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Previous studies have shown that multiple phases of deformation affected the
passive margin of eastern North America during and after rifting. The number, style and
timing of postrift deformational events, however, are poorly constrained. To address this
issue, I collected fracture data (faults with slickenlines, conjugate faults and tension
fractures) from the Fundy rift basin and applied a stress inversion method. My analysis of
these data suggests that at least two distinct faulting regimes and tectonic phases affected
the basin during and after rifting. The relative chronology of the tectonic phases, based on
crosscutting relationships and overprinting slickenlines, is: 1) rifting characterized by
normal faulting and produced by SE displacement of the hanging wall, and 2) basin
mversion, characterized by strike-slip faulting and produced by an average NE movement
of the hanging wall. The relationship between the strain states and displacement
directions suggests that counterclockwise vertical-axes rotations of fractures likely
occurred during the second event due to left-lateral strike slip on the border-fault zone.

Seismic data from the Fundy, Orpheus and Scotian basins, which share a common

border-fault zone, provide isight on the absolute timing of the tectonic phases. The



Fundy data show that Late Triassic/Early Jurassic strata thicken toward the border-fault
zone. Thus, the normal-faulting phase likely occurred during Late Triassic/Early Jurassic
rifting. Seismic data from the Orpheus and Scotian basins, with a more complete
stratigraphic record, show multiple episodes of postrift deformation mostly evidenced by
three major angular unconformities. Although the NE-directed shortening produced
during basin inversion is similar to the present-day strain state, its correlation with the

postrift unconformities is unclear.
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1. INTRODUCTION

The passive margin of eastern North America (Fig. 1) is a favorable location to
understand postrift deformation associated with basin mnversion. Mesozoic rift basins,
such as the Fundy, Hartford and Newark basins, have structures that indicate synrift and
postrift deformation (De Boer & Clifton, 1988; De Boer, 1992; Wade et al, 1996, Olsen,
1997; Withjack et al., 1995, 2009, 2010; Baum, 2002, 2006; Schlische, 2003; Schlische et
al.,, 2003). Conversely, the structural record in Paleozoic and older rocks commonly
includes prerift and younger tectonic events (Wade et al., 1996; Murphy et al., 2011),
complicating the relative chronology. Seismic data from offshore rift basins, such as the
Orpheus and Jeanne d’Arc basins (Sinclair, 1995; Durcanin, 2009; Syamsir, 2010;
Etikha, 2012; Hanafi, 2013), provide valuable information on timing of deformation;
however, they do not offer details on slip indicators to reconstruct stress states and
displacement directions of major and mesoscale faults.

Previous studies demonstrated a phase of positive tectonic mversion in the Fundy
rift basin. Withjack et al. (1995) explained that some folds, reverse faults, uplift and
titing are the consequence of NW shortening. In the Emerald/Naskapi basin (offshore
Nova Scotia), anomalous structures possibly associated with shortening developed before
the formation of the early Middle Jurassic breakup unconformity (Withjack et al, 1995).
Elder Brady (2003), using field data from small-scale structures, recognized NW-SE
extension followed by NE-SW shortening. Baum et al. (2008) confirmed the latter event
by analyzing field structural data and multi-phase analogue clay models. Withjack et al
(2010) proposed that, during NE displacement of the basin, strain partitioning occurred in

the hanging wall of the Cobequid-Chedabucto border-fault zone (Fig. 2); therefore, large-



scale buttress/detachment folds and left-lateral strike-slip faults are both present.
Regardless of limited controls on the timing of postrift deformation (e.g. absence of
syntectonic datable minerals), seismic data from the Orpheus rift basin and the Scotian
basin suggest that three postrift events with uplift and fault reactivation during the Early
Jurassic, Early Cretaceous and Late Oligocene/Miocene alternated with subsidence and
salt movement (Louden, 2002; Durcanin, 2009; Syamsir, 2010; Hanafi, 2013).

Despite evidence of tectonic iversion in the Fundy rift basin, reconstructing the
postrift deformation history becomes problematic in terms of number of tectonic
episodes, their kinematic characteristics and age. Based on the existing data, |
hypothesize that at least two episodes of deformation occurred in the Fundy basin as a
result of rifting and subsequent shortening. Therefore, the present study seeks to answer
the following questions:

1) How many deformational episodes occurred?

2) What is the stress state associated with each tectonic episode?

3) What are the relative ages of the postrift deformation episodes?

To address the first two questions, I use stress mversion of mesoscale faults,
conjugate faults and tension fractures collected in the Minas subbasin, the eastern branch
of the Fundy rift basin (Fig. 2). I constrain the relative ages using overprinting
slickenlines, and more indirectly, identifying synrift and postrift deformation in seismic
lmes from onshore and offShore Nova Scotia. The results from this study may be relevant
to other inverted rift basins in eastern North America and other passive margins, such as

Norway (e.g., Lundin et al, 2013) and Brazil (e.g., Cobbold et al., 2010).



1.1.Study Area and Stratigraphy

The Fundy rift basin is a half graben with beds generally dipping to the NW
(Withjack et al., 2012b) divided mnto three structural subbasins, each one with its
respective border faults (Fig. 2). The NE-striking Fundy and Chignecto border-fault
zones bound the Fundy and Chignecto subbasins, respectively. The ENE-striking
Cobequid-Chedabucto fault zone bounds the Minas subbasin as well as the adjacent
Orpheus basin (Figs. 1, 2). This study focuses on the northern part of the Minas subbasin
(Fig. 3).

The Horton, Windsor and Mabou Groups form the prerift units (undifferentiated
in Fig. 4). They are of Late Devonian to Late Carboniferous age, and accumulated during
and/or between the Acadian and Alleghanian orogenies (Ryan & Boehner, 1994; Keppie,
2000; Hamblin, 2001). Therefore, the rocks from this unit exhibit more faulting and
folding than younger rocks, and cleavage is present.

The Honeycomb Point Formation may represent the earliest stages of rifting (Fig.
4; Olsen et al., 2000), but is absent in the study area. Wade et al. (1996) described it as
conglomerates of alluvial fan origin, and interbedded fluvial and eolian sandstones. The
age of the unit is uncertain, although it possibly is as old as Permian (Olsen et al., 2000).

In the study area, the Wolfville Formation unconformably overlies the prerift
section and possibly the oldest synrift rocks (Fig. 4), and has a possible Anisian (‘“Lower
Economy beds” of Middle Triassic age; Olsen, 1997) to Carnian age (Late Triassic). The
Wolfville Formation is predominantly fluvio-alluvial bioturbated sandstones and clast-
supported conglomerates, with two thick beds of eolian sandstones near the base (Olsen

et al,, 2000; Leleu & Hartley, 2010).



At the northern edge of the Minas subbasin, the Blomidon Formation
unconformably overlies the Wolfville Formation, and locally, the prerift section (Fig. 4;
Olsen et al., 2000). Seismic data also likely shows this unconformity (line BF-20 in
Withjack et al., 2009). The “lower” part of the unit, previously interpreted as uppermost
Woltville Formation (Hubert & Mertz, 1984; Olsen et al., 1989; Olsen, 1997), consists of
eolian sandstones and minor fluvial conglomerate and sandstones. The “upper” part
represents a predommantly shallow lacustrine facies, consisting of laterally continuous
red mudstones with minor evaporites and sandstones (Olsen et al., 2000). The uppermost
portion of the Blomidon Formation consists of thin red, grey and black mudstones,
thermally metamorphed by the emplacement of the overlying North Mountain Basalt
(NMB; Olsen et al., 2000). The age of the Blomidon Formation is Norian to Rhaetian
(Late Triassic; Olsen et al., 2000).

The NMB is part of a large igneous province known as Central Atlantic Magmatic
Province (CAMP), which occurred during rifting in the central segment of the eastern
North America margin (Schlische et al, 2003; Withjack et al., 1998, 2012b). Kontak
(2008) subdivided the NMB in the Fundy basin into three flow units. Sediment-filled
fissures, which are abundant in the middle unit, occupy columnar joints (Schlische &
Ackermann, 1995). The feeders of the NMB are uncertain, however, its age and
geochemical composition similar to the Shelburne and Avalon dikes in eastern Canada
(Pe-Piper et al., 1997; Dunn at al., 1998; McHone, 2003). 238y/206py (Schoene et al.,
2010; Blackburn et al., 2013) and “°Ar/*° Ar (Jourdan et al,, 2009) analyses yield an age of

~201 Ma.



On the northern shore of the Minas Basin, the McCoy Brook Formation consists
of talus-slope basaltic breccias near faults, indicating syntectonic deposition (Olsen &
Schlische, 1990; Tanner & Hubert, 1991). Other facies, such as alluvial-fan
conglomerates, fluvial sandstones and mudstones, lacustrine red sandstones and shales,
and eolian dune sandstones are also present (Tanner & Hubert, 1991; Tanner, 1995;
Wade et al., 1996), including minor gypsum-rich and limestones horizons (Olsen, 1997).
Palynological assemblages in the Scots Bay Member suggest a basal age of latest Late
Triassic (Fig. 4; Lucas et al., 2011). Finally, the upper contact of the unit is an
unconformity with unconsolidated Quaternary gravels and sands of glacial origin (Stea &

Wightman, 1987).

2. METHODOLOGY

This study involves kinematic analysis of quantitative and qualitative fracture data
from the northern part of the Minas subbasin. This section describes the process of
acquisition and analysis of the data to obtain paleostress orientations and relative timing

of tectonic events.

2.1.Types of Fractures

The data are from Economy Point, Five Islands, Blue Sac and Wasson Bluff, all
located along the northern part of the Minas subbasin (Figs. 2, 3). The data (see Appendix
A) consist of dip angle and dip direction of mesoscale fractures, namely faults, conjugate
faults, and tension fractures (Figs. 5, 6). In this thesis, the class ‘faults’ applies
exclusively to those with slp indicators; thus, the data include values of trend and plunge

of slickenlines, as well as sense of relative movement based on kinematic indicators (e.g.,



Petit, 1987; Doblas, 1998). The term ‘conjugate faults’ refers to pairs of primary
slickensided faults that intersect atan angle of approximately 60°, which presumably
formed under the same stress state at approximately 30° from the maximum principal
stress direction (o). ‘Tension fractures’ are those with no evident shear, and could be
voids or filled with minerals or sediments (e.g., Hancock, 1985; Schlische & Ackermann,
1995). A number of fractures exhibit additional features such as cross-cutting
relationships and overprinting slickenlines. These features provide valuable insights into

the number and relative timing of tectonic events.

2.2.Data Separation and Stress Inversion (Fig. 7)

Given the occurrence of a synrift phase, at least one postrift tectonic event (Elder
Brady, 2003; Baum, 2006; Withjack et al., 2009, 2010), and the structural variability
between sites (ie., differences in faulting styles and fold development), the field data are
heterogeneous and require independent processing from one location to another.
Therefore, I first separate the data into four subgroups, corresponding to the four field
sites.

For each site,  use Win. TENSOR v.4.0.2 software (Sperner et al., 1993; Delvaux
& Sperner, 2003) to iteratively separate data and compute reduced stress tensors
composed of four basic parameters: the principal stress axes, ¢ (maximum), o;
(intermediate) and o3 (mnimum), and the stress ratio R = (c,-63)/(01-63). 62 and 63 are
perpendicular to o;. The vertical stress axis by itself determines the stress regime: normal

faulting when o is vertical, strike-slip faulting when G is vertical, and reverse faulting

when o3 is vertical (Fig. 8). If none of the principal stress axes is vertical, the axis with a



higher plunge determines the stress regime. If two of the three principal stress axes have
the same plunge value, the stress regime is uncertain. Finally, R refines the classification
of the stress regime, such as pure, transtensional, transpressional or radial, shown i a
stress symbol as arrows representing the horizontal projection of the principal stress axes
(SHmax for maximum, Spin for intermediate and Sppin for minimum; Fig. 8).

