elast

(&xx)inetast = (Exx)rotar — (Exx)etast

The inelastic strains of the seven quartzite samples are illustrated in Fig. 3.11.
Negative strain on the right represents the axial strain ey, positive strain on the left
represents the circumferential strain €,,. The axial and circumferential elastic strains are
also illustrated by the dashed lines. The axial inelastic strain is generally smaller than the
elastic strain, with maximum values up to 0.8% for high confining pressures. The
circumferential inelastic strain reaches strains > 1% for high confining pressures,
significantly larger than the circumferential elastic strain of < 0.4%. This suggests
significant damage of the quartzite samples before failure, by dilation, along axis-parallel

micro-fractures.
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Figure 3.11: Calculated inelastic deformation for seven quartzite samples. The right
represents the axial strain ey vs. differential stress, on the left the circumferential
strain &, (positive). Dashed lines represent the calculated elastic strain. Calculated
axial inelastic strains (exx)inelast, plotted for experiments at confining pressures of 20,
60, 120 and 200 MPa, generally remain smaller with respect to the axial elastic strain,
with maximum axial inelastic strains of 0.8% for high confining pressures. The
circumferential inelastic strain, (e,,)inelast, 1S Significantly larger, with values > 1% for
high confining pressure, than the circumferential elastic strain of < 0.4%.
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The damage of the samples was quantified by evaluating the deformation modulus,
which is the local slope of the stress-strain curve (Katz et al., 2001). Figs. 3.12a and
3.12b illustrates the axial and volumetric strain curves for experiments on quartzite
(sample Nel08) and cataclasite (sample Nel35), both under 20 MPa confining pressure.
The quartzite samples undergo significant strain-hardening before failure with significant
volumetric strain into the extensional (positive) strain field. The cataclasite behaves
linearly elastic without significant strain hardening or volumetric strain, with failure

occurring at significant lower strains and stresses (note the scale difference in Fig. 3.12).

Fig. 3.12c displays the deformation modulus for both rock types against strain,
normalized for strain at failure, after Katz et al. (2001). The deformation modulus
decreases significantly for the quartzite after 20% of the total strain, with values dropping
from ~80 GPa to below 10 GPa. This trend of the deformation modulus is similar to the
behavior of Mount Scott granite described by Katz and Reches (2004), who showed that
this damage is associated with formation and dilation of micro-fractures. The deformation
modulus of the cataclasite decreases only slightly with increasing strain, indicating that it
behaves more brittle by with less damage, with respect to the stronger and more damaged

quartzite.

The main fault-zone that developed within quartzite samples is a few mm wide zone
of complex fault-branches, along which white ‘rock flour’ is generated (Fig. 3.13). The
rock flour has a similar appearance as observed along the M2.2 rupture. The main fault-
zone within cataclasite samples typically generates a narrow zone, less thenl mm thick,
with only very few branches, along which minor amounts of white rock flour is

generated.
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Figure 3.12: Characteristic results for the experiments, under confining pressure of 20
MPa. (A) Differential stress vs. strain for quartzite sample Nel08 displays strain
hardening before failure (blue) with significant volumetric strain (red) into the
extensional (positive) strain field. (B) Differential stress vs. strain for cataclasite
sample Nel35 displays linear elastic behavior without strain hardening and only minor
volumetric strain (compressive). (C) Deformation modulus for both the quartzite
(Nel08) and cataclasite (Nel35) after Katz et al. (2001). The deformation modulus for
the quartzite decreases significantly with increasing strain, starting at 20% of the total
strain, from 80 to 10 GPa. The deformation modulus of the cataclasite decreases only
slightly at 80% of the total strain.
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Figure 3.13: Damage within samples after experiments under 20 MPa confining
pressure. The quartzite displays significant off-fault damage highlighted by the blue
epoxy that filled the micro-fractures. Branches from the main fault die out within axial
fractures within quartz grains. The cataclasite displays a narrow fault with minor off-
fault damage. The main fault developed parallel to the poorly developed foliation
within the matrix. Thin sections are displayed in plane-polarized light.
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The extensive damage in the quartzite, and it relation to the formation of micro-
fractures, is observed in thin sections of the failed samples for both rock types after
experiments under 20 MPa confining pressure (Fig. 3.13). Significant numbers of off-
fault micro-fractures (blue epoxy) appear in the quartzite, with multiple branches from
axial fractures into individual quartz grains. These axial fractures form during loading
and contribute to the strain-hardening and volumetric expansion of the sample. On the
other hand, thin sections of the cataclasite display a narrow fault-zone with only minor
off-fault damage (no blue epoxy). Quartz clasts within the cataclasite remain undamaged
and no axial fractures are observed. The main fault within the cataclasite developed

parallel to the ancient foliation within it (Fig. 3.13).

TESTING THE CONTACT OF QUARTZITE-CATACLASITE

A single experiment was conducted on an oversized sample (12.7 x 4.27 cm) that
contains the cataclasite in contact with the quartzite. The contact is oriented at 33° to the
long axis of the sample. The experiment was conducted under a confining pressure of 60
MPa. Fig. 3.14 illustrates thin sections through the sample after failure. The main fracture
developed dominantly along the contact of the quartzite and the cataclasite (Figs. 3.14a
and 3.14b). It consists of a zone of branching secondary fractures that dies out into axial
fractures within single quartz grains, as displayed in close-ups of the thin section (Figs.
3.14c and 3.14d). Significant off-fault damage occurs within the quartzite forming axial
fractures within the grains, that eventually link together to form through going fractures,
near the contact with the cataclasite. The cataclasite, though twice as weak as the

quartzite, remains visually undamaged. The density of damaged and dilating quartz
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Figure 3.14: Section through the sample with quartzite-cataclasite contact. The
experiment was done under 60 MPa confining pressure. The sample size is 12.7 x 4.27
cm. (A) The sample after failure, displays development of white rock flour,
dominantly along the quartzite-cataclasite contact. (B) Oversized thin section displays
localization of the main fault (blue epoxy) along the contact. The main fault displays
several branching zones up to several mm thick. (C and D) Close-up of fault branches,
with significant off-fault damage into the quartzite. Axial fractures within the quartz
grains significantly increase towards the contact and link up to eventually form the
main fault.
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grains increases towards the main fracture, similar to the observations in the experiments

of the quartzite samples (Fig. 3.13).

A striking similarity was noted with the field observations. Mapping the M2.2 rupture
indicates that the rupture dominantly localized along the contact of the quartzite and
cataclasite, characterized by generation of rock flour (Figs. 3.5 and 3.6), while damage
within the cataclasite was rarely observed. The experiment described above displays
similar localization of slip at the contact (Fig. 3.14a) with the generation of white rock
flour along branching faults. Thin sections display increasing damage by axial fractures
within quartz grains, towards the main fracture (Fig. 3.14), while the cataclasite remains
visually undamaged. This suggests that the white rock flour, with similar appearance as
observed along the M2.2 rupture, results from failure of the quartzite and that a similar

mechanism controls the localization of failure in both the field and experiments.

SUMMARY OF ROCK MECHANICS EXPERIMENTS

Experiments on 22 quartzite samples and 8 cataclasite samples from within the
Pretorius fault reveal that the quartzitic host rock, with E = 77 GPa and v = 0.21, is about
twice as strong as the cataclastic fault rock, with E = 52 GPa and v = 0.23. The quartzite
displays significant strain-hardening with associated dilation by micro-fractures, where
the cataclasite is more brittle with no apparent micro-fracture damage. The contact
between the quartzite and cataclasite, tested in one experiment, displays similar
localization of failure at the contact as was observed in the field, with major damage of

the quartzite near the contact and only minor visible damage within the cataclasite.

81



MECHANISM OF SLIP LOCALIZATION

CONCEPT

A 2D finite element model (FE) was developed to investigate the role of mechanical
heterogeneity within the Pretorius fault on slip localization processes. Underground
observations of the M2.2 rupture reveal that slip was localized along the contact between
the quartzitic host rock and the cataclasite of the pre-existing Pretorius fault. The
mechanisms leading to this localization remain unclear from field observations. The rock
mechanics experiments on the cataclasite and the quartzite within the fault-zone indicate
a mechanical difference between the brittle, linear elastic cataclasite and the stronger, less
brittle, quartzite with strain-hardening due to micro-fracturing. A 2D FE model was used
to investigate how the presence of this mechanical contrast affects the stress and strain
distribution along idealized fault geometry, and if it control mechanisms of slip

localization.

FE MODEL

In the model, a pre-existing segment of the Pretorius fault is idealized by a thin
elongated elliptical inclusion, with an aspect ratio of 1:0.02, embedded in a medium with
dimensions of 100 x 100 meters. The long axis of the ellipse is oriented at 45° to the x-
axis (Fig. 3.15a). The material properties assigned to the medium and embedded ellipse
reflect the properties derived from the rock mechanics experiments on the samples within
the Pretorius fault. The ellipse is modeled by an isotropic linear elastic material with E =

77 GPa and v = 0.23. The strain-hardening of the quartzite is modeled by a combination
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Figure 3.15: 2D FE model, with idealized elliptical fault geometry. (A) The
dimensions and boundary conditions of the model. The elongated ellipse is oriented
45° with respect to the x-axis. The 3-node linear plane strain triangular mesh is refined
towards the ellipse and towards the tips of the ellipse. Boundary displacement of 0.8%
shortening in the x-direction and 0.4% extension in the y-direction is applied to
generate shear along the ellipse. (B) Stress vs. strain relation between elements away
from the elipse (blue) and rock mechanics experiments on sample NELO8 (red).
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of isotropic elastic material with isotropic plastic hardening. Yield stresses with
associated plastic strain values are determined from the rock mechanics stress-strain
curves to simulate the experimental results up to the point of failure. The post-peak
behavior of the quartzite is ignored in this analysis, and modeled by perfect plastic
behavior for maximum stress of 350 MPa. There is a fit between the stress-strain relation
for the medium, away from the ellipse, and the quartzite from rock mechanics

experiments (Fig. 3.15b).

Arbitrary generic plane-strain displacement boundary conditions are applied on the
edges of the medium with 0.8% shortening in the x-direction and 0.4% extension in the
y-direction. The displacement field in combination with the orientation of the ellipse

generates shear stresses along the edge of the ellipse.

The model uses a 3-node linear plane strain triangular mesh was used with reduced
mesh size towards the tips of the elliptical inclusion. The problem is solved in

Abaqus/CAE Standard solver (Student edition V 6.7) in 100,000 incremental time steps.

MODEL RESULTS

The investigation focused on the effects of non-linear behavior of the medium
(quartzite) on the stress and strain distribution in the vicinity of the ellipsoidal fault
(cataclasite). The total plastic shear strain parallel to the axis of the elliptical inclusion,
though time, represents the permanent shear strain along the fault (Fig. 3.16). Away from
the inclusion, the plastic shear strain increases homogeneously with increasing
displacement. Towards the ellipse however, the plastic shear strain increases locally,
reaching strains of 1.1x10. This value is about 20% higher than the plastic shear strain

away from the inclusion. Fig. 3.17a displays the total fault-parallel plastic shear strain,
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Figure 3.16: Plastic shear strain, parallel to the axis of the elliptical inclusion, though
time. Towards the ellipse, the plastic shear strain increases locally, reaching strains of
1.1x107%. This value is about 20% higher than the plastic shear strain away from the
inclusion. Time steps displayed here are of ~25,000 increments of the total

displacement.
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Figure 3.17: Mechanism of strain localization. (A) Total fault-parallel plastic shear
strain, epsctotal), Minus the fault-parallel plastic shear strain of the medium, €ps(medium),
away from the elliptical inclusion, along profile F-F’. The individual lines represent
10,000 time increments of the total displacement. The associated Mises stress for each
group A to E is giving. The plastic shear strain localizes towards F’, which represents
the edge of the ellipse. (B) Stress vs. strain relation between elements away from the
ellipse (blue) and rock mechanics experiments (red). The groups A to E correspond to
different stages of strain hardening.
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Epstotal), MINUS the fault-parallel plastic shear strain of the medium, gps(medium), away from
the elliptical inclusion, along profile F-F’, with F’ located at the edge of the ellipse.
Different lines represent time steps of 10,000 increments of total displacement, during
which the plastic shear strain localizes towards the elliptical inclusion. For every group,
A through E, the associated von Mises stress within a single element, located at the edge
of the inclusion (highlighted near F’ in Fig. 3.17a), is specified. The relationship of these
groups to the mechanical behavior of the medium is indicated in Fig. 3.17b. Within the
model, no mechanism is specified for strain hardening by plasticity. The rock mechanics
experiments, however, reveal that strain hardening is associated with growth of micro-
fractures within the grains of the quartzite that develop into axial fractures within the
grain and eventually link up to contribute to macroscopic failure (Figs. 3.13, 3.14C and
3.14D). Groups A to E are interpreted to coincide with the following processes observed
in the quartzite (Fig. 3.17):

A) Group A represents the linear-elastic behavior of the medium, without the onset of

plasticity.
B) Group B represent the initiation of plasticity, with minor localization of plastic

shear strain at the edge of the ellipse, coinciding with stable growth of micro-

fractures.

C) Group C represents the increase of strain hardening, during which micro-fractures
grow to develop axial fractures, causing dilation of the quartzite, results in increase

of localization of ¢, along the edge of the ellipse.

D) Group D corresponds to significant strain hardening by unstable crack growth,

close to failure. Most of the localization occurs during this stage (Fig. 3.17a).
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E) Post-peak behavior (Group E in Fig. 3.17), is defined by perfect plasticity at stress
of 350 MPa within the model (Fig. 3.17b), representing permanent shear strain
along a macroscopic fault. During this stage, the fault-parallel shear strain

continues to localize at the edge of the inclusion (Fig. 3.17a).

MAIN FINDINGS FOR THE MECHANISM OF SLIP LOCALIZATION

The model reflects the contrast of the mechanical properties of the Pretorius fault and
demonstrates that the difference in mechanical behavior could lead to strain localization
and failure near the bi-material interface. The onset of localization occurs before failure
and is directly related to strain hardening processes within the damaged zone. Thus, strain
hardening within damaged host rock effectively controls nucleation and slip localization

as observed in the M2.2 event that reactivated the Pretorius fault.

DISCUSSION AND CONCLUSION

EARTHQUAKE RUPTURE ZONE

The characteristic features of the M2.2 2004 rupture zone in TauTona mine are
discussed in relation to similar observed structures observed along ruptures in South
African mines. As mentioned in the Introduction, the present study provides a rare
opportunity to analyze the rupture zone of a single earthquake along a major fault at focal
depth. Other studies that address a similar situation include the analyses of the M4.6,
Matjhabeng earthquake, 1999, along the Dagbreek fault, Welkom, South Africa (Dor et
al., 2001). This event displaces rock bolts up to a distance of 30 - 45 m from the main

Dagbreek fault, indicating a wide rupture zone, mainly within intact rock. This zone is
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characterized by several fine grained and/or clayey, soft fresh gouge zones of 0.5 -5 cm

thick that characterize individual slip surfaces of the M4.6 rupture.

The M2.2 event reactivated an ancient fault that has been dormant for at least 2 Ba.
Furthermore, the region of the Western Deep had subsided at least 10 km (Gibson et al.,
2000b) and underwent low-grade thermal metamorphism, as well as hydrothermal
alteration (Robb et al., 1997). All these events are likely to strengthen the Pretorius fault-
zone and to lithify its fault rocks; these processes could eliminate the effects of the
original deformation associated with slip along the fault. The initial examination of the
Pretorius fault and its cataclasite zones suggested that this fault-zone will fail like an
intact rock body and its rupture zone will be similar to a new fault. This suggestion is
based on rock mechanics tests that indicate that the cataclasite of the Pretorius fault had
re-strengthened to ~50% of the host quartzite strength (Fig. 3.10). The M2.2 rupture
differs from our expectations as follows (see detailed descriptions above):

1) Observed: Almost the entire slip occurred along pre-existing segments (Figs. 3.3 —

3.6).
Expected: Many new fractures across intact rock.

2) Observed: The slipping segments are fairly planar (Fig. 3.3 — 3.5 and 3.6).
Expected: Most segments should be complex and branching; however, complex
networks with multiple small fractures of tensile (Fig. 3.7) or shear character (Figs.
2.8 and 3.8) appear only locally.

3) Observed: The slipping segments are not parallel to each other (Fig. 3.3).

Expected: Sub-parallel segment that conform the present stress field.
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4) Observed: Slip is associated with the formation of gouge layers in thickness from
~ 1 mm to 5 mm composed of fine-grain rock flour (Fig. 3.5 and 3.6).
Expected: As observed: Rock-flour is common to the failure of the quartzite in
South African mines (Dor et al., 2001; McGarr et al., 1979; Olgaard and Brace,

1983; Ortlepp, 2000; Stewart et al., 2001) and in our lab experiments.

5) Observed: Slip is localized along the contacts between the cataclasite of the
ancient fault segment and the quartzitic host rock (Figs. 3.3 - 3.6).
Expected: Such localization was observed in present rock-mechanics experiments

(Fig. 3.14) and several previous works, (e.g., Engelder, 1974).

The most surprising observation, and probably the most important one, is that slip was
localized along preexisting segments, even though the fault was dormant for very long
period. Our rock mechanics experiments and the following finite element modeling,
which were described earlier in this chapter, provide a solution to this apparent paradox.
The experiments illustrate that the cataclasite is relatively weak and highly brittle,
whereas the host rock is relatively strong and with plastic-damage rheology. The
juxtaposition of these two rock properties at the quartzite-cataclasite boundary leads to
plastic strain localization in the host rock at the contact (Fig. 3.16), and possible failure in
the brittle cataclasite (Fig. 3.17). One conclusion is that the mechanical heterogeneity
within the Pretorius fault-zone effectively controls the slip localization, and possibly
nucleation, during the event. As mechanical heterogeneities are common within fault-
zones, (e.g., Caine, 1996) one can postulate that these heterogeneities, and not necessarily
the absolute strength, control the localization and reactivation of the preexisting

segments.
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The significance of the local stress field and the formation of rock flour are discussed

in Ch. 4.
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Chapter 4:

Stress and Energetics of the M2.2 Event, TauTona Mine, South Africa

INTRODUCTION

The M2.2 earthquake reactivated several segments of the Pretorius fault-zone in
TauTona mine, South Africa, as described in Ch. 3. This chapter focuses on the stress

field associated with the rupture and the energy balance of this event.

The constraint on the state of stress at fault-zones is central to the understanding of
earthquake mechanics (Scholz, 2002). Faulting theories (Anderson, 1951) that are based
on laboratory observations are commonly applied to upper crust faults, even though the
stresses close to active faults are poorly constraint (Zoback et al., 1987). The state of
stress in the vicinity of active faults was estimated from borehole failures and earthquake
inversion (Hickman and Zoback, 2004; Townend and Zoback, 2004; Yamamoto et al.,
2000; Zoback et al., 1987; Zoback et al., 1989). Yet, stress data close to active fault are
relatively rare, and often the state of stress is interpolated from far-field measurements.
The first part of this chapter presents the stress state in TauTona mine based on borehole
failure observations; some of the boreholes are located as close as 60 m to the rupture

zone of the M2.2 earthquake.

The second part of this chapter focuses on the estimation of the energy balance of the
M2.2 earthquake along the Pretorius fault by means of combined seismic data, 3D
rupture geometry (Ch. 3), and stress measurements (first part of this chapter). The energy
balance of an earthquake is usually based solely on seismic measurements (e.g.,

Kanamori, 2004). It is generally impossible to verify the seismological results with direct
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geological observations of the rupture zone at focal depth. Wilson et al. (2005) calculated
the fracture energy associated with an earthquake by using the surface area of gouge
generated along the San Andreas Fault and during the M3.7 event that formed a new fault
in Hartebeestfontein gold mine, South Africa. They concluded that the fracture energy,
invested to form gouge powder, is approximately equal to the frictional heat energy that
can be estimated from shear stress and total slip. Chester et al. (2005) analyzed the
fracture energy along the Punchbowl fault, an inactive exhumed segment of the San
Andreas system, with estimated 44 km of displacement. They found a total fracture
energy of 700 MJ/m? during an estimated 10,000 earthquakes, resulting in 0.07 MJ/m? for
a single earthquake. Ma et al. (2006) estimated the energetics of the M7.7 Chi-Chi
earthquake along the Chelungpu-fault, Taiwan. They estimate 4.3 MJ/m? of fracture
energy from the 2-cm MSZ, which accommodated estimated 6-7 earthquakes, resulting in
0.65 MJ/m? for a single earthquake, contributing about 6% to the earthquake breakdown
work. Although this analysis combined seismic data with geological observations, it has

limited observations of slip surface geometry, observed within a drilling core.