I performed further data separation and stress inversion using two different tools
from Win_ TENSOR (see Appendix B). In general, the user follows an iterative process
of data selection and rejection that aims to group fractures by similar strike and individual
principal stress axes. Each time, the software calculates the mean principal stress axes
applying least-squares minimization. Finally, the user must generate a stable tensor
solution i which fractures are compatible with the orientation of the mean principal
stress axes and stress ratio. A stress symbol represents the horizontal principal stress axes

and stress ratio.

2.3.Analysis

Uncertainty exists about the relative timing of fracturing and tilting of bedding in
areas where faults with anomalous dip angles are present. The complexity increases with
the number of tectonic events and the presence of oblique-slip faults. For this reason, the
stress inversion in this study considers two possible scenarios. 'Scenario 1'assumes that
faults formed after bedding tilting; thus, the mput data are fractures in the present-day
orientation. 'Scenario 2' assumes that fractures formed before bedding tilting, so the input
data are the same fractures from Scenario 1 but rotated about a horizontal axis (see

Appendix A). The correction consists of restoring the bedding plane to a horizontal



position (e.g., Hippolyte et al., 2012). Because the orientation of bedding varies
significantly between field sites and within a field site, the nearest bedding plane to a
given fracture determines the magnitude and direction of horizontal-axis rotations.
Raw-data corrections do not include vertical-axes rotations because of a lack of
suitable indicators, such as local paleomagnetic declination data. However, I consider the
potential vertical-axis rotations of the most significant stress states by comparing them

with strain states and possible displacement directions (see Figs. 28, 29).

3. RESULTS

Based on the subdivision of the complete data set by field site, the stress inversion
yields 23 tensor solutions. The assumption for ‘Scenario 1’ solutions, yielding a total of
10 stress states for the four field sites, is that factures formed and/or were reactivated
after titing of bedding; thus, the stress mversion utilizes the present-day orientation of
the fractures. The assumption for ‘Scenario 2’ solutions, yielding 12 stress states, is that
fractures formed and/or were reactivated before titing of bedding; therefore, the
mversion utilizes bedding-corrected fracture orientations. For the remaining stress tensor
solution, the strata are horizontal; hence, tilt corrections are unnecessary. The
presentation order of the reduced stress states in each scenario does not imply a temporal
sequence. These are simply the distinctive stress regimes derived from the stress
mversion.

The second section of results describes the overprinting and cross-cutting
relationships among multiple structural features. Given the grouping of such features into

specific reduced stress tensors, these relationships are given in the relative order of stress



states. Data from Blue Sac and Wasson Bluff contain some mnformation on relative

timing.

3.1.Economy Point (Figs. Al to A3 in Appendix A)

The lithology in Economy Point consists of predominantly eolian medium-
grained sandstones. They are classified as Wolfville Formation (Fig. 9; Olsen et al.,
2000); however, their interpretation is ambiguous. For instance, seismic line EC-10
shows two tectonostratigraphic packages separated by an angular unconformity (Fig. 10).
From bottom to top, they could be either the Honeycomb Point and Wolfville formations,
or the Wolfville and “Lower” Blomidon formations.

A fault-propagation fold associated with a fault with reverse separation is present
at depth, and deforms the angular unconformity and the beds above (Fig. 10). Other
major faults near the study area, such as the E-striking Gerrish Mountain fault, also have
reverse separation, are gently-dipping at depth, becoming steep near the surface (Fig. 10).
The steep dip angle of the Gerrish Mountain fault produces a buttress fold, whereas the
gently-dipping Cobequid fault acts as a detachment level (Fig. 10). The sampling area,
consisting of three subsites in the western part of Economy Point, is near the trough of an
E-W-trending large-scale syncline (Figs. 9, 10; Withjack et al,, 2010). Therefore, strata
are practically horizontal Thus, the fracture data do not need a correction for bedding,
and only one scenario applies to this field site.

A single stress state results from the data. Vertical and subvertical conjugate
strike-slip faults and tension fractures striking in two preferred orientations yield stress

state E-A, a pure strike-slip-faulting regime with the maximum horizontal principal stress
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(Sumax) oriented NW-SE (Fig. 11; Table 1). Left-lateral strike-slip faults and tension
fractures strike NNW and NNW-NW, respectively. Right-lateral strike-slip faults strike

WNW to W.

3.2.Five Islands (Figs. A4, AS in Appendix A)

Three units with no apparent growth beds are present in this study site. At Red
Head, a NE-striking normal fault juxtaposes eolian sandstones and lacustrine shales of
the “Lower” and “Upper” Blomidon Formation, respectively located in the footwall and
hanging wall. The NMB overlies conformably the Blomidon Formation except at Old
Wife Pomt, where the two units exhibit a fault contact (Fig. A4 m Appendix A). To the
north, the same fault zone juxtaposes the NMB and the sandstones and mudstones facies
of the McCoy Brook Formation.

Fracture data from Five Islands are from the southern limb of a large-scale
syncline (Fig. 3). Thus, bedding in the central part of study area is N-dipping, with
variations to the WNW east of Red Head. Near this site, large-scale faults strike to the
NE and have normal slip, whereas others near the Red Head fault have anomalous dip
angles. At Old Wife Point, however, a NE-striking lefi-lateral strike-slip fault zone
(Withjack et al., 2010) approximately 100 m wide tilts originally vertical basaltic

columns to a subhorizontal position.

3.2.1. Scenario 1 (Figs. 12, 13; Table 2; Fig. A6 in Appendix A)
The stress inversion of the data yields four stress states, assuming that fracture

formation and/or reactivation occurred afier tilting (Fig. 13). Stress state F1-A consists of
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E-striking, conjugate and high-angle normal faults. It is a transtensional-faulting regime,
with the minimum horizontal principal stress (Snmin) oriented N-S, an intermediate
horizontal principal stress (Sint) oriented to the E, and o plunging subvertically. Faults
belonging to this stress state are located at and to the east of Red Head (Fig. 12).

Stress state F1-B is a transpressional- faulting regime with a N-trending Sgmax,
characterized by subvertical conjugate strike-slip faults striking N and ENE. High-angle
left-lateral faults striking NNE and NE are also present in this solution. Conjugate strike-
slip faults striking approximately NW and W define a stress state F1-C, a strike-slip-
faulting regime with a WNW-trending Symax. The intersection of these faults yields a
subvertical o,. Stress state F1-D represents the large-scale normal-faulting regime at Red
Head and the faults between that site and Old Wife Pomnt (Fig. 12). o, is subvertical in

F1-D, and Spmin strikes to the NW, perpendicularly to the strike of the faults.

3.2.2. Scenario 2 (Figs. 14, 15, Table 3; Fig. A7 in Appendix A)

Assuming that fractures formed and/or were reactivated before bedding tilting, the
stress nversion produces a very minor change in stress state F2-A compared to scenario
1, with a nearly vertical o and a horizontal 3. The result is a transtensional-faulting
regime, with Sppi, oriented N-S and an E-trending Syip¢. Faults in F2-B become slightly
steeper, producing a slightly steeper o, and shallower &, and isignificant variation in
the principal horizontal stress directions.

Stress state F2-C exhibits a significant change relative to F1-C. Correction for
bedding of about 76° causes the present-day vertical conjugate strike-slip faults to

become steeply-dipping conjugate oblique-slip faults with a major normal component.
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The resulting stress regime is normal faulting with a NE-oriented Sppin, located in the
fault zone at Old Wife Point (Fig. 14).

The normal faults represented by F2-D, with a similar orientation to F1-D, consist
of large-scale faults located in the Blomidon Formation (Fig. 14). All faults in this stress
regime are moderately to steeply dipping and predominantly normal faults, suggesting a

formation before bedding tilting,

3.3.Blue Sac (Figs. A8, A9 in Appendix A)

The lithology at Blue Sac consists of fluvial-lacustrine and talus-slope facies of
the McCoy Brook Formation. Strata dip in multiple directions. In the northeast, beds are
moderately dipping to the WNW. Moreover, mesoscale faulting is widespread, faults
strike in multiple directions, and overprinting slickenlines are present. Near the Blue Sac
fault, beds dip to the north at steeper dip angles. Near the Pinnacle, a SE-plunging
overturned anticline is present (Withjack et al, 2010). In the southwest, strata are nearly
horizontal. Elder Brady (2003) also reported anomalous orientations for bedding, faults,
and slickenlines relative to an idealized rift basin, where beds dip towards the border fault

and normal faults are perpendicular to the extension direction.

3.3.1. Scenario 1 (Figs. 16, 17; Table 4; Fig. A10 in Appendix A)

The stress mversion of the Blue Sac data yields three stress states, assuming that
fracture formation and/or reactivation occurred after bedding tilting. Stress state BI1-A is
a normal-faulting regime with Symin oriented E-W. Faults in this subset are NW-striking,

have a moderate dip angle, and exhibit normal slip and oblique slip with normal and
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right-lateral strike-slip components. Normal faults associated with B1-A are present to
the east of the Pinnacle (Fig. 16).

Stress state B1-B is a transtensional-faulting regime with Spmax trending NNE.
Only faults determine this solution, and they have two general orientations. One set
consists of steeply-dipping, NE-to-E-striking, left-lateral strike-slip and oblique-slip
faults with a predommant left-lateral component. The second set generally has N'W-
striking, right-lateral strike-slip faults with moderate to steep dip angles. Faults
corresponding to stress state B1-B are present throughout the Blue Sac area irrespective
of the degree of deformation of the rocks and the orientation of the major faults.

Conversely, two sets of faults represent the transpressional stress regime B1-C
with Spmax trending NW, located at the two extremes of the study area (Fig. 16). A NNW-
trending set is steeply dipping and exhibits left-lateral strike slip. The second set of faults

contains subvertical, right-lateral strike-slip faults.

3.3.2. Scenario 2 (Figs. 18, 19; Table 5, Fig. A1l in Appendix A)

The stress mversion of the Blue Sac data yields four stress states, assuming that
fracture formation and/or reactivation occurred before tilting. Stress state B2-A is a
normal-faulting regime with a WNW-trending Spmin and two sets of faults. One set has a
moderate-to-steep dip angle and strikes from N'W to N. Faults from this group exhibit
mostly oblique slip with a predominant normal component. The second set is a group of
WSW-striking normal faults. All faults in this regime are located at and east of the

Pinnacle (Fig. 18).
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Stress state B2-B consists of a pure strike-slip regime with Sppmax oriented NNE-
SSW. The correction for bedding tilting of most faults produced minor changes in the
slickenline orientation relative to those on faults n B1-B. Solution B2-B also mtroduces
mesoscale faults that were part of other stress regimes in Scenario 1.

Two stress states with fewer faults than the minimum required for the stress
mversion were selected because their faults have similarities m strike, dip and slip sense.
Stress state B2-C is a transpressional- faulting regime with a Syymax trending WNW. It
contains a series of subvertical and steeply-dipping, left-lateral, strike-slp faults with
strikes ranging from NNW to WNW. Moreover, one fault has two sets of slickenlines
belonging to the same stress state (Fig. 19). B2-C appears at the two extremes of the
study area, near the Portapique and Blue Sac faults.

Another stress state with few faults is B2-D, a normal-faulting regime with NE-
trending Sumin located east of the Pinnacle (Fig. 18). N-trending, steeply-dipping normal

and oblique-slip with predominant normal component belong to this stress state.