RUPTURE ZONE OF THE M2.2 EARTHQUAKE, 2004

THE PRETORIUS FAULT

The present study is conducted in the TauTona mine, located in the Western Deep
Levels of the Witwatersrand Basin, South Africa (Fig. 3.1). The tectonic setting of the
study area and the structure of the Pretorius fault-zone were presented in Chapter 2; the
characteristics of the rupture zone of the M2.2 event were presented in Chapter 3. Only

their main features are outlined here.
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The Pretorius fault is a 10 km long, ENE trending, oblique, right-lateral fault forming
a sub-vertical fault-zone (Ch. 2). The fault has right-lateral displacement of about 200 m,
and vertical displacement of 30-100 m. In TauTona mine, the fault cuts a sequence of
quartzitic rocks. The fault-zone itself has a complex structure with tens of segments that
form a 25 — 30 m wide network of cross-cutting and anastomosing faults and fractures
(Ch. 2). The segments are dominantly east-west striking, steeply dipping (40°-90°),
quasi-planar surfaces that crosscut, intersect and branch from each other. Some of the
segments are activated bedding surfaces that dip ~22° southward. Most of the segments
contain a massive, highly cohesive and green to gray quartzitic cataclasite that varies in
thicknesses from a few millimeters to tens of centimeters (Ch. 2). This cataclasite
contains abundant clasts of light gray to dark gray, fine to very coarse grained quartzite

up 0.5 m in diameter.

MAIN FEATURES OF THE RUPTURE-ZONE

On December 12, 2004, an M2.2 event reactivated part of the Pretorius fault. The
rupture-zone of this event was recognized by (Ch. 3): (1) intense local damage to a few
tunnels; (2) formation of fresh, white gouge (rock flour) along several segments in the
fault-zone; and (3) displacement of rock-bolts that were intersected by the slipping fault
segments. The rupture-zone was mapped in two setting: in tunnels that were excavated
prior to the events and in a tunnels that was excavated through the rupture-zone about six
months after the events. A cross section of the structure of the rupture, including its trace
within the 120-MM-tunnel, is illustrated in Fig. 3.3. The main features of our three-

dimensional mapping (Ch. 3) are the following:
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Slip occurred along four large, quasi-planer, preexisting segments of the

Pretorius fault (Fig. 3.3)

Slip, as identified by the presence of zones of fresh gouge, was almost
exclusively localized along the contacts between the cataclasite in the ancient

segment and the host rock (Figs. 3.4, 3.5 and 3.6, Ch. 3).

Locally, the slipping segment display complex networks with multiple small

fractures of tensile (Fig. 3.7, Ch. 3) or shear character (Fig. 2.8 and 3.8, Ch. 3).
Maximum measured shear displacement was 25 mm in oblique, normal slip.

Gouge zones range in thickness from ~ 1 mm to 5 mm at a given position. These
values indicate wear-rates of at least 0.4 mm®N-m. Wear-rate is calculated here
by [(volume of wear products) / (area of sliding surfaces)] / [normal stress -slip

distance].

IN-SITU STATE OF STRESS

The perturbations of the in-situ stress field by large scale mining activities at depths

down to 3.6 km are the main source for seismic activity in the mines. McGarr et al.

(1975) showed that most seismicity is directly related to significant stress perturbations at

the mining face. The M2.2 rupture is located within an area of complex tunnel networks,

only ~20 m underneath the mined reef (Fig. 2.2). Determination of the stresses associated

with the M2.2 rupture requires the knowledge of the far field (regional) in-situ stress

around TauTone mine, as well as the local stress field near the rupture. Constraining the

far field stress forms an important part of the NELSAM program and improves the safety
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within the mine as it can contribute to the prediction of stability during development of
mining activities.

The regional in-situ stress at the TauTona mine was determined by borehole breakout
observations within a sub-horizontal borehole drilled at 3.5 km depth. These data were
analyzed in combination with boundary element modeling (Lucier et al., 2009). The local
state of stress near the M2.2 rupture was determined from borehole breakouts in three
vertical boreholes drilled at 3.6 km depth, as close as 60 m from the rupture-zone. The
stress tensor is calculated by combining the borehole observations with the geometry of
the rupture and boundary element modeling. Finally, this stress tensor was used to

calculate the shear and normal stress associated with the M2.2 rupture.

REGIONAL IN-SITU STRESS

The Witwatersrand Basin forms part of the cratonic crust of South Africa. McGarr and
Gay (1978) showed that the crust in South Africa is under a normal faulting regime such
that Sy > SHmax > Shmin. LOcally, in TauTona mine, in-situ stress measurements where
conducted in the shaft pillar at a depth of 2,361 m. The measurement were conducted
following the overcoring technique (Cartwright and Walker, 2000). They found that the
maximum principal stress (o1) deviated 20° from vertical, and plunged to the NNW with
a vertical gradient of 36 MPa/km. The intermediate principal stress (c,) deviated 20°
from horizontal in the SSE direction with a vertical gradient of 19 MPa/km. The
minimum principal stress (o3) was nearly horizontal in the WSW direction with a vertical

gradient of 10 MPa/km.
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Far field stress determination

Lucier et al. (2009) estimated the regional stress state that is unaffected by mining
operations. To do so, a 418 m long borehole image log was collected in a sub-horizontal
borehole that was drilled at a depth of 3.5 km (LIC118 borehole in Fig. 4.1), several
hundreds of meters from the active mining area. This borehole trends to the east and was
logged with a Digital Optical TeleViewer camera (DOPTV made by Robertson
Geologging, UK). Lucier et al. (2009) analyzed the borehole breakouts, starting at a
measured depth of 35 m and continued throughout the entire length of the borehole (Fig.
4.1). A large scale rotation of the position of the boreholes and a change in borehole
width occurs at 150 m depth. After this depth the orientation and width stay consistent,
suggesting that the borehole reaches the far field stress (Lucier et al., 2009).

The stress field responsible for the observed breakouts within the LIC118 borehole
was constrained by Lucier et al. (2009) following an iterative forward modeling with 3D
boundary element modeling. The modeling was directed to examine the effects of mining
geometry and the timing of active mining steps on the perturbation of the regional stress
field. The results of this study (Fig 4.2) displays a well constrained regional stress field
with the maximum principal stress (c1) deviated 0-20° from vertical, plunging towards
the NNW and a magnitude gradient ranging from 26.7 to 27.3 MPa/km. The intermediate
principal stress (o) is inclined 0-20° from horizontal plunging towards an azimuth of
157° and 168° with a magnitude gradient between 21 and 26 MPa/km. The least principal
stress (o3) is inclined 0-10° down from horizontal towards an azimuth between 235° and

258°, with a magnitude gradient between 12.9 and 15.5 MPa/km.
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Figure 4.1: Borehole breakouts observed in 418 m of borehole image of LIC118, a
sub-horizontal borehole drilled towards the east. Borehole breakouts are present from
35 m measured depth and continue for the entire borehole length. Large scale rotation
and variation in width of the borehole breakouts occurs at a 150 m after which the
orientation and width is consistent (Lucier at al., 2009)
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Figure 4.2: Orientations of the far-field stress and representative magnitudes. The
range of acceptable principal stress orientations is illustrated in the green-shaded
regions (Lucier et al., 2009).
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This stress state is of normal faulting regime as suggested by McGarr and Gay (1978),
with principal stresses that deviate slightly from vertical and horizontal, and with a

maximum horizontal stress magnitude that approaches the vertical stress magnitude.

STRESS STATE CLOSE TO THE RUPTURE ZONE

Estimation of the local in-situ stresses in the region of the exposed rupture surface of
the M2.2 event is based on borehole breakouts in shallow boreholes located within 60 m
horizontally and 15 m vertically of the exposed rupture. The three vertical boreholes
(holes 10, 13 and 9 in Fig. 3.9) are up to 11.5 m deep with a diameter of 75 mm and
vertical deviations up to 1.5°. They were logged with the Digital Optical TeleViewer
camera. Clear stress indicators are observed within hole 10 and 13, whereas hole 9 did

not reveal borehole failure.

Hole 10 images reveal several breakout zones with cumulative length of 2.6 m (out of
10.02 m total log). Most of the breakouts are in the incipient stage: minor amount of
spalling, partly discontinuous, and with widths that range from a few degrees to ~ 20°.
While these breakouts are poorly developed, they are distinct: 180° between the two
sides, consistent trends, and restricted to limited blocks bounded by faults (BO in Fig.
4.3a). Two types of drilling-induced tensile fracture appear in hole 10. One is about 1 m
tall and centered at a depth of about 9.1 m below the tunnel floor (DITF in Fig. 4.3a). It is
a narrow, dark vertical (axial) feature, bisecting the interval between the breakouts and
limited to one block with the two segments are at 184° to each other. The second is
poorly developed below the fault-zone at the termination of the axial DITF, forming en-

échelon pattern of DITF (Fig. 4.3a).
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Figure 4.3: Borehole failure in image logs of short boreholes within the NELSAM site.
(A) Borehole image log of hole 10 displays poorly developed borehole breakouts (BO)
and well developed vertical axial planar drilling induced tensile fractures (DITF) as
well as inclined, en échelon DITF at the bottom of the image. BO and DITF are
bounded by fault-zones. (B)Borehole image log of hole 13 displays well developed
borehole breakouts (BO). Some breakouts terminate abruptly against fault-zones and
bedding surfaces.
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Hole 13 images reveal several zones of well developed breakouts with cumulative
length of 2.87 m (Fig. 4.3b) The breakouts are continuous within a given layer or block
and range in width from 32° to 40°, accompanied with significant spalling. Some of the

breakouts terminate abruptly against fault-zones and bedding surfaces.

The observed gaps in occurrence of breakouts and/or slight rotations of the
orientations of the breakouts are bounded by faults or bedding surfaces observed in the
boreholes. Previous work has shown that localized rotations and interruptions of
breakouts are associated with local stress perturbations from recent slip on nearby faults
(Barton and Zoback, 1994; Lucier et al., 2009). This suggests that some fractures and
bedding planes within the NELSAM area were recently active, perturbing the local stress
field. The poorly developed en-échelon DITF in Fig. 4.3 is separated from the axial DITF
by a fault-zone. Occurrence of axial DITF is evidence that one of the principal stresses is
parallel to the axis of the borehole (Peska and Zoback, 1995). The en-échelon DITF
suggests a local change in the orientation of one of the principal stresses, most likely S,,
of a few degrees, suggesting recent slip along the faults that separate the two different

DITF.

A total of 11 breakout zones in both boreholes and a DITF in hole 10 were observed.
The average trend of the breakouts is 243.5°+7.7°. This indicated that Symax trends
333.5°, which is in good agreement with the measured trend of the DITF that trends at
336°.

The magnitudes of the in-situ stresses are determined from the observed borehole

failures following the method of Zoback et al. (2003). The method is based on effective

hoop stress (ce) and the radial stress (o) at the wellbore wall, and the effective stress
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parallel to the axis of a vertical borehole (c,;) and the modified Kirsch equations (Kirsch,
1898):

099= Shmin + Sumax — 2(Stmax — Shmin) €05 20 — 2P, — AP — g7

o= AP

022= Sy — 2V(Spmax — Shmin) €0s 20 — P, — a7

where Spmin and Spmax are the minimum and maximum horizontal stress components
respectively, 0 is the angle measured from the azimuth of Symax, Pp is the pore pressure,
AP is the difference between the pressure within the borehole and the pore pressure, v is
Poisson’s ratio and ¢*" represents the thermal stress due to the difference between the
temperature inside the borehole and the formation. The thermal stress can be described
by:

o2T= (a,EAT)/(1 —v)

where qo; is the thermal expansion coefficient of the formation and E is the Young’s
modulus (Zoback et al., 2003).

Fig. 4.4a illustrates the circumferential effective stresses at the borehole walls for the
following conditions: borehole internal pressure = 3.8 MPa (water pressure directly
measured at the drill); pore pressure = 0 (for the very tight quartzite); AT = 25°C
(estimated temperature difference between the water and the rock); Young’s modulus =
77 GPa (rock mechanics experiments, Ch. 3); Poisson’s ratio = 0.21; o; = 7.1*10°®
(crystalline quartz); Sy = 97 MPa (3.6 km of overburden with a density of 2700 kg/m°).

The magnitudes of the in-situ stresses is estimated for the section of hole 10 that includes

both the DITF and the poorly developed breakouts. The calculations were done in a
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Figure 4.4: Stress calculations from boreholes close to the rupture zone. (A)
Circumferential effective stress around the wall (after Zoback at al., 2003) of the
vertical hole 10 for conditions: borehole internal pressure = 3.8 MPa; pore pressure =
0; AT = 25°C; Young’s modulus = 77 GPa; Poisson’s ratio = 0.21; o = 7.1*10°®%; Sy =
97 MPa. The stresses displayed satisfy the observed breakouts with half-width 10° and
the occurrence of drilling induced tensile fractures (DITF) for uniaxial compressive
strength (C,) of 207 MPa and tensile strength (T,) of 26 MPa. (B) Range of
magnitudes of in-situ stresses for hole 10 for a range of uniaxial compressive and
tensile strength. The calculations are based on the method described in (A).
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forward manner by “trial and error” of stress magnitudes that best fit, simultaneously, the
breakout width of 20° and the presence of the DITF observations for a range of uniaxial
compressive and tensile strengths (see Fig. 4.4b). Our experiments on quartzite samples
of the Pretorius fault indicate uniaxial strength of 207 MPa (Fig. 3.10a, Ch. 3). Following
Jaeger and Cook (1976) it is assumed that the uniaxial compressive strength (C,) relates

to the tensile strength (T,) as:
C,= 8T,
Using C,= 207 MPa and T,= 26 MPa results in maximum and minimum horizontal stress

with magnitude of ~90 MPa and ~30 MPa respectively (Fig. 4.4b). One should note

however that the solution depend on the rock strength.

The observations of well developed breakouts in hole 13 with a width up to 40° and
the lack of borehole failure within hole 9 were used to further constrain the magnitude of
the stress field within the area of the M2.2 event, following the same technique. The
results indicate constrains of the horizontal stresses such that Spmin = 30-36 MPa and
Shmax = 70-94 MPa, for reasonable range of uniaxial compressive strength and tensile
strength of the Witwatersrand Basin quartzites (Table 4.1). The fact that the in-situ
stresses for all 3 boreholes have similar orientations and that the magnitudes are
constrained to a small range, suggest that the in-situ stresses listed in Table 4.1 closely
represent the local in-situ stress field within the vicinity of all three boreholes, including

the M2.2 rupture.
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Magnitude (MPa) | Plunge (°) | Trend (°)

SHmax 70 - 94 O 335
Shmin 30-36 0 245
Sv 94 90 0

Table 4.1: Local in-situ stress state determined from borehole failure observed in holes
9, 10 and 13.

Modeled mining-induced stress tensor

The mining induced stress tensor, [oij]m was calculated at the locations of hole 13 and
10 with the boundary-element program MAP3D (Murphy, personal communication).
This stress tensor lists the state of stress at the boreholes based on the stress perturbation
due to mining activity on the overburden stresses. The calculations were done for the
layout and mining progress of the mine at the time of December 12, 2004, using
Poisson’s ratio of 0.2, and without tectonic stress. The results are averaged over a
borehole depth of 3-10 meters, similar to the depth of the observed breakouts. The
results for [oij]m, listed in Table 4.2, suggest a relatively small Sy with respect to Symax.
The reduction of Sy is related to the mining of the gold reef ~40 m above the tunnels
from which the boreholes were drilled. In addition, the results of [oij]m suggest that Shmax

is similar in orientation to the Symax Orientation determined from the breakout analysis.
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Magnitude
Plunge (°) | Trend (°)
(MPa)
o1 59 32 350
G2 45 42 117
03 32 29 239
Shmax 54 0 160
Shmin 36 0 250
Sv 46 90 0

Table 4.2: Mining induced stress tensor, calculated at the locations of hole 13 and 10
with the boundary-element program MAP3D. Calculations are averaged over a
borehole depth of 3 -10 m.

Best fit stress tensor

Three independent observations are described that are related to the stress state within
the area of the M2.2 rupture; the geometry of the rupture with slip direction, in-situ
stresses from borehole images, and the mining induced stress tensor. Our objective below

is to determine the in-situ stress tensor [oj]r that best fits all three observations. The

following is assumed:

1. The state of stress at the proximity of the rupture zone can be represented by one

stress tensor.

2. The Shmin is approximately equal to o3, and thus o3 is oriented 245° and its

magnitude ranges 30 — 36 MPa (above discussion).
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3. The Spmax is oriented 335° and its magnitude ranges 70 — 94 MPa (above
discussion).

4. The calculated mining induced stresses [oj]m, indicate that Sy is relatively small
with respect to Sumax. FOr this reason, | search for a [oij]r for which the ratio of
Stmax / Sv is largest.

5. The direction of maximum shear stress on the rupture, under [cjj]r, is close to

15°/240°, which is the measured slip direction of this event.

6.  The resulting shear stress (t) and normal stress (o) on the rupture surface,

calculated from [oj]r, has the highest ratio of t/oy.

The search is limited for horizontal o3 in a 245° trend (condition 2 above). As the
principal stresses o; and o are located within a plane which is perpendicular to o3, they
are restricted to a vertical plane striking 335°. All possible permutations of magnitude
and orientation of o1 and o, with constant o3 = 30 MPa, are substituted into [ojj]r. For
each of the permutations, the predicted slip along the fault surface 43°/167° is calculated.
The angle between this predicted slip direction and the observed slip from field
observations is the misfit angle, a, from condition 5 above.

First, the numerical values for the ratio of Symax / Sy are calculated for the condition 4,
the ratio 1/a of condition 5 and the ratio t/c, of condition 6, for a range of possible
orientations and magnitudes of principal stresses in [cjj]r. Next, each ratio is normalized
by its maximum value, providing equal weight of the three conditions 4, 5 and 6. To

simultaneously optimize the three conditions, the factor K is defined as:

1 1 o
K= —+—+ Hmax
a (% oy
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The solutions with the highest optimizing factor K represents the best fit for the
conditions 4 — 6 simultaneously. Fig. 4.5 displays the optimizing K factor as a function of
the plunge of maximum compression (o1) and the stress ratio ¢, where ¢= (62-03) / (01-
o3). A wide range of solutions are found with high K values (K > 2). The best-fit solution
was selected by taking 24 tensors with the largest K values (2.100 < K < 2.138). From
this group 12 tensors with the largest ratio Symax / Sv were separated in order to be most
conform with the MAP3D solution, suggesting a relatively low vertical stress. The
solutions enclosed in the red contour (Fig. 4.5) have K > 2.10 and the lower Spmax / Sv
ratio. The average solution within the red contour is the best fit tensor [oij]r (black circle
with error bars in Fig. 4.5) and is listed in Table 4.3. Fig. 4.6 displays the mining induced

stress [oij]m and the best fit tensor[cij]r in a stereographic projection.

Magnitude Plunge (°) Trend (°)
o1 86 + 8 MPa 60 - 110 155 and 335
02 69 + 8 MPa 0-30and 150 -180 | 155and 335
o3 30 MPa 0 245
SHmax 74 £ 6 MPa 0 335
Shmin 30 MPa 0 245
Sv 80+ 7 MPa 90 0
o < 14°
oy 0.11-0.13

Table 4.3: Best fit tensor displays the average of the solutions, with values for the
optimization factor K > 2.10, that satisfy the conditions described in the text.
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Figure 4.5: Optimization factor K to find the best fit stress tensor. The K factor
optimized the conditions discussed in the text. Contours display 24 tensors with
highest K values (2.100 < K < 2.138) for given stress ratio vs. plunge of o;. The
solution enclosed in the red contour have K > 2.10 and the lower Symax / Sy ratio. The
black circle represents the average solution within the red contour, with error bars, and
is the best fit tensor..
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Figure 4.6: The mining induced stress [cij]m, in red, and the best fit tensor[cij]r, in
green, in stereographic projection. The dashed green line displays the range of
orientations for the best fit tensor that satisfy the conditions discussed in the text.
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Stress on rupture segments

The observations from the borehole failures imply that Symax IS oriented semi-
perpendicular to the Pretorius fault, and to the trend of the surfaces that slipped during the
M2.2 event. This suggests that they are to be locked instead of critically stressed, due to
the high magnitude and perpendicular orientation of Symax. This hypothesis was
investigated by calculating the normal and shear stresses on the slipped surfaces by

combining the best fit stress tensor [oj]r With the rupture geometry.

All accepted solution for the best fit tensor, [ojj]r, indicate low shear stresses in the
observed direction of slip along the reactivated surface A (43°/167°), with /6, = 0.11 -
0.13. The optimized slip direction along surface A for [cjj]r results in a ratio t/c, = 0.14,
with t = 10.7 MPa and o, = 77.3 MPa. The calculated misfit angle between the predicted
optimized slip direction and the observed slip direction, for the highest shear stress
solution, is 11°. This suggests that the observed slip direction confirms with the estimated
in-situ stress field for surface A, but that slip occurred under significantly low shear

stress.

No evidence for a slip direction of the M2.2 rupture along surface B and C was
observed during the underground mapping. However, secondary structures suggest a
normal slip component along both segments. The calculated slip direction for [cij]r
indicates normal-dextral slip along surface B and normal-sinistral slip along surface C.
The highest ratio of t/o, along surface B and C, consistent with a normal slip component
under the state of stress of [ojj]r, results in ratios for t/c, of 0.11 and 0.13 respectively.

The range of values for the shear stress (t) and the normal stress (o) over all three
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slipped surfaces under the state of stress of [oj]r, conform with the observed slip

directions, are t = 3.7-10.7 MPa and o, = 66.9-83.9 MPa.