3.3.3. Relative Timing

At Blue Sac, evidence of relative timing of events consists of overprinting
slickenlines (Fig. 20A; Table 6). The relative order of stress states is B1-A followed by
BI-B. In scenario 2, the order is B2-D followed by B2-A. No information on relative age
is available for stress states B1-C and B2-B. Unlike other sites, at Blue Sac, up to three
sets of overprinting slickenlines are present on the same fault plane (Fig. 20B; Tables
A10, A1l n Appendix A), which has a dip direction and dip angle of 065°/43° in

scenario 1, and 082°74° in scenario 2. The oldest one consists of a thin layer of fibrous
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quartz + zeolite covering the fault plane. The fibers are perpendicular to the strike of the
fault and indicate pure dip slip. A younger set consists of grooves carved nto the quartz
layer filled with precipitates of quartz + zeolite. The slickenlines suggest oblique slip
with normal and left-lateral strike-slip components. The youngest set of slickenlines is
composed by relatively thinner grooves oriented parallel to the strike of the fault and
cutting across the second set. They indicate left-lateral strike-slip motion.

Two of the three sets of overprinting slickenlines belong to the same stress states
in both scenarios (Table 6). Similarly, one set of slickenlines from stress state B2-C
overprints another one of the same stress regime (Table 6) on a fault plane that has a dip
direction and dip angle of 247°/65°. Those two sets do not show overprinting or cross-
cutting relationships with fractures from other stress states, yielding an uncertain relative
age. A possible explanation for overprinting slickenlines from the same stress state is that
movement along the faults episodically induces rotations of the faults blocks.

Consequently, each stage of motion produces a slightly different set of slickenlines.

3.4.Wasson Bluff (Figs. A12, A13 in Appendix A)

Wasson Bluff is the most complex site of the four study areas. In the northern
part, the ENE-striking Portapique fault branches out in a fault system composed of
segments that strike to the N, NE, ENE and E. As a result, bedding exhibits local
variability. A general dip direction to the south reflects the geometry of the northern limb
of'a major syncline that trends parallel to the Portapique fault system and plunges to the

ENE. The southern limb, located near Clarke Head, consists of strata dipping to the N
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and NE and a steeply dipping basaltic layer, locally overturned, bounded by a NE-
striking fault with reverse separation and a major ENE-striking fault.

The structural complexity at Wasson Bluff also has mplications for the
stratigraphic and sedimentological architecture of this part of the basin. For instance, the
Blomidon Formation exhibits a decrease in grain size and an increase in thickness toward
the west, suggesting that the fault system was active during deposition (Olsen &
Schlische, 1990). On the northern Limb, the NMB shows pre-existing columnar jointing
as well as layering generally dipping to the south at moderate angles. Near the faults, the
cooling joints are filled with mudstone and sandstone (called sediment-filled fissures by
Schlische & Ackermann, 1995), as well as silica + zeolite veins (Kontak, 2008). The
overlying unit, the McCoy Brook Formation, consists of eolian sandstones that locally
exhibit matrix-supported, angular basaltic clasts near the faults. Those are part of the
talus-slope facies and are indicators of activity of the adjacent faults during deposition

(Olsen & Schlische, 1990).

3.4.1. Scenario 1 (Figs. 21, 22; Table 7; Fig. A14 in Appendix A)

Assuming that fractures post-date tilting of bedding, three reduced stress tensors
result from the Wasson Bluff data. Stress state W1-A corresponds to a normal-faulting
regime with Sppi, oriented WNW-ESE. The fractures from this group consist of faults,
conjugate faults and a group of tension fractures that have a NNE strike. Slip on most
faults ranges from normal to oblique with a major normal component. Nearly all fractures
have a moderate dip angle. W1-A is present near major faults with N to ENE strikes, in

both complex (center) and more simple (east) areas of the Portapique fault system (Fig.
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21). Tension fractures are particularly common in the basalt, and they are pre-existing
cooling joints that became reactivated and filled with red mudstone during extension
(Fig. 6B).

Stress state W1-B corresponds to another normal-faulting regime with Spmin
oriented NNW-SSE. The stress state is composed exclusively of moderately-to-steeply
dipping tension fractures in the basalt. The fractures, which are pre-existing cooling
joints, are filled with silica =+ zeolite and generally have a strike ranging from ESE to
ENE. Less widespread than W1-A, W1-Bis only present near major fault segments with
N and NE strikes (Fig. 21). However, stress state W1-B commonly occurs at the same
locations as W1-A.

Stress state W1-C is transpressional faulting regime with a NE-trending Spmax.
Steeply-dipping right-lateral strike-slip faults strike N to NE, whereas left-lateral strike-
slip faults with similar dip angles strike Eto NE. W1-Cis present in the central and
western parts of the study area, especially near the ENE- and E-striking fault contacts
between the NMB and the McCoy Brook Formation (Fig. 21). The WNW-striking
reverse fault in the central part of the study area, which links to one of those faults, most

likely is associated with W1-C as deformation compatible with a transpressional stress

regime.

3.4.2. Scenario 2 (Figs. 23, 24, Table 8; Fig. A15 in Appendix A)
Assuming that fracture formation and/or reactivation occurred before bedding
titing, the data from Wasson Bluff yield four stress states. Stress state W2-A is a normal-

faulting regime with Spmin oriented NW-SE. It is defined by generally steeply-dipping
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normal faults and tension fractures that strike perpendicular to Spmin. A small number of
fractures are oblique-slip faults with a major normal component. Also, one low-angle
oblique-slip fault striking NE-SW is compatible with this solution. In this scenario, W2-A
is the predominant stress state in the study area, and is characteristic of sites near major
faults with N to ENE strikes (Fig. 23).

Corrections for bedding of tension fractures in W1-B produce steeper structures
with an E-W to NNE strike, as shown m stress state W2-B (Fig. 24). This normal-faulting
regime differs from W1-B in terms of orientation of principal stress axes, where o
becomes steeper and 63 becomes more horizontal. However, Symax invariably trends to
the NNW.

Stress state W2-C contains tension fractures and oblique-slip faults with a
predominant normal component, all of them striking from the NN'W to the NE. The result
is a normal-faulting regime with Sppi, trending approximately E-W. The tension fractures
are present only in the columnar basalt, whereas faults are present in the NE part of the
study area (Fig. 23).

Stress state W2-D represents a transpressional-faulting regime with Symax oriented
NE-SW. The majority of faults are steeply-dipping to vertical strike-slip conjugate faults
striking N and ENE, with Sy, bisecting the acute angle between them. Similar to W1-C,
W2-Dis present in areas near the ENE- and E-striking faults juxtaposing the NMB and

the McCoy Brook Formation (Fig. 23).
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3.4.3. Relative Timing

At Wasson Bluff, cross-cutting relationships of tension fractures are indicators of
the relative timing of deformational events (Table 9). In one group, a tension fracture
filled with red mudstone exhibits slickenlines on the plane of the filler material. Another
group involves two sets of tension fractures filled with red mudstone and silica + zeolite,
respectively (Fig. 25); the silica + zeolite veins cut across the sediment-filled fractures.

The relative age at Wasson Bluff is well constraned only for the normal-faulting
regime in scenario 1, in which relationships show that W1-A precedes W1-B. In scenario
2, the data suggest that W2-A and W2-C preceded W2-B, but at the same time W2-B
preceded W2-C. Two possible alternatives may account for this contradiction in the data.
One is that W2-A and W2-C belong to the same tectonic phase and are older than W2-B.
The second alternative is that W2-A, W2-B and W2-C are all part of one tectonic phase.
In this case, the differences in the Spmin Orientations would be an artifact of the tension
fractures in pre-existing cooling joints that become reactivated during a normal faulting

phase.

4. INTERPRETATION AND DISCUSSION

In general, the stress states from the four field sites group into normal-faulting and
strike-slip faulting regimes (Fig. 26). Normal-faulting regimes are the dominant category
assuming that fractures formed before tilting of bedding (Scenario 2). However, the
largest group in the case of formation after tilting of bedding (Scenario 1) is fractures
belonging to strike-slip, transpressional and transtensional faulting regimes. A regional

pattern of two stress states, one from each scenario, suggests that fractures formed in at
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least two distinct tectonic events. Based on overprinting and geologic evidence, the older
event consists of normal faulting with Spmin generally oriented NW-SE, whereas the
younger event is a strike-slip faulting regime with Sypmax trending N-S to NE-SW (Fig.

27).

4.1.Relationships Among Stress, Strain and Displacement Directions

In this section, I infer the displacement direction of the hanging wall during the
two tectonic events using the relationships of Withjack & Jemison (1986) and the
extension and shortening directions derived from the stress states. Regional patterns of
stress states reflect the movement of the hanging wall relative to the footwall along the
Cobequid-Chedabucto border-fault zone. Under conditions of infinitesimal strain, the
principal stress and strain directions are coaxial (Withjack & Jamison, 1986). Therefore,
the orientation of Spymin is equivalent to the extension direction and the orientation of
SHmax 18 equivalent to the shortening direction.

A correlation exists between strain state and displacement direction (e.g.,
Withjack & Jamison, 1986; Fig. 28). During rifting, the extension direction lies midway
between the normal to the deformation zone (or preexisting zone of weakness) and the
displacement direction, forming the angle y (Fig. 28). Normal faults form when the angle
between the deformation zone and displacement direction (ie., a)is 30°<a<90°.
Consequently, the associated extension direction lies between 60°<y<90°, and the
shortening direction is vertical. Similarly, during shearing and oblique convergence, the
shortening direction lies midway between the normal to the deformation zone (or

preexisting zone of weakness) and the displacement direction, forming the angle 3 (Fig.
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29). In this strain state, strike-slip faults form when 0°<a<30° (Fig. 29). Thus, the
shortening direction lies in the range of 45°<3<60°. The sense of slip (ie., left-lateral or

right-lateral strike slip) depends on the strain state (Fig. 29).

4.2.Tectonic Event #1: Rifting

According to previous studies, the extension direction during rifting was NW-SE
(Olsen & Schlische, 1990; Schlische & Ackermann, 1995; Withjack et al., 2009).
Evidence of normal faulting associated with rifting is present at Five Islands, Blue Sac
and Wasson Bluff. The valid stress states, which belong to Five Islands and one to
Wasson Bluff (ie., F1-D, W1-B and W2-B), yield an extension direction consistent with
a hanging-wall displacement ranging from SSE to SE, and possibly reaching more
easterly-oriented directions (Figs. 30, 31). Conversely, the extension directions derived
from the predominant stress states at Blue Sac and three from Wasson Bluff (ie., B1-A,
WI1-A, B2-A, W2-A and W2-C) fall outside of the range of possible extension directions
associated with the major E- to ENE-striking faults (Figs. 30, 31). Therefore, the
extension directions from those four stress states are mvalid for conditions of
mfinitesimal strain, regardless the timing of formation relative to titing of bedding.

To be valid, the extension directions from Blue Sac and Wasson Bluff must be
rotated no more than approximately 40° counterclockwise relative to the range of possible
extension directions. A counterclockwise vertical-axis rotation of fractures that formed
during rifting is possible if left-lateral strike slip occurred on the major faults possibly
during and/or after tilting of bedding. In fact, the evidence from both sites supports the

presence of a postrift strike-slip-faulting regime with a shortening direction in the NE
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quadrant (Fig. 27), which is compatible with lefi-lateral strike slip on the major faults. At
Wasson Bluff, however, the different extension directions (ie., WI-A/W2-A and W1-
B/W2-B/W2-C; Figs. 22, 24) are also the result of the opening of columnar joints in the
basalt during extension and not necessarily because of subsequent vertical-axis rotations.
Nonetheless, the widest fissures indicate N'W-SE extension (Schlische & Ackermann,
1995).

Elder Brady (2003) proposed that dip-slip faults and bedding at Blue Sac rotated
counterclockwise about a vertical axis after their formation. She noted that the present-
day orientations of dip-slip faults indicate an ENE-WSW-extension direction, in contrast
to the direction suggested by field evidence. The dip direction of bedding is also
anomalous. Instead of dipping toward the border fault (ie., NN'W), beds dip to the west.
Thus, a counterclockwise vertical-axis rotation from a more reasonable extension
direction and an idealized dip direction of bedding is plausible. Similarly, the rotation is
compatible with postrift left-lateral strike slip on the Portapique and Blue Sac faults
(Elder Brady, 2003; Baum, 2006; Withjack et al., 2010).