Our findings for the best fit tensor in the area of the exposed rupture and hole 9, 10
and 13 indicate that slip occurred under low ratio of shear stress to normal stress. This
suggests that either significant weakening occurred during the M2.2 rupture, or that the
failure was controlled by the geometry of the mine opening rather then by the in-situ

stress.

MAIN FINDINGS OF THE IN-SITU STATE OF STRESS

The in-situ stresses, calculated in 3 boreholes in the vicinity of the M2.2 rupture, have
similar orientations and magnitudes, suggesting that this closely represents the local in-
situ stress field (Table 4.1) within the vicinity of all three boreholes, including the M2.2
rupture. The orientations of the local in-situ stress field are similar to the orientations of
the far field in-situ stress (Fig. 4.2). The best fit stress tensor in the area of the exposed
rupture (Table 4.3), conform with borehole failure observations, boundary element model
calculations and observed rake of slip along the M2.2 rupture, suggests that slip occurred

under significantly low shear stress, with maximum t/c, = 0.14.

ENERGY BALANCE OF THE M2.2 EARTHQUAKE

During an earthquake, the potential energy (AW), a combination of the elastic strain
energy and gravitational energy, is released through radiation energy (Eg), frictional heat

energy (En) and fracture energy (Eg) following (Kanamori, 2004; Scholz, 2002):

AW=ER +EH +EG
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The details of the magnitude of each energy term, the energy partitioning, and its
variation with earthquake magnitude and tectonic setting, are not well constrained (Beeler
et al., 2003; Chester et al., 2005; Kanamori, 2004). The unique situation of the exposed
rupture surface of a single earthquake, in combination with its seismic signal and nearby
stress measurements, allows estimation of the energy partitioning during the M2.2 event.

The total potential energy can be estimated from a combination of field observations
with the seismic moment, M,, following (Beeler et al., 2003):

TCLMO
W =
G

where 1, represents the average shear stress along the fault and G the shear modulus. The
shear modulus for the quartzites is derived from our rock mechanics experiments (Ch. 3),
as 32 GPa. The seismic moment M, of the rupture is calculated to be 2.6 x 10> Nm based
on the ISSI seismic network, with an estimated rupture area of 2900 m? (Boettcher et al.,
2006). Assuming a shear stress along the fault of t = 3.7 - 10.7 MPa (range of resulting
shear stress based on the local in-situ best fit stress tensor [oij]r), the calculated potential

energy (W) for the M2.2 rupture is 300 to 870 MJ.

The radiation energy (Er) of the event was calculated from the seismic data (Boettcher
et al., 2006) following the method of Haskell (1964). The results suggest that Eg
significantly decreases with the distance from the source, due to inelastic attenuation and
scattering. It is generally accepted that the radiation energy of an earthquake only
contributes about 6% of the total potential energy (McGarr, 1999). Our estimated
radiation energy Er = 20-40 MJ (Boettcher et al., 2006) for the M2.2 event, suggests 2 -

13% of the total potential energy is lost by radiation.
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The frictional heat energy is equal to the work done to overcome the fault frictional
resistance (Scholz, 2002). The frictional work associated with the M2.2 rupture is
estimated following:

Ey =1tdA

where 1 is the shear stress, d the average displacement along the fault and A the area of
the rupture (Reches and Dewers, 2005). The shear stress, determined above, is 3.7 — 10.7
MPa. The average displacement is assumed to equal the measured displacement of 25
mm (Ch. 3). Using the rupture area calculated from the seismic data of 2900 m?
(Boettcher et al., 2006), which fits within the range of rupture area derived from field
observations of 280 — 3375 m? (Ch. 3), a heat energy of E = 260 — 780 MJ is estimated
for the 25 mm of observed slip. This estimation is based on the assumption of constant
shear stress along all three reactivated segments, even though evidence for displacement
was found only along segment A. By this calculation, the estimated heat energy accounts

for at least 30% to the total potential energy of the earthquake.

The fracture energy represents the generation of new surface area in the gouge powder
and fractures (Wilson, 2005). For a tensile fracture in a brittle material, the specific
fracture energy is nearly equivalent to the surface energy of the fracture (Brace and
Walsh, 1962; Friedman et al., 1972). The cumulative surface energy of a fault gouge can
be used as an estimate for the fracture energy of the earthquake (Chester et al., 2005;
Wilson et al., 2005). Previously the assumption was made that the gouge surface energy
has a negligible contribution to the earthquake energy budget (Andrews, 2005; Heaton,
1990; Chester et al., 2004). Wilson et al. (2005) showed that gouge formation of

earthquakes can encounter for 50% or more of the total earthquake energy. They
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analyzed the particle size distribution of fault gouge from another rupture zone, the
Bosman fault, in the Hartebeestfontein mine in South Africa, and pulverized rocks from
the San Andreas Fault at Tejon Pass, California. They found that grains are in nano-sized

primary scale with surface area up to 100 m?/g.

The gouge that formed during the M2.2 event is identical in appearance to the fresh
ultra-fine gouge observed along the Bosman fault and elsewhere in ruptures within the
mine (Wilson et al., 2005). Both earthquakes generated ultra-fine white fresh rock flour
from similar host rocks (Witwatersrand quartzite). A similar grain size distribution is
assumed with a surface area of 80 m?g™* that corresponds to a surface energy of 0.2 — 0.36
MJ per m? for a 1 mm thick gouge zone. Underground mapping of the M2.2 event
revealed fresh gouge formation along 1-5 zones each of 0.5-1 mm thick. To estimate the
minimum Eg, a minimum of 1 zone of gouge along the entire rupture is assumed, with a
minimum thickness of 0.5 mm. Using a rupture area 2900 m?, the estimated fracture
energy for the M2.2 rupture is between 290 — 522 MJ. This estimate does not include
energy consumed by the secondary fractures (e.g. Fig. 3.7, Ch. 3) and off-fault damage

(Ch 3). The estimated fracture energy is approximately equal to frictional heat energy.

MAIN FINDINGS

The earthquake energy partitioning of a single earthquake, the M2.2 rupture, is
estimated by combining filed observations with nearby stress measurements and the
seismic signal. It was found that the fracture energy is at least equal, if not larger, than the
heat energy, contributing for at least a third to the total energy budged of the event. The

contribution of the radiation energy is not more than 13% of the total energy budget.
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DISCUSSION: RUPTURING AND IN-SITU STRESS FIELD

The local in-situ stress field in the vicinity of the exposed rupture was estimated based
on borehole failures of three nearby boreholes, drilled 4-5 months after the M2.2 event of
December 12, 2004. The analysis of the data suggests a homogeneous stress field (Table
4.1) with orientations consistent with the mining induced stress tensor, calculated for the
borehole locations at the time of the rupture. In addition, the orientations are consistent
with the orientations of the far field in-situ stress, estimated from borehole failures in a
borehole that extends several hundreds of meters outside the mining area. This suggests
that the mining operations in the area of the exposed rupture zone do not significantly
affect the orientations of the stresses. Hence, it is assumed that the best fit tensor (Table

4.3) represents the state of stress in the vicinity of the M2.2 event.

The above conclusion leads to an apparent paradox. The underground observations of
the direction of slip along the reactivated surfaces are consistent with the suggested slip
based of the best fit stress tensor [oij]r (Table 4.3). However, the orientation of Spmax iS
oriented roughly perpendicular to the segments, resulting in very low ratio of
shear/normal stress on the slipping surfaces, with maximum t/c, = 0.14. Further, the slip
was localized almost exclusively along ancient segments of the Pretorius fault (Ch.3) that
were healed during a 2 Ba period. It is puzzling how slip occurred along these three
segments simultaneously and why failure did not occur by forming more favorably

oriented, new faults, as occurred in previous cases (Dor et al., 2001; McGarr et al., 1979).

Below five explanations are discussed that could lead to the observed slip during the

M2.2 event, under low shear/normal stress ratio; (1) Quasi-static weakening, (2) Dynamic
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weakening, (3) Stress rotation within the damage zones, (4) Stress perturbation by active

mining, and (5) Earthquake dynamic effects.

1)

2)

3)

Quasi-static weakening. Similar configurations to our observations have been
determined close to the San Andreas Fault, California, where Sumax is at high angle
(60-80°) with respect to active sub-vertical strike slip faults (Rice, 1992; Zoback et
al., 1987), and the active Nojima Fault, Japan, where stress measurements suggests
that Shmax IS oriented almost perpendicular to the active fault trend (YYamamoto et
al., 2000). These observations were explained by inherently weak fault-zone
material (Moore and Rymer, 2007), or high pore fluid pressures (Chester et al.,
1993; Tembe et al., 2009). However, such mechanisms are not applicable to the
Pretorius fault as the fault rock is strong as suggested by the rock mechanics
experiment (Ch. 2), and no evidence found for elevated pore pressure in the

dewatered mining area.

Dynamic weakening. The shear resistance of a fault can be lowered during high
velocity, co-seismic slip rates (Dieterich, 1978), by a thin layer of silica-gel on the
slip surface (Di Toro et al., 2004), shear melting (Mair and Marone, 2000;
Tsutsumi and Shimamoto), pore fluid pressurization (Lachenbruch, 1980), acoustic
fluidization (Melosh, 1996), elastohydrodynamic lubrication (Brodsky and
Kanamori, 2001), and lubrication by a gouge layer (Reches et al., 2009). While
dynamic weakening has been used to explain earthquake instability, it is generally

accepted that slip initiates when the quasi-static friction is exceeded.

Stress rotation within a damage zone. Faulkner et al. (2006) and Healy (2008)

discussed the possibility of local stress rotations near active faults due to the

118



4)

presence of a damage zone. They showed that the reduction of the elastic
properties and preferred crack orientations could rotate 1 as much as 45°. Our
stress measurements are conducted within 3 boreholes that surround the rupture
zone, all within a distance of 60 m from the rupture. This would suggests that if
local stress rotations towards the reactivated surfaces occurred due to the
significant damaged quartzites within the fault-zone, these rotations would have to

concentrate within tens of meter of the rupture.

Stress perturbation by active mining. The complex mining activity in the
vicinity of the M2.2, with two overlapping reef zones (Fig. 2.2) and complex
tunnel geometry, disturb the stress field that could locally change stresses at the
rupture segments. This hypothesis was tested by Lucier (2009), using the
boundary-element program MAP3D. She examined how the stress perturbations
from the mining excavation affect the likelihood of slip on the three reactivated
segments of the M2.2 event (Figs. 4.7 and 4.8). The likelihood of slip was defined
in terms of the Coulomb Failure Function, CFF = 1 - uc,, where t and o, are the
shear and normal stress on a fault plane and p is the sliding friction. If CFF is
positive, the fault is moved towards being critically stressed. The calculations were
done for u = 0.6, at mining configuration before the M2.2 event, mining step 1
(green in Fig. 4.7), which does not include any excavation on the upper reef (Fig.
2.2), and mining step 2 (purple in Fig. 4.7) that represents the beginning of the
mining of the upper reef at the time of the rupture. The results indicate that CFF
resolved for segment C (F1 in Fig. 4.7a), displays area of positive CFF (red colors)

after mining step 1. The area of positive CFF along the segment increases
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Figure 4.7: Modeling the potential for mining-induced seismicity on the F1 fault
(segment C). A.) CFF resolved on F1 after mining step one (green), red colors indicates
positive CFF. B.) CFF resolved on F1 after mining step two (purple). The area of positive
CFF (red colors) is increased relative to that in mining step one (Lucier et al., 2009).
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Figure 4.8: CFF resolved on F2 (segment B) and F3 (segment A) at mining steps one
(left) and two (right). The red colors and light gray indicate the critically stressed areas
of the faults (Lucier et al., 2009).
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5) for mining step 2. The change in CFF between the mining steps suggests that
segment C is more likely to slip, as a result of this change in mining conditions in
the overlaying reef. Fig. 4.8 display the CFF resolved on segment A (F3 in Fig.
4.8) and segment B (F2 in Fig. 4.8) for both mining steps. Although critically
stresses, the areas of positive CFF between the two mining steps does not change
for both segments, suggesting that these segments would not slip as a result of the
change in mining conditions. Therefore, the slip of the M2.2 event could have
nucleated at segment C. A suggested slip direction for the change in CFF was not

calculated.

6) Earthquake dynamic stress field. If a local, small slip occurred within a weak
area in the Pretorius fault, it could dynamically alter the stress field and allow the
M2.2 to slip in unfavorable static stress state. This initial small event could serve
as a trigger to the much larger event. A possible analogue to this scenario was
presented recently by Boettcher et al. (2009) in their analysis of small earthquake
in the Pretorius fault. They show that two “pre-shocks” of M- 3.9 and M- 3.4
preceded an M- 2.7 “‘main-shock’” by a few tens of milliseconds. Analyzing the
dynamic stress field associated with the M2.2 earthquake is beyond the scope of
the present study, but one can speculate that similar “pre-shocks” could activate

the M2.2 earthquake.

The mechanisms proposed above could explain the observed slip along the three
unfavorably oriented segments during the M2.2 event. The most likely scenario for the
M2.2 rupture is nucleation along segment C, which is the main slip zone (MSZ) of the

Pretorius fault (Ch. 2), leading to dynamic stress interaction on the other segments of the
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rupture zone. All three segments underwent dynamic weakening due to gouge formation

and lubrication.

CONCLUSIONS

The stress and energetics associated with the M2.2 event that reactivated several
segments of the Pretorius fault, TauTona mine, South Africa, are analyzed in this chapter.
Borehole failures combined with boundary element modeling, suggest a normal faulting

regime in the vicinity of the TauTona mine (Lucier et al., 2009).

The stress associated with the M2.2 rupture is determined by observations of borehole
failures within three vertical boreholes within 60 m of the rupture exposure. It was found

that:

1) The local stress field in the vicinity of the exposed rupture is determined by the
best fit stress tensor (Table 4.3) that satisfies the observations of drilling induced
tensile fractures and borehole breakouts within 3 vertical boreholes, the geometry
of the rupture surfaces of the M2.2 event, and the mining induced stress tensor,

calculated with MAP3D.

2) The maximum horizontal compressive stress, Spmax, IS oriented semi-perpendicular
to the reactivated surfaces of the M2.2 event, indicating high fault-normal stresses
and low shear stresses resolved along the rupture surfaces. Most likely the M2.2
rupture nucleated along segment C, which is the main slip zone (MSZ) of the
Pretorius fault (Ch. 2), leading to dynamic stress interaction on the other segments

of the rupture zone.
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3) Our estimate of energy balance of the M2.2 earthquake suggests that
seismic radiation consumed 2-13% of the total energy, and fracture energy

(=gouge formation) is roughly equal to the frictional heat energy.
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Chapter 5:
Numerical Simulations of Ramp-Thrust Systems:

Analysis of Rheology and Inter-layer Friction

INTRODUCTION

Ramp-related folds are common structures in fold-and-thrust belts (e.g., Douglas
(1950); Dahlstrom, (1970); Boyer and Elliott, (1982). The ramp-folding model was first
proposed by Rich (1934) to explain the structural features at the Cumberland overthrust
block of the Appalachian orogeny. In his model, a sequence of sedimentary rock moves
along a bedding-parallel horizontal thrust fault that jumps from one level to another
through an inclined ramp (Fig. 5.1a). Rich proposed that this configuration leads to the
development of an anticlinal structure with a flat crestal region (Fig. 5.1a). Rich’s model
has been adopted to describe structures in the Idaho-Wyoming thrust belt (Royse et al.,
1975), the Canadian Rockies (Douglas, 1950), and many folds in the Appalachians
(Harris and Milici, 1977; Mitra, 1988; Rodgers, 1963). In the recent three decades,
several quantitative geometric-kinematic ramp models have provided insight in fault
related fold geometries (Johnson and Berger, 1989; Mitra, 1990; Suppe, 1983). These
models are based on the balanced cross-section concept and seismic interpretations that
include assumptions of layer-parallel shear, kink-type folding and constant bed thickness.
This chapter focuses on the geometry of a single ramp structure with emphasis on the
effects of rock-layers rheology and friction between the layers. The finite element code of

Abaqus was used to study these effects.
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Figure 5.1: Ramp-folding model of a single ramp structure. A) Cross section of the
Cumberland overthrust block of the Appalachians and the suggested model of ramp-
folding of sedimentary rocks that move over a bedding-parallel horizontal thrust fault
that jumps from one level to another through an inclined ramp, to form the Pine
Mountain anticline with a flat crestal region (Rich, 1943). (B) Development of ramp-
related folds conform to Rich’s model, including proper terminology (Suppe, 1983).
As the sedimentary units move over the ramp, a symmetric anticline forms with flat
crestal region. The inclination of the front- and back-limb is equal, but opposite.
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Rocks in the upper crust have complex non-linear rheology deforming in the brittle
regime by fractures and faults, and in the ductile regime by shear zones, flow and folds.
Deformation of material with complex rheology can be simplified by elastic (Stein and
Ekstrom, 1992), plastic or viscous behavior (Erickson, 1996; Johnson and Fletcher,
1994), or a combination of these (Erickson and Jamison, 1995). The deformation history
of some large scale geological structures, e.g. fold and thrust belts, is associated with
large amounts of strain in excess of 100% locally, far beyond the infinitesimal strain as
predicted in elastic theory. Hence, it is essential to incorporate finite strain and non-linear

inelastic behavior into the analysis of large scale structures.

A finite element model is presented to investigate the effects of elastic, elastic-plastic
and a non-linear elastic-plastic-damage rheology, on the geometry of folding above a
ramp. In the model the inter-layer friction is controlled and different boundary conditions
are investigated. The strain distribution through time of development is discussed and the
final geometry of the fold is analyzed. It is demonstrated that a more realistic material
definition has significant impact on the fold geometry. The non-linear and post-beak
behavior of the rheology controls folding amplitude and asymmetry and generates

localization of dilatational volumetric strain.

RAMP FOLDING MODELS

The classic analysis of ramp folding was developed by Suppe (1983) in which he
presented a quantitative description of the geometry of ramp-related folding. These
geometric relations has been applied to the interpretation of a number of map-scale folds

(Mitra, 1990; Suppe, 1983). The model assumes uniform bed thickness and parallel fold
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geometry with kink-folding and flexural-slip being the main mechanism of deformation.
As the hanging wall moves over the ramp, a fold develops that progressively increases its
structural relief, until the entire hanging wall segment is transferred over the ramp. At this
stage the width of the crest of the fold is increased with increasing displacement and used
as a measure for displacement along the fault. During the development of the fold, the dip
on the back-limb of the fold above the ramp is assumed to be parallel to the dip of the
ramp itself. Suppe (1983) derived equations for angular relations between the upper and
lower ramp-flat transition angle, the fold inter-limb angle and the dip of the fault,
providing a useful tool for interpretation of such structures and balancing of cross
sections. Internal strain within layers during ramp folding was recognized by Mitra and
Namson (1989), who pointed out the importance of knowing the original bed thickness
during equal area balancing as strains as small as 10% can lead to major variations in the

restoration.

A kinematic model is described by Johnson and Berger (1989) that reproduces the
exact fold geometry described by Suppe (1983), while obeying the similar assumptions as
for the geometrical model. The amplitude of the fold near the ramp is equal to the
thickness of the duplicated section by faulting, and the crest is flat. The thickness of the
beds in constant, except within the fold hinges, and the shape of the kink-like bands on
both sides of the anticline is independent of displacement. The result is a complete
kinematical analysis of Suppe’s model that provides a link between the geometrical and

mechanical models.

Mechanical analyses of ramp folding investigated the effect of pore pressure on the

reduction of frictional sliding on the fault (Raleigh and Griggs, 1963; Rubey and
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Hubbert, 1965), the effect of roughness of the fault surface (Elliott, 1976), and
determination of stress and deformations of a viscous layer that moves up the ramp
(Erickson and Jamison, 1995; Johnson and Fletcher, 1994; Wiltschko, 1979). Berger and
Johnson (1980) preformed a mechanical analysis of ramp folding of homogeneous,
viscous thrust sheets translated over and idealized ramp in a detachment surface. They
found that the resulting folds have symmetric limbs and a flat crest, similar to Rich’s
model. They incorporated frictional drag on the ramp and investigated folding, stresses
and strains within the thrust sheet, and expressed the shape of folding by a Fourier

sinusoidal series (Berger and Johnson, 1980; Johnson and Fletcher, 1994).

The above mechanical models greatly contributed to the understanding of physical
processes that control mechanisms of ramp folding. In this chapter, a mechanical analysis
is presented to investigate the effect of inter-layer friction and rheology on the geometry

of the fold above a friction-less ramp

MODEL DESIGN

MODEL GLOBAL GEOMETRY

A 2D finite element model is developed, based on a simplified model of a single ramp
structure (Fig. 5.1b) conforming to Rich’s model. The model displays the geometrical
development of a ramp-related fold as predicted by the model of Suppe (1983), and
presents terminology adopted in this chapter. The finite element model that is founded on
this simplified ramp-model has generic dimensions that do not fit a specific structure. A
sedimentary sequence of 7.5 km thickness overlies, with a fault contact, a rigid basement

with a ramp (Fig. 5.2). The model is 50 km long with the ramp at its center, and the

129



Figure 5.2: Finite element model geometry of a ramp structure. A 7.5 km thick, 50 km
long sedimentary package, consisting of alternating 0.5 to 1.5km thick layers with
frictional contacts, overlies a rigid basement with a fault contact that is frictionless.
The ramp is inclines 22°, with a vertical structural step of 1 km. Displacement
boundary conditions are applied on the margins of the sedimentary package (dier: and
dright). Gravitational load is applied to the entire model. The basement is considered to
be rigid. The mesh consists of linear quadrilateral elements for the sedimentary layers,
with triangular elements at the ramp.
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sedimentary cover consists of alternating layers 1.5 km and 0.5 km thick with frictional
contacts. The ramp is inclined at 22.5° forming a vertical structural step of 1 km (Fig.