The average ENE strike of the Shelburne dike suggests NNW-SSE extension
direction, equivalent to a SSE displacement of the southern block (Fig. 32). The dikes
surrounding the Fundy basin, which have a similar strike (Fig. 2), also yield a comparable
extension and displacement directions. A SSE displacement direction is only similar to
that at Five Islands, suggesting that vertical-axis rotations near the Red Head fault are
minimal. At the same time, a disagreement between extension directions inferred for Five

Islands and the Shelburne dike versus the stress states for Blue Sac and partially for
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Wasson Bluff reinforces the hypothesis of the presence of vertical-axis rotations at Blue

Sac and Wasson Bluff.

4.2.1. Absolute Timing Constraints

The rifting stage with an average SE displacement of the hanging wall (Fig. 33) is
the best-constrained episode of the deformational history of the Fundy basin. Growth
strata thickening towards the border fault (Withjack etal., 1995, 2010, 2012a) suggest an
age of rifting ranging from Permian (if the Honeycomb Point Formation is, in fact,
synrift) or Middle Triassic (Anisian) to Early Jurassic (Smemurian) in the Fundy basin
(Fig. 2). Cyclostratigraphic, biostratigraphic and radiometric age controls are available
for these rocks (Olsen et al., 1987; Olsen etal., 1997; Whiteside et al., 2007; Jourdan et
al., 2009; Schoene et al., 2010; Blackburn et al., 2013). The sediment-filled tension
fractures have very tight chronological constraints; they formed between the cooling of
the basalt and the deposition of the basal McCoy Brook Formation in the latest Late

Triassic (Schlische & Ackermann, 1995; Lucas et al., 2011).

4.3.Tectonic Event # 2: Basin Inversion

Evidence from Five Islands, Blue Sac and Wasson Bluff indicates that postrift,
NE-directed displacement produced strike-slip faulting along the northern margin of the
Minas subbasin. Assuming that fractures formed after titing of bedding, all the dominant
stress states at those sites (i.e., F1-B, Bl-B and W1-C)yield a shortening direction
compatible with a hanging-wall displacement ranging from NNE to NE and possibly to

the ENE (Fig. 34). A similar displacement direction results from the assumption that
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fractures formed before tilting of bedding (ie., F2-B, B2-B and W2-D; Fig. 35). If a
general NE displacement is valid, it would produce at least a component of left-lateral
strike slip on the border-fault zone. Consequently, counterclockwise vertical-axis
rotations likely occurred on mesoscale fractures that formed before or during this tectonic
event. An example of rotated preexisting structures is the set of fractures yielding mnvalid
extension directions from the first event (rifting). These stress/strain states exhibit
counterclockwise vertical-axis rotations relative to the idealized orientations. Faults
formed during the second event, such as the ones located at Five Islands, most likely
rotated about a vertical axis in a counterclockwise sense due to left-lateral shear produced
mn the Old Wife fault zone (Withjack et al., 2010) or by the overall ENE-striking border-

fault zone.

4.3.1. Strain Partitioning

Strain partitioning is the separation of oblique shortening into discrete zones of
strike-slip faulting, dip-slip faulting and folding (e.g., Nicol & van Dissen, 2002;
Withjack et al, 2010). The shortening direction associated with a general NE
displacement of the hanging wall is compatible with the left-lateral strike slip on the
border-fault zone and the trend of only some folds. This suggests that faulting and folding
developed at two different tectonic events, or they are coeval and strain is partitioned
(Fig. 35). My inferred displacement direction during the phase of basin inversion only
reflects the movement along the border-fault zone; thus, it supports the idea of separate
tectonic phases. If strain partitioning occurred, then the average NE displacement along

the border-fault zone accommodates the lefi-lateral strike-slip component, whereas
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folding (trending from NE to ENE) accommodates the NE-to-WNW-directed shortening
component. The net result of the strain partitioning would be a mean NE displacement

direction of the hanging wall (Fig. 36), which is similar to the direction proposed by

Withjack et al. (2010).

4.3.2. Comparison of Postrift Deformation with Previous Studies

Previous studies have explained that many structures at Blue Sac and Wasson
Bluff formed during a postrift stage of NE-directed displacement. For instance, Baum
(2006) explained that a series of oblique-slip faults, NW-trending synclines and
anticlines, NNW- and NE-striking conjugate strike-slp faults and an E-W-striking
reverse fault at Blue Sac are the result of a NE displacement of the hanging wall. Elder
Brady (2003) concluded a similar displacement direction based on neoformed strike-slip
faults and reactivated normal faults as strike-slip faults. At Wasson Bluff, anomalously
dipping faults, oblique-slip and strike-slip faults are among the structures that are
compatble with postrit NE-directed movement of the hanging wall (Withjack et al.,
1995; Elder Brady, 2003; Withjack et al., 2010).

At aregional scale, multiple studies have yielded shortening directions
comparable to those obtained in this study for the postrift deformation. In the Newark
basin, postrift deformation, such as folds adjacent to the border-fault zone (some with
very steep limb dips) (Withjack & Schlische, 2005), calcite twinning (Lomando &
Engelder, 1984) and axial-planar cleavage (Lucas et al., 1988), suggests a N-Sto NE-SW
shortening direction. In the Hartford basin, De Boer & Clifton (1988) proposed two

postrift stages based on fault data and crosscutting relationships. The first stage consists
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of NE shortening related to the “shifting” phase from rifting to drifting. De Boer (1992)
also determined a similar shortening direction in the Fundy basin. The second phase is
NW shortening, which De Boer & Clifton (1988) related to the drifting stage.

Seismic data from the offShore Orpheus, Scotian and Emerald/Naskapi basins
(Withjack et al., 1995; Durcanin, 2009; Syamsir, 2010; Etikha, 2012; Hanafi, 2013), with
a more complete synrift and postrift stratigraphic section than the Fundy basin, show a
number of faults with reverse separation, buckle folds, and shortened synrift salt
structures (Fig. 37). Although some of this evidence might be associated with postrift

deformation, it does not provide information on strain states.

4.3.3. Absolute Timing Constraints

Although the age of rifting is reasonably well constrained, the absence of postrift
strata has led to a debate on the absolute timing of the postrift event in the Fundy basin
(Withjack et al., 2012b). However, the seismic data from the offShore Orpheus, Scotian
and Emerald/Naskapi basins (Withjack et al., 1995; Durcanin, 2009; Syamsir, 2010;
Etikha, 2012; Hanafi, 2013) provide insight on the timing of the basin inversion event.
Three major unconformities, associated with postrift faulting, folding, regional uplift and
erosion, indicate that several significant tectonic events affected parts of the eastern
North American margin after rifting (Figs. 37, 38). The breakup unconformity marks the
transition from rifting to drifting in the Smemurian/Pliensbachian (Early Jurassic). The
Avalon unconformity developed in the Early Cretaceous (Etikha, 2012; Hanafi, 2013),
and may be related to compressional pulses associated with ridge push and/or basal drag

of the contnental lithosphere during the mitiation of seafloor spreading (Withjack et al.,
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1995; Withjack et al, 1998; Withjack et al,, 2012b). The third unconformity developed
during late Oligocene to Miocene time (MacLean & Wade, 1992; Etikha, 2012). In the
Scotian basin, the unconformity is an erosional surface that forms deeply incised canyons
and separates faulted and folded Paleocene-Oligocene strata and undeformed Pliocene-
Pleistocene units (Fig. 37; Durcanin, 2009; Syamsir, 2010; Etikha, 2012; Hanafi, 2013).
Uplift occurred in the Newark and Taylorsville basins, with 2-6 km and up to 3
km of postrift erosion, respectively (Malinconico, 1999, 2003). The timing of this
deformation is unknown. Gallen et al. (2013), conversely, reported uplift since the
Miocene i the Cullasaja River basin in North Carolina. Finally, stress data from
earthquake focal mechanisms indicate that a NE-oriented Spmax, thus a NE-trending
shortening (assuming coaxial deformation), is the current stress state in central and
eastern United States and southeastern Canada (Hurd & Zoback, 2012). The focal
mechanism solution of the Mg 7.2 Grand Banks earthquake (Bent, 1995), as well as the
orientation of the possible seismic source (Etikha, 2012), are compatible with this stress
state. Because the plate-tectonic setting has not changed since breakup, the NE-
shortening direction possibly has been the same one operating in the central segment of
the eastern North America margin since then (Fig 38), producing mostly strike slip along

the border fault of the Minas subbasin.

4.4.Stress States of Unknown Origin
Many stress regimes obtained from the stress inversion of fracture data do not fit
i the rifting or the postrift deformation with NE-directed displacement scenarios (e.g.,

E-A, F1-A,F1-C,F2-A, F2-C, B1-C, B2-C and B2-D). The origin of those stress states is



28

unknown. More evidence is necessary to determine whether they are the result of actual

geologic processes or unrealistic stress inversion products.

4.5.Limitations of the Approach

The stress nversion method involves a series of uncertainties that limit the
significance of the findings in my study. First, the stress inversion method does not
resolve time constraints. At most, cross-cutting relationships and overprinting
slickenlines provide a relative order of events, which can change depending on the
mferred stress states.

The inferred stress states are sensitive to the quality of the mput data. Thus, the
fracture data must be reliable and tied closely to the geology of the area. Uncertainty
increases in the stages of data separation and inversion, especially because the software
works with numerical algorithms and does not mvolve geologic criteria. Although the
data require a preliminary separation based on field criteria, subsequent stages of
separation can produce multiple possible reduced stress tensors. This number increases
with the structural complexity and number of tectonic events.

Vertical-axis rotations are another limitation of the approach. A lack of ndicators
for vertical-axis rotations, such as local paleomagnetic declination data, restricts the
mversion of fractures to the use of present-day orientations or corrected orientations for
titing of bedding. This issue has special significance in areas where the evidence
indicates the presence of strike slip. Consequently, the processing of strike-slip faults

might result in biased stress states.
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Strain partitioning also limits the approach, which only involves fractures.
Therefore, the stress states, extension directions and displacement directions only reflect
the brittle behavior along the border-fault zone. This is problematic in the Fundy basin,
where folding is also present and strain partitioning likely occurred (Withjack et al.,

2010).

5. CONCLUSIONS

Faults, conjugate faults and tension fractures from the eastern part of Fundy rift
basin provide information on the stress states produced by multiple stages of
deformation. The fracture data, processed through stress inversion, yield reduced stress
tensors that are partially compatible with the local geology. The major cause of
discrepancies is the rotation of fractures by tilting of bedding and strike slip, which bias
the resulting orientation of some of the stress states. The analysis through horizontal-axis
corrections show little difference from those derived from unrotated fractures within the
same site. Furthermore, I mnferred counterclockwise vertical-axis rotations of stress states
mostly due to a left-lateral strike-slip component on the border-fault zone.

Two tectonic events describe most of the formation and/or reactivation of
structures from the northern shore of the Minas subbasin. One of them belongs to postrift
deformation. Tentatively, I propose the following order of events:

1) Rifting characterized by a normal faulting and produced by an average SE

displacement of the hanging wall during Late Triassic/Early Jurassic.

2) Basin inversion characterized by a strike-slip faulting and produced by lefi-

lateral shear along the border-fault zone. The average movement of the
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hanging wall is NE regardless faulting and folding are or not coeval. Its
absolute age is unclear.
The presence of multiple stages of deformation, the quality of the mput data and
processing, vertical-axis rotations and strain partitioning are among the factors that limit

the approach used i this study.

5.1.Future Work

e C(ollect and analyze additional fracture data from the northern shore of the Minas
Basin to confirm or reject the postrift westward shear of the hanging wall.

e Collect and analyze fracture data from the southern shore of the Minas subbasin
to confirm 1if the postrift stress states obtained in this study are widespread or just
localized along the border-fault system.

e Collect and analyze fracture data from onshore Cretaceous units near Middle
Musquodoboit, Nova Scotia (Keppie, 2000), to have a better control of timing of

deformation.
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Table 1. Reduced stress tensor from Economy Point. R and R’ are the stress ratio and the stress ndex, respectively.