5.2).

MESH

For the sedimentary cover, a structured mesh was used consisting of linear, plane
strain, quadrilateral and triangular elements. The mesh density was increased towards the
center of the sediment layers (Fig 5.2). The thin layers (0.5 km) are meshed with a single
row of quadrilateral elements. The thick layers (1.5 km) are meshed with 2 rows of
quadrilateral elements, each with a thickness of 0.75 km. The lowest layer, connecting to
the footwall, is meshed with a single row of 0.75 km thick quadrilateral elements to the
left of the ramp and three rows of quadrilateral elements to the right of the ramp, each 0.5
km thick. Above the ramp, the lowest layer was meshed with triangular elements in order
to handle the ramp geometry. The quadrilateral elements have a maximum length of 1.83
km and a minimum length of 371 m. The edges of triangular elements range from 720 m
to 195 m. The sharp edge transition between the ramp and horizontal nature of the
footwall was smoothened out by curved (fillet) geometry. The footwall is meshed with a
single row of up to 12 km long quadrilateral elements. At the ramp a free quad-dominated
mesh was used (mixing quadrilateral elements with triangular elements). The footwall is
assumed to be undeformable; therefore the single purpose for a mesh definition is to
define contact properties along the top of the basement, justifying the coarse mesh. A

total of 637 elements and 1000 nodes are used for the entire model.
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BOUNDARY CONDITIONS

The external nodes of the basement are pinned. Displacement boundary conditions are
applied on the left of the entire sedimentary cover, dies, and on the right side, dyign: (Fig.
5.2). Both diest and drign: act towards the left (negative x-direction), and are varied to be 0,
10 or 20 km. The contacts between the layers and between the ramp and the sedimentary
cover are defined as “hard” contact to avoid significant penetrations. No separation
between the contacts is allowed. The tangential behavior for the contacts is a penalty
formulation for given friction coefficients. The contact resistance between the basement
and the sediments is set to be zero (frictionless). The coefficient of friction for the
contacts between the individual sedimentary layers was varied to be 0.0, 0.4 and 0.8. The
surface of the upper most sedimentary layer acts as a free surface. A gravitational

acceleration of 9.81 m s?is applied to the entire model.

MATERIALS

The materials assigned to the sedimentary cover above the ramp include standard
linear-elastic (Table 5.1), elastic-plastic (Table 5.2), and elastic-plastic-damage rheology
(Table 5.3) that is discussed below. The basement is isotropic linear elastic, and ten times

as stiff as the sedimentary cover.

p (gm?) | 2600

E(GPa) | 200
v 0.2

Table 5.1: Linear-elastic material properties
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Plasticity

Compressive

Elasticity
Yield stress Plastic
(MPa) strain
p(gm?) | 2600 80 0
E (GPa) 50 110 0.05
v 0.2 130 0.08
150 0.1
180 0.15
200 0.2
220 0.3
250 0.4

Table 5.2: Elastic-Plastic material properties. Parameters of plasticity are directly
entered into Abaqus.

Plasticity
Compressive Tensile Parameters
Elasticity Yield Yield
stress | Plastic strain stress | Plastic strain
(MPa) (MPa)
p (gm?) | 2100 41 0 3.2 0 Density | 2100
E (GPa) | 20.2 58 0.0003 5.5 0.0001 E (GPa) | 20.2
\% 0.27 69 0.0008 6.6 0.00045 v 0.27
74 0.0013 6.9 0.0008 ¥ 15
70 0.0016 6 0.0009 ecc. 0.1
56 0.0021 5 0.00098 fc0/fb0 | 1.16
38 0.0027 3 0.00115 Ke 0.66
1.9 0.00135 viscos. 0

Table 5.3: Elastic-Plastic-Damage material properties. Parameters of plasticity are
directly entered into Abaqus and were calibrated against the mechanical behavior of

Berea sandstone (Busetti, 2009, Ch. 2).

Elastic-plastic-damage

The elastic-plastic-damage (EPD) material, developed by Busetti (2009), can

realistically simulate rock behavior in laboratory experiments (Busetti, 2009, Ch. 2). The
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material was derived from rock mechanics experiments with Berea sandstone; these
experiments include both compression and tension loading, and display pressure
dependent yielding and stiffness degradation. Parameters of yield stress and associated
inelastic strains are directly entered into the Concrete Damaged Plasticity material model
of Abaqus (Table 5.3). The resulting stress-strain curves for both compression and
tension were calibrated against the mechanical behavior of Berea sandstone (Busetti,
2009, Ch. 2) in four-point beam bending experiments (Weinberger et al., 1994) and tri-
axial experiments of dog-bone shaped samples (Bobich, 2005; Ramsey and Chester,
2004). The post-yielding curves for plastic strain for the material are illustrated in Fig.
5.3. The material is about 10 times stronger in compression then in tension. The elastic
parameters of the elastic-plastic-damage material are defined by E = 20.2 GPaand v =
0.27 with a density of 2100 gm™. Other Abaqus material parameters are a dilation angle
of 15°, a K, value of 0.66, indicating minimal dependence on the intermediate principal
stress, as well as the default value for the ratio of initial equi-biaxial to uniaxial
compressive yield stress, fb0/fbc= 1.16, which contributes to the shape of the yield
surface. These parameters were determined by calibration against laboratory experiments

(Busetti, 2009, Ch. 2).

The stress-strain behavior of each rheology, for a single element, during the same
model run is displayed in Fig. 5.4. The post-peak behavior of the elastic-plastic-damage
material displays non-linear softening, highly dependent on the behavior of neighboring
elements. For high amounts of strain, the elastic rheology is quasi-rigid, while the elastic-

plastic-damage material is the softest (Fig. 5.4) due to post-failure strain softening.
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Figure 5.3: Post-yielding curves for plastic strain for the elastic-plastic-damage material.
These parameters were entered directly into Abaqus. The values for tension (blue) and
compression (red) are based on experimental data for Berea sandstone (Busetti, 2009, Ch.
2). The material is about 10 times stronger in compression.
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Figure 5.4: Stress-strain behavior for a single element during the same model runs, for
the Elastic (E), Elastic-Plastic (E-P) and Elastic-Plastic-Damage (E-P-D) materials.
The Elastic material is quasi-rigid for high amounts of strain. The post-peak behavior
of the Elastic-Plastic-Damage material displays non-linear softening, highly dependent
on the behavior of neighboring elements.
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MODEL CONDITIONS

The model is solved with the explicit solver of Abaqus Student Edition v.6.72 that is
well suited for large deformations, non-linearity and contact definitions. The
displacement is applied linearly over the total time of 3.2 x 10’ seconds. The size of the
stable time increment in Abaqus is determined by the characteristic element dimension
and the smallest dilatational wave speed of the material. For time efficiency a global
semi-automatic mass scaling is used at the beginning of the displacement step, applied to
the whole model, to target a stable time increment of 25 sec to approximate the solution.
A total of 27 models were run for three inter-layer friction conditions, under three
displacement boundary conditions for dies, for three different rheologies (Table 5.4).

Early termination of some models occurred, especially for elastic material rheology.

Rheology | Boundary condition | Inter-layer friction (p)

E diert = 0 0
E-P dieft = ¥2 Orign 0.4
E‘P'D d|eft = dngh 08

Table 5.4: Rheology, boundary conditions and inter-layer friction values used to run a
total of 27 models.

RESULTS

STRAIN DISTRIBUTION

The stress-strain behavior of the rheology affects the distribution of strain during the
transport of sediments over the ramp. The maximum principal strain for the elastic,

elastic-plastic and elastic-plastic-damage material is displayed in Fig 5.5, 5.6 and 5.7
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Figure 5.5: Maximum principal strain (extension) for elastic material, with inter-layer
friction of 0.4 and djert = %2 drigh. Symmetrical anticlinal structure develops with
extension strain localizing in the synclinal bends. With progressive deformation,
extension strain increases in the crest, causing flattening of the crest and eventually
development of a symmetric syncline. The model terminated numerically after a
displacement of ~12 km.
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Figure 5.6: Maximum principal strain (extension) for elastic-plastic material, with
inter-layer friction of 0.4 and diert = %2 drigh. Open asymmetric anticline develops with
increased extensional strain within the lower layers above the ramp. The strain pattern
is dominated by the strain histories as retained by the elements.
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Figure 5.7: Maximum principal strain (extension) for elastic-plastic-damage material,
with inter-layer friction of 0.4 and diest = %2 drigh. A gentle open anticline develops that
propagates into a highly asymmetric fold with steep front-limb. Increased extension
strain is observed within the synclinal bends and within the fold hinge, where it
increases with progressive deformation.
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respectively, for model conditions with inter-layer friction of 0.4 and displacement
boundary conditions of diest = %2 dyign. FOr each model the maximum principal strain for
displacements of dyight = 5 km, 10km, 15 km and 20 km are displayed, unless the model
terminated earlier due to numerical limitations. Note the different scale for the elastic
material (Fig 5.5) which experiences significantly less strain due to its strength. Distinct
features for the strain within each model are described below. Note that compressive

strain is negative.
Elastic

Transportation of linear elastic layers over the ramp generates a symmetric anticlinal
structure that develops in the early stage of deformation (Fig. 5.5). The amplitude of the
fold increases with increasing deformation to maximum amplitude of ~1.5 km, while the
crest of the anticline develops above the upper ramp-flat transition. Two zones of
extension strain are recognized in the gentle synclinal bends of the structure; a stationary
zone of increased strain located at the synclinal bend above the ramp, and a “mobile”
zone of increased strain that traces the synclinal bend as it moves along the upper flat,
with strain up to 4-5%. Progressive deformation leads to flattening of the crest of the
anticline. This process initiates above the upper flat, within the lower layers, and is
associated with a zone of increased extension strain up to 10% (d=10 km in Fig 5.5). The
extension strain causing the flattening of the crest of the single anticline, eventually leads
to the development of a gentle symmetric syncline. The model terminated numerically

after a displacement of ~12 km.
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Elastic-Plastic

A gentle, open anticline structure develops within the elastic-plastic rheology above
the ramp (Fig 5.6). The structure develops a minor asymmetry with slightly steeper
forelimb. Increased extension strain is observed within the lower layers above the ramp.
Progressive deformation causes a minor increase of the extension strain up to ~65%;
while material passes though this zone of increased strain, the strain pattern is dominated
by the strain histories as retained by the elements. Progressive deformation leads to minor
flattening of the crest of the structure, without significant effect on the extension strain as

observed for the elastic rheology (Fig. 5.5).
Elastic-Plastic-Damage

In the early stage of deformation, the elastic-plastic-damage rheology displays a
gentle, open anticlinal structure with a flat crest within the upper layers (Fig. 5.7); this
structure is similar to the structure of monoclines (Reches and Johnson, 1978). The lower
layers display an asymmetric anticline with a gentle dipping back-limb and a steeply
dipping front-limb. Increased extension strain is observed within the synclinal bends of
the structure, with a stationary zone of increased extension strain above the ramp and a
mobile zone that traces the front-limb of the structure along the upper flat, similar to the
elastic solution. Progressive deformation significantly steepens the front-limb of the
structure while the dip of the back-limb does not change, resulting in a substantially
asymmetric anticlinal structure. While the amount of strain at the back-limb remains at
~60%, significant localization of the tensile strain is observed within the steep to vertical
front-limb of the structure. The strain localization increases with increasing deformation

as the front-limb is transported along the upper flat (Fig. 5.7).
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The distribution of strain for the solutions of the three rheologies is discontinuous at
the layer boundaries, suggesting accommodation of deformation by flexural slip. Largest

strain values are observed within the thicker layers (Fig 5.5, 5.6 and 5.7).

FOLD GEOMETRY

The presentation of the fold geometry is based on the deformation of the bottom of a
marker bed (Fig. 5.8). The elevation of the bottom of the marker bed is subtracted from
the original elevation before deformation, and plot against the horizontal distance from a
pin-line (Fig 5.8). This analysis was done for all 27 models at the final stage after 20 km
displacement, or for the maximum displacement that allowed comparison before the

calculation was terminated.
No displacement at left side (diest = 0)

The structure of the marker bed for boundary condition diest = 0 km (Table 5.4) is
illustrated in Fig. 5.9. The solution for the elastic rheology terminated numerically at drignt
=5 km. A symmetrical anticlinal structure developed for all three inter-layer frictions
(Fig 5.9a). The amplitude of the anticlines decreases slightly with increasing friction. The
crest of the anticline is located above the upper ramp-flat transition. Both the elastic-
plastic and elastic-plastic-damage materials display asymmetric folding with
development of steep to vertical anticlinal front-limbs and development of a foreland
syncline. The gently dipping back-limbs are roughly parallel to the dip of the ramp, with
exception of the elastic-plastic rheology with any inter-layer friction defined. The
maximum curvature of the folds for the elastic-plastic and elastic-plastic solutions is
located far away from the position of the ramp; ~11 km from the ramp for the elastic-

plastic-damage solution, and ~ 7 km for the elastic plastic solution (Fig. 5.9).
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Figure 5.8: Presentation of the fold geometry, based on subtraction of the elevation of
the bottom of a marker bed after deformation, from the original elevation.

144



Figure 5.9: Structure of the marker bed for models with boundary condition diest = 0 km.
A) Elastic models develop symmetrical anticlines. Results are displayed for
displacements of 11 km. B) Elastic-Plastic models develop asymmetric anticlines with
front-limb synclines. Maximum curvature occurs far away from the ramp. C) Elastic-
Plastic-Damage models develop highly asymmetric anticlines with high amplitude of
folding with elevations up to 9 km and steep to vertical front-limbs. Maximum curvature
occurs far away from the ramp. For all models an increase in friction results in decreasing
folding amplitudes.
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Furthermore, the amplitude of ~ 9 km for the folds of the elastic-plastic-damage solution
is almost twice as much as the amplitude of the elastic-plastic solution of ~5 km, for

similar inter-layer friction,
Partial displacement at left side (dieft = 1/2 drignt)

For this boundary condition, similar features are observed as described for the above
condition; the elastic solution is symmetric (Fig. 5.10a), the fold structure is asymmetric
for the elastic-plastic rheology, with steep front limb and gentle dipping back-limb, and
significantly asymmetric with nearly vertical front-limb for the elastic-plastic-damage
rheology. A distinct difference, however, is that for all rheologies, more open fold

develop, with generally lower amplitudes, and wider spread of folding.
Full displacement at left side (dieft = dright)

All three rheologies display gentle open anticlinal structures with a flat crest that
extends for several kilometers (Fig. 5.11). The amplitude of folding is significantly lower
with respect to the previously described models. The dip of the front- and back-limb for
the elastic and elastic-plastic solutions is roughly identical; hence the folding structure is
symmetrical. The elastic-plastic-damage solution displays an asymmetric structure with a
steeper back-limb. Although generally the inter-layer friction does not significantly affect
the folding geometry for this boundary condition, the elastic-plastic-damage solution
displays a smoother and more symmetric structure with lower fold amplitude for zero

inter-layer friction.
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Figure 5.10: Structure of the marker bed for models with boundary condition dest = %2
dright. A) Elastic models develop symmetrical anticlinal structures. Results are displayed
for displacements of 11 km. B) Elastic-Plastic models develop open anticlinal structures
with slightly steeper front-limbs. C) Elastic-Plastic-Damage models develop highly
asymmetric anticlines with high amplitude of folding and steep to vertical front-limbs.
Maximum curvature occurs far away from the ramp. For all models an increase in friction
results in decreasing folding amplitudes.

Figure 5.11: Structure of the marker bed for models with boundary condition diet = dright.
A) Elastic models develop open symmetrical anticlinal structures with flat crestal region.
B) Elastic-Plastic models develop open anticlinal structures with flat crestal region. C)
Elastic-Plastic-Damage models develop open anticlines. Increasing friction results in a
smoother solution. The models under this boundary condition are most conform to the
Rich model (Rich, 1934). The expected position and inclination of the layers at the back-
limb, according to Suppe (1983) is displayed in red. The elastic-plastic-damage rheology
displays the best fit, with back-limb layers being parallel to the ramp.
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VOLUMETRIC STRAIN

The volumetric strain is calculated for each element and the final stage of deformation.
Fig. 5.12 displays the volumetric change for the elastic-plastic and elastic-plastic-damage
rheology for boundary condition of diest = %2 drigh and inter-layer friction of 0.4. The
elastic-plastic solution displays minor compaction of almost the entire sedimentary
package. Compaction is largest at the ramp, with values up to 3%. The elastic-plastic-
damage solution displays dominantly dilatational volume changes, with localization
within the steep to vertical front-limb of the structure and values up to 50%. To
accommodate such significant values of strain, those areas are expected to be highly

deformed with faults and fractures.

SYNTHESIS

The above simulations lead to the following main observations:

1. The inter-layer friction has limited effect on the final geometry of folds above the

ramp. Increase of inter-layer friction generally leads to a decrease in fold amplitude.

2. The boundary displacements, expressed by the ratio RD= diesi/drign: (Fig. 2), have a
major influence on the fold geometry. Fig. 5.13 displays nine fold shapes for the inter-
layer friction of 0.4, and it shows that for smaller RD (with det = O indicating RD =

0), the final ramp -fold geometry is characterized by the following:
1) Increase of fold amplitude.
2) Amplification of a syncline at the front-limb of the anticlinal fold.

3) Increase in distance of maximum deformation with respect to the ramp
position.
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Figure 5.12: Volumetric change for elastic-plastic and elastic-plastic-damage rheology
for boundary condition diert = %2 drign and inter-layer friction of 0.4. The elastic-plastic
solution displays minor compaction, while the elastic-plastic-damage solution displays
dominantly dilatational volume change with values up to 50 % in the fold hinge.
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Figure 5.13: Summary of the effect of material softening and boundary conditions on the
geometry of the final ramp-related fold, solutions with inter-layer friction of 0.4. Inter-
layer friction has limited effect on the final geometry, with increasing friction resulting in
a decrease of fold amplitude.
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4) Increase in dilation.

3. The results indicate that softer rheology, controlled by plasticity for the elastic-
plastic, and post peak behavior (strain softening) for the elastic-plastic-damage

material, lead to the following (Fig. 5.13):
1) Increase of fold asymmetry.
2) Increase in front-limb steepness.

3) Increase in distance of maximum deformation with respect to the ramp

position.

4) Increase in dilation.

DISCUSSION

Several scenarios have been proposed to explain asymmetric folding above ramp
structures. Berger and Johnson (1980) suggested low-amplitude asymmetrical fold in the
hanging wall prior to translation up the ramp, where the asymmetry reflects high drag on
the thrust surface; Allmendinger (1981) suggested that folds in the Meade thrust sheet
became highly asymmetric after the frontal thrust and folds locked. Analogue modeling
of ramp-related folding by Chester et al. (1991), describes the influence of layering on
ramp-related folding. Their model consists of a single layer of sandstone with a saw-cut,
with overlain limestone inter-layered with mica or lead, subjected to shortening to form a
ramp structure. They observe symmetric folds that develop for inter-layers of lead, while
the weaker mica layers produce significant asymmetric folding. Chester et al. (1991)
suggested that the fold asymmetry results from strain-induced weakening of the hanging

wall. Our model supports this suggestion, as asymmetric folding is observed for the
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elastic-plastic-damage rheology (Fig. 5.9, 5.10 and 5.11), that undergoes significant strain

softening (Fig. 5.3 and 5.4).

The model used for this analysis is based on a simplified ramp model (Fig. 5.1) that
follows from the model of Rich (1934). The results comparable to results of the model of
Rich are for boundary condition diert = dright (Fig. 5.11). Independent of rheology, a wide
open anticlinal structure with a flat crest that extends for several km is formed. It was
suggested by Suppe (1983) that layers at the back-limb of the anticlinal structure are
parallel to the fault-ramp, representing the inclination of the ramp. The expected position
and inclination of the back-limb, displayed in red in Fig. 5.11, has a significantly
shallower inclination for both the elastic and elastic-plastic model solutions. The elastic-
plastic-damage solution however, displays a better fit with the expected inclination of the
back-limb. Suppe (1983) also suggested that the length of the crest of the anticline is
directly related to the amount of displacement along the fault. Our results are in general
agreement with this result as the length of the crests is ~ 20km, equal to the amount of
applied displacement, independent of rheology (Fig. 5.11). In fact, the total width of the
anticlines that developed under the other two boundary conditions is roughly equal to the
applied displacement. Therefore, the total width of the anticline that forms above the
ramp can be used as first-order approximation for the amount of displacement along the

fault, independent of rheology, inter-layer friction or boundary conditions.
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