Stress State N g o2 o3 R R’ Stress Regime Stress Symbol
E-A 18 127°/10° 291°/79° 036°/03° 0.50 1.50 Strike-Shp- ’D’
Faulting l ‘

Table 2. Reduced stress tensors from Five Islands assuming fracture formation and/or reactivation after titing. R and R’ are the stress

ratio and the stress index, respectively.

Stress State N oy o2 o3 R R’ Stress Regime Stress Symbol
F1-A 9 106°/67° 268°/22° 001°/06° 0.95 0.95  Iranstensional
Faulting
F1-B 10 005°19° 197°/71° 096°/04° 0.10 9o  Iramspressional
Faulting
F1-C 7 289°/21° 109°/68° 019°/00° 0.70 1.30 Strike-Slp
Faulting
F1-D 3 094°/76° 225°/09° 317°/11° 0.35 0.35 Normal ‘-
Faulting ol

8¢



Table 3. Reduced stress tensors from Five Islands assuming fracture formation and/or reactivation before tilting. R and R’ are the
stress ratio and the stress index, respectively.

Stress State N oy o2 o3 R R’ Stress Regime Stress Symbol
F2-A 9 103976°  269°14°  000°03° 080 080  lranstensional
Faulting
F2-B 8 000°06°  247979° 100°09° 040  1.60 Strike-Slip
Faulting

F2-C 6 131°/61° 2979/29° 030°06° 061 0.6l Normal
Faulting
F2-D 3 007°%68° 230°/16° 136914° 035 035 Normal
Faulting

6¢



Table 4. Reduced stress tensors from Blue Sac assuming fracture formation and/or reactivation after titing. R and R’ are the stress
ratio and the stress index, respectively.

Stress State N oy o2 o3 R R’ Stress Regime Stress Symbol
BI-A 4 156°/80° 000°09°  270°04° 049  0.49 Normal
Faulting
BI-B 17 203°/17° 059°/69° 297°/11° 0.77 1p3  Transtensional
Faulting
B1-C 4 310°/21° 106°/67° 217°/08° 0.10 9o  Transpressional
Faulting

0ov



Table 5. Reduced stress tensors from Blue

Sac assuming fracture formation and/or reactivation before tilting, R and R’ are the stress

ratio and the stress index, respectively.

Stress State N oy o2 o3 R R’ Stress Regime Stress Symbol
B2-A 12 170%68° 023919°  289911° 054  0.54 Normal
Faulting
B2-B 8 016%00° 126989°  286°01° 057 143 Strike-Slip
Faulting
B2-C 5 102°/13° 270977 01203 025 175  \ranspressional
Faulting
B2-D 4 29200640 166°/16° 070°20° 038 038 Normal
Faulting

It



Table 6. Overprinting relationships at Blue Sac.

Fracture ID Type of feature Relative timing Stress state (Scenario 1) Stress state (Scenario 2)
2 Slickenlines Older - B2-C
3 Slickenlines Younger B1-C B2-C
8 Slickenlines Older Bl1-A B2-D
9 Slickenlines Younger BI1-B B2-A
10 Slickenlines Older BI-A B2-D
11 Slickenlines Younger - B2-A
12 Slickenlines Older Bl1-A B2-D
13 Slickenlines Younger B1-B B2-A
14 Slickenlines Youngest BI1-B B2-A
15 Slickenlines Older BI-B B2-A
16 Slickenlines Younger BI-B B2-A

(44



Table 7. Reduced stress tensors from Wasson Bluff assuming fracture formation and/or reactivation after titing. R and R’ are the
stress ratio and the stress index, respectively.

Stress State N oy o2 o3 R R’ Stress Regime Stress Symbol
WI-A 19 209°/60° 019°/30° 111°/04° 0.50 0.50 Normal
Faulting
WI1-B 13 031°/51° 276°/19° 173°/33° 0.50 0.50 Normal
Faulting
W1-C 13 049°11° 2599/77° 140°06° 000  2.00  \ranspressional
Faulting

197



Table 8. Reduced stress tensors from Wasson Bluff assuming fracture formation and/or reactivation before tilting. R and R’ are the

stress ratio and the stress index, respectively.

Stress State N oy o2 o3 R R’ Stress Regime Stress Symbol

W2-A 12 124°/81° 034°/00° 304°/09° 0.60 0.60 Normal .
Faulting

W2-B 12 079°/61° 249°/29° 342°/04° 0.50 0.50 Normal
Faulting

W2-C 13 202958° 3440060 08317° 025 025  RadiakNormal .
Faulting

W2-D 7 035°/18° 175°/67° 301°/14° 0.15 1.g5  Transpressional
Faulting

144



Table 9. Overprinting and cross-cutting relationships at Wasson Bluff.

Fracture ID Type of feature Relative timing Stress state (Scenario 1) Stress state (Scenario 2)
331035 Tension fractures filled with Older WI1-A W2-A/W2-C
red mudstone
36 to 46 Silica + zeolite vein Younger WI1-B W2-B
46 Tension fracture Older WI1-B W2-B
47 Fault with reverse Younger - W2-C

separation. Offsets 46

9%
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Figure 1. Regional tectonic map showing Mesozoic rift basins in eastern North America (modified from Withjack et al., 2012b). The
Fundy and Orpheus rift basins share a common border-fault zone.
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Figure 3. Location and geology of the study area. A) Shaded relief map based on digital
elevation model of the eastern part of the Minas subbasin (Nova Scotia) showing the four
study sites and seismic lne EC-10. The projected coordinate system for this and
subsequent maps is NAD 1983 UTM Zone 20N. DEM retrieved from Fisher et al. (2006).
B) Geologic map of the same area (modified from Donohoe & Wallace [1982], and
Withjack et al. [2009]). The Cobequid (also known as Minas) fault links to the
Chedabucto fault in the east and forms the Cobequid-Chedabucto fault zone (Fig. 1),
which is the border fault of the Fundy and Orpheus rift basins. See complete stratigraphy

in Figure 4.
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Figure 5. Equal-area stereographic projections of raw field data separated by class and
site. The class ‘faults’ applies to fractures with slickenlines only. ‘Conjugate faults’ are
pairs of primary fractures intersecting each other at ~60°. “Tension fractures’ show no
evident shear and could be voids or filled with minerals or sediments.
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Figure 6. Examples of es of fractures. A) Fault bearing slickenlines (S) and Riedel shears (R) indicatg left-lateral movement, and
B) sediment-filled tension fractures in columnar basalt at Wasson Bluff. C) Conjugate normal faults at Wasson Bluff and D) conjugate
strike-slip faults at Economy Point.
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1) Separation #1: By Site Output: Site 1, ..., Site N

2) Separation #2: Clusters of principal stress axes
Input: Site 1, ..., Site N

Output: Cluster T Cluster A,

Separation using
visual and field criteria

Site 1

3) Rotational Optimization

Output:

Input:
-Tensor B1, ..., Tensor Bh

-Cluster Poyrea 5 Cluster A_

if misfit > 30°

Minimize global misfit:
reject data

AdjustR, 0,, 0,, 0,

A

if misfit < 30°
accept data

Input: Output:

-Tensor B, ..., Tensor B_
-Conjugate faults
-Tension Fractures

Minimize global misfit: if misfit > 30°
ReadjustR, 0,, 0,, 0, reject data
if misfit < 30°

accept data

Figure 7. Stress mnversion method using Win TENSOR. Circles are the maximum
principal stress (o), triangles are the intermediate principal stress (o) and squares are
the minimum principal stress (o3). Small symbols represent the principal stress associated
with individual fracture data pomts, whereas large symbols are the average principal
stress axes. See text for discussion.



Stress Regimes Types
Radial Pure Transtensional
R=0.1 R=0.3 R=0.5 R=0.7 R=0.9
NORMAL-
FAULTING
(o, is vertical)
Transtensional Pure Transpressional
R=0.9 R=0.7 R=0.5 R=0.3 R=0.1
STRIKE-SLIP-
FAULTING
(o, is vertical)
Transpressional Pure Radial
R=0.1 R=0.3 R=0.5 R=0.9
REVERSE-
FAULTING
(o, is vertical)

Figure 8. Stress symbols showing the minimum (red arrows), ntermediate (green arrows) and maximum (blue arrows) stress
directions in the three stress regimes (Delvaux et al, 1995, 1997). The arrows are the projections of the principal stress axes in the
horizontal. Arrow lengths and types of stress regimes are function of R (stress ratio, R = (0,-63)/(c1-63)) and the stress regime.
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Figure 9. Geologic map of the western part of Economy Point (modified from Donohoe
& Wallace, 1982) showing the distribution of stress state E-A at different subsites. The
purple unit could be either Wolfville or lower Blomidon Formations. Percentages are
based on the number of fractures contained in the stress state at each subsite relative to
the total of fractures in the area (Appendices 1 to 3). Location and orientation of bedding

symbols are inferred. See Appendix 1 for all symbols. See Figure 3 for full extension of
seismic lne EC-10.
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Figure 10 (on previous page). Uninterpreted (top) and mterpreted (bottom) seismic lne EC-10 from Economy Point (see Figure 3 for
complete location) showing synrift and postrift deformation of three tectonostratigraphic packages. Unit A'is either the Honeycomb
Point Formation or Wolfville Formation. Unit A is either the Wolfville Formation or “Lower” Blomidon Formation. The angular
unconformity U separates Unit A' fiom Unit A. Reinterpreted after Withjack et al. (2010).
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ECONOMY POINT TENSOR SOLUTION

Average/Individual
AA 2 principal stress axes

Maximum horizontal
) ¢ stress direction (Symax)

Minimum horizontal
== stress direction (S;in)

Figure 11. Reduced stress tensors and equal-area stereographic projections of fractures at Economy Point (see Appendices 1 to 3).
The solution yields one stress state. The data from this site do not include horizontal-axis rotations because bedding is practically
horizontal. See Figure 5 for color scheme of fractures.
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9\)\\9"0us

5,027,000
1
000°220'G

5,026,000
000'920°S

417,000 419,000

Figure 12. Geologic map of Five Islands (modified from Withjack et al, 2009) showing the distribution of stress states at different
subsites, assuming fracture formation and/or reactivation occurred after tilting (scenario 1). Percentages are based on the number of
fractures contained in the stress states at each subsite relative to the total of fractures in the area (see Appendices 4 to 6). Location and
orientation of bedding symbols are inferred. See Figure 4 for color scheme, and Appendix 5 for all symbols.
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FIVE ISLANDS TENSOR SOLUTIONS

Scenario 1: Fracture formation and/or reactivation after bedding tilting

Maximum horizontal
®o o, == stress direction (Symax)

B 5, A;ﬁcr;?gslls':?;:?:iles - Minimum horizontal
EID . p p stress direction (S i)
3

Intermediate horizontal
g stress direction (Syn)

Figure 13. Reduced stress tensors and equal-area stereographic projections of fractures at
Five Islands assuming fracture formation and/or reactivation occurred after bedding
titing (i.e., fractures used in stress inversion are in the present-day orientation; see
Appendices 4 to 6). The solution yields four distinct stress states (A to D). Stress state D
(marked with *) contains a lower number than the minimum required in the stress
mversion, but they are key large-scale faults. See Figure 5 for color scheme of fractures.
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12 - 24%

5,027,000
1
000'£20°G

5,026,000
000°920°S
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Figure 14. Geologic map of Five Islands (modified from Withjack et al, 2009) showing the distribution of stress states at different
subsites, assuming fracture formation and/or reactivation occurred before tilting (scenario 2). Percentages are based on the number of
fractures contained in the stress states at each subsite relative to the total of fractures in the area (see Appendices 4, 5 and 7). Location
and orientation of bedding symbols are inferred. See Figure 4 for color scheme, and Appendix 4 for all symbols.
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FIVE ISLANDS TENSOR SOLUTIONS

Scenario 2: Fracture formation and/or reactivation before bedding tilting
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Figure 15. Reduced stress tensors and equal-area stereographic projections of fractures at

Five Islands assuming fracture formation and/or reactivation before bedding tilting (ie.,

fractures used in stress inversion are corrected for local bedding; see Appendices 4, 5 and
7). The solution yields four distinct stress states (A to D). Stress state D (marked with *)
contains key large-scale faults in a smaller number than the minimum required in the

stress mversion. See Figure 5 for color scheme of fractures.
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Figure 16. Geologic map of Blue Sac (modified from Withjack et al. [2010] and Donohoe & Wallace [1982]) showing the distribution
of stress states at different subsites, assuming fracture formation and/or reactivation occurred after tilting (scenario 1). Percentages are
based on the number of fractures contained in the stress states at each subsite relative to the total of fractures in the area (see

Appendices 8 to 10). See Figure 4 for color scheme, and Appendix 8 for symbols.
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BLUE SAC TENSOR SOLUTIONS

Scenario 1: Fracture formation and/or reactivation after bedding tilting

N N

Average/Individual
A+ o principal stress axes

Maximum horizontal
= stress direction (Symay)

Minimum horizontal
- stress direction (Symin)

Intermediate horizontal
- stress direction (Syit)

Figure 17. Reduced stress tensors and equal-area stereographic projections of fractures at
Blue Sac assuming fracture formation and/or reactivation after bedding tilting (i.e.,
fractures used in stress inversion are in the present-day orientation; see Appendices 8 to
10). The solution yields three distinct stress states (A to C). Stress states A and D
(marked with *) contain key faults in a smaller number than the mmimum required in the
stress inversion. See Figure 5 for color scheme of fractures.
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Figure 18. Geologic map of Blue Sac (modified from Withjack et al. [2010] and Donohoe & Wallace [1982]) showing the distribution
of stress states at different subsites, assuming fracture formation and/or reactivation occurred before tilting (scenario 2). Percentages
are based on the number of fractures contained in the stress states at each subsite relative to the total of fractures in the area (see
Appendices 8,9 and 11). See Figure 4 for color scheme, and Appendix 8 for symbols and bedding information.
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BLUE SAC TENSOR SOLUTIONS

Scenario 2: Fracture formation and/or reactivation before bedding tilting

N N

Maximum horizontal
=) 4=

®o o . stress direction (Synay)

Aa o, A\{erggelllr:dlwdual - Minimum horizontal

& principal stress axes stress direction (Sumin)
o o,

Intermediate horizontal
=) stress direction (Sy)

Figure 19. Reduced stress tensors and equal-area stereographic projections of fractures at
Blue Sac assuming fracture formation and/or reactivation before bedding tilting (ie.,
fractures used in stress inversion are corrected for local bedding; see Appendices 8, 9 and
11). The solution yields four distinct stress states (A to D). Stress states C and D (marked
with *) contain key faults in a smaller number than the minimum required in the stress
mversion. See Figure 5 for color scheme of fractures.
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Figure 20. Examples of A) two and B) three sets of overprinting slickenlines at Blue Sac
(movement direction of the hanging wall ndicated by arrows). The numbers indicate the
relative age, where 1 is the oldest and higher values are younger.
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Figure 21. Geologic map of Wasson Bluff (modified from Withjack et al., 2010) showing the spatial distribution of stress states,

assuming fracture formation and/or reactivation occurred after tilting (scenario 1). Percentages are based on the number of fractures
contained in the stress states at each subsite relative to the total of fractures in the area (see Appendices 12 to 14). See Figure 4 for
color scheme, and Appendix 12 for symbols.
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WASSON BLUFF TENSOR SOLUTIONS

Scenario 1: Fracture formation and/or reactivation after bedding tilting

N

Average/Individual
AA 2 principal stress axes

Maximum horizontal
= = stress direction (Symay)

Minimum horizontal
=) stress direction (S;,in)

Figure 22. Reduced stress tensors and equal-area stereographic projections of fractures at
Wasson Bluff assuming fracture formation and/or reactivation after bedding tilting (ie.,
fractures used in stress inversion are in the present-day orientation; see Appendices 12 to
14). The solution yields three distinct stress states (A to C). See Figure 5 for color scheme
of fractures.
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Figure 23. Geologic map of Wasson Bluff (modified from Withjack et al., 2010) showing the spatial distribution of stress states,

assuming fracture formation and/or reactivation occurred before tilting (scenario 2). Percentages are based on the number of fractures
contained in the stress states at each subsite relative to the total of fractures in the area (see Appendices 12, 13 and 15). See Figure 4
for color scheme, and Appendix 12 for symbols and bedding nformation.
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WASSON BLUFF TENSOR SOLUTIONS

Scenario 2: Fracture formation and/or reactivation before bedding tilting

N
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Figure 24. Reduced stress tensors and equal-area stereographic projections of fractures at
Wasson Bluff assuming fracture formation and/or reactivation before bedding tilting (ie.,
fractures used in stress inversion are corrected for local bedding; see Appendices 12, 13
and 15). The solution yields four distinct stress states (A to D). See Figure 5 for color
scheme of fractures.
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Figure 25. Example of cross-cutting relationships at Wasson Bluff.
fractures cut across mudstone-filled tension fractures.

Quartz-filled tension
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Percent distribution of data into stress regimes, assuming fracture formation
and/or reactivation after bedding tilting (Scenario 1)

Transtensional
Faulting
16%

Percent distribution of data into stress regimes, assuming fracture formation
and/or reactivation before bedding tilting (Scenario 2)

rans-
tensional
Faulting

Figure 26. Percent distribution of all data into stress regimes obtained from the stress
mversion. The results from Economy Poimnt, which has only one scenario, are repeated n
both graphs.
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Figure 27. Relative timing of representative stress states grouped in two possible tectonic phases. See Tables 6 and 9 for more details.
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The extension direction lies
midway between the normal
to the deformation zone and
the displacement direction
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Figure 28. Relationship between strain and displacement during rifting. Normal faulting occurs when the angle between the

displacement direction and the deformation zone (o) ranges from 90° to 30° (see Withjack & Jamison, 1986). A) Definition of key
features. B) Relationship for two key displacement directions (aa=90°, a=30°). C) Definition of key strain states. D) Range of possible

displacement and mfinitesimal extension directions that yield normal faulting for orthogonal and oblique extension.
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1 = Displacement direction to the deformation zone and
}“\/Normal the displacement direction
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Figure 29. Relationship between strain and displacement during shearing and oblique shortening. Strike-slp faulting occurs when the
angle between the displacement direction and the deformation zone (o) ranges from 0° to 30° (see Withjack & Jamison, 1986). A)
Definition of key features. B) Relationship for two key displacement directions (a=0°, aa=30°) that produce lefi-lateral strike-slip
faults. Displacement directions in the opposite quadrant produce right-lateral strike-slip faults. C) Definition of key strain states. D)
Range of displacement and possible infinitesimal extension directions for shearing and highly oblique shortening.
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A B c Extension and K
Site and Structural Framework | Stress State | Displacement Directions | Validity
— General strike of
W border-fault zone
©
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strike of border-fault zone

Figure 30. Inferred displacement directions of the hanging wall (southern border-fault
block) during the regional normal-faulting regime assuming that faulting occurred after
titing of bedding. A) Location of field site relative to the border-fault zone. B) Stress
state based on stress inversion. C) Extension direction (parallel to Shmin) and inferred
displacement directions (only shown if the extension direction falls within the possible
range of infinitesimal directions). The strike of the border-fault zone ranges between E
and ENE; therefore, the possible ranges of infinitesimal extension directions for the two
end members overlap in the figure. D) Validity of the analysis. ‘Yes’ indicates that the
mferred extension direction falls within the acceptable range for normal faulting.
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A B c Extension and D
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Figure 31. Inferred displacement directions of the hanging wall (southern border-fault
block) during the regional normal-faulting regime assuming that faulting occurred before
titing of bedding. A) Location of field site relative to the border-fault zone. B) Stress
state based on stress inversion. C) Extension direction (parallel to Shmin) and inferred
displacement directions (only shown if the extension direction falls within the possible
range of infinitesimal directions). The strike of the border-fault zone ranges between E
and ENE; therefore, the possible ranges of mnfinitesimal extension directions for the two
end members overlap in the figure. D) Validity of the analysis. “Yes’ indicates that the
mferred extension direction falls within the acceptable range for normal faulting.
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Figure 32. Inferred extension and displacement directions in the Shelburne dike during the ntrusion at approximately 200 Ma (Dunn
et al., 1998).
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Figure 33. Range of possible displacement directions during tectonic stage 1 (rifting)
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based on valid extension directions. As indicated by the range, the average movement of
the hanging wall (southern border-fault block) relative to the footwall is SE.
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A B C  Shortening and D
Site and Structural Framework Stress State | Displacement Directions | Validity

General strike of
border-fault zone

Right-lateral Possibly
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Figure 34. Inferred displacement directions of the hanging wall (southern border-fault
block) during the regional strike-slip-faulting regime assuming that faulting occurred
after titing of bedding. A) Location of field site relative to the border-fault zone. B)
Stress state based on stress mversion. C) Shortening direction (parallel to Spmax)and
mferred displacement directions (only shown if the shortening direction falls within the
possible range of infinitesimal directions). The strike of the border-fault zone ranges
between E and ENE; therefore, the possible ranges of nfinitesimal shortening directions
for the two end members are merged and form larger arcs in the figure. D) Validity of the
analysis. ‘Yes’ indicates that the inferred shortening direction falls within the acceptable
range for strike-slip faulting,
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A B C  Shortening and D
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Figure 35. Inferred displacement directions of the hanging wall (southern border-fault
block) during the regional strike-slip-faulting regime assuming that faulting occurred
before tilting of bedding. A) Location of field site relative to the border-fault zone. B)
Stress state based on stress mversion. C) Shortening direction (parallel to Spmax) and
mferred displacement directions (only shown if the shortening direction falls within the
possible range of infinitesimal directions). The strike of the border-fault zone ranges
between E and ENE; therefore, the possible ranges of infinitesimal shortening directions
for the two end members are merged and form larger arcs in the figure. D) Validity of the
analysis. ‘Yes’ indicates that the inferred shortening direction falls within the acceptable
range for strike-slip faulting.
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Basin Inversion

A
N A (strain partitioning)

Basin Inversion
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N Y. (folding only)
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/ (faulting only)
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Range of possible
displacement directions

Border-fault zone
------ s Syncline
=P Displacement direction = ------ A Anticline

Figure 36. Range of possible displacement directions during tectonic stage 2 (basin
mversion) based on valid shortening directions. As suggested by the range, the average
movement on the hanging wall (southern border-fault block) relative to the footwall is a)
to the NE if only faulting occurred, b) to the north if only folding occurred (folds form
when 30<B<90), or ¢) to the NE if faulting and folding are coeval, and strain partitioning
occurred.
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Figure 37. lllustration of an interpreted seismic line from the Orpheus (synrift) and Scotian (postrift) basins showing synrift and
postrift deformation of seven tectonostratigraphic packages. Three major unconformities (BU: Early Jurassic ‘breakup unconformity’;
AvU: Early Cretaceous ‘Avalon unconformity’; O/M: Oligocene/Miocene unconformity) are present. The nomenclature of each
tectonostratigraphic package is the same as in Figure 35 and includes the prerift unit. Redrafted from Syamsir (2010) and Hanafi

(2013).

€8



Age

Period| Epoch/Stage

Fundy Basin

Orpheus and
Scotian Basins

Unconformities

Tectonic Event

(Ma)
0

PLIOCENE \PLEISTOCENE |

NEO
GENE

MIOCENE

40—

60—

OLIG

OCENE

PAEOGENE

EOCENE

PALEOCENE

80—

100

120—

140

MA,

ASTRICHTIAN

UPPER

CAMPANIAN
| /SANTONIAN\__|
CONICIAN

TURONIAN

Cl

ENOMANIAN

ALBIAN

APTIAN

CRETACEOQOUS

BARREMIAN

LOWER

H

AUTERIVIAN

Vi

ALANGINIAN

BERRIASIAN

160 —

180 —

TITHONIAN

KIMMERIDGIAN
OXFORDIAN

CALLOVIAN

BATHONIAN

BA, 1AN

JURASSIC

TOARCIAN

PL|

IENSBACHIAN

LOWER |MIDDLE|UPPER

SINEMURIAN
L_/HETTANGIAN\_|

CAMP.

?

O/MU

AvU

BU

200

220—

RHAETIAN

TRIASSIC

NORIAN

CARNIAN

o
240 =

LADINIAN

\@

A

or‘,'
@

Synrift .

Postrift

Tectonostratigraphic

Packages

[ s
B s

A
7., Hiatus

¥8



Figure 38 (On previous page). Simplified stratigraphic columns (modified from Weston et al., 2012) and correlation of generalized
tectonic phases from the onshore Fundy basin with events of uplift and erosion from the offSshore Orpheus and Scotian basins
(modified from Hanafi, 2013; see Figure 34). Rifting ended in the Early Jurassic. The postrift event possibly is late Oligocene-
Miocene to the present day. CAMP: Central Atlantic Magmatic Province; BU: breakup unconformity; AvU: Avalon Unconformity;

O/MU: late Oligocene-Miocene unconformity.
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Al. Geologic map of the western part of Economy Point (modified from Donohoe &
Wallace, 1982). Because the sampling area is near the trough of the syncline, the bedding
is nearly horizontal and no bedding correction is necessary for the fractures. The purple
unit could be either Wolfville or lower Blomidon Formations. See Figure 3 for full
extension of seismic line EC-10 and Figure 4 for color scheme.
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A2. Geologic map of the western part of Economy Point (modified from Donohoe &
Wallace, 1982) and location of fractures listed in Appendix 3. See Figure 4 for color
scheme, and Appendix 1 for symbols and bedding information.
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A3. Fractures measured at Economy Pomnt used for stress mversion.

Fracture ID  Type of fracture __ Plane i Slickenline Sense’
Dip direction (°) Dip angle () Trend (°) Plunge(‘)
1 Tension fracture 057 80 - - -
2 Tension fracture 064 90 - - -
3 Tension fracture 246 86 - - -
4 Tension fracture 261 88 - - -
5 Tension fracture 235 89 - - -
6 Conjugate fault 245 81 156 09 L
7 Conjugate fault 020 90 110 13 R
8 Conjugate fault 245 80 156 04 L
9 Conjugate fault 355 90 085 11 R
10 Conjugate fault 006 83 094 16 R
11 Conjugate fault 245 79 158 14 L
12 Conjugate fault 245 81 157 14 L
13 Conjugate fault 352 79 080 12 R
14 Tension fracture 250 86 - - -
15 Tension fracture 070 90 - - -
16 Conjugate fault 207 90 297 05 R
17 Conjugate fault 065 87 335 04 L
18 Tension fracture 040 85 - - -

“ L: left-lateral strike slip, R: right-lateral strike slip
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A4. Geologic map of Five Islands (modified from Withjack etal., 2009). See Figure 4 for color scheme.
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AS. Geologic map of Five Islands (modified from Withjack et al., 2009) and location of fractures listed in Appendices 6 and 7. See
Figure 4 for color scheme, and Appendix 4 for symbols and bedding information.
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A6. Fractures measured at Five Islands and used for stress mversion assuming fracture formation and/or reactivation after bedding
rotation (Scenario 1).

Fracture ID  Type of fracture Dip directionP;c”;ne Dip angle (7 Trenzl%cenlﬁz izge g Sense®  Stress state
1 Fault 134 27 120 26 N F1-D
2 Fault 307 66 336 63 N F1-D
3 Fault 000 83 341 83 N F1-A
4 Fault 353 70 020 68 N F1-A
5 Fault 355 84 325 84 N F1-A
6 Conjugate fault 355 90 085 57 N F1-A
7 Conjugate fault 190 68 128 49 N F1-A
8 Conjugate fault 355 90 085 62 N F1-A
9 Conjugate fault 190 64 136 50 N F1-A

10 Conjugate fault 350 80 066 54 N F1-A
11 Conjugate fault 190 71 124 50 N F1-A
12 Fault 312 77 260 69 N F1-D
13 Conjugate fault 295 78 018 31 L F1-B
14 Conjugate fault 260 62 341 17 R F1-B
15 Conjugate fault 061 82 332 07 L F1-C
16 Conjugate fault 013 90 283 11 R F1-C
17 Conjugate fault 070 77 342 09 L F1-C
18 Conjugate fault 190 88 279 16 R F1-C
19 Conjugate fault 045 74 324 29 L F1-C
20 Conjugate fault 174 74 255 29 R F1-C
21 Conjugate fault 160 66 077 16 L F1-B
22 Conjugate fault 270 80 355 27 R F1-B
23 Conjugate fault 164 76 079 19 L F1-B
24 Conjugate fault 269 74 354 17 R F1-B
25 Conjugate fault 166 82 079 19 L F1-B
26 Conjugate fault 264 72 351 10 R F1-B

“ N: normal; L: left-lateral strike slip; R: right-lateral strike slip Continues on next page
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A6 (continued from previous page). Fractures measured at Five Islands and used for stress inversion assuming fracture formation
and/or reactivation after bedding rotation (Scenario 1).

Plane Slickenline

Fracture ID  Type of fracture Dip direction () Dip angle (7 Trend (7 Plinge() Sense”  Stress state
27 Fault 144 63 226 14 R F1-C
28 Fault 144 63 057 06 L F1-B
29 Fault 112 73 026 13 L F1-B

“ L: left-lateral strike slip; R: right-lateral strike slip
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A7. Fractures from Five Islands assuming formation and/or reactivation before the rotation of a nearby reference bedding plane
(Scenario 2).

Fracture ID  Type of fracture Dip direction () Dip angle () Trenih(co)kenll)l;; izge 7 Sense®  Stress state Reference bedding
1 Fault 143 52 107 46 N F2-D 335%26°
2 Fault 297 44 336 37 N F2-D 335%26°
3 Fault 001 80 313 75 N F2-A 292°/09°
4 Fault 356 66 359 66 N F2-A 292°/09°
5 Fault 356 80 308 76 N F2-A 292°/09°
6 Conjugate fault 355 86 077 65 N F2-A 292°/09°
7 Conjugate fault 187 70 132 58 N F2-A 292°/09°
8 Conjugate fault 355 86 074 70 N F2-A 292°/09°
9 Conjugate fault 186 66 142 58 N F2-A 292°/09°
10 Conjugate fault 352 75 055 60 N F2-A 292°/09°
11 Conjugate fault 187 73 127 59 N F2-A 292°/09°
12 Fault 307 66 303 65 N F2-D 000%/18°
13 Conjugate fault 295 08 354 01 T - 295°76°
14 Conjugate fault 176 35 172 35 T - 295°76°
15 Conjugate fault 224 58 178 48 N F2-C 295°76°
16 Conjugate fault 022 78 089 62 N F2-C 295°76°
17 Conjugate fault 234 52 181 38 N F2-C 295°/76°
18 Conjugate fault 019 76 087 56 N F2-C 295°76°
19 Conjugate fault 226 75 148 39 L F2-C 295°/76°
20 Conjugate fault 360 66 073 32 R F2-C 295°/76°
21 Conjugate fault 162 78 074 10 L F2-B 009°14°
22 Conjugate fault 268 82 356 13 R F2-B 009°/14°
23 Conjugate fault 165 89 075 14 L F2-B 009°/14°
24 Conjugate fault 265 77 355 03 R F2-B 009%/14°
25 Conjugate fault 346 85 075 14 L F2-B 009°14°
26 Conjugate fault 260 76 171 03 R F2-B 009%/14°

“ N: normal; T: thrust/reverse; L: left-lateral strike slip,; R: right-lateral strike slip

Continues on next page
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A7 (continued from previous page). Fractures from Five Islands assuming formation and/or reactivation before the rotation of a
nearby reference bedding plane (Scenario 2).

Plane Slickenline

Fracture ID  Type of fracture Dip direction () Dip angle (7 Trend (7 Plunge() Sense®  Stress state Reference bedding
27 Fault 148 73 229 25 R - 009°/14°
28 Fault 148 73 237 03 L F2-B 009%14°
29 Fault 116 77 206 00 L F2-B 009%/14°

“ L: left-lateral strike slip, R: right-lateral strike slip
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A8. Geologic map of Blue Sac (modified from Withjack et al. [2010] and Donohoe & Wallace [1982]). Some bedding data from Elder

Brady (2003) and Baum (2006). See Figure 4 for color scheme.
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A10. Fractures measured at Blue Sac and used for stress inversion assuming fracture formation and/or reactivation after bedding
rotation (Scenario 1).

Fracture ID Type of fracture Dip directio;f;“’l)ne Dip angle () Trenih(i)kenil)l;z;ge 7 Sense”  Stress state

1 Fault 039 83 310 02 L -
2° Fault 070 90 160 07 L -
3° Fault 070 90 340 18 L B1-C
4 Fault 023 85 294 16 L -

5 Fault 066 90 156 16 R B1-B
6 Fault 024 60 339 51 T -

7 Fault 032 60 089 22 N B1-A
8 Fault 063 45 108 35 N BI-A
9° Fault 063 45 153 00 R B1-B
10° Fault 025 40 068 32 N B1-A
11 Fault 025 40 320 20 T -
12° Fault 065 43 065 43 N B1-A
13° Fault 065 43 134 19 N B1-B
14° Fault 065 43 037 33 R B1-B
15' Fault 065 41 138 15 R B1-B
16 Fault 065 41 134 18 R B1-B
17 Fault 060 70 144 16 R B1-B
18 Fault 023 80 297 24 R B1-C
19 Fault 032 80 305 16 N B1-C
20 Fault 185 78 270 21 L B1-B
21 Fault 000 68 284 31 L B1-B
22 Fault 352 64 290 44 L B1-B
23 Fault 144 60 065 17 L B1-B

“ N: normal; T: thrust/reverse, L: left-lateral strike slip; R: right-lateral strike slip
! Faults with multiple slickenlines. Repeated superscript indicate same fault and a different set of slickenlines
Continues on next page
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A10 (continued from previous page). Fractures measured at Blue Sac and used for stress mversion assuming fracture formation
and/or reactivation after bedding rotation (Scenario 1).

Fracture ID  Type of fracture Dip directlb:;;ne Dip angle () Trengll((i)kenlilll;ltige g Sense”  Stress state
24 Fault 118 77 037 33 L B1-B
25 Fault 144 66 060 13 L B1-B
26 Fault 340 60 251 02 L B1-B
27 Fault 240 70 150 00 R B1-B
28 Fault 162 75 252 01 L B1-B
29 Fault 240 70 326 10 L B1-C
30 Fault 128 78 217 04 L B1-B

“ L: left-lateral strike slip; R: right-lateral strike slip
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Al1. Fractures from Blue Sac assuming formation and/or reactivation before the rotation of a nearby reference bedding plane
(Scenario 2).

Fracture ID  Type of fracture

Plane

Line

Dip direction () Dip angle (°) Trend (°) Plunge(°)

Sense’

Stress state  Reference bedding

1
2C
30

17
18
19
20
21
22

Fault
Fault
Fault
Fault
Fault
Fault
Fault
Fault
Fault
Fault
Fault
Fault
Fault
Fault
Fault
Fault
Fault
Fault
Fault
Fault
Fault
Fault

219
247
247
203
237
055
082
087
087
062
062
082
082
082
109
109
078
045
053
350
340
328

81
65
65
86
69
61
57
78
78
54
54
74
74
74
51
51
65
46
52
41
43
45

133
166
334
114
183
327
054
046
165
034
139
017
148
165
121
113
129
120
122
313
311
328

“ N: normal; I: reverse; L: left-lateral strike slip; R: right-lateral strike slip

" Overturned

21
18
07
11
56
04
53
74
45
51
17
56
55
25
51
51
54
14
25
35
40
45

ZZZRRZZZRZZRARZRZZAI—C O

B2-C
B2-C
B2-C
B2-C

B2-B
B2-D
B2-D
B2-A
B2-D
B2-A
B2-D
B2-A
B2-A
B2-A
B2-A
B2-A
B2-A
B2-A
B2-A
B2-A
B2-A

“¢ Faults with multiple slickenlines. Repeated superscript indicate same fault and a different set of slickenlines

275%28°
275%28°
275%28°
275%28°
308°/51°
308%/51°
308°%51°
308°%51°
308°%51°
295°/40°
295°/40°
295°/40°
295°40°
295°/40°
345°/43°
345°/43°
345°/43°
343°/51°
343°/51°
031°%70°
220°/53° °
220°/53° °

Continues on next page
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Al1 (continued from previous page). Fractures from Blue Sac assuming formation and/or reactivation before the rotation of a
nearby reference bedding plane (Scenario 2).

Fracture ID  Type of fracture Dip directiof(lgne Dip angle (7 Trend (;J mj’lunge 7 Sense”  Stress state  Reference bedding
23 Fault 145 58 065 14 L B2-B 095°/03°
24 Fault 118 74 039 31 L B2-B 095°/03°
25 Fault 145 64 060 11 L B2-B 095°/03°
26 Fault 338 61 251 05 L B2-B 095°/03°
27 Fault 241 72 330 02 R B2-B 095°03°
28 Fault 163 74 252 04 L B2-B 095°/03°
29 Fault 241 72 326 12 L B2-C 095°/03°
30 Fault 128 75 217 06 L B2-B 095°/03°

* L: left-lateral strike slip, R: right-lateral strike slip
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A12. Geologic map of Wasson Bluff (modified from Withjack et al, 2010). Some bedding data from Elder Brady (2003). See Figure 4

for color scheme.
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A13. Geologic map of Wasson Bluff (modified from Withjack etal, 2010) and location of fractures listed in Appendices 14 and 15.

See Figure 4 for color scheme, and Appendix 11 for symbols and bedding information.

01



Al4. Fractures measured at Wasson Bluff and used for stress inversion assuming fracture formation and/or reactivation after bedding
rotation (Scenario 1).

Fracture ID  Type of fracture Dip directionp(l;ne Dip angle (7 Trenzll((;:)ke’zz;ige 7 Sense”  Stress state
1 Fault 107 82 161 77 N WI-A
2 Fault 287 50 285 50 N WI-A
3 Fault 300 46 274 43 N WI-A
4 Conjugate fault 300 46 274 43 L -

5 Conjugate fault 260 78 184 49 R -

6 Fault 255 47 299 38 N -

7 Fault 310 64 249 45 N WI-A
8 Fault 076 34 112 29 N WI-A
9 Fault 291 53 256 47 N WI-A
10 Fault 280 74 340 61 N -

11 Fault 180 62 107 28 L Wi-C
12 Conjugate fault 312 72 255 59 N WI1-A
13 Conjugate fault 111 64 160 53 N WI-A
14 Conjugate fault 138 79 228 00 L WI1-C
15 Conjugate fault 087 83 358 08 R WI1-C
16 Tension fracture 110 68 - - - WI-A
17 Tension fracture 165 90 - - - WI1-B
18 Tension fracture 275 57 - - - WI-A
19 Tension fracture 029 58 - - - WI1-B
20 Tension fracture 113 58 - - - WI1-A
21 Tension fracture 300 90 - - - WI1-A
22 Tension fracture 111 85 - - - WI-A
23 Fault 280 71 003 19 R WI1-C
24 Conjugate fault 333 51 273 32 N WI1-A
25 Conjugate fault 105 71 172 49 N WI1-A
26 Conjugate fault 330 63 242 04 L WI1-C

“ N: normal; L: left-lateral strike slip, R: right-lateral strike slip Continues on next page
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Al4 (continued from previous page). Fractures measured at Wasson Bluff and used for stress inversion assuming fracture formation
and/or reactivation after bedding rotation (Scenario 1).

Fracture ID  Type of fracture Dip directionp(l;ne Dip angle (7 Trenzll((;:)ke’zz;ige 7 Sense”  Stress state
27 Conjugate fault 286 73 203 21 R W1-C
28 Conjugate fault 287 70 011 15 R WI1-C
29 Conjugate fault 326 85 054 25 L WI1-C
30 Conjugate fault 309 74 234 43 N WI1-A
31 Conjugate fault 106 82 188 46 N WI1-A
32 Fault 170 90 080 26 L WI1-C
33 Tension fracture 287 61 - - - WI1-A
34 Tension fracture 064 87 - - - -
35 Tension fracture 276 90 - - - WI1-A
36 Tension fracture 322 53 - - - WI1-B
37 Tension fracture 343 68 - - - WI1-B
38 Tension fracture 337 68 - - - WI1-B
39 Tension fracture 010 68 - - - WI1-B
40 Tension fracture 350 57 - - - W1-B
41 Tension fracture 330 76 - - - WI1-B
42 Tension fracture 005 54 - - - WI1-B
43 Tension fracture 015 51 - - - WI1-B
44 Tension fracture 010 57 - - - WI1-B
45 Tension fracture 358 43 - - - WI1-B
46 Tension fracture 343 48 - - - WI1-B
47 Fault 250 88 336 63 T -
48 Fault 282 56 335 42 R -
49 Fault 003 82 092 08 L WI1-C
50 Conjugate fault 170 86 080 05 L WI1-C
51 Conjugate fault 131 90 041 06 R 1-C
52 Fault 125 61 042 12 R WI1-C

“ N: normal; T: thrust/reverse; L. left-lateral strike slip, R: right-lateral strike slip
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A1S. Fractures from Wasson Bluff assuming formation and/or reactivation before the rotation of a nearby reference bedding plane
(Scenario 2).

Plane Slickenline

Fracture ID  Type of fracture Dip direction (7 Dip angle (7 Trend () Plunge() Sense"  Stress state  Reference bedding
1 Fault 107 68 137 65 N W2-C 113%14°
2 Fault 288 34 281 34 N W2-A 113%14°
3 Fault 299 60 268 56 N W2-C 113%14°
4 Conjugate fault 299 60 226 27 L W2-C 113%14°
5 Conjugate fault 261 90 171 43 R W2-C 113%14°
6 Fault 261 59 301 52 N W2-A 142°/14°
7 Fault 311 77 236 47 L W2-C 142°/13°
8 Fault 079 49 117 42 N W2-C 268°%/15°
9 Fault 282 62 268 61 N W2-A 050%16°

10 Fault 281 78 341 68 N W2-A 155°07°
11 Fault 142 25 132 24 N W2-A 205°/48°
12 Conjugate fault 133 77 210 46 L - 162°/35°
13 Conjugate fault 089 47 161 18 R - 162°%/35°
14 Conjugate fault 129 48 052 13 L - 162°/35°
15 Conjugate fault 080 76 41 003 R - 162°/35°
16 Tension fracture 096 69 - - - W2-C 195°%/34°
17 Tension fracture 160 61 - - - W2-B 195°%34°
18 Tension fracture 298 58 - - - W2-A 195°%/34°
19 Tension fracture 207 89 - - - - 195%34°
20 Tension fracture 092 60 - - - W2-C 195°/34°
21 Tension fracture 118 82 - - - W2-C 195°%/34°
22 Tension fracture 107 83 - - - W2-C 195°%/34°
23 Fault 288 78 004 48 R W2-A 180°/29°
24 Conjugate fault 344 90 254 13 N W2-D 195°%/47°
25 Conjugate fault 091 77 180 04 R W2-D 195°/47°
26 Conjugate fault 155 81 070 27 L W2-D 195°%47°

“ N: normal; L: left-lateral strike slip, R: right-lateral strike slip Continues on next page
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A15 (continued from previous page). Fractures from Wasson Bluff assuming formation and/or reactivation before the rotation of a
nearby reference bedding plane (Scenario 2).

Fracture ID  Type of fracture Dip directiof%ne Dip angle () Treni’ll(c‘))kenlillzz(ge 7 Sense"  Stress state  Reference bedding
27 Conjugate fault 298 79 023 26 R W2-D 195%47°
28 Conjugate fault 301 78 007 62 R W2-A 195°/47°
29 Conjugate fault 139 65 088 53 L W2-A 195°/47°
30 Conjugate fault 133 84 222 03 L W2-D 195°/47°
31 Conjugate fault 100 84 010 01 R W2-D 195°%47°
32 Fault 161 48 109 35 L W2-A 195%47°
33 Tension fracture 298 73 - - - W2-A 177°27°
34 Tension fracture 245 83 - - - W2-C 177°27°
35 Tension fracture 095 86 - - - W2-C 177°/27°
36 Tension fracture 329 76 - - - W2-B 177°/27°
37 Tension fracture 164 86 - - - W2-B 177°/27°
38 Tension fracture 158 86 - - - W2-B 177°27°
39 Tension fracture 189 86 - - - W2-B 177°27°
40 Tension fracture 351 84 - - - W2-B 177°/27°
41 Tension fracture 150 80 - - - W2-B 177°/27°
42 Tension fracture 004 81 - - - W2-B 177°27°
43 Tension fracture 011 77 - - - W2-B 177°27°
44 Tension fracture 008 83 - - - W2-B 177°/27°
45 Tension fracture 358 70 - - - W2-B 177°/27°
46 Tension fracture 346 74 - - - W2-B 177°/27°
47 Fault 253 81 258 81 T W2-C 177°/27°
48 Fault 294 70 323 68 N W2-A 167°/27°
49 Fault 186 62 272 07 L W2-D 160°39°
50 Conjugate fault 174 48 261 02 L - 160°/39°
51 Conjugate fault 124 57 050 23 R - 160°/39°
52 Fault 169 55 213 46 R - 062°/62°

“ N: normal; T: thrust/reverse, L: left-lateral strike slip; R: right-lateral strike slip
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Appendix B: Data separation using Win_TENSOR

After separating of the data by site, the second separation requires the PBT tool
(ie., P: compressional axis; T: tensional axis; B: null axis) provided m Win TENSOR.
This tool, which applies the direct inverse method of Angelier (1984), assumes that sets
of faults lacking of antithetic faults have a o, oriented 45° away from the maximum shear
vector (ie., slickenline) and not the average value of 30° proposed in Anderson’s (1951)
theory. Faults formed and/or reactivated during the same stress state will have similar
principal stress directions; therefore, I separate clusters of similar stress directions for
faults with similar strikes, and combine subsets with the same clusters.

Subsequently, the Rotational Optimization tool in Win TENSOR allows the
adjustment of the stress ratio and the orientation of the mean principal stress axes,
allowing o to be 30° away from the maximum shear vector. Such operation reduces
significantly the global misfit of the data. The program applies least-squares
minimization to calculate the average principal stress directions and the angle of
deviation of each data point relative to the mean value.

After the correction of the principal stress axes for faults, I incorporate the
conjugate faults and tension fractures in each subset, and reject the fractures that do not
fit the model within an arbitrary maximum global deviation value of 30° (Kipata et al.,
2012). This number can be lower; however, it would produce more rejected data.
Conversely, higher misfit angles include fractures with unrealistic mechanical
compatibility. With the inclusion and rejection of data pomts, I adjust the orientation of
the average principal stress axes and stress ratio until I obtain a stable tensor solution, in

which data and the global deviation is within the range of the 30-degree threshold.



